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1

The Wisconsin Card Sorting Task (WCST) has been used to
assess dysfunction of the prefrontal cortex and basal ganglia.
Previous brain imaging studies have focused on identifying
activity related to the set-shifting requirement of the WCST. The
present study used event-related functional magnetic resonance imaging (fMRI) to study the pattern of activation during
four distinct stages in the performance of this task. Eleven
subjects were scanned while performing the WCST and a
control task involving matching two identical cards. The results
demonstrated specific involvement of different prefrontal areas
during different stages of task performance. The middorsolateral prefrontal cortex (area 9/46) increased activity
while subjects received either positive or negative feedback,
that is at the point when the current information must be related
to earlier events stored in working memory. This is consistent

with the proposed role of the mid-dorsolateral prefrontal cortex
in the monitoring of events in working memory. By contrast, a
cortical basal ganglia loop involving the mid-ventrolateral prefrontal cortex (area 47/12), caudate nucleus, and mediodorsal
thalamus increased activity specifically during the reception of
negative feedback, which signals the need for a mental shift to
a new response set. The posterior prefrontal cortex response
was less specific; increases in activity occurred during both the
reception of feedback and the response period, indicating a
role in the association of specific actions to stimuli. The putamen exhibited increased activity while matching after negative
feedback but not while matching after positive feedback, implying greater involvement during novel than routine actions.
Key words: basal ganglia; caudate nucleus; fMRI; prefrontal
cortex; set-shifting; Wisconsin card sorting

The Wisconsin Card Sorting Task (WCST) has been used to
investigate deficits in executive function in humans (Milner, 1963;
Nelson, 1976; Stuss et al., 2000). The subject is asked to match test
cards to reference cards according to the color, shape, or number
of stimuli on the cards. Feedback is provided after each match,
enabling the subject to acquire the correct rule of classification.
After a fixed number of correct matches, the rule is changed
without notice, and the subject must shift to a new mode of
classification. Thus, the WCST measures cognitive flexibility, that
is the ability to alter a behavioral response mode in the face of
changing contingencies (set-shifting).
Patients with lesions of the prefrontal cortex (PFC) are impaired at card sorting (Milner, 1963; Nelson 1976; Stuss et al.,
2000). The basal ganglia also play a role in WCST performance as
shown by impairments observed in patients with Parkinson’s
disease (Bowen et al., 1975; Lees and Smith, 1983; Gotham et al.,
1988), consistent with the strong anatomical connections between
the PFC and basal ganglia (Alexander et al., 1986; Middleton and
Strick, 1994). Alexander et al. (1986) proposed the existence of
parallel cortical basal ganglia loops, each comprising a specific
location in the cortex, basal ganglia, and thalamus. There is

evidence that the nature of the deficit is different in Parkinson’s
disease than after PFC lesions (Rogers et al., 1998), although the
specific roles of PFC and basal ganglia remain unclear.
Functional neuroimaging studies have confirmed the involvement of the PFC in set-shifting (Berman et al., 1995;
Nagahama et al., 1996; Goldberg et al., 1998; Konishi et al.,
1998, 1999a; Rogers et al., 2000; Nagahama et al., 2001). Basal
ganglia involvement has been less evident. Rogers et al. (2000),
using positron emission tomography (PET), reported increased
activity in the caudate nucleus during an attentional setshifting task only during reversals in the rule of classification,
but not during the types of extra-dimensional set-shifts that
occur in the WC ST. Moreover, the events during set-shifting
can be separated into those occurring at the point of receiving
negative feedback, indicating that the current set must be
changed, and those occurring while the action is performed
under the new attentional set. Thus far, brain imaging studies
of the WC ST have not attempted to differentiate brain activity
between these two aspects of set-shifting. In addition, these
studies did not separate activity occurring during the moment
of receiving positive feedback, indicating that the current set
must be maintained, and activity occurring when matching
according to the current set. A computational model predicted
the involvement of distinct corticostriatal loops during these
four stages of the WC ST (Monchi et al., 2000). Here, we used
mixed-trials event-related f unctional magnetic resonance imaging (fMRI) to determine the specific location and pattern of
activation in the PFC and basal ganglia during these four
stages of the WC ST.
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Figure 1. Appearance of the computer monitor during the different
events of the WCST task. WCST trials are shown on the left, control trials
on the right. The top four cards (on the monitor) are the reference cards,
and the bottom card is the test card. During the matching period, the
subject chooses the reference card that matches the test card by moving
the orange cursor beneath the cards using computer mouse buttons. In the
WCST trials, a change in screen brightness during the feedback period
indicates a correct or incorrect match. The four subtractions used for data
analysis are also illustrated. A, Event 1 minus control event 5; B, event 2
minus control event 6; C, event 3 minus control event 5; D, event 4 minus
control event 6 (see Materials and Methods).

MATERIALS AND METHODS
Subjects. Eleven right-handed subjects (mean age, 24 years; range, 18 –31
years; five males, six females) with no history of neurological or psychiatric disorder participated in this study. All subjects gave informed
consent to the protocol, which was reviewed and approved by the Research Ethics Committee of the Montreal Neurological Institute.
Cognitive task . A computerized version of the WC ST was administered
using stimulus presentation software (Media Control Function; Digivox,
Montréal, C anada). Subjects were f ully trained on the task, using a
personal computer, before the scanning session. During scanning, the
computer display was projected onto a mirror in the MRI scanner.
Throughout this task, four fixed reference cards are present in a row on
the top of the screen, displaying one red triangle, two green stars, three
yellow crosses, and four blue circles, respectively (Fig. 1). On each trial,
a new test card is presented in the middle of the screen below the
reference cards. Subjects must then match the test card to one of the
reference cards based on the color, shape, or number of the stimuli.
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Each trial consists of two periods. The first period starts with the
presentation of a new test card. The subject then chooses one of the four
reference cards by using two mouse buttons: the left button to move a
cursor to point to one of the reference cards, and the right button to
confirm the selection. The length of each matching period depends on
the subject’s response time, which varied between 480 and 3910 msec for
this experiment. The second period of each trial starts as soon as the
subject has made a selection and consists of feedback conveyed through
a change in screen brightness lasting 1900 msec. An incorrect classification is indicated by a dark screen during the feedback period (Fig. 1 A),
whereas a correct classification is indicated by a bright screen (Fig. 1C).
In addition, there were control trials during which the test card was
identical with respect to color, shape, and number to one of the four
reference cards. For these control trials, subjects were asked to match the
test card to the identical reference card, and the screen maintained its
original brightness during the feedback period (Fig. 1 A, C). During a
scanning session, the subjects performed four types of trials: WC ST trials
that require matching according to color, shape, or number, and control
trials.
Each scanning session consisted of five runs. Blocks of each of the four
trial types (the three WC ST trials, and the control trial) were presented
in random order three times per run. In the WC ST blocks, six correct
matching responses in a row had to be completed before a change in
dimension occurred. The control block consisted of eight trials. The total
number of individual trials per run varied with subject performance
because it depends on the number of errors.
To study the pattern of activation during the different stages of the
WC ST, four experimental event periods and two control event periods
were defined. These six events were: event 1, receiving negative feedback, indicating that a shift is required; event 2, matching after negative
feedback, which is the execution of the first match after the set-shift;
event 3, receiving positive feedback, indicating that the current matching
criterion must continue to be used; event 4, matching after positive
feedback, which is the execution of matching according to the current
criterion; event 5, control feedback; event 6, control matching. Activity in
the appropriate control period trials was subtracted from that of the
different experimental event periods of the color, shape, and number
trials combined to generate the following four contrasts for statistical
analysis: (1) receiving negative feedback in the WC ST minus control
feedback (Fig. 1 A); (2) matching after negative feedback in the WC ST
minus control matching (Fig. 1 B); (3) receiving positive feedback in the
WC ST minus control feedback (Fig. 1C); and (4) matching after positive
feedback in the WC ST minus control matching (Fig. 1 D).
fMR I scanning. Subjects were scanned using a 1.5T Siemens Vision
MRI scanner (Siemens AG, Erlangen, Germany). Each scanning session
began with a high-resolution T1-weighted three-dimensional volume
acquisition for anatomical localization (voxel size, 1 ⫻ 1 ⫻ 1 mm 3). This
was followed by acquisitions of echoplanar T2*-weighted images with
blood oxygenation level-dependent (BOLD) contrast (TE, 50 msec; FA,
90°). Functional images were acquired in five runs in a single session. The
volumes were acquired continuously every 3.5 sec within each run, and
the total number of volumes acquired varied from run to run (from 79 to
113) depending on the subject’s performance. Volumes contained 16
slices each of 6 mm thickness (matrix size, 128 ⫻ 128 pixels; voxel size,
2.35 ⫻ 2.35 ⫻ 6 mm 3). The stimulus presentation and the scanning were
synchronized at the beginning of each run.
Data anal ysis. The first three frames in each run were discarded
because the BOLD signal does not reliably reach steady state during
those frames. Images from each run were first realigned using the fourth
frame as reference. They were then smoothed using a 6 mm f ull-width
half-maximum (F W HM) isotropic Gaussian kernel. The data analysis
was performed using an in-house package (Worsley et al., 2000) (available at http:// w w w.bic.mni.mcgill.ca /users/ keith /). The statistical analysis of the fMRI data was based on a linear model with correlated errors.
The design matrix of the linear model was first convolved with a difference of two gamma hemodynamic response f unctions with a mean lag of
5.4 sec timed to coincide with the acquisition of each slice (Glover, 1999).
Drift was removed by adding polynomial covariates in the frame times,
up to degree three, to the design matrix. Because the response times of
the subjects in each trial varied, we were able to obtain BOLD signal at
different time points for each type of trial, allowing us to reconstruct the
previously defined six events. The correlation structure was modeled as
an autoregressive process of degree one (Bullmore et al., 1996). At each
voxel, the autocorrelation parameter was estimated from the leastsquares residuals using the Yule –Walker equations, after a bias correc-
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tion for correlation induced by the linear model. The autocorrelation
parameter was first regularized by spatial smoothing with a 15 mm
F W HM Gaussian filter, then used to “whiten” the data and the design
matrix. The linear model was then re-estimated using least squares on the
whitened data to produce estimates of effects and their SEs. Then, the
resulting effects and standard effect files were spatially normalized by
nonlinear transformation into the standard proportional stereotaxic
space of Talairach and Tournoux (1988) using the algorithm of Collins et
al. (1994).
In a second step, runs and then subject data were combined using
another linear model for the session and subject effects, weighted inversely by the square of their SEs. A random effects analysis was performed by first estimating the ratio of the random effects variance to the
fixed effects variance, then regularizing this ratio by spatial smoothing
with a 13 mm F W HM Gaussian filter for the average over runs and a 10
mm F W HM Gaussian filter for the average over subjects. The variance
of the effect was estimated then by the smoothed ratio multiplied by the
fixed effect variance to achieve higher degrees of freedom.
The resulting T statistic images were thresholded using the minimum
given by a Bonferroni correction and random field theory to account for
multiple comparisons (Worsley et al., 1996). The threshold was calculated on the basis of an estimated gray matter volume of 600 cm 3. For a
single voxel, this yields a threshold of t ⬎ 4.70, which corresponds to p ⬍
0.05 corrected. For statistical peaks below that threshold, significance was
also assessed on the basis of the spatial extent of the cluster of contiguous
voxels with p ⬍ 0.05 corrected using the method of Friston et al. (1995).

RESULTS
All 11 subjects completed 45 WCST conditions (five runs, nine
conditions per run). They made on average 0.45 perseverative
errors and 6.65 nonperseverative, or set-loss, errors during the
scanning session. They made an average of 52.87 incorrect classifications after shifts in condition. We compared the BOLD
signal that was obtained during the trials requiring matching
according to color, shape, and number (combined) with that
obtained during the corresponding periods in the control trials.
As predicted, a network of structures involving the PFC, basal
ganglia, and thalamus showed relatively greater activity during
different stages of WCST performance than during corresponding control conditions (see Tables 1– 4).

Receiving negative feedback
When activity during the period of receiving negative feedback
(event 1) was compared with the control feedback condition
(event 5) (Table 1), there were significant activity increases,
bilaterally, in the mid-dorsolateral PFC (areas 46, 9/46) (Fig. 2 A),
in the mid-ventrolateral PFC (area 47/12) (Fig. 2 B), and in the
posterior PFC at the most caudal part of the inferior frontal
sulcus, namely at the junction of rostral area 6 with area 8A and
area 44 (Fig. 2C). There were also bilateral increases of activity in
the caudate nucleus and the dorsal thalamus (Table 1, Fig. 2 D).
These structures make up the prefrontal cortical basal ganglia
loops (Alexander et al., 1986). Significant activation was also
found, bilaterally, in the rostral anterior cingulate cortex (area
32), lateral premotor cortex (area 6), posterior parietal cortex
(areas 7 and 40), and prestriate cortex (area 19). Relative to the
control, there was a reduction in the BOLD signal in the left
medial frontal cortex (area 10), left motor cingulate region (area
24), left motor cortex (area 4), and bilateral putamen and posterior parietal cortex during the reception of negative feedback
(Table 1).

Matching after negative feedback
When the period of matching after negative feedback (event 2)
was compared with the control matching period (event 6) (Table
2), the BOLD signal was greater in the left putamen (Fig. 3) and
left posterior PFC (Fig. 2C). There were also increases in activity
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in the posterior parietal cortex (area 7), prestriate cortex (area
19), and right lateral premotor cortex (area 6). A reduction in
BOLD signal in the right restroplenial cortex (area 30) was also
observed.

Receiving positive feedback
When activity during the period of receiving positive feedback
(event 3) was compared with the control feedback condition
(event 5) (Table 3), there were significant increases in BOLD
signal in the right mid-dorsolateral PFC (areas 46, 9/46), posterior
PFC (area 8), restroplenial cortex (area 30), and left posterior
parietal cortex (area 40). A reduction in the BOLD signal in the
lateral premotor cortex (area 6) was also observed.

Matching after positive feedback
Activity during matching after positive feedback (event 4) compared with the control matching condition (event 6) (Fig. 1 D)
yielded only three significant positive peaks, namely the lateral
premotor cortex (area 6), bilaterally, and the left posterior parietal cortex (area 7) (Table 4). There was a reduction in BOLD
signal in the right restroplenial cortex (area 30) and the right
posterior parietal cortex (area 40).

Receiving negative feedback relative to receiving
positive feedback
To understand further the specificity of involvement of the different areas of the PFC and the basal ganglia in WCST performance, the change in BOLD signal was also examined by subtracting activity during the period of receiving positive feedback
(event 3) from the period of receiving negative feedback (event 1)
(Table 5). Significantly greater BOLD signal was found bilaterally
in the mid-ventrolateral PFC (area 47/12), the caudate nucleus,
and the mediodorsal thalamus (Fig. 2 D). These structures make
up a prefrontal cortical basal ganglia loop originating in the
mid-ventrolateral PFC (Alexander et al., 1986). Significant activation was also found using this contrast in the right prestriate
cortex (area 19), the left lateral premotor cortex (area 6), and the
right posterior parietal cortex (area 7). The reverse subtraction,
receiving positive feedback minus receiving negative feedback,
did not give rise to any significant differences.

DISCUSSION
We used event-related fMRI to dissociate activity related to
shifting versus maintaining an attentional set and to receiving
feedback versus selecting the appropriate action during the performance of the WCST. First, there was a dissociation between
the mid-ventrolateral and mid-dorsolateral prefrontal areas. Although both showed increased activity during set-shifting, only
the mid-dorsolateral PFC also showed increased activity during
set maintenance. Second, the role in set-shifting of the posterior
lateral PFC (Konishi et al., 1998, 1999a) was clarified and shown
to be different from that of the mid-dorsolateral and midventrolateral prefrontal areas. Third, consistent with clinical studies, the caudate and putamen were found to be involved in
performance of the task.

Differential prefrontal activity
After matching a card, the subject receives feedback that must be
related to information in working memory about earlier trials to
decide whether to maintain or shift the current attentional set.
Thus, responding to either negative or positive feedback involves
monitoring the contents of working memory. In the present study,
receiving either type of feedback compared with the control
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Table 1. Receiving negative feedback (event 1) minus control feedback (event 5)
Anatomical area
Positive peaks
Mid-dorsolateral prefrontal cortex (areas 46, 9/46)
Left
Right
Mid-ventrolateral prefrontal cortex (area 47/12)
Left
Right
Anterior cingulate cortex (area 32 rostral)
Left
Right
Posterior prefrontal cortex ( junction of areas 6, 8, 44)
Left
Right
(Area 8) Right
Lateral premotor cortex (area 6)
Left
Right
Posterior parietal cortex (area 40)
Left
Right
Posterior parietal cortex (area 7)
Left
Right
Prestriate cortex (area 19)
Left
Right
Mediodorsal thalamus
Left
Right

Caudate nucleus
Left
Right
Negative peaks
Medial frontal gyrus (area 10)
Left
Motor cingulate region (area 24)
Left
Motor cortex (area 4)
Left

Posterior parietal cortex (area 40)
Left
Right
Putamen
Left
Right
All p values corrected for multiple comparisons. *Significant by cluster size analysis.

Stereotaxic coordinates

t stat

p value

⫺50 30 23
42 30 28

5.26
4.15

⬍0.01
⬍0.05*

⫺36 20 ⫺2
34 22 2

7.65
6.44

⬍0.001
⬍0.001

⫺8 20 42
3 26 46
4 14 50

5.27
5.26
5.15

⬍0.01
⬍0.01
⬍0.01

⫺44 16 30
48 14 28
41 12 40

4.92
4.98
4.47

⬍0.05
⬍0.05
⬍0.05*

⫺38 2 30
⫺46 4 30
32 12 54

6.21
5.47
4.82

⬍0.001
⬍0.001
⬍0.05

⫺44 ⫺46 46
⫺34 ⫺52 44
34 ⫺46 44

4.94
5.23
5.18

⬍0.01
⬍0.01
⬍0.01

⫺30 ⫺64 48
⫺14 ⫺74 56
30 ⫺56 52
16 ⫺76 44

6.40
6.16
6.41
6.18

⬍0.001
⬍0.001
⬍0.001
⬍0.001

⫺26 ⫺68 34
⫺26 ⫺86 30
31 ⫺66 28
35 ⫺74 24

6.92
6.20
5.99
6.36

⬍0.001
⬍0.001
⬍0.001
⬍0.001

⫺8 ⫺22 10
6 ⫺16 10
10 ⫺10 4
8 ⫺10 8

4.86
4.90
4.76
4.73

⬍0.05
⬍0.05
⬍0.05
⬍0.05

⫺16 14 4
12 12 3

3.67
3.31

⬍0.05*
⬍0.05*

⫺12 52 10

⫺5.60

⬍0.001

0 ⫺6 40
⫺10 ⫺12 44

⫺5.60
⫺4.71

⬍0.001
⬍0.05

⫺32 ⫺24 60
⫺38 ⫺32 58
⫺30 ⫺16 62

⫺5.28
⫺4.94
⫺4.74

⬍0.01
⬍0.05
⬍0.05

⫺34 ⫺28 58
⫺64 ⫺38 32
62 ⫺28 26
50 ⫺28 20

⫺5.29
⫺4.83
⫺4.93
⫺4.65

⬍0.01
⬍0.05
⬍0.05
⬍0.05

⫺26 ⫺10 6
28 ⫺12 4

⫺5.32
⫺4.32

⬍0.01
⬍0.05*
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Figure 2. Location of prefrontal peaks. The top left panel displays the sites of the main prefrontal areas identified in the experiment on a cortical surface
rendering of an MRI in standard stereotaxic space. The vertical blue lines indicate the anteroposterior level of the coronal sections in A and B. The
horizontal blue lines indicate the dorsoventral level of the sections displayed in C and D. The focus in the mid-dorsolateral PFC is indicated by the red
circle, in mid-ventrolateral PFC by the green circle, and in posterior PFC by the yellow circle. A, Coronal section through the mid-dorsolateral PFC peak
at Y ⫽ ⫹30 mm. B, Coronal section through the mid-ventrolateral PFC peak at Y ⫽ ⫹22 mm. C, Horizontal section through the posterior PFC peak
at Z ⫽ ⫹30 mm. D, Horizontal section through the mid-ventrolateral PFC peak at Z ⫽ ⫹4 mm. Note also caudate and thalamus activation. All activation
peaks shown here occurred during receiving negative feedback (event 1) minus control feedback (event 5). Some of these PFC peaks also occur
selectively in other subtractions, permitting their functional dissociation (see Discussion and Table 6). The anatomical MRI images shown in A–D are
the average of the T1 acquisitions of the 11 subjects transformed into stereotaxic space. The color scale represents the T statistic. IFS, Inferior frontal
sulcus; IPrS, inferior precentral sulcus.
Table 2. Matching after negative feedback (event 2) minus control
matching (event 6)
Anatomical area
Positive peaks
Posterior prefrontal cortex
(areas 6, 8, 44), left
Lateral premotor cortex
(area 6), right
Posterior parietal cortex
(area 7), left
Prestriate cortex (area 19)
Putamen, left
Negative peaks
Posterior cingulate region
(restroplenial cortex,
area 30), right

Stereotaxic
coordinates

t stat

p value

⫺36 14 26

4.18

⬍0.05*

20 ⫺11 50

3.54

⬍0.05*

⫺24 ⫺68 44
⫺28 ⫺60 50
40 ⫺64 14
⫺26 ⫺10 4

6.28
5.49
4.72
4.80

⬍0.001
⬍0.01
⬍0.05
⬍0.05

8 ⫺48 26

⫺ 5.16

⬍0.01

All p values corrected for multiple comparisons. *Significant by cluster size analysis.

condition was associated with increased signal in the middorsolateral PFC (area 9/46) (Tables 1, 3, 6; Fig. 2 A). This area
has previously been shown to be involved in monitoring information in working memory (Petrides et al., 1993a, 1993b), a finding
that has been replicated several times with various types of
stimulus material (for review, see Owen, 1997; Petrides, 2000).
Moreover, in monkeys, lesions confined to the mid-dorsolateral

Figure 3. Putamen activation while matching after a set-shift. Activation
map of the subtraction: matching after positive feedback (event 2) minus
control matching (event 6). Horizontal section at Z ⫽ ⫹6 mm. The
anatomical MRI is the average of the T1 acquisitions of the 11 subjects
transformed into stereotaxic space.

PFC yield a severe and selective impairment in the monitoring of
working memory without affecting the maintenance of information in memory per se (Petrides, 1991, 1995).
In contrast to the mid-dorsolateral prefrontal region, the midventrolateral prefrontal area 47/12 was significantly involved while
receiving negative feedback (Tables 1, 5, 6; Fig. 2 B, D), that is, at
the point necessitating a set-shift, but not while receiving positive
feedback. In the monkey, shifting from a previously relevant to a
new response mode is impaired by lesions of the inferior prefrontal convexity (Iversen and Mishkin, 1970). This part of the PFC is
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Table 3. Receiving positive feedback (event 3) minus control feedback
(event 5)
Anatomical area
Positive peaks
Mid-dorsolateral prefrontal cortex
(area 46, 9/46), right
Posterior prefrontal cortex
(area 8), right
Posterior cingulate region
(restroplenial cortex, area 30),
right
Posterior parietal cortex (area
40), left
Negative peaks
Lateral premotor cortex (area 6),
right

Stereotaxic
coordinates

t stat

p value

48 36 22

4.70

⬍0.05

38 16 42

5.02

⬍0.05

8 ⫺46 28

4.70

⬍0.05

⫺42 ⫺64 40

4.51

⬍0.05*

26 ⫺6 54

⫺5.06

⬍0.01

All p values corrected for multiple comparisons. *Significant by cluster size analysis.

Table 4. Matching after positive feedback (event 4) minus control
matching (event 6)
Anatomical area
Positive peaks
Lateral premotor cortex (area 6)
Left
Right
Posterior parietal cortex (area 7)
Left
Negative peaks
Posterior cingulate region (restroplenial cortex, area 30)
Right
Posterior parietal cortex (area 40)
Right

Stereotaxic
coordinates

t stat

p value

⫺50 ⫺6 42
24 ⫺6 54

4.70
4.51

⬍0.05
⬍0.05*

⫺28 ⫺58 50

5.40

⬍0.01

8 ⫺46 28
4 ⫺32 38

⫺7.35
⫺4.68

⬍0.001
⬍0.05

42 ⫺48 30
62 ⫺40 34

⫺6.96
⫺4.94

⬍0.001
⬍0.05

All p values corrected for multiple comparisons. *Significant by cluster size analysis.

architectonically and topographically comparable with the human
ventrolateral PFC (Petrides and Pandya, 1994). It can therefore
be inferred that the mid-ventrolateral prefrontal activity seen
here is selectively related to the cognitive events involved in
shifting attentional set. This difference in mid-dorsolateral versus
mid-ventrolateral PFC involvement in the WCST is consistent
with a theoretical position that posits a major difference in the
role of the mid-dorsolateral PFC, which is necessary for the
monitoring of information in working memory, as opposed to
the mid-ventrolateral PFC, which is considered to be involved in
more basic executive processing, such as the active comparison of
stimuli held in working memory (Petrides, 1994, 1996).
The neural activity during the reception of feedback could be
a result of the response to the rewarding or punishing values of
the feedback stimulus as well as to the act of mentally shifting set.
Previous fMRI studies have implicated the orbitofrontal cortex
(OFC) and ventral striatum in the reception of reward and punishment. For example, the passive reception of monetary gains or
losses activated these regions, but not the mid-ventrolateral PFC
or dorsal striatum (Breiter et al., 2001). In two other fMRI

Table 5. Receiving negative feedback (event 1) minus receiving positive
feedback (event 3)
Broadmann’s area
Mid-ventrolateral prefrontal cortex
(area 47/12)
Left
Right
Posterior parietal cortex (area 7)
Right
Prestriate cortex (area 19)
Right
Caudate
Left
Right
Thalamus
Left
Right

Stereotaxic
coordinates

t stat

p value

⫺34 22 0
32 24 4

5.65
4.98

⬍0.001
⬍0.05

18 ⫺56 52

4.85

⬍0.01

36 ⫺74 24
28 ⫺72 36

5.19
5.10

⬍0.01
⬍0.01

⫺8 8 4
464

3.44
3.30

⬍0.05*
⬍0.05*

⫺10 ⫺18 12
6 ⫺14 4

3.60
3.55

⬍0.05*
⬍0.05*

All p values corrected for multiple comparisons. *Significant by cluster size analysis.

studies, the reception of reward or penalty during simple tasks not
requiring set-shifting or learning also activated the lateral OFC
but not the mid-ventrolateral or dorsolateral PFC (Elliott et al.,
2000; Zalla et al., 2000). However, a fMRI study of monetary
rewards and losses during a reversal learning task showed involvement of both lateral OFC and mid-ventrolateral PFC after negative feedback, which signaled both a monetary loss and a need
for a shift in strategy (O’Doherty et al., 2001). These findings
suggest that the OFC responds to emotionally salient feedback,
whereas the ventrolateral PFC is only involved if it is necessary to
plan a response to the negative feedback. We suggest that the lack
of OFC involvement in our study is attributable to the lack of
emotional salience of the feedback in the WCST compared with
these other paradigms.
Previous imaging studies of the WCST demonstrated increased
activity in a posterior lateral prefrontal area during set-shifting
located at the most posterior part of the inferior frontal sulcus
(Konishi et al., 1998, 1999a). This activity focus was also observed
in the present study, but it could be clearly dissociated from
activity in the mid-dorsolateral and mid-ventrolateral PFC. This
posterior prefrontal region, at the junction of areas 44, 8A, and
rostral 6, corresponds to the periarcuate region of the macaque
monkey cortex (Petrides and Pandya, 1994). Lesions confined to
the periarcuate region cause impairment in the selection of alternative responses on the basis of conditional rules (i.e., select
response X when stimulus A, but response Y when stimulus B) in
monkeys (Halsband and Passingham, 1982; Petrides, 1982, 1987)
and humans (Petrides, 1985, 1990). Importantly, this conditional
learning deficit can be dissociated from the impairment in monitoring of working memory caused by mid-dorsolateral prefrontal
lesions (Petrides, 1987).
In the present study, activation of this posterior lateral prefrontal region was found during the reception of both positive and
negative feedback, as well as during matching after negative
feedback. Thus, activation of this region, unlike the middorsolateral and mid-ventrolateral cortex, was seen during the
actual matching responses. This finding, taken in conjunction
with those obtained from lesion studies in monkeys and humans,
suggests that the posterior lateral prefrontal region may be in-
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Table 6. Frontal and basal ganglia activation during the WCST

DLPFC
VLPFC
pPFC
ACC
Caudate
Putamen

Receiving negative
feedback

Matching after
negative feedback

Receiving positive
feedback

Matching after positive
feedback

B
B
B
B
B
—

—
—
L
—
—
L

R
—
R
—
—
—

—
—
—
—
—
—

Each box represents the presence of increased activity relative to the appropriate control condition. B, Bilateral; R, right;
L, left; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; pPFC, posterior prefrontal cortex;
ACC, anterior cingulate cortex.

volved in the selection of the appropriate response on the basis of
the currently relevant rule rather than in the establishment or
maintenance of the rule.
Other imaging studies are consistent with this notion. When
Konishi et al. (1999a) modified the WCST by explicitly informing
subjects of the dimensional shifts, they still detected transient
BOLD activity bilaterally in the posterior prefrontal area at the
time of the shifts. Thus, this area is involved in establishing the
correct conditional response even when the rule does not have to
be determined by trial and error. Nagahama et al. (2001) also
found a dissociation between posterior PFC and mid-dorsolateral
PFC when comparing a reversal task to a set-shifting task designed so that the same responses were made to the same stimuli,
but according to different rules. The posterior PFC was involved
in both conditions, but the mid-dorsolateral PFC was only activated in the set-shifting task, suggesting that only the latter area
played a role in higher-level control of response set. Other imaging studies have shown involvement of the same posterior PFC
area in the inhibition of incorrect responses (Taylor et al., 1997;
Konishi et al., 1999b) and in conditional visuomotor mapping
(Toni and Passingham, 1999).
We also observed significant activation in the rostral anterior
cingulate cortex bilaterally only during reception of negative
feedback. This is consistent with its proposed role in detecting the
occurrence of conflict between prediction and outcome (Berns et
al., 1997; Carter et al., 1998) and in situations in which an action
must be selected from among competing alternatives (Paus et al.,
1993). Finally, the posterior parietal cortex was activated during
all phases of the task. Involvement of this area has been described
in previous PET studies of the WCST (Berman et al., 1995;
Nagahama et al., 1996; Goldberg et al., 1998) and may account for
impairments on the task seen in patients with focal parietal
lesions (Anderson et al., 1991).

Cortical basal ganglia loops and attentional set
There was significantly greater signal in the caudate and putamen
during the WCST than the control task. The activation was only
detected in negative feedback trials, consistent with other imaging studies showing greater striatal activity during novel tasks
(Berns et al., 1997; Jueptner et al., 1997). Our results may appear
to contradict the PET study of Rogers et al. (2000), who failed to
find ventrolateral PFC or striatal activation related to shifting
attention to a new stimulus dimension. This may be because the
transient neural events associated with shifting dimension once
during a 90 sec PET acquisition had relatively little effect on the
total measured radioactivity.
In our study, the activity in the caudate and putamen paralleled
that in the frontal cortex. Comparing the reception of negative

feedback to control feedback showed a bilateral increase in activity in the caudate nucleus and mediodorsal thalamus, as well as
in the mid-dorsolateral and mid-ventrolateral PFC. These prefrontal and subcortical structures form the “cognitive” cortical
basal ganglia loop, as originally proposed by Alexander et al.
(1986), who also suggested that the function of each loop was
linked to the function of the cortical area that belongs to it.
Interestingly, when matching after negative feedback was compared with control matching, there was significant activation in
the left putamen and left posterior lateral PFC, structures forming
one of the motor loops of Alexander et al. (1986). Note that in
control matching, the subjects made the same movements as when
matching after negative feedback. Thus, the observed activation
reflects the involvement of the putamen and posterior lateral PFC
in performing an action according to a behavioral rule. By contrast, the caudate and mid-dorsalateral and mid-ventrolateral
PFC were activated during the setting of the rule, but not during
the actual choice of action according to that rule.
This pattern of involvement of the basal ganglia is consistent
with single cell recordings in animals. During visuomotor tasks,
caudate neurons are most active during preparation for movement, whereas putamen neurons fire mostly in relation to movement (Rolls, 1994). Moreover, the firing of these neurons is
usually context-dependent (Rolls, 1994; Houk and Wise, 1995),
meaning that a neuron will fire in relation to a particular cue or
behavioral response only within the context of a certain task. This
context dependency is a key feature of attentional set and is also
observed in PFC (Wise et al., 1996).
There is evidence that striatal activity is modulated by selective
attention. Boussaoud and Kermadi (1997) performed single-cell
recordings in the striatum of monkeys during a conditional visuomotor task. They found large numbers of cells responding to cues
that reoriented spatial attention, even before the specification of
the appropriate motor response. PET experiments in humans
confirm the role of the basal ganglia in attention (Vandenberghe
et al., 1996; Koski et al., 1999), and patient studies have demonstrated impaired control of visual attention in Parkinson’s disease
(Wright et al., 1990; Yamada et al., 1990) and after vascular
lesions of the basal ganglia (Sakashita, 1991).
The involvement of the caudate and putamen reported here
possibly explains the deficit on the WCST reported in Parkinson’s
disease (Bowen et al., 1975; Lees and Smith, 1983; Gotham et al.,
1988). The finding of striatal activation in the WC ST is consistent with the theory that the basal ganglia are involved in
selecting the relevant action among competing motor responses (Mink and Thach, 1993). We propose, furthermore,
that the basal ganglia are particularly important in determining
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attentional set and guiding action in response to behavioral rules,
in conjunction with the PFC.
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