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Attention-deficit/hyperactivity disorder (ADHD) has been suggested to
involve deficits in reward processing. We used functional magnetic
resonance imaging (fMRI) to compare the neural responses to reward
anticipation and outcomes in 10 adults with ADHD and 10 controls as
they played a monetary incentive delay task. Adults with ADHD were
unmedicated, and groups were matched for age, verbal IQ and smoking
habits. Adults with ADHD showed decreased activation in the ventral
striatum during the anticipation of gain, but increased activation of the
orbitofrontal cortex in response to gain outcomes. Ventral striatal
activation in adults with ADHD during gain anticipation was negatively
correlated with self-rated symptoms of hyperactivity and impulsivity.
These findings suggest that male adults with ADHD show neural signs of
abnormal reward processing. Future studies will have to investigate
whether these dysfunctional patternsmight be normalized by treatment.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a common
and debilitating disorder that affects not only children, but also
adults. Previous studies have mainly postulated executive dysfunc-
tions, especially deficient inhibitory control, as the etiological cause
of ADHD (for review see Sergeant et al., 2002). Accordingly, recent
neuroimaging studies have focused on and revealed dysfunctions in
thalamo-cortico-striatal executive circuits including dorsal striatal
and dorsolateral prefrontal cortical activation during response
inhibition and attentional tasks (for review see Bush et al., 2005).
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In addition, there is growing evidence for dysfunctional reward
processing in ADHD. Clinically, the behavior of ADHD patients has
been described as driven to a greater extent by immediate rewards
with reduced long-term value relative to delayed rewards with
higher long-term value (Solanto et al., 2001; Tripp andAlsop, 1999).
Moreover, children with ADHD require stronger incentives to
modify their behavior and learn faster by direct reinforcement
(Kollins et al., 1998). Thus, some models postulate that a shortened
delay gradient, behaviorally expressed as delay aversion, might
represent an endophenotype of ADHD (Sonuga-Barke, 2002;
Sagvolden et al., 2005). Since mesolimbic circuitry including the
ventral striatum (VS; e.g. nucleus accumbens (NA)) and prefrontal
cortex (orbitofrontal cortex (OFC) and mesial prefrontal cortex
(MPFC)) have been implicated in reward processing, ADHD might
compromise the function of this circuitry (Sonuga-Barke, 2002).

Event-related fMRI enables researchers to look deep into the
brain at the functioning of reward-related circuits on a second-to-
second basis. The monetary incentive delay task (MID) allows
investigators to measure functional activation in these circuits
(Knutson et al., 2001a,b, Knutson and Gibbs, 2007). However, only
one recent neuroimaging study focused directly on the mesolimbic
reward system by examining adolescents with ADHD with the MID
task. Scheres et al. (2007) found that adolescents with ADHD
showed reduced ventral striatal activation during reward anticipa-
tion, and this was correlated with hyperactivity. These results fit well
with animal studies showing that lesions of the NA in the ventral
striatum cause impulsive choice in rats, providing evidence that the
NA might be involved in the pathogenesis of impulsivity and
hyperactivity (Cardinal et al., 2001). Therefore, Scheres et al. (2007)
postulated a dissociation between the neural hyporesponsiveness of
the ventral striatum during reward anticipation and compensatory
hyperresponsiveness to reward outcomes. However, adolescents
with ADHD and healthy controls did not differ in their ventral
striatal activation in response to reward outcomes.
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Table 1
Group characteristics and behavioral data

ADHD Controls

M SD M SD p

Age 32.4 8.1 31.9 9.9 0.90
Verbal IQ (WST) 105.1 9.0 107.0 12.9 0.73
Cigarette smoking (n=4) (n=4) 1.00
ADHD symptom characteristics

Childhood: Wender Utah Rating – – –
Scale Sum of ADHD items 61.9 14.5
Adulthood: Conner's Adult ADHD
Rating Scale (T-scores)

– – –

Inattention/memory problems 58.5 14.5 – – –
Hyperactivity/restlessness 54.0 8.7 – – –
Impulsivity/emotional lability 63.6 14.5 – – –
ADHD index total 62.4 12.1 – – –
DSM-IV inattentive 70.6 13.0 – – –
DSM-IV hyperactive–impulsive 63.6 11.2 – – –
DSM-IVADHD symptoms total 70.4 10.3 – – –

Behavioral data
Total monetary gain (€) 26.2 5.5 19.0 9.6 0.53
Reaction time (ms) 297.2 122.3 258.3 84.3 0.42
VAS effort for gain 25.4 4.6 22.9 3.9 0.21
VAS effort for loss 22.8 9.3 20.3 7.2 0.50
VAS effort for neutral 5.8 3.4 4.3 2.0 0.37

WST, Word Sorting Test; VAS, Visual Analogue Scale; M, means; SD,
standard deviations; n, frequencies of group characteristics. ANOVAs
(pb0.05).
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Studies in healthy subjects have shown the VS to be activated
consistently during anticipation but prefrontal regions (e.g. MPFC
and OFC) to be more activated by the outcomes of several primary
and secondary rewards (Knutson et al., 2001b; O'Doherty et al.,
2001). The MPFC is thought to be involved in the encoding of
monetarily rewarding outcomes and therefore to modify subsequent
appetitive impulses in goal-directed behavior (Knutson et al., 2003).
OFC activation increases in response to changes in contingencies
(O'Doherty et al., 2003) and lesions in orbitofrontal regions have
been associated with insensitivity to behavioral consequences
(Bechara et al., 1994). In addition, the OFC plays a role in
monitoring the value of reward by modulating behavioral inhibition
in situations in which previously rewarded stimuli no longer indicate
upcoming reward (Amodio and Frith, 2006). Furthermore, fMRI
studies have revealed correlations between OFC activation and
ratings of subjective pleasantness of food stimuli, indicating that this
region is important for hedonic experiences (Kringelbach et al.,
2003). On the basis of these findings, it is also of interest to further
characterize alterations in the activity of the OFC and MPFC.
Several fMRI studies on executive functions like inhibitory control
revealed dysfunction in prefrontal regions (e.g. dorsolateral
prefrontal cortex) in children and adults with ADHD, albeit with
some inconsistent results showing both hyper- and hyporesponsive-
ness of these areas (Vaidya et al., 1998; Rubia et al., 1999; Schulz et
al., 2004; Zang et al., 2005). Therefore, it is currently still unclear
whether prefrontal regions of the mesolimbic reward system are
hyper- or hypoactive in response to reward outcomes.

Until now, neuroimaging studies have not examined neural
responses during anticipation and outcome of reward in adults with
ADHD. We hypothesized that adults diagnosed with ADHD would
show a decreased ventral striatal activation during reward anticipa-
tion, as documented in adolescents with ADHD (Scheres et al.,
2007), and abnormal activation of the prefrontal cortex (MPFC and
OFC) in response to reward outcomes. In addition, we hypothesized
that ventral striatal activation would be negatively associated with
symptoms of hyperactivity and impulsivity (Cardinal et al., 2001;
Scheres et al., 2007).

Materials and methods

Subjects

Ten right-handed (assessed with the Edinburgh Handedness
Inventory (Oldfield, 1971)) male adults diagnosed with ADHD and
ten healthy control subjects, matched for age, verbal IQ (Word
Sorting Test, WST) (Schmidt and Metzler, 1992) and cigarette
smoking participated after providing written informed consent (for
group characteristics see Table 1). Patients and controls had no
personal or family history of other psychiatric disorders [Structural
Clinical Interview for DSM-IV (SCID I/II)] (First et al., 2001) and an
IQN80. Patients were recruited from the outpatient center of the
Department of Psychiatry and Psychotherapy, Charité – Universi-
tätsmedizin Berlin, Campus Charité Mitte. The study was approved
by the local ethics committee. Patients and control subjects took no
medications and had undergone a thorough medical examination to
rule out other illnesses or drugs that might have interfered with the
study. Clinical experts diagnosed current ADHD according to DSM-
IV criteria after the medical work up, neuropsychological testing,
and acquisition of school records. ChildhoodADHD diagnoses were
available in 50% of the patients from the Department of Child and
Adolescent Psychiatry and Psychotherapy, Campus Virchow
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Klinikum, Charité. The other 5 patients were diagnosed retro-
spectively according to self-reports, old school reports, and parents'
reports. In addition, all patients completed Conner's Adult ADHD
Rating Scale (Connors et al., 1999), and the Wender Utah Rating
Scale (Ward et al., 1993) for ADHD in childhood. Four subjects
fulfilled criteria for the inattentive subtype of ADHD, two fulfilled
criteria for the hyperactive–impulsive subtype, and four fulfilled
criteria for both categories (i.e., combined subtype). Control subjects
underwent the same study procedures including neuropsychological
testing and structured interviews for mental disorders. None of the
healthy controls reported clinically relevant symptoms of ADHD in
childhood or had neuropsychological deficits.
Monetary incentive delay (MID) task

We used a “monetary incentive delay” (MID) task as described
by Knutson et al. (2001a and 2001b) to study neural responses to
anticipation and outcomes related to monetary gain and loss. In
each trial, during the anticipation phase, subjects anticipated
potential monetary gain, loss, or no consequences. Subjects'
cumulative earnings depended on their performance on a simple
reaction time task, which involved pressing a button during the
brief presentation of a visual target. During the outcome phase,
subjects were informed about the outcome on that particular trial as
well as their total earnings up to that point. fMRI scans were
continuously acquired, but analyses focused on contrasts of
anticipation and outcome of gain. Loss conditions were not in
the focus of analyses. Trial structure is depicted in Fig. 1a. During
each trial, volunteers saw one of seven shapes (“cue”; 250 ms),
which indicated that they would, in a few moment, be able to
respond and either win (“anticipation of gain”) or avoid losing
(“anticipation of loss”) different amounts of money (3.00 €, 0.60 €,
in adult males with attention-deficit/hyperactivity disorder, NeuroImage
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Fig. 1. Trial structure. (a) Different cues presented in the anticipation phase and their monetary values. (b) Trial structure for the example of a successful gain (3€)
trial. (c) Activation of dopamine neurons during reward anticipation and predicted reward outcomes in monkeys after associative learning (according to Schultz
et al., 1996).
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or 0.10 €) or that they should respond for no monetary outcome
(“anticipation of nongain”) (neutral cues). Cues signaling potential
gain were denoted by circles (“anticipation of gain”), potential loss
was denoted by squares (“anticipation of loss”), and no monetary
outcome was denoted by triangles (“anticipation of nongain”). The
potential amount of money that subjects were able to win was
indicated by one horizontal line for 0.10 €, two horizontal lines for
0.60 €, or three horizontal lines for 3.00 €. Similarly, loss cues
signaled the possibility of losing the same amount of money. After
the cue, volunteers waited a variable interval (delay; 3740–
4240 ms) and then responded to a white target square that appeared
for a variable duration by pressing a button. Target duration was
individually adjusted depending on previous reaction time to
approximate a 66% hit rate. After target presentation, the outcome
was displayed (“outcome”; 1.650 ms), notifying volunteers
whether they had gained or lost money, and indicating their
cumulative total at that point. The MID task has five possible
outcome conditions. After the gain anticipation, outcomes could
either be (1) gain outcome, if the participant was fast enough or (2)
no-gain outcome, if the participant was too slow. After the loss
anticipation, outcomes could either be (3) loss outcome if the
participant was too slow or (4) no-loss outcome if the participant
was fast enough. After the neutral anticipation, the outcome “0 €”

was presented independent of task performance (condition 5). The
inter-trial interval was 4000 ms. Trial types were randomly ordered
within each session (Fig. 1b).

To minimize learning effects during scanning, each subject
completed a practice version of the task beforehand, for which they
did not receive monetary payment, while anatomical scans were
collected. A functional MID task session consisted of two runs
including 72 trials each. Each trial lasted 8 s and the inter-trial
interval was 4 s. After scanning, subjects retrospectively rated their
Please cite this article as: Ströhle, A., et al., Reward anticipation and outcomes
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own exertion in response to each of the 7 cues on a visual analogue
scale (VAS effort).

fMRI acquisition

Event-related fMRI was performed on a 1.5-T scanner
(Magnetom VISION Siemens®) using gradient-echo echo-planar
imaging (GE-EPI, TR=1.9 s, TE=40 ms, flip angle=90°,
matrix=64×64, voxel size=4×4×3.3 mm3). Eighteen slices were
acquired approximately parallel to the bicommissural plane (ac–pc
plane). The slices covered the mesolimbic and prefrontal regions of
interest, as delineated by prior research (Knutson et al., 2001a). For
anatomical reference, a 3D MPRAGE (magnetization-prepared
rapid gradient echo; TR=9.7 ms, TE=4 ms, flip angle=12°,
matrix=256×256, voxel size=1×1×1 mm3) image data set was
acquired.

Data analysis

Functional MRI data were analyzed with SPM2 (http://www.fil.
ion.ucl.ac.uk/spm). The first three volumes of each functional time
series were discarded to remove non-steady-state effects caused by
T1 saturation. Slice time correction was conducted to adjust for time
differences due to multislice imaging acquisition. To correct for
between-scan movements, all volumes were realigned to the first
volume. Patients and controls did not differ in their maximum, mean
and cumulative head motion (ANOVA: pN0.1). The anatomical
MPR image was coregistered with the first functional image and
then spatially normalized into the MNI standard space, generating
normalization parameters, which were applied to all functional
images. Functional images were smoothed with an 8-mm FWHM
kernel.
in adult males with attention-deficit/hyperactivity disorder, NeuroImage
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Table 2
Significant differences in activation in response to anticipation of gain
versus nongain and outcome of gain versus no-gain

Region BA Side T-value Talairach

x y z

Anticipation
Healthy controls

Ventral striatum L 3.53⁎ −18 11 −6
R 4.69⁎ 18 8 −9

Orbitofrontal cortex 11 R 5.26⁎ 24 46 −15
Thalamus L 7.27 −18 −24 −6

R 5.17 3 −17 1
Middle and inferior temporal
gyrus

39 L 6.56 −48 −61 11
37 L 4.34 −50 −67 3

ADHD patients No significant activations
Healthy controlsNADHD patients

Ventral striatum L 3.05⁎ −18 8 −6
Healthy controlsbADHD patients No significant activation

differences

Outcome
Healthy controls

Mesial prefrontal cortex 9 R 3.90⁎⁎ 3 45 18
Orbitofrontal cortex 10 R 3.58⁎⁎ 18 36 −3

ADHD patients
Mesial prefrontal cortex 32 L 7.68⁎ −6 41 1

R 6.76∗ 9 44 1
Ventral striatum L 3.98⁎ −18 11 −6

R 3.66⁎ 15 8 −5
Lateral and medial prefrontal
gyrus

46 R 5.23 42 35 7
44 R 4.62 53 41 1
10 R 4.49 18 58 0

ADHD patientsNHealthy controls
Orbitofrontal cortex 11 R 4.15⁎ 24 46 −15
Lateral prefrontal and precentral
gyrus

45 L 4.87 −48 35 4
L 3.69 −42 15 8

Lateral prefrontal gyrus 46 R 4.61 50 41 1
10 R 4.44 45 32 7

R 4.07 39 50 3
Caudate body and lentiform
nucleus

R 4.25 12 3 8
R 4.00 18 12 5

ADHD patientsbHealthy controls No significant activation
differences

⁎Corrected for small volume, pb0.05 FDR-corrected; all other results
pb0.005; cluster-corrected pb0.05, cluster sizeN10 voxels.
∗∗Trend-wise significant (p=0.005 uncorrected).
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At the first level of analysis, changes in the BOLD response for
each subject (i.e., “activation”) were assessed by linear combina-
tions of the estimated GLM parameters (beta values), which are
displayed by the individual contrast images (equivalent to percent
signal change or effect size). This analysis was performed by
modeling the seven cue conditions and the five outcome conditions
separately as explanatory variables convolved with the gamma-
variate function described by Cohen (1997) and similar to Knutson
et al. (2001a,b). Realignment parameters were included as additional
regressors in the statistical model. To analyze the anticipation phase,
we contrasted “anticipation of gain [here signaled by a circle] vs.
anticipation of nongain [signaled by a triangle; see Fig. 1a]”. To
analyze the outcome phase, we contrasted “gain outcome vs no-gain
outcome”, controlling for the anticipation phase, which preceded
both of these outcome types. At the second level of analysis, one-
sample t-tests were performed to determine activations within both
groups using the individual contrast images “anticipation of
gainNanticipation of nongain” and “gain outcomeNno-gain out-
come”. A two-sample t-test was then used to compare these contrasts
between healthy controls and subjects diagnosed with ADHD.

To test the confirmatory hypotheses, SPM's small volume
correction (SVC) was performed for the contrast images “anticipa-
tion of gainNanticipation of nongain” on the ventral striatal volume
of interest (VOI; search vol.: 486 mm3, 18 voxels), and for the
contrast “gain outcomeNno-gain outcome” on the mesial prefrontal
cortex (VOI; search vol.: 4212 mm3, 156 voxels) and the
orbitofrontal cortex (VOI; search vol.: 6777 mm3, 251 voxels)
according to a publication-based probabilistic MNI atlas (www.mrc-
cbu.cam.ac.uk). The significance level for these group contrasts was
pb0.05 FDR-corrected for VOI. We also explored activations
outside of these VOIs; these activations are reported at cluster level
of significance pb0.05 (uncorrected pb0.005 and cluster size
kN10). Transformation from MNI to Talairach coordinates was
performed with the tool provided by Matthew Brett (http://www.fil.
ion.ucl.ac.uk/spm).

In the confirmatory part of the analysis, we tested the hypothesis
that ventral striatal activation during gain anticipation would be
inversely correlated with symptoms of hyperactivity and impulsivity
in patients with ADHD. Therefore, we correlated individuals' mean
activation (i.e., beta values) for the contrast “anticipation of gain vs.
nongain” within the left and right ventral striatal VOIs using
Spearman's linear correlation coefficient. Because no data are
available for the association of brain activation during reward
outcome and clinical variables, further analyses were performed on
an exploratory basis, and we correlated behavioral data with
individuals' activation for the contrast “gain versus no-gain
outcome” within the mesial prefrontal and orbitofrontal VOIs.

Results

Behavioral data

Subjects with ADHD and healthy controls did not differ
significantly in their total monetary gain, in reaction time or self-
reported effort for gain or for avoiding loss (see Table 1).

Brain activation

ADHD subjects differed from healthy controls in their brain
activation in response to gain anticipation and outcome (see
Table 2).
Please cite this article as: Ströhle, A., et al., Reward anticipation and outcomes
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During the anticipation of gain versus nongain, healthy control
subjects showed significant activation in the ventral striatum,
orbitofrontal cortex, thalamus and in themiddle (BA 39) and inferior
temporal gyrus (BA 37). Subjects with ADHD showed no
significant activations. In direct comparison with healthy controls,
subjects with ADHD showed significantly less activation in the left
ventral striatum (Fig. 2). The effect size graphs revealed that healthy
controls displayed a higher percent signal change with respect to the
global brain signal to reward indicating cues compared to the neutral
cues, whereas the ADHD patients did not (Fig. 2d).

In response to gain versus no-gain outcomes, healthy subjects
showed a trend towards activating the mesial prefrontal cortex (x=3,
y=45, z=18; p=0.005) and orbito-frontal cortex (x=18, y=36, z=
−3; p=0.005) while subjects with ADHD displayed significant
activation of the mesial prefrontal cortex (BA 32), ventral striatum,
in adult males with attention-deficit/hyperactivity disorder, NeuroImage
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Fig. 2. Ventral striatal activation during anticipation of gain compared to nongain in healthy control subjects (a), patients with ADHD (b). ADHD patients showed
significantly less ventral striatal activation (c) (for illustrative purposes, pb0.005 uncorrected, cluster level 10). Parameter estimates (effect size) (d). As a
standard in SPM2 parameter estimates are scaled to the global brain signal therefore negative values do not represent deactivation.
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lateral (BA 46, BA 44) and medial frontal gyrus (BA 10). In direct
comparisons with healthy controls, ADHD patients showed an
increased activation in the right OFC (BA 11) (Fig. 3), left lateral
prefrontal (BA 45) and left precentral gyrus (BA 44) with the peak
focus in BA 45. Furthermore, during gain versus no-gain outcomes,
the activation in right lateral prefrontal gyrus with the peak focus in
BA 46, caudate body and lentiform nucleus was increased in patients
compared to healthy subjects. The higher activation in the right
orbitofrontal cortex in ADHD patients compared to healthy controls
for the contrast “gain outcomeNno-gain outcome” resulted from a
significant higher percent signal change with respect to the global
brain signal to gain outcomes compared to no-gain outcomes in the
ADHD patients. A reduced response to the no-gain outcome in the
patient group contributed to this effect. Healthy controls did not
show a significant effect in this region (Fig. 3d).

Correlation between ADHD symptom severity and activations

In subjects with ADHD, the DSM-IV symptom score for hyper-
activity and impulsivity (r=− .72; p=0.02) and the total symptom
severity score (r=− .66; p=0.03) were associated with less
activation in the left ventral striatum during gain anticipation.
Outcome-related activation did not correlate with any ADHD
symptom measure.
Fig. 3. Prefrontal activation during outcome of gain compared to no-gain in heal
significantly greater ventral orbitofrontal activation (c) (for illustrative purpose, pb0
standard in SPM2 parameter estimates are scaled to the global brain signal therefo
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Discussion

The main finding of this study is that male adult subjects
currently diagnosed with ADHD show a neural “dissociation”
during reward processing. While anticipating gains, these subjects
showed reduced ventral striatal activation, whereas when presented
with gain outcomes, they showed increased activation in prefrontal
regions. Reduced activation of the left ventral striatum (and bilateral
OFC) during reward anticipation was associated with impulsivity
and total ADHD symptom severity.

To our knowledge, this is the first study using a monetary
incentive task to dissociate functional activation in response to
reward anticipation and outcomes in unmedicated adult subjects
with ADHD. In adolescents with ADHD Scheres et al. (2007)
recently reported a comparably decreased activation during the
anticipation of gain. Our results are consistent with other
neuroimaging findings indicative of dysfunctional reward proces-
sing in ADHD (Ernst et al., 2003; Bush et al., 2005). Striatal
abnormalities in subjects with ADHD have also been described in
the context of motor response inhibition tasks (Vaidya et al., 1998;
Rubia et al. 1999). Furthermore, subjects with ADHD show striatal
abnormalities in structural imaging studies (Seidman et al., 2005)
and dopamine transporter studies (Spencer, 2005). However, these
studies focused on executive dysfunction in ADHD and therefore
thy control subjects (a), patients with ADHD (b). ADHD patients showed
.005 uncorrected, cluster level 10). Parameter estimates (effect size) (d). As a
re negative values do not represent deactivation.
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revealed abnormalities in the mesocortical and nigro-striatal
dopamine system. Behaviorally, abnormalities in the functioning
of the mesolimbic dopamine branch could lead to diminished reward
anticipation (Johansen et al., 2002), a hypothesis that is supported by
the observation that children with ADHD show delay aversion and
require more potent incentives for effective behavioral modification
(Kollins et al., 1998). Delay aversion in ADHD was also associated
with sensation seeking behavior, impulsivity and hyperactivity as a
compensation strategy in situations with poor stimulation (Sonuga-
Barke, 2002, 2005). The negative correlation of VS activity with
symptoms of impulsivity is consistent with findings in adolescents
with ADHD (Scheres et al., 2007) and support these hypotheses.
Further studies with larger sample sizes would be helpful to analyze
associations between different brain regions and symptom clusters
in pure ADHD subgroups.

The present findings further suggest orbitofrontal, mesial and
lateral prefrontal hyperreactivity in subjects with ADHD in response
to reward outcomes. These results indicate that subjects with ADHD
do not simply show blunted neural responses to all stimuli but may
overreact to reward outcomes. Together with evidence for
abnormalities in striatal structure, these findings underscore the
central role of dysfunctions in fronto-striatal circuits in ADHD
(Durston, 2003; Ernst et al., 2003; Rubia et al., 1999). Mesial
prefrontal activation has been associated with processing reward
outcomes (Knutson et al., 2001b) and OFC lesions have been
associated with impaired social- and emotional decision-making
(Anderson et al., 2006) as well as insensitivity to behavioral
consequences (Bechara et al., 1994). OFC activation may also play a
central role in learning (Rolls et al., 2003) and increases in response
to changes in contingencies (O'Doherty et al., 2003), possibly
promoting changes of goal directed behavior (Roberts, 2006).
Because we did not use a functional learning paradigm, we cannot
assess whether these findings are associated with differences in
learning processes in ADHD patients. However, increased activa-
tion in response to reward outcomes observed in the subjects with
ADHD fits well with clinical findings of greater learning effects after
immediate reinforcement (Kollins et al., 1998) and with aversion for
delayed reinforcement (Sonuga-Barke, 2002, 2005).

Despite altered neural reward processing in ADHD subjects,
groups did not significantly differ in behavioral performance and
subjective effort. Consistent with the previous study of Scheres et al.
(2007), and as intended by task design, reduced neural responsive-
ness of the VS during anticipation did not lead to poorer
performance on the MID task. The absence of differences in
performance between patients and controls reduces confounding of
brain activation by motivation or reaction time differences.
However, it is unclear whether behavioral differences exist during
associative learning of cues and outcomes, as a practice version was
intentionally implemented in the MID task to avoid potential
learning confounds (Knutson et al., 2001a,b). Future work might
examine differences in neural activity using functional learning
paradigms. Additionally, VS and OFC activations in response to
incentive outcomes may promote adaptation of motor responses in
healthy subjects (Wrase et al., 2007). It is conceivable that increased
OFC activation during reward outcome in ADHD subjects reflects a
compensatory phenomenon.

In summary, and in line with clinical findings, these results
implicate a neural basis for abnormal reward processing in adults
with ADHD, consistent with the dual-pathway theory of both
motivational and executive dysfunction in ADHD (Sonuga-Barke,
2002). Due to the modest sample size, the findings must be
Please cite this article as: Ströhle, A., et al., Reward anticipation and outcomes
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considered with caution, since one or more of the ADHD subtypes
might influence conclusions. Future research might compare neural
responses during reward anticipation and outcomes across these
subtypes. Further studies may also assess whether methylphenidate
or other pharmacological treatment can normalize function in the
reward circuitry of patients with ADHD.
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