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entral Striatal Hyporesponsiveness During Reward
nticipation in Attention-Deficit/Hyperactivity Disorder

nouk Scheres, Michael P. Milham, Brian Knutson, and Francisco Xavier Castellanos

ackground: Although abnormalities in reward processing have been proposed to underlie attention-deficit/hyperactivity disorder
ADHD), this link has not been tested explicitly with neural probes.
ethods: This hypothesis was tested by using fMRI to compare neural activity within the striatum in individuals with ADHD and

ealthy controls during a reward-anticipation task that has been shown previously to produce reliable increases in ventral striatum
ctivity in healthy adults and healthy adolescents. Eleven adolescents with ADHD (5 off medication and 6 medication-naïve) and 11
ealthy controls (ages 12–17 y) were included. Groups were matched for age, gender, and intelligence quotient.
esults: We found reduced ventral striatal activation in adolescents with ADHD during reward anticipation, relative to healthy controls.
oreover, ventral striatal activation was negatively correlated with parent-rated hyperactive or impulsive symptoms across the entire sample.
onclusions: These findings provide neural evidence that symptoms of ADHD, and impulsivity or hyperactivity in particular, may
nvolve diminished reward anticipation, in addition to commonly observed executive dysfunction.
ey Words: Attention-deficit/hyperactivity disorder, ADHD, fMRI,
mpulsivity, reward, striatum

DHD is a common behavioral disorder characterized by
excessive inattention, hyperactivity, and impulsivity (Amer-
ican Psychiatric Association 1994). Functional imaging stud-

es that have focused on executive function report that children
ith ADHD show inefficient recruitment of frontal-striatal re-
ions during response inhibition (e.g., Casey et al 1997; Durston
t al 2003; Konrad et al 2006; Rubia et al 1999; for a review see
ush et al 2005). However, only a subgroup of children with
DHD shows poor response inhibition (see Nigg 2005). Al-

hough many children with ADHD are characterized by an
nwillingness to delay gratification (Luman et al 2005), incentive
rocessing in ADHD has received less investigation. For instance,

t is not clear whether children with ADHD show hyper- or
yporesponsiveness to rewarding incentives, both behaviorally
Luman et al 2005; Scheres et al 2001; Tripp and Alsop 1999) and
eurally (see Sagvolden et al 2005). Solanto et al (2001) showed
hat preference for sooner but smaller rewards explained more
ariance in ADHD symptoms than poor response inhibition, and
hat reward preferences and inhibitory deficits did not correlate.

On the basis of these findings, Sonuga-Barke (2002) proposed
hat both executive–inhibitory and motivational–reward path-
ays can lead to ADHD (see also Castellanos and Tannock
002). In addition, animal models of ADHD implicate abnormal-
ties in mesolimbic reward circuits projecting from midbrain
entral tegmentum to subcortical areas including ventral striatum
Carboni et al 2003; Johansen et al 2002; Viggiano et al 2004).
uggested alterations in striatal dopamine transporter density in
atients with ADHD (Spencer et al 2005) also support the
otential relevance of this circuitry. However, the responsiveness
f mesolimbic reward circuitry has yet to be directly examined in
DHD.
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Here, we test this association by using fMRI to compare neural
activity in ADHD and healthy controls during a reward anticipa-
tion task previously shown to produce reliable increases in
ventral striatum (VS) activity in both healthy adults (Knutson et al
2001) and healthy adolescents (Björk et al 2004). We hypothe-
sized that children with ADHD would differ in the extent of
striatal activation during reward anticipation. In addition, consid-
ering symptoms of ADHD dimensionally (Levy et al 1997), we
investigated the association between ADHD symptom clusters
and striatal activation during reward anticipation. On the basis
of findings that ventral striatum-lesioned rats demonstrate
symptoms of hyperactivity or impulsivity but not inattention
(Cardinal et al 2001), we hypothesized that ventral striatal
activation would be specifically negatively associated with
symptoms of hyperactivity or impulsivity, but not with symp-
toms of inattention.

Methods and Materials

The study was approved by the institutional review boards
of New York University School of Medicine and Faculty of Arts
and Science, and all participants provided prior written in-
formed assent or consent. The sample consisted of 11 adoles-
cents with ADHD (5 off medication on the scan day and 6
medication-naïve) and 11 matched healthy controls. Groups
did not differ significantly in gender, age, intelligence quo-
tient, achievement level, or handedness (Table 1; one left-
hander per group). Participants performed the event-related
Monetary Incentive Delay task (Knutson et al 2001), which
explicitly elicits ventral striatal activation related to the antic-
ipation of responding for potential monetary rewards. Trials
consisted of five parts: cues, variable anticipatory delays,
targets, responses, and outcome. Cues signaled the opportu-
nity to either win money (gain trials) or avoid losing money
(loss-avoidance trials) by responding with a button press
during subsequent target presentation (Figure 1). Control trials
also required a button press, but cues signaled that no money
would be won or lost, regardless of response speed. Target
durations varied individually so that responses would occur
within target duration and lead to gain or loss avoidance on
�66% of all trials, thus obviating potential group differences
in performance (see Supplement Methods and Results). After
each response, participants were informed whether they had

won or not (gain trials) or lost or not (loss-avoidance trials),
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nd the total cumulative amount was updated. After task
ompletion, participants were paid their earnings in cash.

Because of our specific hypotheses, our primary analyses fo-
used on changes in striatal blood oxygen level-dependent (BOLD)
ignal contrast occurring immediately after cue presentation. First,
andom-effect analyses were run for each group separately by
ime-course contrasts between gain trials and control trials with
emodynamically convolved models. Next, for striatal regions
ound to be active in either group (minimum cluster size 2 func-
ional voxels of 3 � 3 � 4 mm each), we performed separate
nalyses of variance (ANOVAs) for gain and loss-avoidance trials
ith group as a between-subject factor, and increase in BOLD signal

parameter estimates) across dollar amounts, following the cue as
he dependent variable (see Supplement Methods). To determine
pecificity of striatal activation in association with reward anticipa-
ion, ANOVA with valence as within-subject factor and group as
etween-subject factor was conducted as well. To determine spec-
ficity of striatal activation in association with reward anticipation,
e also conducted this ANOVA for outcome, controlling for
nticipation (Figure 1). Full-brain analyses for each group contrast-
ng BOLD signal immediately after cue presentation for gain trials
ersus control trials are reported in the Supplementary Results
Supplements 1 and 2).

able 1. Group Characteristics

ADHD
n � 11 (9)a

Controls
n � 11 (8)a

M SD M SD p

ge 14.3 1.6 13.9 1.4 ns
echsler Abbreviated Scale of

Intelligence
Verbal IQ 100.9 11.4 105.3 19.3 ns
Performance IQ 102.6 10.9 99.9 13.1 ns
Estimated full-scale IQ 102.3 12.0 102.9 17.4 ns
echsler Individual Achievement

Test: average T score 104.2 10.5 100.2 20.5 ns
onners’ Parent Rating Scale
Oppositional 68.5 13.0 53.7 12.3 �.05
Inattention 67.6 9.7 53.1 9.3 �.01
Hyperactive 74.5 11.6 50.5 5.2 �.01
Anxious 54.7 13.7 52.0 5.8 ns
Perfectionism 56.1 10.5 46.0 6.5 �.05
Social problems 55.9 10.3 48.0 5.9 �.05
Psychosomatic 60.6 14.5 49.9 8.5 �.05
ADHD index 69.6 12.3 51.6 8.3 �.01
Global index restless–impulsive 70.6 12.5 49.6 7.2 �.01
Global index emotional 63.9 14.4 50.0 10.3 �.05
Global index total 70.2 12.6 49.5 8.5 �.01
DSM-IV inattentive 70.9 11.6 52.1 7.7 �.01
DSM-IV hyperactive 68.6 13.9 52.9 7.1 �.01
DSM-IV total 73.7 11.8 52.6 6.9 �.01

hild Behavior Checklist
Anxious/depressed 62.4 12.9 51.7 3.2 �.05
Withdrawn 56.3 6.2 56.1 5.2 ns
Somatic complaints 58.5 8.5 55.9 6.3 ns
Social problems 60.7 10.7 54.9 5.2 ns
Thought problems 61.7 10.9 54.6 6.3 ns
Attention problems 65.5 10.6 54.0 3.6 �.01
Rule breaking 59.9 7.5 54.0 4.1 �.05
Aggressive 64.9 15.3 53.5 4.5 �.05

ADHD, attention-deficit/hyperactivity disorder; IQ, intelligence quotient.
aNumber of males.
In addition to the categorical group analysis, we treated ADHD

ww.sobp.org/journal
dimensionally. Specifically, for striatal regions found to be active in
either group, we computed two partial correlations between striatal
activation and ADHD symptoms across the sample (the mean T
score of all Conners’ parent rating scale [CPRS] ADHD scales): one
while controlling for symptoms of inattention (the mean T-score of
all CPRS inattention scales) and one while controlling for symptoms
of hyperactivity and impulsivity (the mean T-score of all CPRS
hyperactivity and impulsivity scales).

Results

Groups did not differ significantly for any performance
measure: overall hit rates were .60 and .58 for ADHD and
control groups, respectively (see Supplement Methods and
Results).

Random effects analyses revealed increases in VS activation
associated with reward anticipation in healthy adolescents (re-
ward � no reward, threshold: p � .0001, uncorrected; right VS:
x � 10, y � 9, z � 2; left VS: x � –12, y � 5, z � 3), with larger
monetary amounts producing larger increases. These activation
foci are within 1–6 mm of those reported by Knutson and
colleagues (Björk et al 2004; Knutson et al 2001). We report and
display results for right VS (rVS) here, but note that the data for
left VS yield similar results.

Consistent with models implicating VS dysfunction in
ADHD, within-group analysis for the ADHD group did not
reveal statistically detectable increases in VS activation when
reward trials were compared with nonreward trials (Figure
2A). It is important to note that between-group analysis further
supported this finding: the ADHD group showed significantly
less rVS activation during reward anticipation relative to the
control group [F (1,20) � 5.6, p � .05], but not during
anticipation of loss avoidance [F (1,20) � .72, ns]. A significant
group by valence interaction for increases in BOLD signal
across dollar amounts [F (1,20) � 5.5, p � .05] further sup-
ported the specificity of the group difference for reward trials
(Figure 2B). Although rVS activated during both reward
anticipation and anticipation of loss avoidance to some extent
(Figure 2B), a main effect of valence [F (1,20) � 16.1, p � .01]
indicated that anticipatory rVS activation was related more
strongly to reward anticipation than to anticipation of loss
avoidance. Reductions in rVS activation related to ADHD
appeared to be specifically related to anticipation of rewards
rather than outcomes as well, because ANOVA revealed no
group differences for rVS activation during receipt of increas-
ing dollar amounts (Figure 2C).

As hypothesized, dimensional analysis revealed that lower
levels of VS activation during reward anticipation (averaged
across reward amounts) were associated with higher levels of
hyperactivity or impulsivity after adjusting for inattention (r �
–.45, p � .05 [2 tailed]; Figure 3) but not with inattention after
adjusting for hyperactivity or impulsivity (r � .03, ns).

Discussion

We found decreased ventral striatal activation in adolescents
with ADHD during reward anticipation, which correlated with
symptoms of hyperactivity or impulsivity. These results provide
neural evidence to support the hypothesis that the salience of
anticipated rewards is diminished in ADHD (Johansen et al 2002;
Volkow et al 2004). However, neural hyporesponsiveness to
anticipated reward is not necessarily equivalent to behavioral
hyporesponsiveness. In fact, neural hyporesponsiveness to an-

ticipated reward may provoke increased reward-seeking behav-
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or, as a means of compensating for relatively low levels of VS
ctivation (Robbins and Everitt 1999). This may provide one
ccount for the observed association between low VS activation
nd symptoms of impulsivity or hyperactivity. Impulsivity has
een associated previously with increased reward-seeking be-
avior (American Psychiatric Association 1994; Monterosso and
inslie 1999), as has addiction (Reuter et al 2005; Robbins and
veritt 1999). Thus, diminished neural reward anticipation may
ontribute to ADHD’s status as a risk factor for substance abuse
Wilens 2004). Similarly, some theorists have interpreted sub-
tance abuse in ADHD as a form of self-medication and have
uggested that treatment with psychostimulants may decrease
he risk for substance abuse in ADHD (Wilens 2004).

Reduced VS activation in adolescents with ADHD is unlikely
o reflect differences in learning about the association between
ue and outcome, because all participants correctly reported
hat each cue signaled after practicing the task before scanning,
nd groups did not significantly differ in any behavioral perfor-
ance parameter. Moreover, groups did not differ in terms of
utcome-related activity in VS. Similarly, reduced VS activation in
dolescents with ADHD was not related to performance, because
o group differences or group by incentive magnitude interac-
ions were found for any of the behavioral measures. Instead, the
urrent findings may provide neural support for common clinical
bservations that children with ADHD require more consistent
elivery of rewards to shape their behavior (Barkley 2002).

The lack of a group difference or a group by reward magni-
ude interaction for behavioral performance may appear to be
nconsistent with the diminished salience interpretation of the
MRI data. However, diminished reward anticipation need not
ecessarily be accompanied by poorer performance—in fact, the
ID task is designed to dissociate the two (Knutson et al 2001).
roup differences in performance may have been present during

ask practice before scanning (60 trials). Future ADHD studies

igure 1. Task design and regressors of interest.
ight administer this task in the scanner without practice and

Figure 2. Impact of reward anticipation and outcome on ventral striatum

(VS) activity.
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rack VS activation as participants learn the association between
ues and outcomes (Galvan et al 2005).

The principal limitation of this study is related to the modest
ample size, which may have minimized the ability to detect
ubtle group differences during anticipation of loss avoidance
nd which did not allow separate analysis of the potential effects
f recent discontinuation of stimulant medications. However,
isual inspection of the time course data suggests that discontin-
ation cannot account for our observed group differences. Still,
eplication of this study in larger, completely medication-naïve
amples will be important and will provide opportunity to further
xplore this potential index of ADHD.

This study was designed to provide an initial glimpse into the
elevance of mesolimbic circuitry to ADHD. If replicated, these
esults may complement findings suggesting inefficient recruit-
ent of frontostriatal networks during executive functioning in
DHD (Bush et al 2005), and reduced activation in lateral PFC
uring gambling in ADHD (Ernst et al 2003). The present
indings underscore the need to neurally disentangle executive
unction from reward processing. They further suggest that
DHD may involve abnormalities not only in executive neural
athways but also in motivational neural pathways (Sonuga-
arke 2002).

This work was supported by National Institute of Mental
ealth Grant No. MH0660393. FXC received research support

rom McNeil Consumer and Specialty Pharmaceuticals.
We gratefully acknowledge Marianne Dijkstra, Eleanor Ain-

lie, Jaclyn Balkan, Adriana Di Martino, and Amy Krain for
heir help in data collection; Keith Sanzenbach for technical
upport; Armin Heinecke and Catharyn Crane for assistance
ith data analyses; Lori Evans, Vilma Gabbay, Glenn Hirsch,
ark Krushelnycky, Steven Kurtz, Melvin Oatis, and Maurizio

igure 3. Correlation between hyperactivity or impulsivity and right ventral
triatum (VS) activation.
ambenedetti for assistance in recruiting participants; Alan

ww.sobp.org/journal
Sanfey for helpful comments; and most of all, the participants
and their parents.

Supplementary material cited in this article is available online.

American Psychiatric Association. Diagnostic and Statistical Manual of Men-
tal Disorders, 4th ed. Washington, DC: American Psychiatric Association,
1994.

Barkley RA (2002): Psychosocial treatments for attention-deficit/hyper-
activity disorder in children. J Clin Psychiatry 63:36 – 43.

Björk JM, Knutson B, Fong GW, Caggiano DM, Bennett SM, Hommer DW
(2004): Incentive-elicited brain activation in adolescents: Similarities and
differences from young adults. J Neurosci 24:1739 –1802.

Bush G, Valera EM, Seidman LJ (2005): Functional neuroimaging of atten-
tion-deficit/hyperactivity disorder: a review and suggested future direc-
tions. Biol Psychiatry 57:1273–1284.

Carboni E, Silvagni A, Valentini V, Di CG (2003): Effect of amphetamine,
cocaine and depolarization by high potassium on extracellular dopa-
mine in the nucleus accumbens shell of SHR rats. An in vivo microdyalisis
study. Neurosci Biobehav Rev 27:653– 659.

Cardinal RN, Pennicott DR, Sugathapala CL, Robbins TW, Everitt BJ (2001):
Impulsive choice induced in rats by lesions of the nucleus accumbens
core. Science 292:2499 –2501.

Casey BJ, Castellanos FX, Giedd JN, Marsh WL, Hamburger SD, Schubert AB,
et al (1997): Implication of right frontostriatal circuitry in response inhi-
bition and attention-deficit/hyperactivity disorder. J Am Acad Child Ado-
lesc Psychiatry 36:374 –383.

Castellanos FX, Tannock R (2002): Neuroscience of attention-deficit hyper-
activity disorder: The search for endophenotypes. Nat Rev Neurosci
3:617– 628.

Durston S, Tottenham NT, Thomas KM, Davidson MC, Eigsti IM, Yang Y, et al
(2003): Differential patterns of striatal activation in young children with
and without ADHD. Biol Psychiatry 53:871– 878.

Ernst M, Kimes AS, London ED, Matochik JA, Eldreth D, Tata S, Contoreggi C, Leff
M, Bolla K (2003: Neural substrates of decision-making in adults with atten-
tion deficit hyperactivity disorder. Am J Psychiatry 160:1061–1070.

Galvan A, Hare TA, Davidson M, Spicer J, Glover G, Casey BJ (2005): The role of
ventral frontostriatal circuitry in reward-based learning in humans.
J Neurosci 25:8650 – 8656.

Johansen EB, Aase H, Meyer A, Sagvolden T (2002): Attention-deficit/hyper-
activity disorder (ADHD) behaviour explained by dysfunctioning rein-
forcement and extinction processes. Behav Brain Res 130:37– 45.

Knutson B, Adams CM, Fong GW, Hommer D (2001): Anticipation of increas-
ing monetary reward selectively recruits nucleus accumbens. J Neurosci
21:RC159.

Konrad K, Neufang S, Hanisch C, Fink GR, Herpertz-Dahlmann B (2006):
Dysfunctional attentional networks in children with attention deficit/
hyperactivity disorder: Evidence from an event-related functional
magnetic resonance imaging study. Biol Psychiatry 59:643– 651.

Levy F, Hay DA, McStephen M, Wood C, Waldman I (1997): Attention-
deficit hyperactivity disorder: A category or a continuum? Genetic
analysis of a large-scale twin study. J Am Acad Child Adolesc Psychiatry
36:737–744.

Luman M, Oosterlaan J, Sergeant JA (2005): The impact of reinforcement
contingencies on AD/HD: A review and theoretical appraisal. Clin Psychol
Rev 25:183–213.

Monterosso J, Ainslie G (1999): Beyond discounting: Possible experimental
models of impulse control. Psychopharmacology 146:339 –347.

Nigg JT (2005): Neuropsychologic theory and findings in attention-deficit/
hyperactivity disorder: The state of the field and salient challenges for
the coming decades. Biol Psychiatry 57:1424 –1435.

Reuter J, Raedler T, Rose M, Hand I, Glascher J, Buchel C (2005): Pathological
gambling is linked to reduced activation of the mesolimbic reward sys-
tem. Nat Neurosci 8:147–148.

Robbins TW, Everitt BJ (1999): Drug addiction: Bad habits add up. Nature
398:567–570.

Rubia K, Overmeyer S, Taylor E, Brammer M, Williams SC, Simmons A, et al
(1999): Hypofrontality in attention deficit hyperactivity disorder during
higher-order motor control: A study with functional MRI. Am J Psychiatry
156:891– 896.

Sagvolden T, Johansen EB, Aase H, Russell VA (2005): A dynamic develop-
mental theory of attention-deficit/hyperactivity disorder (ADHD) pre-
dominantly hyperactive/impulsive and combined subtypes. Behav Brain

Sci 28:397– 419.



S

S

S

S

A. Scheres et al BIOL PSYCHIATRY 2006;xx:xxx 5

ARTICLE  IN  PRESS
cheres A, Oosterlaan J, Sergeant JA (2001): Response inhibition in children
with DSM-IV subtypes of AD/HD and related disruptive disorders: the
role of reward. Neuropsychol Dev Cogn Sect C Child Neuropsychol 7:172–
191.

olanto MV, Abikoff H, Sonuga-Barke E, Schachar R, Logan GD, Wigal T, et al
(2001): The ecological validity of delay aversion and response inhibition as
measures of impulsivity in AD/HD: a supplement to NIMH multimodal treat-
ment study of AD/HD. Abnormal Child Psych 29:215–228.

onuga-Barke EJ (2002): Psychological heterogeneity in AD/HD—a dual
pathway model of behaviour and cognition. Behav Brain Res 130:29 –36.
pencer TJ, Biederman J, Madras BK, Faraone SV, Dougherty DD, Bonab AA,
Fischman AJ (2005): In vivo neuroreceptor imaging in attention-deficit/
hyperactivity disorder: A focus on the dopamine transporter. Biol
Psychiatry 57:1293–1300.

Tripp G, Alsop B (1999): Sensitivity to reward frequency in boys with atten-
tion deficit hyperactivity disorder. J Clin Child Psychol 28:366 –375.

Viggiano D, Vallone D, Sadile A (2004): Dysfunctions in dopamine systems and
ADHD: Evidence from animals and modeling. Neural Plast 11:97–114.

Volkow ND, Wang GJ, Fowler JS, Telang F, Maynard L, Logan J, et al (2004):
Evidence that methylphenidate enhances the saliency of a mathemati-
cal task by increasing dopamine in the human brain. Am J Psychiatry
161:1173–1180.
Wilens TE (2004): Impact of ADHD and its treatment on substance abuse in
adults. J Clin Psychiatry 65(suppl 3):38 – 45.

www.sobp.org/journal


	Ventral Striatal Hyporesponsiveness During Reward Anticipation in Attention-Deficit/Hyperactivity Disorder
	Methods and Materials
	Results
	Discussion


