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A great deal of human behavior and motivation is based on the intrinsic emotional significance of rewarding or aversive events, as well as
on the associations formed between such emotional events and concurrent environmental stimuli. Recent functional neuroimaging
studies have implicated the ventral striatum, orbitofrontal cortex (OFC), and amygdala in the representation of reward values and/or in the
anticipation of rewarding events. Here, we use functional magnetic resonance imaging to compare brain activation during the presentation of
reward with that during presentation of (conditioned) stimuli that have been paired previously with reward. Specifically, we aimed to investigate
conditioned reward in the absence of explicit reward anticipation. Twenty-two healthy volunteers were scanned while monochrome visual
patterns were incidentally associated with reward or negative feedback in the context of a simple card game. In the subsequent session, visual
patterns, including the conditioned stimuli, were presented without reward or negative feedback, and the affective valence of these stimuli was
assessed behaviorally. The presentation of reward compared with negative feedback activated the ventral striatum and OFC. Activation in the
same OFC region was observed when, in the subsequent session, subjects passively viewed the stimuli that had been paired with reward, without
the administration of reward and with subjects being essentially unaware of the conditioning manipulation. These findings suggest that the OFC
in humans plays an important role in the representation of both rewarding stimuli and conditioned stimuli that have acquired reward value.
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Introduction

Novel stimuli in the environment can acquire affective and mo-
tivational significance via their association with rewarding
events. This process of pavlovian conditioning has consequences
for behavior, because these conditioned stimuli can act as re-
wards in their own right, eliciting behavior and affecting mood.
Conditioned reward is not a unitary phenomenon, however
(Cardinal et al., 2002), and at least two kinds of learning can be
distinguished. First, the conditioned stimulus (CS) comes to
share affective properties with the reward: it takes on a reward
value of its own (here referred to as intrinsic reward value). Sec-
ond, the CS comes to explicitly predict the occurrence of a re-
warding outcome. In this study, we examine the brain substrates
of conditioned reward. We begin to decouple the rewarding and
predictive values of a CS by using a procedure that minimizes the
degree to which volunteers can explicitly predict reward when
presented with a CS.
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Behavioral procedures in animals have shown how a CS ac-
quires incentive value and have implicated the amygdala and
orbitofrontal cortex (OFC) in this process (Holland and Gal-
lagher, 1999; Parkinson et al., 2000, 2001; Chudasama and Rob-
bins, 2003; Pears et al., 2003). In addition, neurophysiological
work in animals has demonstrated that the ventral striatum plays
an important role in processing rewarding stimuli and in the
anticipation of predicted, as well as conditioned, rewards (Everitt
et al., 1999; Schultz, 2000).

Recent functional neuroimaging studies in humans have
yielded results that are consistent with a wealth of animal research
(Gallagher et al., 1999; Schoenbaum et al., 1999; Schultz, 2000;
Parkinson et al., 2001; Baxter and Murray, 2002) in demonstrat-
ing that the amygdala, ventral striatum, and OFC are involved in
aspects of reward (Delgado et al., 2000; Elliott et al., 2000; J.
O’Dobherty et al., 2001a; Small et al., 2001) and conditioned re-
ward (Gottfried et al., 2002b, 2003; Arana et al., 2003; Kirsch et
al., 2003; J. P. O’Doherty et al., 2003). However, it is unclear in
these studies of conditioned reward to what extent the results are
explained by (explicit) reward anticipation or by other compo-
nents of reward conditioning, such as the representation of the
affective value of the CS.

Our previous work demonstrates that preferences can be con-
ditioned for previously neutral stimuli after repeated pairings
with rewarding events in the absence of explicit reward anticipa-
tion (Johnsrude et al., 1999, 2000; Cox et al., 2002). However, the
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brain system supporting this preference learning has not yet been
explored in detail. Here, we use a procedure, based on that of
Johnsrude et al. (1999), during which abstract visual patterns are
consistently associated with monetary and auditory reward. In a
subsequent session, the patterns are presented alone and their
(conditioned) affective valence is assessed behaviorally. Func-
tional magnetic resonance imaging (fMRI) scans are acquired
continuously throughout both of these experimental sessions.
Subsequent debriefing ensures that volunteers are mostly un-
aware of reward contingencies. This design allows us to study
neural responses in response to reward as well as to conditioned
reward in the absence of explicit reward anticipation.

Materials and Methods

Subjects

Twenty-two right-handed, healthy volunteers (12 males, 10 females;
18-30 years of age) took part in this study. The participants, all of whom
were students, were recruited from the Medical Research Council Cog-
nition and Brain Sciences Unit volunteer panel. All of the participants
gave informed consent. This study was approved by the Local Research
Ethics Committee (Cambridge, UK).

Experimental design

Participants were scanned while performing two separate tasks, which
were presented in a fixed order. The first task (conditioning) consisted of
two components: (1) a cover task, which was a simple card game, and (2)
a conditioning procedure, concurrent with the card game, in which vi-
sually discriminable abstract patterns were associated with reward or
negative feedback. The card game served to mask the relationships be-
tween the visual patterns and reward to prevent the subjects from being
aware of the conditioning manipulation.

During the second task (judgment), these abstract patterns were pre-
sented on their own, without reward or negative feedback, and subjects
were asked to indicate their preference for individual patterns via a
paired-comparison procedure.

Conditioning

Cover task. A schematic drawing of a set of trials in the conditioning phase
is shown in Figure 1. Subjects were presented with virtual playing cards,
shown face up, one at a time (duration, 500—2000 ms), on a computer
screen. Subjects were told that each card had a number written on the
“back” of it. They were to guess whether the number on the back was
higher or lower than the value shown. After the response (and an inter-
stimulus interval of 1500 ms) made with either the right (higher) or left
(lower) index finger to press a key on a button box, the back of the card
was shown (duration, 2000 ms), and feedback (reward or negative feed-
back) was given simultaneously. On “correct” trials, accompanied by
reward, the number superimposed on the back of the card was presented
in green. On “incorrect” trials, accompanied by negative feedback, the
number was presented in red. Reward consisted of £0.25 and a melodic
flourish (duration, 2670 ms) played through the headphones. Negative
feedback was aloss of £0.22 and a buzzer sound (duration, 960 ms). After
an intertrial interval of 1000 ms, the following trial was initiated. A “re-
ward bar,” continuously visible on the right side of the computer screen,
represented the cumulative winnings. This bar rose or fell simultaneously
with the presentation of reward or negative feedback. The playing cards
varied from numbers 4 to 9. The outcome numbers on the back varied
from 1 to 12.

Conditioning procedure. Unknown to the subjects, the outcome of a
trial (correct or incorrect) was prespecified, and the outcome numbers
were (pseudorandomly) chosen after the subject’s response to conform
to this prespecified outcome. Thus, if the face of the card was a 4, the
subject pressed “higher,” and the trial outcome was supposed to be cor-
rect, then the number written on the back of the card would be between
5 and 12. Conversely, if that trial was specified to be incorrect, the num-
ber on the back would be 1, 2, or 3. Five visually discriminable, abstract
patterns (Petrides and Milner, 1982; Johnsrude et al., 1999) were pre-
sented on the backs of the cards, and the outcome number was superim-
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Figure1. Thethree stages of the experimental procedure. 4, Schematic drawing of the trials
in the conditioning task. In the first trial, a correct trial, a card showing the number 5 was
presented. The subject made the response “high,” after which the outcome number (7) appeared in
green, overlaid on one of the five patterns, accompanied by a melodic flourish and an increase in the
value depicted by the reward bar (representing +£0.25), presented on the right. In the second trial,
anincorrect trial, the subject chose “high,” on which the outcome (the number 4 in red) was shown,
accompanied by a buzzer sound and a fall of the reward bar (reflecting —£0.22). B, Schematic draw-
ing of the trials in the judgment task. On each trial, a set of two patterns was presented: first individ-
ually and then followed by the pair. When the pair was shown, the subject chose the one they most
preferred. €, Appearance of the screen during debriefing.

posed on these. These patterns were paired with reward and negative
feedback in predetermined ways at different contingencies. The patterns
were not mentioned in the instructions and were irrelevant to the card
game cover task. The “positive pattern” was associated with reward on
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90% of the trials in which it appeared and with negative feedback on the
other 10% of trials. The “negative pattern” was accompanied by reward
on 10% of the trials in which it appeared and by negative feedback on the
other 90%. The other three patterns were each associated with reward on
50% of the trials in which they appeared and with negative feedback on
the other 50% (“bivalent” patterns). These bivalent patterns were in-
cluded to obscure the pattern—-reward/pattern—negative feedback contin-
gencies. To avoid stimulus-specific effects, five versions of the task were
prepared, and subjects were randomly assigned to a particular version. In
each version, different patterns were assigned to each of the reinforce-
ment contingencies. Thus, the individual patterns that served as positive,
negative, and bivalent patterns were different for different subjects.

Two runs of 120 trials (120 correct and 120 incorrect trials) were
presented. The positive and negative patterns and one of the three biva-
lent patterns were presented 60 times each. The other two bivalent pat-
terns were presented 30 times each. Trial order was pseudorandom and
fixed. Trial length was dependent on subjects’ reaction times and varied
from 5000 to 6500 ms. The total length of the task was ~30 min.

Judgment

Eight different patterns were used in this part of the experiment: the five
patterns from the conditioning task plus three novel patterns (Johnsrude
etal., 1999). Each trial consisted of a set of two patterns. Within each trial,
the patterns were first presented one at a time, in the center of the screen,
in succession (stimulus duration, 1000 ms; interstimulus interval, 500
ms), and then both were presented simultaneously, with one on either
side of the screen (Fig. 1 B). When shown together, subjects had to indi-
cate, with a button press, which of the two patterns they preferred (they
were instructed “indicate the one you like better: don’t think about it too
hard, just go with your firstimpression”). Stimuli remained on the screen
until a response was made, again using either the right or left key on the
button box. After an intertrial interval of 1000 ms, the next pair of stimuli
was presented. Importantly, no reward or negative feedback was given
during the judgment task. A total of 72 trials were presented. Each pattern
was shown in 18 trials: 9 times on the right and 9 times on the left. In 30
trials, the positive, negative, and bivalent patterns were paired with each
other, which allowed us to investigate conditioning effects independent
of difference in exposure. In 10 of these 30 trials, the positive pattern was
paired directly with the negative pattern. Thirty trials were presented in
which each of the novel patterns (those stimuli only presented during
judgment) was presented with each of the five patterns shown during the
conditioning task. Finally, 12 trials were presented in which each of the
novel patterns was paired with another novel pattern. Trial length was
dependent on subjects’ reaction times and varied from 4500 to 6000 ms.
The total length of the task was ~7 min.

Debriefing
Participants were questioned carefully after scanning to determine the
degree to which they were aware of the experimental contingencies and
the purpose of the experiment. All eight of the patterns that were seen
during the judgment condition were presented simultaneously on the
screen (Fig. 1C). A number on top of each pattern indicated how many
times (of a possible maximum of 18) it had been chosen during the
judgment condition. Subjects were asked the following questions to as-
sess their perceptions of their preferences and their awareness of the
conditioning manipulation: (1) for the two most-preferred patterns,
“You chose this pattern most. Why?”; (2) for the two least-preferred
patterns, “You chose this pattern least. Why?”; (3) “Did you see any of
these pictures during the card game?” If the subjects answered “yes,” they
were then asked “Which ones?”; and (4) “Did you notice anything in
particular when you saw them?” If the subjects did not say anything
spontaneously, “for example, with a particular number or color?” was
used as a prompt.

Finally, participants were fully informed about the procedure and pur-
pose of the experiment, reimbursed for their time, and were also paid the
money that they had “won” during the card game (£3.60).

Experimental stimulus delivery
Custom software was written in Visual Basic version 6.0 (Microsoft,
Redmond, WA). Stimuli were back projected onto a translucent screen
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positioned within the bore of the magnet behind each subject’s head,
visible in a mirror placed just above each subject’s head. Subjects also
wore magnet-compatible, high-fidelity electrostatic earphones, mounted
in sound-attenuating ear defenders (Palmer et al., 1998).

Image acquisition

Imaging data were collected using a 3 tesla Bruker MedSpec MR system
(Ettlingen, Germany). Gradient echo T2*-weighted echo planar images
(EPIs) were acquired continuously during conditioning and judgment,
with a repetition time of 3 s. Whole-brain volumes of 21 slices (4 mm
thick, with a 1 mm interslice gap and an in-plane resolution of 1.95 X
1.95) were collected in an axial-oblique orientation, angled slightly away
from the eyes. In addition, gradient-echo non-EP magnetic-field map
images were acquired to calculate the deviations of the magnetic field
from the desired homogenous field. This information was used to geo-
metrically undistort the EPIs. Finally, a T1-weighted high-resolution an-
atomical scan of each volunteer was acquired. The start of each run was
synchronized with the onset of scanning. The first six EPIs in each session
were discarded to avoid T1 equilibrium effects.

Image analysis

fMRI data were preprocessed and analyzed using statistical parametric
mapping 99 (SPM99) (Wellcome Department of Cognitive Neurology,
London, UK) and statistical nonparametric mapping (SnPM) (Nichols
and Holmes, 2002).

Before analysis, images were corrected for slice timing, using the first
slice of each scan as a reference. To correct for motion, images were
realigned with respect to the first image, and a mean realigned image was
created. EPIs were then geometrically undistorted using field maps (Cu-
sacketal., 2003), followed by spatial normalization to the standard Mon-
treal Neurological Institute (Montreal, Quebec, Canada) (International
Consortium for Brain Mapping 152) EPI template. To prevent the nor-
malization from being influenced by areas of signal dropout, a mask was
applied to areas in which dropout was observed in the mean EPI images
during the calculation of normalization parameters. Finally, our data
were spatially smoothed using a 10 mm (full-width at half-maximum)
Gaussian kernel.

Data from the conditioning and judgment tasks were modeled and
analyzed separately. For both sessions, a general linear model was applied
to fit each voxel with a combination of functions derived from convolv-
ing the standard hemodynamic response with the time series of the
events. Low-frequency “noise” in the time series was removed using a
high-pass filter (cutoffs: conditioning, 32 s; judgment, 120 s).

Data modeling
Conditioning. The hemodynamic response function during conditioning
was modeled for 12 different events: (1) the start of each trial, which is the
presentation of the playing card, (2) the response (“high” or “low” but-
ton press), and (3) the onset of 10 different kinds of outcome (five back-
ground patterns, each combined with reward and negative feedback).
Six movement regressors were added to the model to take variation
attributable to movement into account. The presentation time of the face
of the card varied over trials, because this was dependent on how quickly
the subjects responded on that trial (mean reaction time, 1245 ms; SD,
657 ms). After an interstimulus interval of 1500 ms, the back of the card,
outcome number, and feedback (reward or negative feedback) were pre-
sented for 2000 ms. This was followed by an intertrial interval of 1000 ms.
To reduce the chance of observing an effect resulting from a correlation
between events, the start of the trial and the response were orthogonal-
ized with respect to the outcome of the trial. This meant that variance,
which could be attributable to the trial outcome, the high/low response,
or the start of the next trial (because these three events were correlated in
time), was in fact attributed to the trial outcome (Andrade et al., 1999).
The events of interest were those in which feedback was presented; blood
oxygenation level-dependent (BOLD) signal in response to the presen-
tation of reward was compared with that in response to the presentation
of negative feedback. The single-subject contrast images, generated by
pairwise comparisons among the parameter estimates for these different
events, were then taken to a second-level random-effects analysis using
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SnPM (www.fil.ion.ucl.ac.uk/spm/snpm). A standard nonparametric
randomization/permutation testing procedure was used, because this
approach makes minimal assumptions about the distribution of the data
(Nichols and Holmes, 2002). As a result, the voxel variance can be
smoothed over neighboring voxels to calculate pseudo-¢ statistics. This
type of variance smoothing reduces noise from the statistic image and
adds degrees of freedom, resulting in increased power of the design. Here,
pseudo-t-statistic maps were calculated using 8 mm full-width at half-
maximum smoothing of the variance images (this results in smoothing
the noise, which is different from spatial smoothing of voxel signal, as
described above) and were thresholded at p < 0.05. Because this non-
parametric analysis provides a measure of exchangeability of labels across
all of the possible comparisons, the calculated p value of this permutation
distribution represents an exact, as opposed to estimated, measure and is
thus corrected for multiple comparisons across the whole brain. Activa-
tion clusters that survived significance testing were then used as regions
of interest (ROIs) in the analysis of data from the judgment condition.

Judgment. Ten different event types were modeled during this condi-
tion: 1-8, the presentation of the eight patterns individually (the posi-
tive, negative, three bivalent, and three novel patterns); 9, the presenta-
tion of the two patterns simultaneously; and 10, the response. Six
movement regressors were added to the model to take into account vari-
ation attributable to movement. The individual patterns were presented
for 1000 ms each with an interstimulus interval of 500 ms. The presen-
tation time of the pair of stimuli varied, depending on the reaction time
of the participants (mean reaction time, 814 ms; SD, 431 ms).

Contrast images were generated using the events that indexed individ-
ually the presentation of each of the eight stimuli. More specifically,
activation while subjects were passively viewing the positive pattern was
compared with that during viewing of the negative pattern. To exclude
any BOLD signal explained by the variance of adjacent events, the onset
of the presentation of the pairs of stimuli and the response were orthogo-
nalized with respect to the presentation of the individual stimuli (An-
drade et al., 1999).

The contrast images of each individual subject were taken into a
random-effects analysis using SPM. Statistical maps were thresholded
using an ROI analysis using MarsBaR (Brett et al., 2002), which applied
the statistical model to the mean signal of each ROI. ROIs were defined by
the significant activation clusters observed in the reward versus negative
feedback contrast during the conditioning phase.

Results

Behavioral results

As a result of technical problems during the judgment condition,
data on two subjects had to be excluded. Reward conditioning
was assessed by computing a preference score, which compared
the judgment score for the pattern paired most with reward (pos-
itive pattern) with that of the pattern paired least with reward
(negative pattern). To exclude any confounding effects in this
measure, such as the possible effects on preference of unequal
exposure to patterns (i.e., novel vs seen before), the judgment
score was extracted from only those trials in which the positive
pattern was directly paired with the negative pattern, and the
subject had to choose which of these two patterns he or she pre-
ferred. The preference score was calculated as the number of
times that the positive pattern was chosen over the negative pat-
tern, of a maximum of 10; 5 indicated chance performance. The
mean across subjects was 6.6. A sign test was used to assess
whether preference scores across subjects were, on average, reli-
ably >5. The results show that subjects significantly preferred the
positive pattern to the negative pattern ( p = 0.048).

Other factors, such as a priori preferences, may have played a
role in preference formation, and these may be more subjectively
salient. When asked why they had chosen these patterns most/
least (debriefing question 1 and 2), all of the participants attrib-
uted their liking/disliking to the physical characteristics of the
patterns and not to previous experience of the patterns with re-
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ward/negative feedback during the conditioning phase (for ex-
ample, responses for a positive and subsequently preferred pat-
tern included “looks like a roller coaster”; responses for a negative
and subsequently not preferred pattern included “looks like bro-
ken bones”).

In fact, none of the participants was completely aware of the
experimental contingencies (able to correctly identify the two
patterns most closely associated with reward and negative feed-
back). Five of 20 people did not recognize any patterns in re-
sponse to debriefing question 3 (“Did you see any of these pic-
tures during the card game?”). Two people were able to recognize
some of the patterns when asked this question but did not include
either their positive or negative pattern. Seven people recognized
either their positive or negative pattern, but not both, among
which four people noticed the association of the positive pattern
with positive feedback, concluded from debriefing question 4
(“Did you notice anything in particular when you saw the stimuli
during the card game?”). None of the people who had recognized
their negative pattern was able to report the relationship between
it and negative feedback in response to question 4. Six people
recognized both their positive and negative patterns in response
to question 3. Of these six, one person claimed that both patterns
were associated with negative feedback, and the other five did not
report any association when prompted to do so at question 4.
Thus, only 5 of 20 volunteers were partially aware of the experi-
mental contingencies: they were able to identify either the posi-
tive or the negative pattern associated with reward or negative
feedback but not both. The mean preference score among these
five partially aware participants was 5.4, which was not signifi-
cantly different from that of the nonaware volunteers (mean,
6.93; t = 0.72). None of the participants was aware of the purpose
of the experiment.

The majority of subjects appeared to be unaware of the exper-
imental contingencies in the conditioning phase, and all of the
subjects were unaware of the effects of their experience in the
conditioning phase on their own subsequent behavior. The con-
ditioning effect clearly contributes to observed preference but in
a relatively subtle way, because most subjects preferred at least
one other pattern to the positive pattern. When preference scores
were calculated per pattern and ranked within subjects in order of
preference, the positive pattern was one of the two most-
preferred patterns in 10 of 20 subjects (and it obtained the highest
score in only 6 of 20 subjects). The negative pattern was one of the
two least-preferred patterns in 10 of 20 subjects (and the lowest-
scoring pattern in only 3 of 20 subjects).

Subjects took, on average, 814 ms (SD, 431 ms) to make a
judgment response. There was no cutoff for subjects’ reaction
time (maximum reaction time, 4094 ms), and there were no
missed trials.

Imaging results

Conditioning phase: reward versus negative feedback

This contrast reveals the areas involved in response to the presen-
tation of reward compared with the presentation of negative
feedback during the conditioning phase.

Significant activations at a level of p < 0.05, surviving a whole-
brain correction for multiple comparisons, are listed in Table 1
(Fig. 2). These coordinates represent the peak activation of an
entire cluster. One cluster includes all of the adjacent voxels that
survive significance. Only one significant peak per cluster is pre-
sented in the table.
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Table 1. Talairach coordinates (Talairach and Tournoux, 1988) and pseudo-t values
of activated regions during the presentation of reward versus negative feedback
in the conditioning task

Region of activation Left—right X y z tvalue
Medial OFC 0 44 -8 4.84
Lateral OFC L —16 4 —18 4.62
L —18 38 =20 523
Inferior frontal gyrus,
pars triangularis L —44 32 12 47
Middle frontal gyrus L —26 34 44 6.75
Posterior middle
frontal gyrus L =22 4 48 4.64
Superior frontal gyrus R 26 28 50 538
Posterior superior
frontal gyrus (SMA) R 2 0 46 5.54
Cingulate cortex L —4 —18 40 5.06
Ventral striatum L —16 8 —12 8.37
R 28 0 —10 7.73
Dorsal thalamus L =10 =10 18 5.46
Superior temporal
gyrus L —60 -12 2 7.57
R 62 2 —4 7.63
Inferior temporal
gyrus L —54 —62 —20 6.66
Cerebellar vermis 0 —40 —34 4.89
Cerebellar hemisphere L —28 —54 —22 6.69
Retrosplenial cortex R 2 —50 16 5.02
Lingual gyrus L —14 —66 -2 51
Occipital cortex L —26 —82 40 6.39
R 32 —74 32 5.4
Posterior inferior
occipital cortex R 28 -9 —18 4.82
Precentral gyrus L —38 —16 50 53
R 24 -22 56 4.97
R 58 0 36 6.36
Central sulcus L —46 -12 32 4.76
Paracentral lobule R 2 —36 52 5.57
Superior parietal
lobule L —22 —60 42 471

L, Left; R, right; SMA, supplementary motor area.

Significant peak activations are shown >8 mm apart, thresholded at p << 0.05 (t > 4.56), corrected for multiple
comparisons.

In this contrast, we observed activation in the ventral stria-
tum, primarily in the putamen and nucleus accumbens, extend-
ing into the amygdala in the left hemisphere (—26, —10, and
—16) (Fig. 2). Significant effects were also detected in the OFC on
the midline, the left OFC, anterior cingulate cortex, dorsal thala-
mus, and bilaterally in the superior temporal gyrus, in what is
probably auditory cortex. These auditory activations may result
from acoustic differences between the sounds used to signal the
outcome (melodic flourish vs buzzer); these sounds were of dif-
ferent duration and were different in spectrotemporal structure.

Judgment condition: activation related to conditioned patterns

In the judgment task, we compared BOLD signal during passive
viewing of the positive pattern (presented on its own in the mid-
dle of the screen) with BOLD signal during passive viewing of the
negative pattern (presented on its own in the middle of the
screen). Because of technical problems during the judgment con-
dition, data from two subjects had to be excluded from the anal-
ysis (the same two subjects that were excluded from the behav-
ioral analysis). Differences in activation between these two
conditions in the remaining 20 subjects, using a whole-brain
analysis with p < 0.001 uncorrected, are shown in Figure 3. These
areas did not reach significance after a whole-brain correction for
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multiple comparisons. An ROI analysis was applied based on the
significant activations ( p < 0.05) observed in the reward versus
negative feedback contrast from the conditioning task, as shown
in Table 1. Only activation in OFC (peak 0, 44, and —8) was
significant. Activation in the retrosplenial cortex reached signif-
icance at an uncorrected level but did not survive correction for
multiple comparisons across all of the resels of the ROI clusters of
activation.

Discussion

Although post-test debriefing revealed that a minority of partic-
ipants may have been partially aware of the relationship between
particular patterns and reward and negative feedback, no subject
was fully aware. All of the subjects attributed their preferences to
the physical characteristics of the patterns and not to previous
experience with the stimuli during the card game. We conclude
that our participants were mostly unaware of the conditioning
manipulation during testing. We observed activation in the OFC
region during both reward presentation and also when subjects
viewed conditioned patterns without the administration of a
physical reward. Because subjects could not explicitly anticipate a
rewarding outcome while viewing the CS, we conclude that it is
the intrinsic affective properties evoked by the CS that must pri-
marily underlie the BOLD response in the OFC.

Our observation of OFC activation when subjects viewed
stimuli associated previously with reward is consistent with the-
ories suggesting that the OFC codes information regarding the
reward value of a stimulus. Neurophysiological studies in pri-
mates indicate that neurons in the OFC detect and discriminate
among rewards of different value and thus may play an important
role in identifying or perceiving reward (Schultz et al., 2000).
Furthermore, neurons in the monkey OFC cease to respond to
food rewards when a monkey is satiated, so that the food no
longer holds a rewarding value (Rolls, 2000). Compatible results
have been reported in functional neuroimaging studies in hu-
mans. These implicate the OFC in the representation of relative
reward value (Elliott et al., 2003; Knutson et al., 2003) and incen-
tive value of stimuli (Arana et al., 2003).

The results also fit in with an alternative view of OFC function:
that it is involved in the generation of “somatic markers” for
affective states and the integration of this information into sub-
sequent behavior (Schoenbaum et al., 1998; Bechara et al., 2000).
According to the somatic marker hypothesis (Damasio, 1996),
stimuli evoke a somatic state (measured by an increased skin-
conductance response) that is associated with pleasurable or
aversive somatic markers (e.g., the anticipation of affective
outcomes).

Paulus and Frank (2003) suggest that the brain substrate of
responses related to somatic markers, which includes regions
overlapping with our OFC activation, is also involved in prefer-
ence judgments. They conducted an fMRI study in which subjects
made a preference judgment on pictures of soft drinks, using a
paired-comparison procedure, and this was compared with a
visual-discrimination task. The authors suggest that competition
between appetitive and aversive somatic markers, processed in
the ventromedial prefrontal cortex (VMPEC), is critical for deci-
sion making and may guide preference judgments even in the
absence of rewarding or aversive outcomes associated with the
response. Thus, the VMPFC appears to play a role in the repre-
sentation of complex rewarding values involved in preference
judgments (Paulus and Frank, 2003) (but see Erk et al., 2002).
Our results are consistent with and extend these findings. In the
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judgment condition, the affective infor-
mation of the CS was important for the
behavioral response later in the trial. After
the presentation of the CS, subjects may
have been preparing for a response by ex-
tracting affective information to be able to
subsequently use this information for their
response. However, no response selection
was required while subjects were viewing
the CS (the response was modeled sepa- y=+44
rately from stimulus presentation). In fact,
response selection at the time of CS pre-
sentation was impossible for approxi-
mately half of the trials, when the CS was
presented as the first in the pair, because
no decision could be made until both
stimuli were known. This finding provides
additional information that the OFC is
specifically implicated in coding and per-
haps extracting the affective information
from conditioned stimuli to prepare for
subsequent decision making, in the ab-
sence of response selection. Thus, condi-
tioned stimuli may trigger the cascade of
somatic responses via the OFC indepen-
dently of any decision being required.
However, additional studies are required
to investigate the exact relationship be-
tween somatic responses and neural mark-
ers in response to rewarding stimuli. A role
for the human OFC in the representation
of reward value, as well as guiding behav-
ior based on this information, is consistent with functional neu-
roimaging studies that investigated responses to rewarding stim-
uli in the presence or absence of response selection (Arana et al.,
2003;J. O’Doherty etal., 2003). The present study, however, is the
first to show similar OFC responses to stimuli that have acquired
affective value via associative conditioning.

Rewarding properties of conditioned stimuli have been inves-
tigated in rats and nonhuman primates, using conditioned rein-
forcement and autoshaping procedures. These studies suggest a
role for the OFC in processing the incentive value of a condi-
tioned reward (Chudasama and Robbins, 2003; Pears et al.,
2003). The activation in the OFC in response to conditioned
reward observed in the present study provides compelling evi-
dence for a similar role for the human OFC in the representation
of intrinsic affective value of the CS after CS—unconditioned
stimulus (US) pairings.

OFC activation in humans has been observed in only a few
other neuroimaging studies of reward conditioning (Gottfried et
al., 2002b, 2003; J. P. O’Doherty et al., 2003). For example, Got-
tfried et al. (2002b) paired faces with a pleasant, unpleasant, or
neutral odor or with no olfactory stimulus. Participants had to
decide the sex of each face, and the odor was administered while
each face was on the screen. Activation in the OFC was observed
when faces associated with a pleasant odor were compared with
neutral faces never paired with an odor. A direct comparison
between positively and negatively conditioned faces implicated
the ventral striatum and the amygdala. Recently, the same au-
thors reported an fMRI study using a postconditioning devalua-
tion procedure and implicated both the OFC and amygdala in the
representation of the current value of reward (odor) predicted by
the CS (abstract visual stimulus), as shown by decreased activa-

Figure 2.

Figure3.
judgment task. Responses are thresholded at p << 0.001, uncorrected for multiple comparisons. Activation in the OFC survives
correction for multiple comparisons using a region of interest that is based on the activated clusters obtained in the reward—
negative feedback contrast from the conditioning task (Fig. 2).
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Responses during the presentation of reward compared with negative feedback in the conditioning task, including
the OFC, the ventral striatum, and the amygdala. BOLD responses are thresholded at p << 0.05, corrected for multiple comparisons.
All of these activation clusters were used as an ROl in the analysis of the data from the judgment task.

BOLD responsesin the OFCto the presentation of the positive pattern compared with the negative pattern during the

tion in these areas in response to the CS after reward devaluation
(Gottfried et al., 2003). A crucial difference between these proce-
dures and the paradigm used here concerns anticipation of the
CS. Although subjects in the study by Gottfried et al. (2002b) had
not explicitly been told about the CS—US contingencies, there was
no attempt to make them difficult to perceive, and the authors
did not report any measures of awareness. Adjusted responses to
the CS after postconditioning reward devaluation may reflect
both a change in reward prediction and a change in intrinsic
reward value of the CS. Finally, J. P. O’Doherty et al. (2003)
reported activation in the ventral striatum and the OFC in re-
sponse to reward-prediction errors in the context of appetitive
pavlovian conditioning. Reward-prediction errors index the
magnitude of the discrepancy between reward expectancy and
outcome. Although this clearly plays an important role in the
acquisition of motivational significance of the CS via CS-US
pairings, this aspect emphasizes the explicit predictive value of
the CS. In contrast, the current study reveals OFC activation in
the absence of explicit reward prediction, suggesting a role for
this region in processing the intrinsic reward properties of stimuli
that have acquired affective significance via pavlovian
conditioning.

A network of areas, including the ventral striatum, amygdala,
and anterior cingulate, was activated in response to the presenta-
tion of reward compared with negative feedback, consistent with
results from both neurophysiological studies in animals and
other human functional neuroimaging studies of reward (Del-
gado et al., 2000; Elliott et al., 2000, 2003; Knutson et al., 2000;
Schultz et al., 2000; Zalla et al., 2000; J. O’Doherty et al., 2001a,b,
2003; Small et al., 2001; Gottfried et al., 2002a). However, unlike
other studies of appetitive conditioning (Gottfried et al., 2002b,
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2003; J. P. O’Doherty et al., 2003), we did not observe activation
in the amygdala or ventral striatum during the presentation of
conditioned reward. This may be because the affective valence is
too subtle for these regions to evoke a persistent BOLD response
or because the smoothing filter that we used was not optimally
sensitive to subcortical activation foci. An alternative explanation
may be the lack of explicit anticipation of a physical reward dur-
ing the judgment condition, which relates to other studies in
which amygdala and ventral striatal activation was found in re-
sponse to the anticipation of both abstract and primary rewards
(Knutson et al., 2001a,b; J. P. O’Doherty et al., 2002; Hommer et
al., 2003). In these studies, reward anticipation was induced by
the presentation of differential cues that explicitly signaled sub-
sequent administration of a rewarding, neutral, or aversive out-
come. Although a cue predictive of a rewarding outcome may
also acquire intrinsic affective value, a CS need not be endowed
with the affective properties of the US for the animal to use it to
anticipate the occurrence of the US.

In conclusion, we showed distinct patterns of neural responses
after the presentation of reward compared with negative feedback,
implicating the ventral striatum, amygdala, and OFC. An overlap-
ping OFC region was also activated by the presentation of stimuli
associated with reward, without the administration of an immediate
reward and without participants anticipating a reward. These results
suggest that the OFC plays an important role in coding the intrinsic
affective properties of both rewarding events and conditioned stim-
uli that have acquired a rewarding value in the absence of explicit
anticipation of a reward.
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