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Neurobiology of Disease

Neural Bases of Set-Shifting Deficits in Parkinson’s Disease
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Patients with Parkinson’s disease (PD) exhibit impairments in several cognitive functions similar to those observed in patients with
prefrontal cortex (PFC) lesions. The physiological origins of these cognitive deficits are not well documented. Two mechanisms have been
proposed: disruptions in corticostriatal circuits or a deficiency in frontal dopamine. We previously used functional magnetic resonance
imaging (fMRI) in young healthy subjects to separate patterns of PFC and striatum activity during distinct phases of performance of the
Wisconsin Card Sorting Task, a set-shifting task that reveals deficits in patients with PD. Here, the same fMRI protocol was used in PD
patients and matched controls. Decreased activation was observed in the PD group compared with the matched control group in the
ventrolateral PFC when receiving negative feedback and the posterior PFC when matching after negative feedback. In controls, these
prefrontal regions specifically coactivated with the striatum during those stages of task performance. In contrast, greater activation was
found in the PD group compared with the matched control group in prefrontal regions, such as the posterior and the dorsolateral PFC
when receiving positive or negative feedback, that were not coactivated with the striatum in controls. These results suggest that both
nigrostriatal dopamine depletion and intracortical dopamine deficiency may play a role in cognitive deficits in PD, depending on the

involvement of the striatum in the task at hand.
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Introduction

Parkinson’s disease (PD) is characterized by a loss of dopamine
projections to the striatum (Kish et al., 1988). Patients with PD
show impairments across a range of cognitive functions resem-
bling those observed in patients with prefrontal cortex (PFC)
lesions (Taylor etal., 1986; Owen et al., 1992; Dubois et al., 1994).
Ithasbeen proposed (Owen et al., 1998; Dagher et al., 2001; Cools
et al., 2002) that these cognitive deficits may be caused by a dis-
ruption of basal ganglia outflow resulting in frontal dysfunction
in the different loops connecting the PFC, basal ganglia, and thal-
amus (Alexander et al., 1986).

One well-documented deficit both in patients with PD and
PFC lesions is in set-shifting, that is the ability to alter a behav-
ioral response mode in the face of changing contingencies
(Gotham et al., 1988; Cools et al., 2001). The Wisconsin Card
Sorting Task (WCST) is the most commonly used test of set-
shifting in humans (Milner, 1963; Nelson, 1976). In this task, the
subject is asked to match test cards to reference cards according to
one of three classification rules to be acquired using feedback
provided after each matching response. After a fixed number of
correct matches, the rule is changed without notice and the sub-
ject must shift to a new mode of classification (set-shifting). The
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exact anatomical origins of the deficits observed in PD during
WCST performance remain unclear. Previous studies using
positron emission tomography (PET) had shown increased ac-
tivity in various cortical areas in PD patients compared with
matched control subjects during motor and cognitive tasks
(Samuel et al., 1997; Owen et al., 1998; Dagher et al., 2001; Cools
etal,, 2002), and it has been suggested that this increased activity
may reflect compensation in PD. However, depending on the
task being studied, both decreases and increases (Samuel et al.,
1997; Owen et al., 1998; Sabatini et al., 2000) of PFC activity have
been reported in unmedicated PD patients compared with con-
trols. A neural network model of the WCST involving the PFC
and basal ganglia predicted that reduced activation within a par-
ticular PFC region occurs in PD only if the striatal area with
which it is connected is of special importance for the task at hand
(Monchi et al., 2000).

In the WCST, two types of trials occur: those after negative
feedback, requiring a set-shift, and those after positive feedback,
requiring the maintenance of the current rule of classification.
Two distinct temporal periods can be distinguished within each
trial: receiving feedback, when the subject has to use the informa-
tion provided to choose whether to maintain or change the rule of
classification, and matching after feedback, when the subject ex-
ecutes the response based on the chosen rule. Thus, four different
stages of the task can be defined: receiving negative feedback,
matching after negative feedback, receiving positive feedback,
and matching after positive feedback. We have previously used
event-related functional magnetic resonance imaging (fMRI) in
young healthy subjects to study patterns of brain activation dur-
ing the four stages of the WCST defined above. Here, the same
fMRI design was used to test early-stage PD patients and matched



Monchi et al.  fMRI of Set-Shifting in Parkinson’s Disease

controls to study the consequences of striatal dopamine deple-
tion on the patterns of activation during performance of this task.
There were two predictions regarding frontal activation in PD.
First, areas that coactivated with the striatum during task perfor-
mance in our previous study (Monchi et al., 2001) would show
reduced activity in PD patients compared with matched controls.
Second, areas that were activated independently of the striatum
would show similar or increased activation in PD.

Materials and Methods

Subjects. Eight right-handed patients at Hoehn and Yahr stages 1 and 2 of
PD (mean age, 56.6 years; range, 43—65; six males and two females)
participated in this study. All patients met the core assessment program
for surgical interventional therapy criteria for the diagnosis of idiopathic
PD (Langston et al., 1992; Defer et al., 1999), namely two of the three
cardinal signs of PD (bradykinesia, tremor, rigidity), response to L-dopa
or dopamine agonists, and lack of evidence of other medical conditions
associated with parkinsonism. All PD patients were asked to stop taking
any medication prescribed for their condition (dopamine agonist or
L-dopa) at least 12 hr before the scanning session. Their mean score on
the motor subset of the Unified Parkinson’s Disease Rating Scale before
scanning (off medication) was 12.3 of a maximum of 56. Patients were
screened for dementia and depression using the Mini-Mental State
Examination (MMSE) and the Beck Depression Inventory (BDI),
respectively.

Nine right-handed control subjects (mean age, 54 years; range, 47—68;
seven males and two females) with no history of neurological or psychi-
atric disorder also participated in this study. The control subjects were
also screened for dementia and depression using MMSE and BDI. For
both the patients and the matched control subjects, the exclusion criteria
were a score =25 on the MMSE and a score =9 on the BDI. All partici-
pants gave informed consent after reading the protocol, which was re-
viewed and approved by the Research Ethics Committee of the Montréal
Neurological Institute.

Cognitive task. A computerized version of the WCST (Monchi et al.,
2001) was administered using stimulus presentation software (Media
Control Function, Digivox, Montréal). Throughout the task, four fixed
reference cards were present in a row on the top part of the screen,
displaying one red triangle, two green stars, three yellow crosses, and four
blue circles, respectively. On each test trial, a new test card was presented
in the middle of the screen below the reference cards (Figs. 1A, 2A).
Subjects were then required to match the test card to one of the reference
cards based on the color, the shape, or the number of the stimuli shared
between the test and reference cards. Two mouse buttons were used by
the subjects to indicate their response. The left button was used to move
a cursor to point to one of the reference cards, and the right button was
used to confirm the selection. In addition to the test trials, there were
control trials, during which the test card was identical to one of the four
reference cards. On each of the control trials, subjects were asked to
match the test card to the identical reference card. During the scanning
session, the subjects performed four types of trials: WCST trials that
required matching according to color, shape, or number, and control
trials.

To study the pattern of activation during the different stages of per-
formance of the WCST, four experimental time periods and two control
time periods were defined: (1) Receiving negative feedback (Fig. 1A).
This period starts immediately after a wrong selection is made and fin-
ishes when a new test card is presented. During this period, the screen
becomes dark, indicating that a set-shift is required. (2) Matching after
negative feedback (Fig. 2A). This period starts from the moment a new
test card is presented after negative feedback and ends when the subject
completes her/his selection. (3) Receiving positive feedback. This period
starts immediately after a correct selection is made and finishes when a
new test card is presented. During this period, the screen becomes
brighter than usual, indicating that the current matching criterion must
continue to be used. (4) Matching after positive feedback. This period
starts from the moment a new test card is presented after positive feed-
back and ends when the subject completes her/his selection (maintaining
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Figure 1.  Patterns of activation in the ventrolateral, the posterior, and the dorsolateral PFC
when receiving negative feedback compared with control feedback. A, Appearance of the com-
puter monitor during negative feedback and during control feedback. B, Horizontal sections
(Z = 4) in the matched control group and the PD patient group show the mid-ventrolateral
activity atY = 22 (yellow line) and the caudate nucleus in the control group and the absence of
such activity in the PD patient group. (, Sagittal sections (X = —50) in the matched control
group and the PD patient group show the greater and spatially extended activity in the dorso-
lateral and the posterior PFCin the PD patient group compared with the matched control group.
D, Horizontal section (Z = 6) showing greater activation in the mid-ventrolateral PFC in the
matched control group compared with the PD patient group.

the current rule for classification). (5) Control feedback (Fig. 1 A). This
period starts from the moment a selection is made during a control trial
and finishes when a new control card is presented. The original bright-
ness of the screen is maintained during this period. (6) Control matching
(Fig. 2A). This period starts from the moment a new control card is
presented and ends when the selection is completed.

Each feedback period lasts 1.9 sec. The length of each matching period
depends on the subject’s response time. During scanning, it varied be-
tween 0.52 and 10.09 sec (mean, 2.18) in the PD group and between 0.61
and 9.7 sec (mean, 1.85) in the control group.

Activity in the appropriate period of the control trials was subtracted
from that of the different experimental event periods for the color, shape,
and number trials combined to generate the following four contrasts for
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Figure 2.  Patterns of activation in the putamen, ventrolateral, and posterior PFC when
matching after negative feedback is compared with control matching. A, Appearance of the
computer monitor during matching after negative feedback and during control matching. B,
Coronal sections (Y = 22) in the matched control group and the PD patient group show the
location of the mid-ventrolateral PFC activity (Z = 2; yellow line) in the PD patient group and
the absence of such activity in the matched control group. C, Coronal sections (Y = —6) in the
matched control group and the PD patient group to show the location of the putamen activity
(Z = 2, yellow line) in the matched control group and the absence of such activity in the PD
patient group. D, Horizontal section (Z = 6) showing significantly greater activation in the
posterior PFC (intersection of areas 6, 8, and 44) in the matched control group compared with
the PD group.

statistical analysis: (1) receiving negative feedback minus control feed-
back; (2) matching after negative feedback minus control matching; (3)
receiving positive feedback minus control feedback; and (4) matching
after positive feedback minus control matching.

All subjects had been fully trained on the task before the scanning
session. Training was performed until no additional improvement on the
task could be observed. During scanning, the computer display was back-
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projected onto a mirror in the MRI scanner. Each scanning session con-
tained five functional runs. Within each run, blocks of each of the four
trial types (color, shape, number, and the control trials) were presented
in random order within each run, with the restriction that no one trial
block could be repeated before all four trial types had occurred. In the
experimental WCST trial blocks, six correct matching responses in a row
had to be completed before a change in dimension occurred. The control
trial blocks consisted of eight trials. Individuals were asked to perform
the task continuously during the scanning period, and their responses
were recorded by a computer.

fMRI scanning. Subjects were scanned using a 1.5T Siemens Vision
MRI scanner. Each scanning session began with a high-resolution T1-
weighted three-dimensional volume acquisition for anatomical localiza-
tion (voxel size, 1 X 1 X 1 mm?). This was followed by acquisitions of
echoplanar T2*-weighted images with blood oxygenation level-
dependent (BOLD) contrast (echo time, 50 msec; flip angle, 90°). Func-
tional images were acquired in five runs in a single session. One hundred
twenty-five volumes were acquired continuously every 3.5 sec within
each run. Volumes contained 16 slices of 7 mm thickness each (matrix
size, 128 X 128 pixels; voxel size, 2.35 X 2.35 X 7 mm?>). The stimulus
presentation and the scanning were synchronized at the beginning of
each run.

Data analysis. The first three frames in each run were discarded be-
cause 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 full-width half-
maximum (FWHM) isotropic Gaussian kernel. The data analysis was
performed using fmristat (Worsley et al., 2002) (available at http://www.
bic.mni.mcgill.ca/users/keith/). The statistical analysis of the fMRI data
were 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 functions with a mean lag of 5.4 sec timed to
coincide with the acquisition of each slice (Glover, 1999). Drift was re-
moved by adding polynomial covariates in the frame times, up to degree
3, 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 length of each period (matching and feedback) was explicitly
included in the design matrix for each of the trials of each of the condi-
tions (negative, positive, and control) and was used as a covariate in the
analysis. Thus, under the assumption of linearity, a change in differential
BOLD response could not be attributed to a difference in reaction times
across the various conditions or the two groups. In any case, it should be
noted that the matching periods were comparable in length across con-
ditions and patient groups. The correlation structure was modeled as an
autoregressive process of degree 1 (Bullmore et al., 1996). At each voxel,
the autocorrelation parameter was estimated from the least squares re-
siduals using the Yule~Walker equations, after a bias correction for cor-
relation induced by the linear model. The autocorrelation parameter was
first regularized by spatial smoothing with a 15 mm FWHM Gaussian
filter and was then used to “whiten” the data and the design matrix. The
linear model was reestimated using least squares on the whitened data to
produce estimates of effects and their SEs. The resulting effects and stan-
dard effect files were then spatially normalized by nonlinear transforma-
tion into the standard proportional stereotaxic space described by Ta-
lairach and Tournoux (1988) using the algorithm of Collins et al. (1994).

In a second step, runs and then subject data were combined using a
another linear model for the effects (as data) with fixed effects SDs taken
from the previous analysis. 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 15 mm
FWHM Gaussian filter for runs and a 10 mm FWHM Gaussian filter for
subjects. The variance of the effect was then estimated by the smoothed
ratio multiplied by the fixed effects variance to achieve higher degrees of
freedom. It should be noted here that the smoothing is applied only to the
ratio of variances and not to the data (or effects), nor their SD. The
smoothing only aims to reduce noise in the SD, so that the degrees of
freedom are higher (Worsley et al., 2002). Intergroup analyses were also
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Table 1. Receiving negative feedback minus control feedback in both matched control and PD patient groups

Control subjects PD patients
Anatomical area XYz T statistic Cluster XYz T statistic Cluster
Positive peaks
DLPFC (46, 9/46) L —42,32,28 3.70 1168 —52,36,18 533 1692
R 48, 26,32 3.85% 256
VLPFC (47/12) L —34,22,4 3.87% 352
R 32,22,4 5.27 560
Anterior CC (32 rostral) L —8,20,46 4.82 2512 —6,30,42 443 536
R 6,28, 46 5.29 2184 6,26,40 3.52*% sC
Posterior PFC (6, 8, 44) L —50,18,36 49 2952
Lateral PMC (6 rostral) L —44,8,36 541 2752 —28,10,52 47 1136
R 44,8,36 4.52 1288 34,14,56 4.19% 136
PMC (6 caudal) R 24,2,48 3.61% 160
PPC (40) L —44, —50,42 412 552 —36, —54,42 5.18 3120
R 40, —42,42 3.66* 280
PPC(7) L —38, —76,40 553 3360
R 28, —58,54 483 1600 34, —64,50 3.71% 152
Prestriate cortex (19) L —28, —66,38 541 3024 —10, —84, —4 6.53 >5000
—26,—94,2 4.69 2112
R 20, —76,40 3.73% 120 8,—76,6 6.05 >5000
Caudate/thalamus L —12,—2,2 476 856
—10, —6,2 391 sC
Negative peaks
Frontopolar cortex (10) R 2,58,12 3.96% 136
Insula R 34,8,12 4.88 1206
Lateral PMC (6 caudal) L —40,0,12 473 1448
R 52,2,10 52 1396
Motor CC (24) L —2,—12,52 5.04 3192
R 2,—12,62 5.75 4304
10, —6,38 3.6 504
Motor cortex (4) L —34,—22,56 4.04 616 —44, —22,58 5.75 2560
PPC (40) L —62,—24,20 4.16 776
R 58, —24,26 5.24 2800 44, —32,24 4,63 3168
MTC(21) R 62, —44,4 472 792
Posterior CC (23) R 6, —48,28 4.50 1752
Anterior insular cortex L —30,4,14 4.72 1816
Posterior insular cortex R 32,—16,16 432 920

L, Left; R, right; DL, dorsolateral; VL, ventrolateral; CC, cingulate cortex; MTC, middle temporal cortex; OFC, orbitofrontal cortex; PMC, premotor cortex; PPC, posterior parietal cortex. When no asterisk is indicated, p << 0.05 corrected; *p <
0.001 uncorrected. Cluster sizes are reported inmm?. scindicates that the peak is part of the same cluster as the peak listed immediately above in the table and thatiits size, therefore, is included in the preceding reported volume. The numbers

in parentheses refer to architectonic areas.

performed by making direct comparisons between the resulting average
data of the patient and the control groups.

The resulting ¢ 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 calcu-
lated based on an estimated gray matter volume scanned of 600 cm . For
a single voxel, this yields a threshold of t > 4.70, which corresponds to
p < 0.05 corrected. Significance was also assessed based on the spatial
extent of clusters of contiguous voxels, which yields a cluster size >500
mm? for p < 0.05 corrected with the method described by Friston et al.
(1995). The significance of peaks is reported using the minimum p value
of the single peak analysis and cluster analysis. All peaks that reached p <
0.05 corrected are reported. Predicted peaks that reached p < 0.001
uncorrected are also reported. A region was predicted if it was significant
in our study using the same fMRI protocol on young healthy subjects
(Monchi et al., 2001).

Results

Behavioral performance

The healthy control subjects completed an average of 53.30 ex-
perimental WCST trial blocks (color, number, or shape) and
18.15 control blocks during the five runs. They made on average
0.11 perseverative errors (i.e., errors attributable to the fact that
the subject incorrectly used the same classification rule after neg-
ative feedback) and 0.29 nonperseverative (set-loss) errors per
WCST trial block. They made an average of 1.22 incorrect classi-
fications per experimental WCST trial block after a change in the

rule. Note that these incorrect classifications are not considered
as errors, because subjects could not know the new classification
rule on the first attempt after a set-shift.

The PD patients completed an average of 44.85 experimental
WCST trial blocks and 14.65 control blocks during the scanning
session. They made on average 0.26 perseverative errors and 0.80
nonperseverative (set-loss) errors per experimental WCST trial
block. They made an average of 1.19 incorrect classifications per
experimental WCST trial block after a change in the rule for
classification. The number of set-loss errors proved to be signif-
icantly larger in the PD group than the control group (s, =
4.49; p < 0.001). The number of perseverative errors was also
significantly larger in the PD group (f,5 = 3.23; p = 0.006),
although it should be noted that the number of perseverative
errors was very low in both groups. The number of incorrect
classifications after a change in the rule for classification was not
significantly different between the two groups (t,5, = 0.428; p =
0.67).

fMRI results

Here, “activations” during a cognitive event will signify greater
BOLD signal than in the corresponding control condition. For
each group, we compared the BOLD signal obtained during the
trials requiring matching according to color, shape, and number
(combined) with that obtained during the corresponding periods
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Table 2. Matching after negative feedback minus control matching in both the matched control and PD patient groups

Control subjects PD patients
Anatomical area XYz T statistic Cluster XYz T statistic Cluster
Positive peaks
DLPFC (9/46) R 34,42,26 418* 120
Posterior PFC (8, 9) L —44,26,38 4,01* 264
(6,8,44) L —56,8,28 3.11* sC
Anterior CC(32) L —6,24,44 421 536
VLPFC (47/12) R 32,20,2 4.41% 280
PPC (40) L —48,—48,26 371 192
R 28, —42,30 4,96 504
PPC(7) R 32, —66,52 3.46* 184 26, —64,36 4,05% 240
Prestriate cortex (9) L —12,—92,—12 3.55% 200 —8,—82,42 4.64 1304
—34, —64,46 458 2712
R 36, —84, —8 4.25% 488 2,—88,32 438 1888
14,-92,—10 5.14 1784
46, —70,6 5.07 1232
Putamen L —24,-38,2 3.15*% 8
R 26, —4,4 412 208
Negative peaks
Posterior CC (31) R 6, —34,42 5.36 752

For abbreviations, see Table 1.

in the control trials (Tables 1-4). We also performed intergroup
analysis (see Table 5). As predicted, the results revealed decreased
activation in the PD group compared with age-matched controls
in PFC regions that had shown coactivation with the striatum in
our previous study on young healthy subjects (Monchi et al.,
2001). In contrast, an increase in activation was observed in other
parts of the PFC in the PD group compared with the aged-
matched control group.

Receiving negative feedback

Control subjects

When the BOLD signal in the period during which the subjects
received negative feedback was compared with the control feed-
back period (Table 1; Fig. 1), significant increases were observed
bilaterally in the mid-dorsolateral PFC (areas 46 and 9/46), mid-
ventrolateral PFC (area 47/12), premotor cortex (area 6), and the
anterior cingulate cortex (ACC; area 32) in control subjects.
There was also increased activity involving the left thalamus and
caudate nucleus. Significant activations were also found bilater-
ally in the prestriate and posterior parietal cortex. In contrast, relative
to the control feedback, there was a reduction in the BOLD signal in
the frontopolar cortex, the posterior and motor cingulate region
(area 24), the motor cortex, parietal cortex (area 40), and insula
when subjects received negative feedback (Table 1).

PD patients

In the PD group, there were significant increases in BOLD signal
in the left mid-dorsolateral PFC (areas 46 and 9/46) and in the
posterior PFC at the most caudal part of the inferior frontal sul-
cus, namely at the junction of rostral area 6 with areas 8 and 44,
during the period of receiving negative feedback compared with
control feedback (Table 1; Fig. 1). Interestingly, no significant
increased activity was found in the mid-ventrolateral PFC or
basal ganglia (Fig. 1). Significant peaks of activation were also
found in the cingulate cortex, premotor cortex, posterior parietal
cortex, and prestriate cortex (Table 1). In addition, relative to the
control condition, there was a reduction in BOLD signal in the
motor cingulate region and in the motor, parietal, temporal, and
insular cortex (Table 1).

Intergroup comparison
When receiving negative feedback was compared with control
feedback, greater activation was found in the healthy control sub-

jects compared with the PD patients in the left and right mid-
ventrolateral PFC (area 47/12) and the right lateral premotor
cortex (area 6) (see Table 5). In contrast, greater activation was
found in the left prestriate cortex (area 19) in the Parkinson’s
population compared with the healthy controls (see Table 5).

Matching after negative feedback

Control subjects

When matching after negative feedback was compared with con-
trol matching in the control subjects (Table 2), the BOLD signal
was greater in the left posterior PFC (at the junction of areas 8 and
9). The cluster containing the above mentioned peak also con-
tained another peak located in the posterior PFC (intersection of
areas 6, 8, and 44), which is close to the activation peak that was
observed previously in young healthy subjects for the same cog-
nitive comparison (Monchi et al., 2001). Greater activation was
also found in the putamen bilaterally and in the prestriate and the
posterior parietal cortex (Table 2), whereas a reduction in BOLD
signal was observed in the right posterior cingulate cortex.

PD patients

In the PD group, there were significant BOLD signal increases in
the right mid-dorsolateral PFC (areas 46 and 9/46), left ACC
(area 32 rostral), and right mid-ventrolateral PFC (area 47/12),
when the period of matching after negative feedback was com-
pared with the control matching period. Greater activation was
also found in the posterior parietal and the prestriate cortex.

Intergroup comparison

Greater activation was found in the healthy control subjects com-
pared with the PD patients in the left posterior PFC at the inter-
section of areas 6, 8, and 44 when matching after negative feed-
back was compared with the control matching period (see Table
5). There was also increased activity in the putamen bilaterally in
the controls compared with the PD group, but it only reached a
significance level of p < 0.01 uncorrected (see Table 5).

Greater activation was found in the PD group compared with
the healthy controls in the right dorsolateral PFC (areas 46 and
10), the lateral premotor cortex (left area 6 caudal and right area
6 rostral), the right motor cortex (area 4), the left posterior cin-
gulate region, and the right posterior parietal cortex (areas 7 and
40) (see Table 5).
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Table 3. Receiving positive feedback minus control feedback in both the matched control and PD patient groups

Control subjects PD patients
Anatomical area XYz T statistic Cluster XYz T statistic Cluster
Positive peaks
Frontopolar cortex (10) L —20,60, —6 5.77 384
DLPFC (46, 9/46) L —50,42, 26 4.68 2392
R 30, 36,20 467 264
ACC (32 rostral) L —6,30,42 4.61* 408
VLPFC (47/12) L —52,28,—8 447 928
Posterior PFC (6, 8, 44) L —46,10,36 497 904 —46,12,28 4.07 2200
PPC(7) L —34, —60,36 3.54% 352 —34, 54,38 4.95 2192
R 28, —62,40 3.69% 152 —18, —76,42 475 1000
Prestriate cortex (19) L —14,—-98,6 4.29 1120 —10,—78,0 6.01 >5000
—16, —52, —4 5.29 >5000
R 40, —78,—10 4n 624 6, —66, 12 5.1 >5000
18, —72,8 4.09 576 24,68, —14 528 1112
Negative peaks
Lateral PMC (6) R 20, —4,68 3.92% 32 —16, —28,50 3.94% 120
For abbreviations, see Table 1.
Table 4. Matching after positive feedback minus control matching in both the matched control and PD groups
Control subjects PD patients
Anatomical area XYz T statistic Cluster Xz T statistic Cluster
Positive peaks
OFC (11, border 47/12) L —26,32, —8 5.67 280
Lateral PMC (6 rostral) L —54,6,28 3.55*% 12
(6 caudal) R 10, —16,74 57 128
Negative peaks
PPC (40) R 60, —38,38 4.09* 224 48, —42,38 3.53% 64

For abbreviations, see Table 1.

Receiving positive feedback

Control subjects

When receiving positive feedback was compared with control
feedback (Table 3), there were significant increases in BOLD sig-
nal in the right mid-dorsolateral PFC (areas 46 and 9/46) and
right posterior PFC (intersection of areas 6, 8, and 44) in the
group of control subjects. Activation was also found in prestriate
and posterior parietal cortex (Table 3). In contrast, a reduction in
the BOLD signal was observed in the premotor cortex.

PD patients

In the PD group, there were significant BOLD signal increases in
the left fronto-polar cortex (area 10), left mid-dorsolateral PFC
(areas 46 and 9/46), left ACC (area 32 rostral), and right posterior
PFC (intersection of areas 6, 8, and 44) when the period of match-
ing after negative feedback was compared with the control
matching period. Greater activity was also found in the left ven-
trolateral PFC (area 47/12) in a region more lateral than the mid-
ventrolateral peaks reported above. There was also greater activ-
ity in the prestriate and posterior parietal cortex (Table 3). A
reduction in the BOLD signal in the premotor cortex was also
observed.

Intergroup comparison

There was no significant activation in the control subjects com-
pared with the PD patients when receiving positive feedback was
compared with control feedback. Increased activation was ob-
served in the PD group compared with the control group in the
left ventrolateral (area 47/12) PFC (see Table 5).

Matching after positive feedback
Control subjects
Comparing BOLD signal during matching after positive feedback

to control matching yielded only two significant positive peaks in

the control subjects, namely the left lateral premotor cortex (area
6 rostral) and the right lateral premotor cortex (area 6 caudal)
(Table 4). There was also a reduction in BOLD signal in the
posterior parietal cortex.

PD patients

The PD group showed increased activity in the left orbitofrontal
cortex only (area 11, border of 47/12) during matching after pos-
itive feedback compared with control matching. There was a re-
duction in BOLD signal in posterior parietal cortex (Table 4).

Intergroup comparison

For this comparison, increased activity was observed in the left
premotor cortex (area 6 rostral) in the control subjects compared
with the PD patients (Table 5). Increased activation was observed
in the PD patients compared with the controls in the right mid-
dorsolateral PFC (area 46).

Receiving negative feedback relative to receiving

positive feedback

The specific effect of set-shifting was also examined by subtract-
ing activity during the period of receiving positive feedback from
the period of receiving negative feedback in both groups of sub-
jects. Greater BOLD signal was found bilaterally in the mid-
ventrolateral PFC (area 47/12) and the prestriate cortex (area 19)
in the control subjects during the reception of negative feedback.
Greater activation was also found the left caudate and in the
mediodorsal thalamus bilaterally, but it only reached a signifi-
cance level of p < 0.01 uncorrected (Table 6). In contrast, no
significant increase in activation was found in the PD group when
comparing receiving negative feedback with receiving positive
feedback, even at a significance level of p < 0.01 uncorrected
(Table 6).
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Table 5. Intergroup comparisons
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Controls greater than patients

Patients greater than controls

Anatomical area XYz T statistic Cluster XYz T statistic Cluster
Receiving negative feedback minus control feedback
VLPFC (47/12) L —40,24,6 3.52% 48
R 30,22, 4 3.28% 8
PMC (6 caudal) R 32,8,30 3.84* 192
Prestriate cortex (19) L —16, —74,42 3.98% 112
Matching after negative feedback minus control matching
DLPFC (46, 10) R 20,42,8 3.89% 176
28,42,16 3.82% 264
Posterior PFC (6, 8, 44) L —60,8,24 3.43% 64
Lateral PMC (6 rostral) R 44,2, 42 3.86% 88
Lateral PMC (6 caudal) L —14,—16,48 3.64* 208
Motor cortex (4) R 18, —26,48 3.91* 176
Posterior CC(31) L 10, —28,34 4.09% 344
PPC (40) R 26, —44,30 3.85% 328
PPC(7) R 20, —56, 32 4.01* 264
Putamen L —22,-9,2 2.2%*
R 18, —8,0 2.4%*
Receiving positive feedback minus control feedback
VLPFC (47/12) L —50,28, —8 3.42% 40
Matching after positive feedback minus control matching
DLPFC (46) R 30,36,18 3.75% 128
Lateral PMC (6 rostral) L —54,4,24 3.9*% 440
*¥p < 0.01 uncorrected. For abbreviations, see Table 1.
Table 6. Receiving negative feedback (event 1) minus receiving positive feedback (event 3)
Young healthy subjects Matched control subjects
Anatomical area XYz T statistic XYz T statistic PD patients
VLPPFC (47/12) L —34,22,0 5.65 —32,22,4 3.13%
R 32,24,4 4.98 34,24,4 3.71*
Caudate L —8,8,4 3.44% —7.8,2 2.26%*
R 4,6,4 3.30%
Thalamus L —10,—18,12 3.60% —6,—28,—2 2.75%*
R 6,—14,4 3.55% 6, —26, —4 2.86"*

For abbreviations, see Table 1. Data shown are for young healthy subjects are from Monchi et al. (2001). *p << 0.001 uncorrected; **p << 0.01 uncorrected. No peak reached p << 0.07 uncorrected for this subtraction in the PD group.

Discussion

The first functional neuroimaging studies of PD showed a reduc-
tion in movement-induced increases in cortical cerebral blood
flow (Playford et al., 1992). Dopamine agonists reversed these
hypoactivations (Jenkins et al., 1992). The proposed explanation
was that excessive inhibitory outflow from basal ganglia to cortex
was responsible for both bradykinesia and cortical hypoactiva-
tion, based on the model described by Albin et al. (1989). How-
ever, a similar explanation could not account for the frontal cog-
nitive deficits in PD because PET studies had demonstrated
normal or increased PFC activation in PD patients during the
performance of cognitive tasks that measure PFC function
(Owen et al., 1998; Dagher et al., 2001).

The pattern of cortical activations observed in the present
study in the control subjects (mean age, 54 years) was similar to
that we had observed previously in young healthy subjects (mean
age, 24 years) (Monchi et al., 2001). Once again, activation was
observed in the mid-dorsolateral PFC when receiving both posi-
tive and negative feedback, consistent with its role in the moni-
toring of events in working memory (Petrides, 1996). As reported
previously, increased activity was observed in the mid-
ventrolateral PFC specifically during the reception of negative
feedback, which signals the need for a mental shift to a new re-
sponse set (Fig. 1B). Similar activation patterns to the ones ob-
served in our previous study with younger healthy subjects were
also present in the premotor cortex, the ACC, and the posterior

parietal cortex in the older control subjects of the present study.
However, there was a slight difference in the subcortical activa-
tions. In the older control subjects of the present study, activation
of the caudate nucleus and the thalamus was only found on the
left side during the reception of negative feedback, whereas in the
young healthy subjects these activations were bilateral (Monchi et
al., 2001). As in the previous study, there was activation of the left
putamen when matching after negative feedback.

In the PD group, as predicted, significantly less activity was
observed relative to the current matched control group in the two
prefrontal corticostriatal loops that were identified during two
particular phases of WCST performance in our previous study
(Monchi et al., 2001). In that study, which involved young
healthy subjects, as well as in the matched control group of the
present study, the mid-ventrolateral PFC and the caudate nucleus
were coactivated, during the reception of negative feedback (i.e.,
during the set-shift). The specific coactivation between the cau-
date and the mid-ventrolateral PFC and no other PFC region was
further confirmed in the present matched controls and young
healthy subjects by subtracting receiving positive feedback from
receiving negative feedback. That subtraction revealed signifi-
cantly increased activations only in the mid-ventrolateral PFC,
the caudate, and the thalamus (Table 6) (Monchi et al., 2001). As
can be seen in Table 1 and Figure 1, unlike the matched control
group, there was no significant activity in the mid-ventrolateral
PFC during the reception of negative feedback relative to the
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Table 7. Patterns of frontal and basal ganglia activation in the PD patients and
matched control subjects

Receiving Matching after Receiving Matching after
negative feedback  negative feedback ~positive feedback  positive feedback

DLPFC PD>MC PD PD>MC PD>MC

VLPFC MC PD PD

pPFC PD MC PD>MC

ACC MC>PD PD PD

Caudate  MC

Putamen MC

MC, Presence of significant activation in the matched control group; PD, presence of significant activation in the PD
group; PD>MC, activation in both groups but greaterin the PD group than in the control group; MC=>PD, activation
in both groups but greater in the matched control group than in the PD group. If MC or PD is not present in a given
row, then no significant activation was observed in the area for the corresponding group. For other abbreviations,
seeTable 1.

control feedback period in the PD group, and the intergroup
analysis showed significantly less activity in the mid-ventrolateral
PFC bilaterally in the PD group compared with the control group
(Table 5; Fig. 1). There was also no activation in the caudate
nucleus or thalamus in the PD group (Tables 1 and 6). Similarly,
in our previous study (Monchi et al., 2001), increased activity in
the left posterior PFC was seen together with increased left puta-
men activity only when matching after negative feedback. In the
present study, this pattern of activation in the left posterior PFC
and putamen when matching after negative feedback was ob-
served in the control group (replicating the previous result with
younger healthy subjects) but was not seen in the PD group (Ta-
ble 2; Fig. 2B,C). Furthermore, the intergroup analysis con-
firmed that there was significantly less activity in the left posterior
PEC in the PD group compared with the matched control group
when matching after negative feedback (Table 5; Fig. 2).

In sharp contrast to the results regarding the ventrolateral
PFC-basal ganglia loop, dorsolateral PFC activation was present
in the PD group and was either equal to or greater than that
observed in the control group. Greater and spatially extensive
activation was observed in the PD group compared with the con-
trol group in the left dorsolateral PFC when receiving negative
feedback (Table 1; Fig. 1), in the right dorsolateral PFC when
matching after negative feedback (Table 5), and in the left mid-
dorsolateral PFC when receiving positive feedback (Table 3). It
should be noted here that the dorsolateral PFC was not specifi-
cally coactivated with the striatum in our previous study (Monchi
etal,, 2001), nor in the present matched control group.

The absent cortical activations in the mid-ventrolateral PFC
and posterior PFC in the PD group cannot be attributed to a
general hypofunction of these areas. Both these PFC regions were
underactive in the PD group compared with the matched control
group only during those phases of the task in which these regions
exhibited coactivation with the striatum in the controls. Note
that these same PFC regions showed hyperactivation in the PD
group compared with the controls at other times, such as when
receiving positive feedback (Table 7). The reduced activation in
these two PFC regions in PD only during those specific phases of
WCST performance that recruit these PFC regions in tandem
with the striatum may reflect nigrostriatal dopamine deficiency
in the caudate and putamen, which is thought to augment the
inhibitory output of the basal ganglia to the cerebral cortex via the
thalamus (Albin et al., 1989). Indeed, PET studies using tracers
sensitive to dopamine cell loss suggest that decreased dopaminer-
gic function in the caudate nucleus correlates with impaired per-
formance in PD on tasks sensitive to frontal dysfunction (Marie
et al., 1999; Bruck et al., 2001).

As shown in Table 7, more extensive activation was found in
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the PD group compared with the control group in the dorsolat-
eral, ventrolateral, and posterior PFC and in the ACC during
different periods of the WCST. These cortical increases in activity
may reflect a phenomenon of compensation by areas not func-
tionally affected by nigrostriatal dopamine deficit. Such compen-
satory mechanisms have previously been proposed in the litera-
ture (Samuel etal., 1997; Dagher et al., 2001; Rowe et al., 2002). In
the context of the present study, increased activity in all the above
mentioned areas during the reception of positive feedback in PD
patients could reflect a compensatory mechanism linked to the
fact that maintaining set is more difficult for patients than con-
trols, as evidenced by the significantly larger number of set-loss
errors made by the PD subjects than the controls.

Cools et al. (2002) and Mattay et al. (2002) suggested that a
reduction of mesocortical dopamine in the PFC (originating
from the ventral tegmental area) of PD patients may be respon-
sible for the greater cortical activation observed in the dorsolat-
eral PFC in these patients who are off L-dopa compared with
those who are on L-dopa during a cognitive task because it has
been shown that such intracortical dopamine may be important
for focusing neural activity in the cortex (Swagushi, 2001). Fur-
thermore, Mattay et al. (2002) proposed that the mesocortical
dopaminergic system influences cognitive function via direct in-
put to PFC, whereas nigrostriatal projections facilitate motor
functions via the corticostriatal loops. The pattern of activations
observed here in the ventrolateral and posterior PFC suggests an
alternative hypothesis. We propose that when a region of the PFC
is specifically solicited in conjunction with the striatum for the
performance of a specific task, decreases of the nigrostriatal do-
pamine in unmedicated PD patients may be a critical factor for
the loss in function. This would result in decreased activity in this
PFC region in unmedicated PD patients compared with controls
because the nigrostriatal dopamine depletion occurring in PD is
thought to result in decreased cortical activity via increased in-
hibitory output of the basal ganglia to the thalamus, as mentioned
above. In contrast, when a PFC region is not solicited with the
striatum for a particular cognitive process, the cortical dopa-
mine deficit plays a greater importance. This would result in
increased activity in this PFC region in unmedicated PD pa-
tients compared with controls, because intracortical dopa-
mine regulated by the mesocortical system is thought to help
focus activity in the cortex.

In conclusion, this study shows that, in PD patients, both
decreased and increased activation can occur in prefrontal areas
during cognitive performance and that the pattern of activity
observed in a specific area of the PFC depends on its specific
relationship with the striatum for the task at hand. The decreased
activation that was observed in the PD group in the two cortico-
striatal loops that were implicated during the performance of the
WCST in our previous study (Monchi et al., 2001) may be at the
origin of the set-shifting deficits observed in those patients.
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