
r Human Brain Mapping 35:552–566 (2014) r

Dissociable Dorsal and Ventral Frontostriatal
Working Memory Circuits: Evidence from

Subthalamic Stimulation in Parkinson’s Disease
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Abstract: In this study, we investigated the neural substrates involved in visual working memory
(WM) and the resulting effects of subthalamic nucleus (STN) stimulation in Parkinson’s disease (PD).
Cerebral activation revealed by positron emission tomography was compared among Parkinson
patients with (PD-ON) or without (PD-OFF) STN stimulation, and a group of control subjects (CT) in
two visual WM tasks with spatial (SP) and nonspatial (NSP) components. PD-OFF patients displayed
significant reaction time (RT) deficits for both memory tasks. Although there were no significant differ-
ences in RT between patients with PD-ON and -OFF stimulation, patients with PD-ON stimulation per-
formed comparably to controls. The memory tasks were executed with normal error rates in PD-ON
and -OFF stimulation. In contrast to these behavioral results, whether the corresponding prefrontal
activation was differentially affected by deep brain stimulation status in patients depended on whether
the WM modality was SP versus NSP. Thus, SP WM was associated with (1) abnormal reduction in
dorsolateral prefrontal activity in PD-OFF and -ON stimulation and (2) abnormal overactivation in
parieto-temporal cortex in PD-OFF and in limbic circuits in PD-ON stimulation. In NSP WM, normal
activation of the ventral prefrontal cortex was restored in PD-ON stimulation. In both visual modalities
the posterior cerebral regions including fusiform cortex and cerebellum, displayed abnormally reduced
activity in PD. These results indicate that PD induces a prefrontal hypoactivation that STN stimulation
can partially restore in a modality selective manner by additional recruitment of limbic structures in
SP WM or by recovery of the ventral prefrontal activation in NSP WM. Hum Brain Mapp 35:552–566,
2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

The basal ganglia participate in executive functions,
including visual working memory (WM) via their role in
corticostriatothalamocortical (CSTC) loops that allow the
prefrontal cortex to process and integrate visual informa-
tion from different modalities. A WM dissociation based
on perceptual modality has been identified in the human
frontostriatal system. Indeed, visuospatial memory-related
information might preferentially activate the dorsolateral
prefrontal cortex and the head of the caudate nucleus
whereas object-related memory information might activate
the ventrolateral part of the prefrontal cortex and the
body/tail of the caudate [Courtney et al., 1996; Dominey
and Arbib, 1992; Haxby et al., 1991; Levy and Goldman-
Rakic, 2000; Levy et al., 1997; Postle and D’Esposito, 1999;
Sala et al., 2003; Ventre-Dominey et al., 2005]. Such a seg-
regated frontostriatal organization of visual WM suggests
a possible behavioral dissociation depending on the
involvement of the partially distinct basal ganglia/prefron-
tal pathways in Parkinson’s disease (PD).

When comparing spatial (SP) versus nonspatial (NSP)
WM in PD, certain studies report deficits only in SP mem-
ory [Owen et al., 1993, 1997; Postle et al., 1997], whereas
others found deficits in both visual components of WM
[Mollion et al., 2003, 2011; Pillon et al., 1998; Possin et al.,
2008]. We previously demonstrated [Mollion et al., 2003]
that WM deficits in PD could be dissociated depending on
the therapy status, as only the NSP component was pre-
served in patients with PD on levodopa therapy. Accord-
ingly, more recently Possin et al. [2008] suggested that
deficits in SP and object-related WM in PD might be medi-
ated by two cognitive mechanisms differing in their
underlying pathological processes. Based on these observa-
tions, it is hypothesized that distinct frontostriatal net-
works are responsible for the visual WM pathology
described in PD and that these circuits might be differen-
tially sensitive to the antiparkinsonism therapy, particu-
larly dopa medication.

As long-lasting dopamine medication has demonstrated
limitations with significant fluctuations in PD symptoma-
tology, alternative therapies have been developed in the
last decades using deep brain stimulation (DBS). Although
motor improvements induced by DBS of the subthalamic
nucleus (STN) are largely and consistently reported
[Brown et al., 1999; Krack et al., 1998; Limousin et al.,
1995, 1998; Trepanier et al., 2000], the cognitive outcome of
this therapy is far less reliable, particularly regarding
memory function. Indeed, bilateral STN stimulation in
patients with PD can yield adverse [Alberts et al., 2008;
Saint-Cyr et al., 2000] or beneficial [Jahanshahi et al., 2000;
Mollion et al., 2011; Pillon et al., 2000] effects on memory
processes. Positron emission tomography (PET) neuro-
imaging studies have shown correlations between poor
STN DBS induced performance in executive tasks and
reduced regional cerebral blood flow (rCBF) in defined
cortical networks, including the frontotemporal cortex for

verbal fluency and memory [Kalbe et al., 2009; Schroeder
et al., 2003], the cingulate cortex for inhibitory response
control [Campbell et al., 2008; Schroeder et al., 2002; Tho-
bois et al., 2007] and the limbic system for emotional proc-
essing [Lejeune et al., 2008]. As a whole, little is known
about the neural mechanisms responsible for the cognitive
disorders of PD in relation to STN DBS. In the context of
executive function and WM, reduced change in the dorso-
lateral prefrontal rCBF has been described in relation with
an improvement of SP WM performance induced by STN
DBS [Campbell et al., 2008].

We previously demonstrated that patients with PD-OFF
dopa therapy are significantly impaired in SP and NSP
WM, and that when ON treatment, only the NSP perform-
ance is improved [Mollion et al., 2003]. In contrast, in a
more recent study on STN DBS effect on visual WM [Mol-
lion et al., 2011], we found less significant impact of DBS
than dopa therapy on memory performance. To our
knowledge, no research study reports on the effects of
STN DBS on visual memory function, including visuospa-
tial and object-related cued memory, and on their corre-
sponding neural substrates in PD.

To gain better insight into differential effects of therapy
and neurophysiological underpinnings of visual memory
in PD, we investigated, by PET scanning in patients with
PD, the neural correlates of WM dysfunction, with SP or
object visual cueing in the context of STN DBS therapy.
For that purpose, using a similar WM paradigm as in our
previous studies [Mollion et al., 2003, 2011; Ventre-Domi-
ney et al., 2005], different forms of visual memory (associa-
tive, SP WM and NSP WM) have been tested by analyzing
behavior and rCBF changes in the ON and OFF conditions
of STN DBS therapy compared with a normal control
group.

MATERIAL AND METHODS

Subjects

Fourteen idiopathic right-handed patients with PD
(mean age: 54.6, sd ¼ 6.7; 11 males) and 11 right-handed
healthy age-matched control subjects (CT) (mean age: 53.2,
sd ¼ 7.1; five males) participated in this study. The
patients with PD were recruited from the movement disor-
ders department of the Lyon Neurological Hospital on the
basis of the UK Parkinson Disease Brain Bank criteria
[Gibb and Lees, 1988]. All the selected patients had levo-
dopa induced motor fluctuations and were treated by
chronic bilateral STN stimulation (monopolar stimulation;
mean amplitude: 3.16 � 0.4 V; pulse width: 60 ls; fre-
quency: 134.3 � 7 Hz) for at least 6 months (Table I). The
patients with PD were carefully selected to have a good
clinical improvement with STN stimulation. The surgical
procedure was performed as previously described [Tho-
bois et al., 2002]. The patients’ motor symptoms were eval-
uated using the Unified Parkinson’s Disease Rating Scale
(UPDRS) motor score [Fahn et al., 1987], while OFF
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medication for at least 12 h and ON and OFF STN stimula-
tion conditions. The demographic and neurological charac-
teristics of the patients with PD and controls are presented
in Table I. All the subjects had no history of drug abuse
and/or alcoholism and no history of neurological and psy-
chiatric disorders other than PD for the PD group. The con-
trol subjects were either the spouse of the patient or a
volunteer recruited via an advertisement. All patients
developed the pathology after 30 years old and none had
history of a familial PD. Cognitive performance was deter-
mined by Mini-Mental State Examination which was nor-
mal for all the controls and PD subjects (score > 28). No
significant differences (t test P > 0.05) were found in any of
the demographic parameters between CT and PD groups.
The patients with PD were requested not to take their anti-
parkinsonian drugs for at least 12 h before the experiment.
Due to excessive head motion artifacts, one patient with PD
was excluded from the group analysis bringing the group
to 13 patients with PD that were fully analyzed. Before PET
evaluation, all the subjects gave their informed consent to
participate in this research, approved by the Research
Ethics Committee in accordance to the Declaration of Hel-
sinsky (CCPRB L. Berard, Proposal No. 02/045).

Behavioural Tasks

Cerebral activation was measured during three types of
memory tasks: a simple conditional associative learning
(CAL) task and two visual WM tasks using either SP or
NSP memory cues.

Paradigm description

Visual stimuli were displayed on a computer screen and
the motor response of the right hand was recorded with a

joystick. For the three tasks, the visual cues were pre-
sented at the centre of the computer screen aligned to the
body central axis. The visual targets consisted of two
white squares at 10� right and left of the centre. The sub-
ject was told to move the joystick to the right or to the left
as rapidly as possible on the basis of the color of a central
visual cue (Fig. 1). When the subject produced a correct
response the visual target located on the same side of the
joystick displacement changed color to match the central
cue color (visual feedback); if the response was incorrect,
the screen was cleared. After each trial, the joystick was
maintained by the subject in a neutral middle position.
This paradigm has been adapted on the basis of a previ-
ous neuroimaging study [Ventre-Dominey et al., 2005].

CAL: The subject had to learn by trial and error to asso-
ciate the color of a central cue to a right or left movement
of the joystick. For example, a blue cue indicated a joystick
displacement to the right and a red cue a joystick displace-
ment to the left. The color-motor association rule was kept
constant all over the tests (Fig. 1), so that in fact, there was
no learning during scanning, only use of previously
learned associations.

SP WM: The subject had to memorize the position of a
visual cue (white square) presented along the vertical mid-
line (top or bottom) of the computer screen. As shown in
Figure 1, after a memory delay of 1.5 s, two colored cues
were displayed along the vertical midline of the screen.
The subject had to choose the cue that matched the posi-
tion of the previous memory cue, extract its color and on
the basis of the color-motor association rule move the joy-
stick to the right or to the left.

NSP WM: The subject had to memorize the shape of a
visual cue (white circle or triangle) presented at the centre
of the computer screen. After a memory delay of 1.5 s,
two colored cues were displayed at the centre of the

TABLE I. Demographic and clinical characteristics of control (CT) and Parkinson

(PD) groups ON and OFF STN stimulation

Groups

CT n ¼ 11
PD-ON/OFF

n ¼ 7
PD-OFF/ON

n ¼ 6
PD-total
n ¼ 13

Age 56 (6) 55 (6.8) 54 (7.2) 54.6 (6.7)
Sex (male/female) 5/6 6/1 5/1 11/2
Disease duration (years) — 14.7 (2.4) 14.8 (4.8) 14.7 (3.4)
Postsurgery duration (months) — 15.3 (14) 24 (15) 19.3 (14.6)
MMS score 29.3 (1.2) 30 (0) 29.7 (0.6) 29.9 (0.38)
UPDRS motor score (Max ¼ 108)

ON DBS — 9.8 (1.2) 8.2 (3.6) 9.1 (2.6)
OFF DBS — 41 (8) 36.6 (13) 39 (10.3)
Hoen&Yahr stage (range: 0–5)

ON DBS — 1.6 (0.3) 1.6 (0.4) 1.6 (0.3)
OFF DBS — 2.3 (0.3) 2.4 (0.4) 2.3 (0.3)

UPDRS scores and Hoen&Yahr stages are reported ON and OFF stimulation in each PD group.
Standard deviation in parenthesis.
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screen. The subject had to choose the cue that matched the
shape of the previous memory cue, extract its color and on
the basis of the color-motor association rule move the joy-
stick to the right or to the left.

Timing of the paradigm

Before scanning, the subject was trained on the different
tasks until he/she could perform each task without errors.
For patients with PD, the prescanning training session was
always performed ON stimulation. During PET scanning,
trials were performed during one min blocks for each task
(CAL, SP and NSP). Each task was repeated – for the nor-
mal subjects, three times corresponding to a total of nine
scans and – for the patients with PD in each ON and OFF
stimulation condition two times corresponding to a total
of 12 scans. Seven patients started in ON stimulation con-
dition and six in OFF stimulation condition. After the
change of STN stimulation (i.e. switched ON or OFF
depending on the first condition), the subject rested for 15
min before the next session. The order of the tasks was
randomized and balanced over the subjects.

PET scan protocol

PET scans were performed at the Life Imaging PET
Centre (CERMEP Lyon, France) on a CTI HR þ Siemens
tomograph (CTI/Siemens, Knoxville, TN). The transmis-
sion scan was acquired using rotating rod sources of 68Ge.
For each emission scan, the distribution of radioactivity
was recorded after intravenous injection of 333 MBq of
[15O]H2O tracer through a forearm catheter. When the
brain radioactivity count reached a threshold value of
400% of a 40-s preliminary scan measure estimating the
basal level of activity, the scanning session started and
PET scans were collected for a period of 1 min. The radia-
tion counts followed a linear relation to the rCBF changes.
The subject initiated the task 25 s prior the scanning onset
to avoid any novelty effect on the rCBF measurement. A
10-min rest interval was required between each experi-
mental scanning session to insure reliable blood radioac-
tivity decrease. The PET images were reconstructed by 3D
filtered back projection (Hanning filter; cut-off frequency:
0.5 cycles/pixel) leading to 63 slices of 128 � 128 pixels
format matrix yielding approximately 2 mm cubic voxels.

Head movements were prevented by a thermoplastic
mask that was molded to the subject’s head and fixed to

Figure 1.

Schematic representation of the experimental paradigm, showing

the conditional associative learning (CAL), the spatial (SP) and

nonspatial (NSP) working memory tasks. In CAL, the subject

associates the color of the centre cue to a movement. In SP, the

subject first memorizes the cue position and then retrieves the

color matching the memory cue position to produce the correct

movement. In NSP, the subject memorizes the cue shape and

then retrieves the color matching the memory cue shape to

produce the correct movement. The arrow indicates the move-

ment direction of the joystick. Feedback: colored target on the

side of the correct movement direction.
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the scanner bed. The head position was checked through-
out the PET examination by using a laser alignment
onto the reference points. The visual stimuli were dis-
played by videoprojector on a translucent screen located
behind the scanning bay. The subject looked at the screen
via a mirror fixed inside the camera at 20 cm over the sub-
ject’s head. The joystick held in the subject’s right hand
was fixed on a table at the level of the subject’s lap. The
experimental procedure and data collection were moni-
tored on a PC computer using CORTEX software (NIH,
Bethesda).

Data Analysis

Behavioural analysis

The reaction time (RT) of the hand response was meas-
ured at each trial and the percentage of errors (ER) was
calculated for each run. Statistical analysis was performed
by using repeated measures analysis of variance (rm
ANOVA) on the dependent RT and ER variables. To com-
pare the patients with PD in each STN stimulation condi-
tion to the CT, we used a mixed ANOVA design with two
factors, Group (CT, PD-OFF and PD-ON) and Run (Run1,
Run2 and Run3), and one within subject factor Task (CAL,
SP and NSP). To analyze the effects of the STN stimulation
within the PD group, we used rm ANOVA with three
within-subjects factors, DBS status (ON and OFF), Task
(CAL, SP and NSP) and Run (Run1 and Run2). Post hoc
specific comparisons between factors were performed by
using LSD planned comparison. The significance level was
established at a 95% confidence interval. The statistical
analysis was realized with the STATISTICA software
package.

PET image analysis

The PET images were analyzed by using statistical para-
metric mapping software (SPM2, Wellcome Department of
Cognitive Neurology, London, UK) with MATLAB6.5. For
each subject, the PET scans were realigned to the first scan
of the session to correct for possible head movements. A
mean image of the realigned scans was created and then
spatially normalized into the Montreal Neurological Insti-
tute (MNI) template provided in SPM2. The normalized
images were smoothed with an isotropic Gaussian kernel
(full width half maximum 14 mm for all directions) to
allow for interindividual gyrus variations and to improve
the signal to noise ratio.

rCBF changes were statistically analyzed with SPM2 for
all voxels exceeding 80% of the mean scan value by apply-
ing the general linear model [Friston et al., 1994]. To exam-
ine the effects of the SP and NSP WM tasks we computed
in each group a multisubjects model with subject � task
interaction. Individual voxel values were adjusted by pro-
portional scaling on the scan mean to account for injected
dose effect. Our WM tasks rely on effective embedded

CAL and visual working (WM) memory processes. As we
were principally interested in visual WM networks, we
used the CAL as a control for our contrast to retain only
the WM-related process. Thus individual across-condition
t contrasts (SP-CAL and NSP-CAL) were extracted on a
voxel by voxel basis in the CT and PD groups. These indi-
vidual contrasts images were then employed in a second-
level analysis to compare the between group effects and
infer about population effects. A two-sample t test analysis
was realized on each contrast independently (SP-CAL and
NSP-CAL) to identify (1) the effects of PD disease on WM
neural networks by comparing CT versus PD groups, OFF
and ON condition and (2) the effects of STN stimulation
by comparing ON versus OFF conditions. To eliminate pu-
tative effects of CAL task on WM-related activation, we
computed t contrasts comparing CAL activation between
groups (CT, PD-ON and PD-OFF). Statistical maps were
generated using a significance threshold either at P < 0.05
corrected or P < 0.001, uncorrected for multiple compari-
sons with a minimum cluster threshold of 20 contiguous
voxels.

Based on our previous studies on WM neural networks
in humans [Ventre-Dominey et al., 2005], putative regions
of interest (ROIs) were identified and analyzed principally
in the prefrontal regions to determine specific PD-related
disruption in the prefrontostriatal circuits. For this pur-
pose, we used in SPM software the WFU (Wake Forest
University School of Medicine) Pickatlas toolbox [Maldjian
et al., 2003, 2004] that references AAL atlas [Tzourio-
Mazoyer et al., 2002] and Brodmann areas. The relevant
contrasts (SP-CAL and NSP-CAL) of the first-level model
were performed for the CT, PD-ON and -OFF groups to
produce parametric t statistics maps of the activity
changes in three prefrontal ROIs: the premotor area BA 6
in the precentral gyrus, the dorsolateral prefrontal cortex
BA 46-9 in the middle prefrontal gyrus (Frontal-Mid) and
the inferior prefrontal cortex BA 45-46 (Frontal-Inf-Tri).
MNI coordinates of the cerebral activation foci reported
with SPM were transformed into Talairach coordinates
[Talairach and Tournoux, 1988] using Matthew Brett’s
method (http://imaging.mrc-cbu.cam.ac.uk/imaging/
MniTalairach).

RESULTS

Behavioural Data

As illustrated in Figure 2A and Table II, significant RT
deficits were observed in the three memory tasks in
patients with PD when compared with the control (CT)
group (main Group effect: F(2,44) ¼ 4.5; P ¼ 0.016) inde-
pendently of the task (Group � Task interaction: F(4,88) ¼
0.7; P > 0.05).

This effect was mainly related to the OFF stimulation
status as RT was significantly increased in PD-OFF when
compared with CT group (post hoc P < 0.05). In contrast,
when analyzing the STN stimulation effect inside the PD
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group (rm ANOVA), we found no significant RT changes
ON versus OFF status (main DBS status effect: F(1,12) ¼
3.8; P > 0.05; DBS status � Task interaction: F(2,24) ¼ 1.2;
P > 0.05). As shown in Table II, no effect of the run order
was found neither in the CT nor in the PD groups ON
and OFF stimulation (Main Run effects in PD: F(1,12) ¼
0.6; P > 0.05; Run � Group interaction: F(2,41) ¼1.6; P >
0.05).

As illustrated in Figure 2B, the percentage of ER tended
to be increased in the PD group. However, no significant
difference in ER was found neither inside the PD group
between OFF and ON status nor between CT and PD-ON
and PD-OFF (main Group effect: F(2,31) ¼ 0.14; P > 0.05;
Group � Task interaction: F(4,62) ¼ 1.9; P > 0.05; main
DBS status effect: F(1,12) ¼ 0.3; P > 0.05). No effect of the
run order was found neither in the CT nor in the PD
groups ON and OFF stimulation (Main Run effects in PD:
F(1,67) ¼ 0.6; P > 0.05; Run � Group interaction: F(2,67) ¼
0.11; P > 0.05) (Table II).

Activation Data

WM activation: ROIs analysis

Spatial WM (SP > CAL): By using voxel based analysis
on the predefined ROIs, the SP-CAL contrast images in the
PD-ON and -OFF groups showed a lack of activation in
the dorsolateral prefrontal cortex BA 9-46 observed in CT
group. As shown in Figure 3A, no significant rCBF
changes are found in dorsolateral prefrontal cortex during
SP task in PD-ON and -OFF groups when compared with
CT. Only the premotor area (BA 6) on the left remained
activated in PD-OFF stimulation.

Nonspatial WM (NSP > CAL): By using the putative pars
triangularis-inferior prefrontal gyrus ROI, including the
BAs 45-46, we found a similar cluster of activation in PD-
ON and CT groups (P corrected FDR <0.05). As illustrated

Figure 2.

Graphs of the mean RT and ER obtained in the control (C), PD-

ON and -OFF groups and in each CAL, SP and NSP memory

task. Bars: confidence intervals. * P < 0.05 and ** P < 0.01.

TABLE II. Mean RT and ER values are reported for each run in CT and PD groups

RUN

Groups

CT n ¼ 11 PD-ON/OFF n ¼ 7 PD-OFF/ON n ¼ 6

1st 2nd 1st (ON) 2nd (OFF) 1st (OFF) 2nd (ON)

RT

CAL 602 (79) 609 (84) 649 (102) 800 (157) 701 (145) 605 (90)
SP 717 (155) 673 (86) 756 (187) 881 (192) 767 (143) 675 (50)
NSP 893 (155) 831 (111) 931 (182) 1013 (182) 932 (168) 893 (85)
ER

CAL 0.85 (1.8) 0.39 (1.31) 0.00 (0.00) 0.90 (2.20) 0.88 (1.50) 0.00 (0.00)
SP 6.28 (7.16) 2.45 (4.80) 4.59 (6.77) 10.10 (17.83) 1.43 (3.78) 1.56 (2.57)
NSP 3.70 (3.41) 1.56 (2.17) 6.06 (9.75) 12.68 (19.52) 3.82 (6.06) 5.75 (14.07)

PD-ON/OFF and PD-OFF/ON groups indicate that the task is performed, respectively, ON then
OFF and OFF then ON. Standard deviations in parenthesis.
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in Figure 3B the rCBF was clearly increased in NSP task
for CT and PD-ON and -OFF stimulation but reached the
significance level only in CT and PD-ON groups. The right
middle prefrontal gyrus including area 6 and 8 was signif-
icantly activated in PD-ON and -OFF groups.

WM activation: CT versus PD groups interactions

When comparing by t test the rCBF changes between
CT and PD groups (Tables III and IV), significant interac-
tions indicated a pattern of deactivated and activated
regions in PD groups:

Figure 3.

Transverse MNI templates showing significant rCBF changes in

prefrontal ROIs during the WM tasks in CT, PD-ON and -OFF

groups. The mean values (estimated contrasts) of the regression

effects in ROIs are plotted for each task. Bars: standard devia-

tions. (A) Spatial (SP) task: note that the dorsolateral prefrontal

cortex is significantly activated during SP task when contrasted

to CAL, only in CT group. (B) Nonspatial (NSP) task: the ven-

trolateral prefrontal cortex is significantly activated during NSP

task when contrasted to CAL, in CT group and in PD-ON

group. Talairach coordinates are indicated for each transverse

section. * P uncorr < 0.001.
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Between-subjects interactions: PD-OFF stimulation
(CT > OFF and OFF > CT)

• SP-CAL contrast: A significant deactivation1 (CT > OFF)
was found as a large cluster in the right visual cortex
including the fusiform and the occipital gyri, the left
cerebellum and the left orbitoprefrontal cortex (BA 11-
47) (Fig. 4). In contrast, the right posterior cortex form-
ing a set of clusters in the occipital, parietal and tem-
poral cortices (BA 20, 39 and 40) was significantly
overactivated in PD-OFF when compared with CT
group (OFF > CT).

• NSP-CAL contrast: Large clusters of deactivation (CT >
OFF) were found in the left posterior visual areas
including the fusiform gyrus (BAs 19, 37) and precu-
neus (BA 18) and a small cluster in the right cerebel-
lum (Fig. 5A). In contrast, two distinct small areas in

the right medial prefrontal cortex (BAs 6 and 9) were
significantly activated (OFF > CT) (Table IV; Fig. 5B).

Between-subjects interactions: PD-ON stimulation
(CT > ON and ON > CT)

• SP-CAL contrast: We found a significant overactivation
in the right anterior cingulate cortex (BA 24) and in
the left premotor (BA 6) (Table III). In contrast, a sig-
nificantly deactivated posterior visual associative net-
work extended in the right precuneus, the fusiform
cortices on the left and the angular cortex (BA 39) on
the right (Fig. 6).

• NSP-CAL contrast: The activation (ON > CT) was very
sparse forming a small cluster in the left paracentral
gyrus (BA 6). Interestingly, as illustrated in Figure 5A,
the deactivation (CT > ON) involved the same regions
as for the PD-OFF (i.e. the fusiform and precuneus
cortex).

Figure 4.

MNI templates showing patterns of significant rCBF changes (P

uncorr < 0.001) in PD-OFF group during SP when compared

with CAL task (SP > CAL). OFF deactivation (CT > OFF: blue

clusters)- OFF overactivation (OFF > CT: yellow clusters, OFF

> ON: green clusters). (A) Sagittal sections showing a overacti-

vation in right parietal (Pg) and middle occipital (mOg) gyri as

well as a hypoactivation in right fusiform (Fg) and occipital (Og)

gyri extending in the cerebellum (Cb). (B) Transverse sections

showing a overactivation in the right inferior temporal gyrus (iTg)

and a hypoactivation in the ventral part of the right fusiform gyrus

(Fg) and in the left cerebellum (Cb) as well as in the left inferior

prefrontal gyrus (iPFg). Talairach coordinates are indicated.

1We adopt the convention that CT > PD reveals deactivation in PD,
and PD>CT reveals overactivation.
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Within-subjects interactions: ON > OFF and OFF > ON.

• SP-CAL contrast: A significant overactivation with STN
stimulation (ON > OFF) was found in the right anterior
cingulate (BA 24), the left orbitoprefrontal cortex (BA 11-
47) and the insula (BA 13) (Table III; Figs. 4 and 6). Simi-
larly to CT > OFF contrast, the posterior visual associative
network was significantly deactivated with STN stimula-
tion (OFF > ON), especially in the right inferior parietal
and angular cortex (BA 40, 39) and in the left precuneus.

• NSP-CAL contrast: The activation with STN stimulation
(ON > OFF) was limited to small clusters in the right
middle and superior temporal cortices (Table IV). As
illustrated in Figure 5A (OFF > ON), deactivated
regions formed a ventral network distributed between
the inferior prefrontal (BA 47) and uncus cortices on
the right and the middle temporal cortex on the left.

CAL activation

To investigate the CAL contribution in WM-related cere-
bral activation in PD, we compared the BOLD changes

during CAL tasks between CT and PD groups, ON and
OFF stimulation. Only two cortical areas were found hypo-
activated in PD during both CAL and WM tasks: (1) a
small focus (Ke ¼ 79; t ¼ 3.7; TAL �34 38 �18) in the left
middle frontal orbital cortex, involving BA 11 in PD-OFF
(CT > OFF) during CAL and SP (SP-CAL) and (2) a large
cluster (Ke ¼ 249; t ¼ 4.1; TAL �50 �59 �8) extending
into the middle occipital and fusiform gyrus, including BA
19, 37 hypoactivated in PD-OFF (CT > OFF) during both
CAL and NSP (NSP-CAL) tasks. All the other significant
BOLD fluctuations observed during CAL task exhibited no
overlap with those observed during WM in PD.

DISCUSSION

The neurological correlates of WM deficits found in PD
are assessed by the activity changes in the neural memory
circuits as revealed by comparing cerebral activation during
visual SP and NSP WM versus associative memory (CAL).
When compared with healthy subjects in the current and
previous study [Ventre-Dominey et al., 2005], rCBF

Figure 5.

MNI templates showing patterns of significant rCBF changes (P

uncorr < 0.001) in PD-ON and -OFF during NSP when com-

pared with CAL task (NSP > CAL). (A) ON deactivation (OFF

> ON: violet clusters, CT > ON: light blue clusters)- OFF

deactivation (CT > OFF: dark blue clusters). Right and left sagit-

tal sections showing the deactivation pattern on the right, in the

inferior prefrontal cortex (iPFg) in PD-ON and on the left in a

posterior cortical region including fusiform (Fg) and cuneus (Cu)

cortex in common to PD-ON and -OFF. (B) OFF overactivation

(OFF > CT: red cluster). Sagittal sections showing the overacti-

vation in the right medial prefrontal cortex (dPFg), including BAs

6. Talairach coordinates are indicated.
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fluctuations in PD-ON and -OFF stimulation were observed
in two cortical networks; a posterior network including the
visual associative cortical areas, and an anterior network
including different regions of the prefrontal cortex. Although
the posterior cortical areas excluding the parieto-temporal
cortex were commonly deactivated in both WM tasks, the
prefrontal cortical activation depended on the visual WM
modality and on the STN stimulation status in patients with
PD. Interestingly, certain sites within the cortical circuits
impaired in PD-OFF stimulation were found to return to
normal activity with STN stimulation in a similar manner to
the effect of dopaminergic therapy [Cools et al., 2002].

Behavioural Perturbations in WM in PD-ON

and -OFF STN DBS

Behavioural data revealed significant deficits in RT in all
memory tasks in patients with PD-OFF stimulation when

compared with controls. STN stimulation yielded improve-
ments in all the tasks, though there were no significant dif-
ferences between ON and OFF STN stimulation status.
These findings are in concordance with our recent observa-
tions showing marginal effects of STN stimulation on mem-
ory performance in patients with PD tested with a similar
paradigm [Mollion et al., 2011]. In contrast, a significant dis-
sociation between SP versus NSP WM has been demon-
strated with dopa therapy, as the SP memory remained
more perturbed in PD-ON dopamine treatment [Mollion
et al., 2003]. A comparable dissociation in WM disorders
with more SP than NSP WM impairments has been previ-
ously reported in PD with dopaminergic medication [Fern-
Pollak et al., 2004; Owen et al., 1993, 1996, 1997; Possin
et al., 2008; Postle et al., 1997; Taylor et al., 1986].

Although some behavioral and neuroimaging studies
provide evidence for a link between changes in dopamine-
related prefrontal activity and WM deficits in PD [Cools

TABLE III. Brain regions showing significant rCBF changes when comparing the CT,

PD-OFF and -ON groups during SP tasks (SP > CAL contrast)

SP > CAL

Regions (Brodmann’s area)

Coordinates (TAL)

t-Values Cluster sizeX Y Z

PD-OFF vs. CT

PD-OFF activation (OFF > CT)

Right inferior and superior parietal gyri BA 40-7 73 �38 24 5.25 36
24 �36 53 4.12 56

Right inferior temporal gyrus BA 20 44 �23 �29 4.43 55
Right middle occipital gyrus BA 19-39 40 �73 7 4.03 28
PD-OFF deactivation (CT > OFF)

Right fusiform gyrus BA 19-37 32 �78 �13 4.68 110
Right middle occipital gyrus BA 19 30 �97 5 4.66 98
Right superior occipital gyrus BA 19 36 �82 32 4.40 25
Left middle prefrontal gyrus BA 47-11 �46 42 �14 4.40 65
Left cerebellum �26 �54 �26 4.22 33
PD-ON vs. CT

PD-ON activation (ON > CT)

Right anterior cingulate gyrus BA 24 10 13 27 4.40 61
Right middle temporal gyrus BA 21 55 �6 �8 4.12 21
Left precentral gyrus BA 6 �44 �5 11 3.92 23
PD-ON deactivation (CT > ON)

Right middle occipital and angular gyri BA 39 40 �78 30 5.11 233
34 �83 17 4.49

Right precuneus BA 7 8 �73 61 4.49 20
Left fusiform gyrus BA 37 �24 �43 �10 4.38 46
PD-ON vs. PD-OFF

PD-ON activation (ON > OFF)

Right anterior cingulate gyrus BA 24 10 15 23 4.33 31
Left insula BA 13 �42 �9 13 4.07 31
Left inferior prefrontal gyrus BA 11-47 �40 42 �15 3.98 32
PD-ON deactivation (OFF > ON)

Right inferior parietal gyrus BA 40 26 �38 53 4.14 34
Right superior parietal gyrus BA 7
Right angular gyrus BA 39 51 �65 18 3.73 34
Left precuneus BA 18 �22 �63 23 4.10 24
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et al., 2002; Kalbe et al., 2009; Mattay et al., 2002; Owen
et al., 1998], this original study demonstrates for the first
time (1) a dorsal/ventral pattern of the prefrontal rCBF
response occurring during SP/NSP visual WM, respec-
tively in PD when compared with control activation and
(2) the effects of DBS on this prefrontal activation. Indeed,
we found significant impairments in WM performance in
PD-OFF stimulation corresponding to significantly reduced
dorsal and ventral prefrontal activity for SP and NSP WM,
respectively. However, in PD-ON, although significant
improvement in behavioral measures did not occur (no
difference between ON and OFF) prefrontal activity was
normalized by STN stimulation only for NSP WM suggest-
ing that beneficial effects of STN DBS on neural activity
are modality specific. In accordance with previous obser-
vations, our findings demonstrate that at least for visual
WM, STN stimulation outcome on neural activity is not
homogeneous.

Cerebellocortical Deactivation Independent

of WM Modality in PD

When comparing the activation between PD and CT, we
found a deactivation in certain cortical (visual associative
areas) and subcortical (cerebellum) regions independently
of the visual WM modalities. These changes in neuronal
functioning that are nonspecific and independent of the
encoded visual modality might reflect the effect of the
neuropathological process of the disease.

Visual occipital and fusiform cortex: A significant reduction
of the activity of visual associative areas was observed in
the fusiform, occipital and cuneus gyri on the right and on
the left hemisphere during all memory tasks, including the
associative memory task. Even with STN stimulation, the
posterior cortical activity, mainly in the fusiform cortex
remained diminished with no significant therapy effect.
Thus, we postulate that the visual associative cortical

Figure 6.

MNI templates showing patterns of significant rCBF changes (P

uncorr < 0.001) in PD-ON group during SP when compared

with CAL task (SP > CAL). ON deactivation (OFF > ON: dark

blue clusters, CT > ON: light blue clusters)- ON overactivation

(ON > CT: yellow clusters, ON > OFF: red clusters). (A)

Transverse sections showing a overactivation in the left inferior

prefrontal gyrus (iPFg), in the left insula at the junction with the

precentral cortex (PCeg), in the right middle temporal gyrus

(mTg) and a hypoactivation in the left fusiform gyrus (Fg) and in

the right angular gyrus (Ag). (B) Sagittal sections showing a over-

activation in the right cingulate gyrus (aCg) and a large hypoactiva-

tion in the middle occipital gyrus (mOg) extending in the angular

gyrus (Ag). Talairach coordinates are indicated.
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dysfunction is likely due to the PD degenerative process.
Similarly, Geday et al. [2006] suggest the activity decline
observed in the fusiform gyrus during emotional process-
ing might be linked to the PD pathological processes. This
assumption is enhanced by anatomical evidence that this
cortical region, as well as essentially all neocortex exclud-
ing primary auditory and visual cortices, is well connected
to the basal ganglia [Middleton and Strick, 1996]. Further-
more, we know that these regions are involved in visual
cognitive processes including visual encoding, recognition
and attention [see for review Cabeza and Nyberg, 1997,
2000]. Thus these posterior visual areas affected in our
patients with PD are likely implicated in the encoding of
visual features to be stored in WM. As discussed below,
such a visual cortical dysfunction might be compensated
by the recruitment of adjacent parieto-temporal cortical
sites that were activated in our study.

Cerebellum: The right and left cerebellum activity
recruited, respectively, by SP and NSP WM was signifi-
cantly reduced in the PD-OFF group. This cerebellar activ-
ity decline likely resulting from the pathological effect of
PD, has been previously described either at the resting
level in patients with PD [Geday et al., 2009; Skidmore
et al., 2011] or during cognitive tasks [Huang et al., 2007;
Lejeune et al., 2008], including WM and time-keeping
tasks [Harrington et al., 2011]. Interestingly, using event-

related functional magnetic resonance imaging, Chen and
Desmond [2005] investigated the role of the cerebellum in
verbal WM and demonstrated that the inferior cerebello-
parietal network is involved in the maintenance phase of
WM. Thus, it is possible that in patients with PD-OFF
stimulation a dysfunction of this pathway contributes to
the WM deficits observed in the current study.

Compensatory or Aberrant Parieto-Temporal

Activation for Visual WM in PD

In PD-OFF stimulation, we observed that separate poste-
rior and anterior cortical networks were overactivated
when compared with control, respectively, in SP and NSP
WM tasks. In SP tasks, the rCBF in the right parieto-tem-
poral and angular cortex was significantly increased in
PD-OFF when compared with control and even to the ON
stimulation condition. In NSP memory, neuronal activation
in medial prefrontal gyrus (BA 6) including SMA was
enhanced in PD-OFF and -ON stimulation when compared
with control. Such a cortical hyperactivation can be inter-
preted in two opposite ways. First, it might result from a
tentative compensation for the deactivation observed in
visual associative and prefrontal cortex especially in PD-
OFF stimulation. A second alternative explanation of this
cortical hyperactivation can be related to aberrant neuronal

TABLE IV. Brain regions showing significant rCBF changes when comparing the CT,

PD-OFF and -ON groups during NSP task (NSP > CAL contrast)

NSP > CAL

Regions (Brodmann’s area)

Coordinates (TAL)

t-Values Cluster sizeX Y Z

PD-OFF vs. CT

PD-OFF activation (OFF > CT)

Right dorsal prefrontal gyrus BA 6 22 �3 50 4.06 33
Right dorsal prefrontal gyrus BA 9 10 39 33 4.06 24
PD-OFF deactivation (CT > OFF)

Left fusiform gyrus BA 19-37 �46 �69 �10 4.66 158
Left cuneus BA 18 �8 �85 15 4.29 97

Right cerebellum 2 �41 �35 4.56 40
PD-ON vs. CT

PD-ON activation (ON > CT)

Left paracentral gyrus BA 6 0 �15 45 4.64 26
PD-ON deactivation (CT > ON)

Left fusiform gyrus BA 37 �40 �69 �14 4.44 73
Left cuneus BA 18 �16 �79 20 4.14 26
PD-ON vs. PD-OFF

PD-ON activation (ON > OFF)

Right middle temporal gyrus BA 39 63 �62 12 4.16 28
Right superior temporal gyrus BA 42 71 �21 10 3.97 22

PD-ON deactivation (OFF > ON)

Left middle temporal gyrus BA 21 �51 2 �25 4.69 41

Right uncus BA 36 16 �2 �35 4.27 56
Right inferior prefrontal gyrus BA 47 20 10 �22 3.97 25
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activity consecutive to the PD pathological processes.
Indeed, Yu et al. [2007] have demonstrated that BOLD
hyperactivation particularly in motor cortex can have a
deleterious impact on motor function. These authors
described that two opposite neurophysiological processes
can explain neuronal hyperactivation observed in patients
with PD: although cerebellar hyperactivation occurs as a
compensatory mechanism for the basal ganglia disruption,
the primary motor cortex hyperactivation is directly
related to the negative upper limb rigidity. In our study,
the multimodal posterior cortical regions that are hyperac-
tivated in PD-OFF stimulation participate in a number of
cognitive processes of visuospatial function, including SP
representation, visual attention and WM as well as visuo-
motor imagery [Cabeza and Nyberg, 2000 for review;
Margulies et al., 2009]. Furthermore, these parieto-tempo-
ral regions coupled to premotor frontal cortex are part of a
large WM network (cerebellum, parieto-temporal cortex,
SMA and middle prefrontal cortex) whose temporal
dynamics are perturbed in PD [Harrington et al., 2011].
Indeed, by investigating in PD the neuronal activation
during temporal processes of a perceptual task, Harrington
et al. [2011] demonstrated abnormal activation in the WM
network during the memory information encoding phase.
Thus the enhanced neuronal activation in the key nodes of
the WM network, including parietal cortical and SMA, is
suggestive of either aberrant or compensatory mechanisms
in response to disease-related disruption in WM function.

Dissociated Prefrontal Activation Related to

Visual WM Modality

In agreement with previous neuroimaging studies in
control subjects [Courtney et al., 1996; Haxby et al., 1991;
Sala et al., 2003; Ventre-Dominey et al., 2005], we identi-
fied dissociated prefrontal networks for SP and NSP WM,
with the right dorsal middle prefrontal cortex (BA 9) acti-
vated only during SP WM and the inferior prefrontal cor-
tex (BAs 45-46) activated only during NSP WM.

In contrast to this normal condition, the dorsolateral
prefrontal cortical activity detected during SP memory pro-
cess was absent in patients with PD, independent of the
STN stimulation status. Similarly, Campbell et al. [2008]
described a similar decrease in dorsolateral prefrontal activ-
ity despite visuospatial memory amelioration in PD. Inter-
estingly, we found that the inferior prefrontal cortex
activity (BAs 47 and 11) was decreased when the patients
with PD were not stimulated, and restored when stimula-
tion was turned on. Similarly, the STN stimulation yielded
a hyperactivation of the anterior cingulate cortex only dur-
ing SP WM. As previously discussed, neuronal hyperactiva-
tion should be interpreted with caution as it can contribute
to opposite functional outcomes, beneficial or deleterious.
However, as the cingulate hyperactivation was associated
with STN DBS and some behavioural enhancement, we
suggest a positive rather than a deleterious mechanism
underlying this additional cingulate cortex recruitment.

This therapeutical benefit of STN stimulation on limbic
pathway activity might explain some of the performance
improvements observed during the SP WM task. Indeed,
the inferior prefrontal cortex including BA 47 has been
involved in diverse cognitive processes, including the in-
hibitory response in task switching and manipulation of
attentional and memory informations [Aron et al., 2004;
Aron and Poldrack, 2006; Barbey et al., 2011; Cabeza and
Nyberg, 2000; Jolles et al., 2011]. In the same vein, the an-
terior cingulate cortex participates in initiating correct
responses and in suppressing inappropriate ones [George
et al., 1994; Paus et al., 1993]. These findings suggest that
the anterior cingulate cortex might act in controlling the
operations taking place in the prefrontal cortex.

Therefore, we postulate that during SP WM the STN
stimulation therapy might induce a recruitment of addi-
tional limbic structures including the ventral prefrontal
cortex (BA 47) and the anterior cingulate (BA 24), to coun-
teract for the pathological disruption of the dorsolateral
prefrontal cortex. Conversely, during the NSP memory
processing, the prefrontal cortical activation observed in
control was maintained in PD as a significant activity was
found, particularly ON stimulation, in the ventral prefron-
tal cortex including BA 45-46 in PD.

One potential cause for this dissociated ventral versus
dorsal restoration of activity in STN DBS could be related to
the topographical organization of the STN, and placement of
the stimulating electrodes [Mollion et al., 2011; Thobois
et al., 2007]. STN is topographically organized with distinct
territories linked to distinct territories of the striatum, in the
CSTC system [Alexander et al., 1986]. The therapeutically
oriented site of implantation may have a topographic local-
ization that favors the ventral versus dorsal prefrontal cor-
tex, though this is beyond the scope of the current research.

In conclusion, this study demonstrates how inquiry into
the neuropathology of the corticostriatal system can contrib-
ute to our understanding of intact function. We have seen
that in the pathological OFF stimulation condition, patients
with PD are impaired in SP and NSP WM tasks, and that
this deficit is partially restored with STN stimulation. Inter-
estingly, this performance improvement was accompanied
(1) by restored activation in the ventral prefrontal cortex,
previously demonstrated to be recruited in the NSP task
[Ventre-Dominey et al., 2005] and (2) by additional recruit-
ment of limbic cortical pathways during SP tasks. We thus
see how restoration of function in the corticostriatal circuit
is expressed in frontal ‘‘cognitive’’ circuits, illustrating how
the canonical corticostriatal circuit [Alexander et al., 1986] is
applicable to higher cognitive function including WM.
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