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The human orbitofrontal cortex monitors outcomes
even when no reward is at stake
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Abstract

The orbitofrontal cortex (OFC) processes the occurrence or omission of anticipated rewards, but clinical evidence suggests that it might
serve as a generic outcome monitoring system, independent of tangible reward. In this positron emission tomography (PET) study, normal
human subjects performed a series of tasks in which they simply had to predict behind which one of two colored rectangles a drawing of
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n object was hidden. While all tasks involved anticipation in that they had an expectation phase between the subject’s predict
resentation of the outcome, they varied with regards to the uncertainty of outcome. No comment on the correctness of the pre
ecord of ongoing performance, and no reward, not even a score, was provided. Nonetheless, we found strong activation of t
omparison with a baseline task, the left anterior medial OFC showed activation in all conditions, indicating a basic role in anticip
eft posterior OFC was activated in all tasks with some uncertainty of outcome, suggesting a role in the monitoring of outcomes

edial OFC showed activation exclusively during guessing. The data indicate a generic role of the human OFC, with some topical
n the generation of hypotheses and processing of outcomes, independent of the presence of explicit reward.
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. Introduction

Animal studies with non-human primates have established
hat the orbitofrontal cortex (OFC) contributes to the antic-
pation of reward, and processes the appearance or absence
f predicted rewards (Rosenkilde, Bauer, & Fuster, 1981;
horpe, Rolls, & Maddison, 1983; Tremblay & Schultz,
999, 2000). Patients with anterior OFC lesions tend to make
ecisions aiming at short-term gains while disregarding long-

erm consequences (Anderson, Bechara, Damasio, Tranel,
Damasio, 1999; Bechara, Damasio, & Damasio, 2000;

amasio, 1994; Eslinger & Damasio, 1985; Eslinger,
rattan, Damasio, & Damasio, 1992; Price, Daffner, Stowe,
Mesulam, 1990). Imaging studies with healthy human sub-

ects obtained activation of the OFC when subjects received
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anticipated food reward (O’Doherty, Deichmann, Critchle
& Dolan, 2002) or imagined good meals (Arana et al., 2003),
but also in gambling or guessing tasks associated with
etary reward or punishment (Critchley, Mathias, & Dolan
2001; Elliott, Friston, & Dolan, 2000; Elliott, Frith, & Dolan,
1997; Elliott, Rees, & Dolan, 1999; O’Doherty, Kringel-
bach, Rolls, Hornak, & Andrews, 2001; Pochon et al., 2002
Rogers et al., 1999; Thut et al., 1997). An implicit conclusion
from these studies is that the OFC evaluates outcomes
some form of explicit reward—pleasant food or stimulat
money, some score—or at least the thrill of a correct gue
at stake. Indeed, several studies specifically explored th
pact of the magnitude of reward on brain activation (Breiter,
Aharon, Kahneman, Dale, & Shizgal, 2001; O’Doherty et al.
2001; Rogers et al., 1999).

However, clinical studies indicate that the OFC keeps t
of ongoing reality in thought and behavior, irrespective
wins or losses: patients with posterior OFC lesions often

028-3932/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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to adapt their behavior to ongoing reality and act on the basis
of currently irrelevant memories, a syndrome called sponta-
neous confabulation (Schnider, 2003). We have demonstrated
that this failure is based on deficient suppression of mental
associations that do not pertain to now (Schnider & Ptak,
1999; Schnider, von D̈aniken, & Gutbrod, 1996); the patients
appear to fail to adapt their behavior to the non-occurrence
of (implicitly) anticipated outcomes (Schnider, 2003). This
observation indicates that the OFC may constitute a generic
system monitoring the occurrence or absence of an antic-
ipated outcome (true reality), irrespective of the notion of
reward.

In the present study, we tested the possibility that the OFC
is indeed activated by the mere anticipation and confirmation,
or negation, of predicted outcomes, even when any notion
of reward (gain) or punishment is avoided as completely as
possible. Healthy subjects performed a series of tasks of an-
ticipation, in which they saw whether their predictions were
correct or wrong, but which provided no reward for their per-
formance; correct predictions would not yield any gain or
benefit, would not even be commented, incorrect predictions
did not induce any penalty. Brain activity was monitored us-
ing positron emission tomography (PET) with [15O]H2O.
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Fig. 1. Experimental design: (a) design of the four tasks and (b) design of
the baseline task (seeSection 2for explanation).

and had to indicate by pressing a button on the correspond-
ing side, behind which one of the two rectangles an “object”
(line drawing of an object) was hidden (Fig. 1a). As soon
as they had pressed the response key, a cross appeared in
the middle of that rectangle and remained there for 1500 ms
(expectation phase). Immediately after this phase, feedback
was provided by presentation of a design of an object (cor-
rect choice) or a grid (error) within the chosen rectangle for
1500 ms. No other feedback was given; no sound, comment
or score. Then, the screen turned black for 700 ms till the
start of the next trial. “Objects” were simple line drawings
(Snodgrass & Vanderwart, 1980) with no obvious “reward”
value, e.g., clip, butterfly, tree, tie, flower, fountain, umbrella,
kettle, mushroom, snail, etc. Different designs were used in
the different tasks and among the subjects.

2.3. Main tasks

Common to all tasks was that subjects had to make a
choice, followed by an expectation phase and presentation of
. Materials and methods

.1. Subjects

Eight healthy men (19–26, 22.4± 2.8, years old) wer
aid to participate in the study. The study was appro
y the Ethical Committee of the University Hospital
ürich and the Swiss Federal Bureau of Radiation Pro

ion.

.2. Experimental task

Subjects performed four tasks presented in a counte
nced order (Fig. 1), each of them probing distinct comp
ents of anticipation and processing of outcomes (Table 1).

n all conditions, subjects saw a red and a green recta
hich were randomly positioned on the right and left s

able 1
ask conditions and their cognitive components

ondition Component

Anticipation Relevant feedback Uncertainty

lwaysSame + + + –
xtinction + + + –
uess + – ++ +
laceIt + – – –

nticipation indicates whether the subject anticipates an outcome; rele
ndicates whether the outcome has an uncertainty or not; guessing ind
xtinction indicates the presence of trials with absence of the predic
ased on experience. Reactions times are means± standard deviations of

he percentage of trials with the outcome corresponding to the predic
– – 467± 118 ms 99± 1.8%
+ – 520± 135 ms 64± 2.8%
+ + 673± 365 ms 56± 7.6%
– + 527± 213 ms 100± 0%

edback indicates that the outcome is useful to guide the next prediction; uncertainty
that the subject is asked to guess rather than to base predictions on thst feedback
come; planning indicates that the subject has to make decisions whnnot be
bject’s median reaction time over all stimuli of the condition; hit rate in

espective of whether the outcome was predictable or not.
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the outcome. Subjects made four tasks (conditions) in which
we varied the type of decision they had to make and the uncer-
tainty of the outcome. In 3 of the 4 conditions (Table 1), the
object’s position was determined by the presentation program
and subjects had to find out the rectangle “hiding the object”.
In 2 of these 3 conditions, subjects were asked to respond
according to the last feedback and to restrain from guessing.
They were informed that the “object” might change position
from time to time. Unknown to them, these two conditions
had a distinct difference: in one condition (AlwaysSame) the
same object always appeared behind the same rectangle. In
the second condition (Extinction), the object changed posi-
tion every 1–4 trials. Thus, if a subject adhered to the rules of
the task and based decisions on the previous trial, their predic-
tion would be wrong on every 1st to 4th trial. We called this
condition “Extinction” as it demanded the ability to aban-
don a previously successful choice. An electrophysiologi-
cal study using this condition yielded specifically different
electrocortical responses from confirmed trials only in tri-
als with absence of the predicted outcome, but not in trials
with a new color–object association. The critical difference
between the AlwaysSame and Extinction condition thus ap-
pears to be the extinction, rather than the object alternation
capacity (Mohr et al., submitted). Because instructions were
the same in both the AlwaysSame and Extinction condition,
t ns;
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t same
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the two rectangles with one of them containing the “object”
(similar layout as the presentation of the outcome in the main
tasks). Subjects simply had to press the key corresponding to
the side of the rectangle containing the object (similar motor
demand as the indication of the prediction in the main tasks).
As soon as the subject responded, the object was replaced
by a cross in the center of the respective rectangle, which
remained there for 1500 ms (similar layout as the expectation
phase in the main tasks). Then, the cross disappeared, and
the two empty colored rectangles remained on the screen for
another 1500 ms (similar layout as the initial screen in the
main tasks). Then, the screen turned black for 700 ms until
the start of the next trial. This sequence gave the impression
that, after indicating the side with the object and appearance
of the triangle that the trial was simply over; it did not arouse
a feeling of anticipation, as confirmed by the subjects. Thus,
the baseline task had all visual and motor components of the
main tasks but implied no anticipation, provided no feedback,
and demanded no memory. Forty-four trials were made.

2.5. Imaging procedures

PET scans were acquired on a whole-body scanner
(Advance GE Medical Systems, Waukesha, WI) in three-
dimensional mode with a 15 cm axial field of view. Subjects
h scan,
4 lus
w ere
r olus
i d to
c pre-
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s (cor-
r icted
o ered
w basis
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T PET
m riori
d
w e re-
s ance
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ring
i line
c een
t ere
p ition
i ble
e sks.
T cting
t n the
he uncertainty of outcome was similar in both conditio
ven in the AlwaysSame condition, subjects did not k
hat the object would actually always appear behind the
ectangle. Thus, the main difference between these task
he different number of positive and negative outcomes

The third condition (Guess) had precisely the same
ign as the Extinction condition, but the subjects were
hat the object position would be completely random
hat they should guess. In the final fourth condition (Plac
he sequence of events within a trial was exactly the s
s in the other conditions, but subjects were asked to

ermine themselves, where the object should appear.
his condition was the only one having no uncertainty
utcome, but—similar to the Guess condition—deman
decision which could not be based on previous experi

n the Guess and PlaceIt conditions, subjects were expl
sked to make a choice in each individual trial. Observa
f their behavior showed that all subjects varied the ch
ide and color.

Each condition had 44 trials composed of four blocks
1 trials each. Each block with changes of object posit
ad, in random order, one trial sequence of 0, 1, 2, 3, a
epetitions of the same trial type (same object position).

The sequence of conditions, including the base line
as counterbalanced across subjects.

.4. Baseline task

The baseline task contained the same phases as the
ask but in inverted order, that is, with initial presenta
f the “outcome”. A trial started with the presentation
ad 5 scans (4 main tasks, 1 baseline task). For each
00–450 MBq [15O]H2O were administered as a slow bo
ith a remotely controlled injection device. PET counts w

ecorded in 3D mode over 60 s after the arrival of the b
n the brain. A 10-min transmission scan was performe
orrect for photon attenuation. Image reconstruction and
rocessing using SPM99 (Friston et al., 1995) was the sam
s used in a previous study (Schnider, Treyer, & Buck, 2000).

All conditions were analyzed in reference to the base
ondition. The only direct comparison was made betw
he Extinction and Guess conditions as they had exactl
ame design and produced a comparable rate of hits
ectly predicted outcomes) and errors (incorrectly pred
utcomes) (see results). Thus, they only, but clearly, diff
ith regards to the task instruction and, therefore, the
f the choice and the behavioral significance of the outc
hese differences were evaluated voxel by voxel in a
ulti-subject design. We accepted significance in the a p
efined region (orbitofrontal cortex) whenT> 3.2,P< 0.001
as reached, uncorrected for multiple comparisons. Th
ults were overlaid on a T1-weighted magnetic reson
mage of eight subjects.

In order to determine whether OFC activations appea
n the comparison of the main tasks with the base
ondition also reflected significant differences betw
he main tasks, region-of-interest (ROI) analyses w
erformed. As will be described below, the Guess cond

nduced activation of all four OFC clusters that—to varia
xtent—also showed activation in the other main ta
herefore, the ROI analysis was performed by first sele

he four OFC areas activated in the comparison betwee
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Guess and baseline condition. In order to cover the whole
area of those clusters, all voxels activated in any of the
four main conditions around these clusters (as compared
with the baseline), were then included in the final clusters
entering the ROI analysis. The analysis was performed
with PMOD (www.pmod.com) (Mikolajczyk, Szabatin,
Rudnicki, Grodzki, & Burger, 1998) on the spatially and
globally normalized images of each subject.

3. Results

3.1. Behavioral data

The tasks proved to be very easy (Table 1). Subjects made
virtually no error except in the two conditions which inten-
tionally provided negative feedback (Extinction and Guess).
Behavioral data show that the subjects did indeed respect the
differing task instructions in the Extinction and Guess condi-
tions, although they had exactly the same design: whereas in
the Extinction condition, their choice of the correct rectangle
was correct in 97± 4% of trials in which the position was
correctly predicted by the previous trial (yielding a total hit

F
c
z

rate of 64± 2.8%), they chose the correct rectangle only in
59 ± 13% of such trials in the Guess condition (yielding,
together with the correctly guessed, unpredictable trials, a
total hit rate of 56± 7.8%) (t = 7.0;P = 0.0002). There was
no significant response bias in the Guess condition: subjects
chose the left rectangle in 55± 9% and the green rectangle
in 45± 7% of trials.

Reaction times varied moderately between the conditions
(repeated-measures ANOVA,F(3, 7) = 2.95;P= 0.057) with
the Guess condition having the longest and AlwaysSame in-
ducing the shortest reaction times (Table 1).

3.2. Activation in the four tasks versus baseline

When comparing the four tasks with the baseline task,
three main results emerged (Table 2, Fig. 2a): first, all main
tasks induced OFC activation; second, there was highly ho-
mogeneous activation, with little variance between the tasks,
of the left OFC; third, the right OFC was exclusively activated
in the Guess condition.

The pattern of OFC activation was amazingly consis-
tent, but precise foci of activation varied among conditions.
In essence, four distinct regions of OFC activation were
ig. 2. Areas of activation in the OFC. Activation of the orbitofrontal cortex i
omparison between the two conditions: Extinction and Guess, which had
-coordinate levels−24 (AlwaysSame, Extinction, Guess) and−20 (PlaceIt; Extin
nduced by: (a) the four tasks (subtraction of task—baseline) and (b) the direct
the same structure but differed in task instruction. The slices correspond toMNI
ction–Guess, Guess–Extinction).

http://www.pmod.com/
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observed: an anterior (rostral Brodmann’s area, BA, 11, and
partly 10) and a posterior (posterior area 13 towards area 25)
blob on the right and the left side (Table 2, Fig. 2).

The left anterior OFC (rostral area 10 and 11) was acti-
vated by all four tasks, irrespective of whether the feedback
was always confirmatory (AlwaysSame), approximately 30%
false (Extinction, Guess), or irrelevant (Guess, PlaceIt). A
ROI analysis directly comparing the activation in this cluster
across all main tasks did not yield significant differences of
activation.

A discretely different pattern of activation was observed
in the left posterior OFC (posterior BA 13), in that significant
activation was obtained in all tasks except the only one having
no uncertainty of outcome, condition PlaceIt. This difference
between the tasks was discrete and only indicated by the result
of the comparison of the main tasks with the baseline. A direct
comparison of this cluster of activity across all main tasks
using a ROI analysis did not reveal significant variations.

A strikingly different activation pattern was observed in
the right OFC. In contrast to the left side, the right OFC
was activated exclusively in the Guess condition (compari-
son with the baseline task). The activation was particularly
strong in the anterior OFC (rostral area 11/10). A region-of-
interest (ROI) analysis confirmed that this area was signifi-
cantly more activated by Guess than any other condition (F(3,
7 the
c rly,
a rea
1 ula,
w rison
w on, a
R een
t

right
O tu-
a rso-
l rea
8 ion,
w spec-
t ious
e

3

the
c the
s tion
( rior
O on,
a or-
s -
t in an
a
t ngly
a cor-
t eral
) = 8.0;P= 0.0009; Tukey post-hoc test significant for
omparisons of Guess with all other conditions). Simila
ctivation of the right posterior OFC (posterior lateral a
3), which extended laterally into the anterior inferior ins
as obtained exclusively in the Guess condition (compa
ith the baseline task). In contrast to the anterior activati
OI analysis did not confirm significant differences betw

he four main conditions for this posterior cluster.
The Guess condition activated other areas than the

FC. Apart from the left OFC, which was activated in vir
lly all tasks, Guess induced marked activation of the do

ateral prefrontal cortex bilaterally (right area 46 and left a
). Similar activation was obtained in the PlaceIt condit
hich shares with Guess the requirement to take a pro

ive decision (planning) which cannot be based on prev
xperience.

.3. Extinction versus Guess

Of particular interest was the direct comparison of
onditions Extinction and Guess, which had precisely
ame design but differed with regard to task instruc
Table 1). Both tasks activated the left anterior and poste
FC (Fig. 2a). Guess, in direct comparison with Extincti
dditionally activated the right anterior OFC and right d
olateral prefrontal cortex (Fig. 2b, Table 2). Discrete addi
ional activation was also seen in the left mesencephalon
rea compatible with the substantia nigra (Fig. 2b). By con-

rast, Extinction, in comparison with Guess, more stro
ctivated medial temporal structures (perihippocampal

ex on both sides and left perirhinal cortex) and left lat
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temporal cortex. Thus, anticipation based on previous expe-
rience relatively more strongly activated the medial temporal
lobe, whereas the generation of hypotheses which cannot be
based on previous experience (guessing), more strongly ac-
tivates the right OFC.

4. Discussion

It is well known that the OFC processes expected rewards,
signals deviations from the expected reward, and processes
the magnitude of an expected reward (Breiter et al., 2001;
Elliott et al., 2000; O’Doherty et al., 2001; Rogers et al.,
1999; Thut et al., 1997; Tremblay & Schultz, 2000). The
rewards used in these studies were either concrete (primary
taste enforcer like chocolate or fruit juice) or abstract (money,
score, positive comment). In the present study, we explored
whether the OFC is also involved in anticipation and process-
ing of outcomes that provide no tangible reward. Whereas the
task conditions varied with regards to the type of choice to
be made as well as uncertainty and behavioral significance
of the outcome, the outcomes themselves had no intrinsic
value and provided no perspective of a gain—no money, no
score, not even a comment on the performance could be ob-
tained. Nonetheless, we found consistent activation of the
O con-
d man
O mes
e ward.
D e in-
t if it
h gain,
r ase
o ated.
B tes a
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t ting

disparity between hypotheses and real outcomes, a disparity
which was a priori excluded in condition PlaceIt where the
subjects themselves defined the outcome. This interpretation,
albeit tentative with respect to the present results, is clearly
supported by clinical studies. Indeed, lesions of the human
posterior OFC are most likely to produce prolonged confu-
sion of personal past (memories relating to the past) with
ongoing reality (Schnider, Ptak, von D̈aniken, & Remonda,
2000). The patients act on the basis of memories which do not
pertain to ongoing reality, as if their currently inappropriate
action plans (anticipations) failed to be adapted by incompat-
ible outcomes, that is, true ongoing reality (Schnider, 2003).
When healthy subjects performed a memory selection task in
which such patients failed, we found activation of precisely
the same left posterior medial OFC area as in the present
study (Schnider, Treyer, et al., 2000). In any case, these
studies indicate that the human OFC monitors disparity be-
tween hypotheses (anticipated outcomes) and real outcomes
even when the anticipated outcomes have no tangible reward
value.

Whereas we know of no study using designs similar to
our AlwaysSame and Extinction condition, the brain activ-
ity associated with guessing has repeatedly been explored.
Our study indicates that the right OFC, in particular its po-
lar portion, becomes particularly strongly activated when
t that
i was
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c It is
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FC, whose precise location varied with specific task
itions. The result confirms our hypothesis that the hu
FC participates in anticipation and processing of outco
ven when the outcome does not provide any tangible re
epending on one’s view, one may prefer the alternativ

erpretation stating that any anticipated outcome, even
as no concrete value and does not provide the slightest
epresents sufficient “reward” (or “punishment” in the c
f an incorrect response) for the OFC to become activ
oth views support the idea that the human OFC constitu
ore reality monitoring system comparing hypotheses (a
pated outcomes) with real outcomes, whose role transc
he common notion of reward as an outcome with an pos
alue.

Although the results are particularly impressive by
onsistency of the OFC activation, the study also sug
hat different compartments of the OFC contribute to
erent aspects of anticipation and outcome processing
recise distribution of OFC activation, in particular the s
f activation, and the interplay with medial temporal str

ures appeared to depend on the relevance of the fee
nd the degree of uncertainty of the prediction.

There was highly consistent activation of the left me
FC. The frontal pole (rostral area 11/10) was activated

asks, suggesting a role in anticipation per se. In compa
ith the baseline task, all main tasks induced activation o

eft posterior OFC (posterior area 13), except when there
o uncertainty of outcome (PlaceIt). Although this differe
id not reach statistical significance in a direct compariso

ween the main tasks (ROI analysis), the finding suggest
he posterior OFC might have a particular role in detec
he outcome of a decision is completely unpredictable,
s, during guessing. Indeed, the right anterior OFC
he only area of OFC that had—as determined with a
nalysis—significantly stronger activation during one s
ific condition (guessing) than all other task conditions.
mportant to note that this activation apparently depend
he (declared) unpredictability of the outcome, rather tha
tructure of the task or the type of feedback; condition
inction, which differed only in the task instruction (wher
t had exactly the same design and a comparable numb
egative outcomes), did not activate the right OFC. Ag

his difference also turned out to be statistically significa
he direct comparison between the two conditions (Fig. 2b).
hus, the right anterior OFC activation observed in this s
ppears to reflect specifically the act of guessing.

A comparable activation involving the right inferi
rontal gyrus and anterolateral frontal convexity was pr
usly observed in a PET study using a computerized g
ling task with varying probabilities of monetary gains

osses (Rogers et al., 1999). Similarly, an earlier PET stud
omparing activation in a guessing task with a planning
one of them involving concrete reward, also obtained
rbitofrontal activation (Elliott et al., 1997). A comparison
f our results with fMRI studies on guessing is difficult
ause most fMRI sequences have strong artifacts in the
f our primary interest, the OFC (Ojemann et al., 1997). Some
uthors therefore explicitly excluded this area from ana
Cools, Clark, Owen, & Robbins, 2002). Nonetheless, whe
FC activation was reported, it appeared to preferent
ut not exclusively, involve the right OFC (Elliott et al., 2000;
’Doherty et al., 2001).
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The activation of the right posterior OFC is more difficult
to interpret. In comparison to the baseline task, only the Guess
condition induced significant activation in this area (Fig. 2a).
In addition, the activation was also significant in the direct
comparison with the Extinction condition (Fig. 2b). Thus,
within the context of this study, right posterior OFC activa-
tion, too, appeared to be specific for guessing. Activation of
the right posterior lateral area 13 was previously described
when subjects memorized a series of meaningless designs
(Frey & Petrides, 2000, 2002), and in particular when some
of the designs deviated in an obvious manner from the pattern
of most designs and thus violated the expectation of a typ-
ical pattern of designs (Petrides, Alivisatos, & Frey, 2002).
A study comparing a guessing condition providing feedback
with a condition providing no feedback, also demonstrated
activation of this area (Elliott et al., 1997). These findings
thus suggest that the right posterior OFC, similarly to the left
posterior OFC, might be more important for the processing
of the feedback than for the formation of hypotheses.

Our study focused on the OFC’s role in anticipation and
processing of outcomes. This is not to suggest that the OFC is
the only brain area involved in this activity. Indeed, we found
marked activation of the dorsolateral frontal cortex (areas 8
and 46) when subjects made predictions which could not be
based on previous experience, that is, in conditions Guess
a ly
d t
e
e g-
h wn
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