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Delgado, M. R., L. E. Nystrom, C. Fissell, D. C. Noll, and J. A.  While these past studies have demonstrated that neuroir
Fiez. Tracking the hemodynamic responses to reward and punishmmg can be used to study motivation and reward in huma
in the striatum.J NeurophysioB4: 30723077, 2000. Research sugtheir interpretation is limited by the use of blocked designs.
geStslth‘?“ the bflsa' gaggl'a Comp'eé‘ ISI a '(?aJor Com_pon‘f_'m of ©ech designs, activation is observed in reference to a bloc
neural circuitry that mediates reward-related processing. Howev; ' PRI : :
human studies have not yet characterized the response of the b %lls rather than to individual Qvents, as in a behavioral Pg
gm. Consequently, past studies are not able to clearly dig

ganglia to an isolated reward, as has been done in animals. Lo
developed an event-related functional magnetic resonance imagigte activation related to reward from more general ta

paradigm to identify brain areas that are activated after presentatiof@fted processing effects (e.g., differences in arousal).
a reward. Subjects guessed whether the value of a card was highed\s@rcome this problem, we used an event-related functig
lower than the number 5, with monetary rewards as an incentive foragnetic resonance imaging (fMRI) design involving pseud
correct guesses. They received reward, punishment, or neutral feethdom presentation of trials and a simple task paradigm wh

back on different trials. Regions in the dorsal and ventral striatugarticipants played a card game in which the outcome of ea_g

were activated by the paradigm, showing differential responsestify| \as either a rewarding, punishing, or neutral event (H

Df
b40

e
h
I3

h 3 d

reward and punishment. Activation was sustained following a rewai%\) Areas involved with sensory and other shared compon
feedback, but decreased below baseline following a punishm%r}tS',[imuluS and task processing showed similar patterns
feedback. hemodynamic responses regardless of trial type. In cont
brain regions implicated in the reward circuitry, such as

INTRODUCTION basal ganglia (Apicella et al. 1991; Schultz et al. 199

. . . . . _showed different patterns of activation in response to differ
Grasping the mechanisms of motivated behavior requires gfxcomes.

understanding of the neural circuitry underlying the processing
of reward information. Such circuitry is of particular impor-
tance to studies of drug abuse and mood disorders in humah
However, most of the existing knowledge about reward prearticipants
cessing has been acquired by animal research. The goal of the
present study was to identify brain regions in humans associNine right-handed volunteers participated in this study (4 femalg

ETHODS

ated with presentation of a reward and to correlate the finding‘éle)- Participants were mostly graduate and undergraduate stufiént

with the current view on the neural circuitry underlying rewargrawn from the University of Pitisburgh (average age, 2563,
mean= SD). Participants were asked to fill out a small questionng

processing derived from animal research. to, ensure that they had prior experience with gambling, but were

Recent advances in neuroimaging techniques allow rewaigly,qjye or excessive in such behavior (i.e., have you played card

related processing and its neural correlates to be studied Ngjdney: not at all, less than once a week or once a week or more).
invasively in humans. Past studies have used money aguastionnaire was based on the South Oaks Gambling Screen (Le

reinforcer and found increased dopamine release in both dorsad Blume 1987). Information about any family history of gambling

and ventral striatum during a video game playing task (Koepyas not acquired. All participants gave informed consent accordin
et al. 1998), and activation of left frontal cortex, thalamus, aritle Institutional Review Board at the University of Pittsburgh.
midbrain in a delayed go—no go task (Thut et al. 1997).

Another positron emmission tomography (PET) study exan@ognitive task

ined the response to nonmonetary feedback in planning and o ) _ o
guessing tasks and found activation of the caudate bilaterallyhe paradigm involved a series of 180 trials, divided into 12 ry
when feedback about task performance was given, as oppo
to blocks of trials where feedback was absent (Elliott et
1998).

isplayed card projected onto a screen. The card had an unkn
value ranging from 1 to 9, and the participant was instructed to m

Address for reprint requests: M. Delgado, Dept. of Neuroscience, 446The costs of publication of this article were defrayed in part by the paym
Crawford Hall, University of Pittsburgh, Pittsburgh, PA 15260 (E-mailof page charges. The article must therefore be hereby marked “advertisem
delgado@brain.bns.pitt.edu). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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trials each. Each trial began with the presentation of a visudlly
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REWARD AND PUNISHMENT RESPONSES IN THE STRIATUM

A
High or Low Condition 1
Reward $1.00
High or Low l Condition 2
Punishment - .50 ¢
High or Low Condition 3
Neutral ---

3073

Fic. 1. A: description of card paradigm

Cue | Chowesterod | Oumoms | Foedbuck events and the 3 conditions: reward, punis
ment, and neutral. At the onset of the cug
participants were asked to guess whether t
B — value of the card was higher or lower than §.
9 ﬁ After a choice was made, the value of the cal
it U was revealed and followed by the appropria
- — — feedbackB: temporal and scanning sequend
— — of events in 1 trial.
Card Outcome - Card
| scant | scan2 | scan3 | scana | scans5 | Scan1
Choice Post-Outcome
Period Period
I i t f t t
0 3 6 9 12 15
Seconds

a guess about the value of the card. A question mark appeared inweze selected only after the participant indicated their guess on 4
center of the card indicating that the participant had 2.5 s to gudsal. Both reward and punishment events occurred on 40% of
whether the card value was higher or lower than the number thals, while the neutral events consisted of 20% of the total triald
Participants pressed the left or right button of a response unit ttee paradigm.
indicate their selection. After the choice-making period, a number
appeared in the center of the card for 500 ms, followed by an arrgyyg acquisition and analysis
that was also displayed for another 500 ms. The appearance of a green
arrow pointing upward indicated that the participant correctly guessedA conventional 1.5-T GE Signa whole-body scanner and stand
the card value. Each correct guess led to a reward of $1.00. THaelio frequency coil were used to obtain 20 contiguous slices (8.7
appearance of a red arrow pointing downward indicated that tBer5x 3.8 mm voxels) parallel to the AC-PC line. Structural imag
participant incorrectly guessed the card value, leading to a penaltyvegre acquired in the same locations as the functional images, usi
$0.50. When the number displayed on the card was a 5, then it védgndard T1-weighted pulse sequence. Functional images were
followed by a neutral sign (-), which indicated that the participarmuired using a 2-interleave spiral pulse sequence fR,500 ms,
neither won nor lost money (Fig. 1A). Trials where a response was fidt = 34 ms, FOV= 24 cm, flip angle= 70° (Noll et al. 1995)]. This
made on time were depicted by a pound sign (#) and were exclude2f-weighted pulse sequence allowed 20 slices to be acquired e
from analysis. After the 3-s delay between presentation of the 1@-s. Images were reconstructed and corrected for motion with Al
sponse cue (question mark) and the reward/punishment/neutral femated Image Registration (Woods et al. 1992), adjusted for sca
back, there was an 11.5-s delay before the onset of the next trial. Tlluift between runs with an additive baseline correction applied to e
each experimental session consisted of 180 trials of 15 s each (Figxel-wise time course independently, and detrended with a sin
1B). Stimulus presentation and behavioral data acquisition were céinear regression to adjust for drift within runs. Structural images
trolled by a Macintosh computer with PsyScope software (Macwhigach participant were co-registered to a common reference b
ney et al. 1997). (Woods et al. 1993). Functional images were then globally me|
Unknown to the participants, the outcome of each trial was predesrmalized to minimize differences in image intensity within a sg
termined to be a reward, punishment, or neutral event. Card valsisn and between participants, and smoothed using a three-dir
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TABLE 1. Main effect of time TABLE 2. Interaction of condition by time
Tailarach Tailarach
Coordinates Coordinates
Brodmann I Brodmann -
Region of Activation Areas Laterality x y z Region of Activation Areas Laterality X y z
Increasing activation P < 0.0001
Cingulate gyrus/SMA 6/32 R 4 7 42 Dorsal striatum—caudate L -12 15 7
Primary somatosensory cortex 3,1,2 L —-44 -26 39 Dorsal striatum—caudate R 11 16 7
Precentral gyrus 6 L -51 -2 39  Superior frontal gyrus 9 R 40 37 32
Inferior parietal 40 R 67 -21 32
Inferior parietal 40 L —-40 -23 20 P < 0.001
Inferior frontal gyrus 44 R 46 7 27
Inferior frontal gyrus 44 L —44 1 16 Ventral striatum L -14 0 -8
Inferior frontal gyrus 45 R 47 18 4 Medial temporal lobe L -21 14 -7
Inferior frontal gyrus 45 L -18 28 11 Medial frontal gyrus 8/9 L -33 16 35
Insula L -32 8 12 Inferior frontal gyrus 45 R 31 18 16
Thalamus/midbrain L -8 -17 8
Dorsal striatum—caudate R 11 12 11 . . .
Dorsal striatum—caudate L _5 s g of interest were transformed to standard Talairach stereotaxic space
Ventral striatum L -12 4 -3 (Talairach and Tournoux 1988) using AFNI software (Cox 1996).
Precuneus 18/19 L —-22 —74 27 Further evaluation of the effects of condition and time were done|by
Inferior occipital gyrus 18 R 33 -80 0 analysis of event-related time-series data for each region of inte eét
Fusiform gyrus 37 R 40 -54 -15  which depict fMRI mean intensity value for each condition for tinfes
Fusiform gyrus 37 L —42 -55 -15 periods T1-T5. §
o
Decreasing activation e
i RESULTS 8
Superior frontal gyrus 9 R 10 47 36 =
Superior frontal gyrus 9 L -11 46 36 \ain effect of time and condition S
Posterior cingulate 31 L -6 —34 39 é
Ef;:”eus ! ; _3‘; :171 ié A two-way repeated measures ANOVA yielded regions thad
Superior temporal gyrus 42 R 38 -3 7 exhibited a signific_;ant main effect of time, listed in Table lg
Superior temporal gyrus 22/21 L -55 -16 1 These regions of interest (ROIs) represent voxel clusters [r&t
changed activity during the postoutcome period. Most RQE
P < 0.0001. exhibited an increase in activity at the onset of each trial that
sional gaussian filter (4-mm FWHM) to account for between-subjeg?cayed back to baseline before the next trial. As expeciedl

anatomic differences. most areas also showed a similar pattern of response acrog
A repeated-measures two-way ANOVA was performed on tiéifferent types of trials. For instance, sensory areas sucl

entire set of co-registered data, with subjects as a random factor, ®fl@teral fusiform gyrus showed a similar pattern of respor]

condition (reward, punishment, and neutral) and time (4 sequential Begardless of the type of outcome (Fig. 2).

scans in a trial of 15 s, referred to as T2-T5) as within-subjects Three striatal regions previously associated with rewa

factors. The first scan (T1 period) represented the choice-makifglated processing in animal studies showed a main effec

period and was not included in the analysis, since there should betfiae (Hikosaka et al. 1989; Robbins and Everitt 1992; Schu E

differences between conditions during that period. Voxels identifi%{ al

during the postoutcome period exhibited a main effect of tifFf@,[ . . . :
24) = 10.96,P < 0.0001], main effect of conditiorF{2, 16)= 17.29, nents of the dorsal striatum, showed an increase in activa

P < 0.0001], and-or an interaction of condition by tinf(®, 48) = that was more sustained for trials associated with a rewarg

5.98,P < 0.0001]. Regions comprised of three or more contiguoUtcome than with a punishing outcome. A left-lateraliz
voxels were selected, as a precaution against type-1 errors (Formai€gPonse was also found in the ventral striatum. Much like
al. 1995). Therefore inferences were made on regions defined d@rsal striatum, the ventral striatum showed a tendency
strength of effect (R< 0.0001) and size (3 or more voxels). Regionsglifferentiate between reward and punishment trials.

1998). Both the left and right caudate nucleus, com

Left Fusiform Gyrus
X, Yy, z=-42,-55, -15)

w
=
S

FIG. 2. Time series for left fusiform gy-
rus shows an increase in activation related
task events that does not differ across co
ditions. Standard error bars were calculate
—9o— PUNISH on a per participant basis across both tinf
—O0— REWARD and condition. Green arrow indicates whe|
the outcome is revealed.

i<}

g

S
1

g
1

—— NEUTRAL

Mean Intensity Value
1 T

3195

3192

ah
5§5
%

3
r&

t of

P
[ieh
ing
bd
the
to

h

- 0 a



http://jn.physiology.org
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No region showed a significant main effect of conditioshow a time course of activation that differs by conditign

[F(2, 16) < 17.29, fewer than 3 contiguous voxels Rt>
0.0001].

Interaction of condition by time

A

(Table 2). An analysis of the interaction of condition by time
yielded dorsal striatal activation bilaterally. Both the left and
right caudate regions showed different responses betwee1
ward and punishment (FigA3, a result that is consistent wit
the event-related time-series data for the striatal regions
Differential striatal responses to reward and punishmestiowed a main effect of time. At the onset of a trial, there was
trials can be best characterized by determining which voxels increase in activation leading up to the revelation of {he

Left Caudate (x,y,z =-12, 15, 7)
3207
5
= 3204
<
>
%’ 3201 —O—NEUTRAL|
§ —o0—PUNISH
= 3198
= ~—O0—REWARD
[+
O 3195 o
=
3192
Right Caudate (x,y,z= 11, 16, 7)
3207
[}
% 3204 I
>
2 3201 —— NEUTRAL|
2}
5 T —o— PUNISH
Sasd L 1
= T I —O0— REWARD
S 3195 W i it
=
3192 T T T T T
=) & & & &
Time
Left Ventral Striatum
(Xa Y, 4= '145 01 8)
3207
2 |
— 3204
<
>
2 a0 T —o— NEUTRAL
2}
3 —o0— PUNISH
% 3198 ']' T UN s
= T T | —o—rewarD
% 3195 E T l
= I
3192 T T T T T
= ) 2 & 2
Time
Left Medial Temporal Cortex
x,y,z=-21,-14,-7)
3207 '|'
= T
< _
> 3204
z
E 3201 F ——NEUTRAL
% Il —o— PUNISH
3198
= —O0—REWARD
[+
L 3195
2= g Il
3192 T T T T T
= = 2 = =
Time
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FIG. 3. A: activation of caudate bilaterally|
(dorsal striatum) identified as interaction o
condition by time. The hemodynamic re
sponse differs according to outcome of trial.
It is sustained following a reward feedbac
and decreases after a punishment feedback
similar pattern was observed in the cauda
regions identified in the analysis of main ef
fects. B: activation of ventral striatum and
medial temporal lobe identified as interactiof
of condition by time at a threshold & <
0.001. The difference in response accordit]
to outcome of trial observed in dorsal strig|
tum is once again seen here.
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outcome at the second time point (T2, 3 s into the trial). Whanesencephalic dopaminergic projections (Moore et al. 1999;
a reward was the outcome, activation was first sustained a@Rdlls 1999; Schultz 1998).
then slowly decayed back to baseline for the onset of the nexfThe strongest activation was in the dorsal striatum, localized

go

striatum (Groenewegen et al. 1999). A similar pattern of acioral task (Elliott et al. 1998).
vation to the striatum was produced, with activation being The ventral striatum showed a main effect of time, indic#
sustained after a reward, contrasted with a decrease in respangeits recruitment during the game. Furthermore, a ve
associated with punishment (FigBB striatal region that showed a condition by time interaction

Although a clear difference between reward and punishmdatalized in an exploratory analysis. This region showed
responses is observed in the above-mentioned areas, the saatiern that was similar to the response of its dorsal comp
cannot be said about neutral and reward events in the donsaht, characterized by a sustaining of the activation in rew,
striatum. In a separate post hoc analysis, we performedrials and a decrease in activation during punishment trig

differed between the reward and neutral conditions. Regionshafmans that implicate the ventral striatum in the processing
interest that showed a significant interaction of condition bygwarding information. For instance, neurons in this regi
time included left caudate left ventral striatum, and Ieft mediagspond to primary rewards in a.go no-go task (Apicella et

difference was not found in the rlght caudate that Iead to a conditioned reinforcer (Robbins and Eve |g

Finally, three frontal regions also showed an interaction 4092), and increased dopamine release in the ventral stri
condition by time. The interactions in these areas were drivenobserved in humans during playing of a game for mo
mostly by the neutral condition, which significantly differedKoepp et al. 1998). Further evidence linking ventral striat

analysis performed without the neutral trials revealed that nonections with orbitofrontal cortex and limbic regions such
of the previously identified frontal regions were activate(B, the amygdala, regions known to be involved in processing &f

24) < 7.55,P > 0.001]. motivational and emotional information (Rolls 1999). S
Besides striatal activation, the exploratory analysis aéB
DISCUSSION yielded a region of activation in the medial temporal lobe. The

same difference in response between reward and punishipenit

Using an event-related fMRI design, this study attempted tmtcomes observed in the striatum was repeated in this redion
isolate and measure the neural response to stimuli that aroBsecise localization, however, was not possible, due to the |osS
emotion. During a time-period where feedback with a rewardf resolution that results from a group-averaging analysis. Bpth
punishment, or neutral value was given, activation was otite amygdala and hippocampus project to nucleus accumbens
served in brain regions implicated in reward processing aadcomponent of the ventral striatum. There is evidence that
nonreward related areas responding to general sensory hoth structures are involved in reward processing (Salinas pand
cognitive components of the task. While nonreward relatéthite 1998), although the hippocampus may be primaiily
areas (i.e., sensory regions such as bilateral fusiform gyrusyolved with more contextual aspects of reward (Moore et|al.
showed a similar pattern of activation irrespective of the v4999). The pattern of response exhibited by the medial tgm-
lence of the feedback, the pattern in reward-related argasral region is more in accordance with the expected behayior
activated by the task (i.e., basal ganglia) differentiated betweefithe amygdala. For example, the amygdala is more effective
reward and punishment. The data provide evidence for ttl@n hippocampus at driving cells in the nucleus accumbgns
involvement of the basal ganglia complex, particularly th@race et al. 1998), and its activity is correlated with enhang¢ed
striatum, in the processing of reward-related information. Thecognition of pleasant and aversive emotional pictures (Ha-
striatum is thought to be engaged in the integration of rewanshann et al. 1999).
related information in the brain, receiving input from cortical The pattern of response observed in the dorsal striatum as
and limbic regions that may be further modulated or shaped also characterized by a peak in activity at time point T2 for
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punishment events. It is feasible that the observed activity mayrT, RosenBR, anp Hyman SE. Acute effects of cocaine on human bra

reflect an early response to punishment in the caudate. Partj@tivity and emotionNeuron19: 591-611, 1997.

ipants become aware of the value of the outcome 2.5ls.|nto & sonance neuroimageSomput Biomed Re29: 162173, 1996.

task. Also, time pplnt T2 reflects the avera,ge of acpw_ty beD'AVlDSON RJ anD IRwIN W. The functional neuroanatomy of emotion an

tween 3 and 6 s into the task. Further testing of this idea isyffective style Trends Cognit Scg: 11-21, 1999.

necessary, perhaps making use of faster and more powerfkvers WC, OnGur D, anp Price JL. Neuroimaging abnormalities in the

scanning techniques. subgenual prefrontal cortex: implications for the pathophysiology of famil
Across the set of reward-related regions, a distinct pattern ofnood disordersMol Psychiatry3: 220226, 1998.

lateralization was observed. In all areas that showed an intEﬁ'g;:aF;ei?)'gAnKs'gNtoBfJée“é'E:?f;nA’p ;ﬁ;ﬁ; iﬁg‘g&e’z;;g”tsisﬁg”;;trir“;:tc

action between condition and time, the effect was stronger N nipolar depressiorPsychol MecR8: 559-571, 1998,

the left hemisphere. Similar lateralization has also been QRsyan SD, GoHen ID, RTzeeraLd M, Ebby WF, MINTUN MA, AND NoLL

served in other tasks involving monetary compensation as amc. improved assessment of significant activation in functional magn

incentive (Koepp et al. 1998; Thut et al. 1997). This suggestsesonance imaging (fMRI): use of a cluster-size thresHdlign Reson Med

an association between the left hemisphere and the processiig: 636-647, 1995.

of secondary reinforcers, such as money. Furthermore, in t[FRACE AA, Moore H, AND O'DONNELL P. The modulation of corticoaccum

. . - pens transmission by limbic afferents and dopamine: a model for
experiment the left caudate showed a stronger difference i thophysiology of schizophreniadv Pharmacol2: 721-724, 1998.

response be_tween reward and neutral events than the rlélﬁfENEWEGENHJ, WRIGHT CI, BEJER AV, AND VOORN P. Convergence and|
caudate. This suggests that the left hemisphere may be Mokgregation of ventral striatal inputs and outpétan NY Acad Sc877:
dominant when it comes to the processing of reward or positivel9-63, 1999.

information. This is supported by studies in normal subject&mann SB, By TD, GRAFTON ST, AnND KiLTs CD. Amygdala activity related
(Davidson and Irwin 1999) and patients with mood disordersto enhanced memory for pleasant and aversive stirNialture Neurosce:
that show left-lateralized regions of decreased metabolismdlrfgg_zg& 1999.

. 0sAKA O, SakamoTo M, AND Usul S. Functional properties of monkey
depressed patients (DrEVEtS etal. 1998)' caudate neurons. lll. Activities related to expectation of target and rew:

In summary, the goals of this experiment were to identify j Neurophysiob1: 814—832, 1989.
brain areas activated after presentation of a reward in a singl&acoe R, Takikawa Y, anD Hikosaka O. Expectation of reward modu-
trial, to map the temporal dynamics of such areas, and tdates cognitive signals in the basal ganghature Neuroscil: 411-4186,

compare the results to the existing animal literature. Using ari998.

vent-rel fMRI ian in imol n in r idﬁ%EPPMJ, GUNN RN, LAWRENCE AD, CUNNINGHAM VJ, DAGHER A, JONEST,
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