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Abstract: To test the hypothesis that deep brain stimulation of the subthalamic nucleus (STN) restores
the inhibitory output to the striatothalamocortical loop in Parkinson’s disease, we obtained functional
brain images of blood flow in 10 STN-stimulated patients with Parkinson’s disease. Patients were
immobile and off antiparkinsonian medication for 12 h. They were scanned with and without bilateral
STN-stimulation with a 4-h interval between the two conditions. The order of DBS stimulation (ON or
OFF) was randomized. Stimulation significantly raised regional cerebral blood flow (rCBF) bilaterally
in the STN and in the left nucleus lentiformis. Conversely, flow declined in the left supplementary
motor area (BA 6), ventrolateral nucleus of the left thalamus, and right cerebellum. Activation of the
basal ganglia and deactivation of supplementary motor area and thalamus were both correlated with
the improvement of motor function. The result is consistent with the explanation that stimulation in
resting patients raises output from the STN with activation of the inhibitory basal ganglia output nuclei
and subsequent deactivation of the thalamic anteroventral and ventrolateral nuclei and the supplemen-
tary motor area. Hum Brain Mapp 30:112–121, 2009. VVC 2007 Wiley-Liss, Inc.

Key words: Parkinson; STN-stimulation; PET; flow; VL; thalamus; deactivation; basalgangglia loop;
clinical outcome

INTRODUCTION

Deep brain stimulation of the subthalamic nucleus
(STN) is well-established in patients with Parkinson’s dis-
ease with medically intractable motor complications
[Deep-Brain Stimulation Group, 2001, Ostergaard et al.,
2002, 2005; Limousin et al., 1998] but no dementia or psy-
chiatric complaints [Welter et al., 2002]. Yet, the exact
mechanism underlying the effect remains unclear. The
original explanation claimed that stimulation inhibits net
output from the STN. A more recent view holds that the
effect is the opposite, i.e., that the mechanism is facilitation
of the output from this nucleus [Dostrovsky and Lozano,
2002; Haslinger et al., 2005; Vitek, 2002], which abolishes
the abnormally elevated activity in the motor cortex of
patients at rest by inhibiting the thalamocortical input
[Payoux et al., 2004].
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The effect on the symptoms of Parkinson’s disease is re-
versible. Thus, when the stimulator is inactive, tremor
returns within minutes, and bradykinesia and rigidity
return within hours, with steady worsening of axial signs.
When the stimulator is active, motor Unified Parkinson’s
Disease Rating Scale (UPDRS) scores improve in the same
order [Temperli et al., 2003]. However, with some excep-
tions [e.g., Asamura et al., 2006; Hilker et al., 2004; Trost
et al., 2006], the majority of previous studies of STN stimu-
lation did not include a sufficient interval of at least 4 h
between the on and off states of STN stimulation.
In patients at rest, the thalamus is hyperactive [Jellinger,

2002], implying that glutamatergic neurons of the VA–VL
complex of the thalamus fire repeatedly. In the present
study, we test the claim that normalization of the firing
rate by increased pallidal output therefore may reduce ac-
tivity (and hence blood flow) in the thalamus, regardless
of the state of local activation of GABAergic terminals.
With labeled water (H2

15O) as the flow tracer, we used
positron emission tomography to test the specific predic-
tion that bilateral subthalamic stimulation in patients with
Parkinson’s disease inhibits the thalamocortical innerva-
tion, reflected in decrease of regional blood flow (rCBF) in
the anteroventral and ventrolateral nuclei of the thalamus
(VA–VL) and supplementary motor area (SMA). Finally
we investigated the clinical significance of STN stimulation
induced rCBF changes by correlating the effect of the stim-
ulation on cerebral flow with the clinical outcome. To
ensure the clinical stability of the patients, an interval of 4
h between the scans with STN stimulation on and off was
sustained.

METHODS

Subjects

Ten bilaterally STN-implanted patients with Parkinson’s
disease (eight men and two women, mean age 61.1 6 9.1
years) off antiparkinson medication for 12 h, participated
in the study. The study was approved by the local ethics
committee, and all subjects gave written informed consent.

Prior to the STN operation, all patients were neuropsycho-
logically evaluated to rule out dementia and executive dys-
function (using WAIS 2 and WMS 2), personality disorders
(tested with Millon Clinical Multiaxial Inventory), and
depression (measured by Becks Depression Index), and af-
ter surgery were they followed clinically by a movement
disorder specialist, who saw them at least every third
month. None of the patients included in this study suf-
fered from dementia, depression, or any significant disease
other than Parkinson’s disease before the operation or
developed any of these during follow up.
The PET results of one subject (No. 9, female, 64 years)

were excluded from the group analysis because of tomo-
graph failure during the STN-stimulator-off condition. The
subjects were off medication 12 h prior to the first PET ses-
sion. All patients were scored with the UPDRS, part III,
with stimulation on as well as off immediately before PET.
The clinical data of each subject is listed in Table I, and

settings for the STN stimulation are listed in Table A
(online material). The STN is divided into a large dorsolat-
eral sensorimotor territory and a smaller ventromedial
associative territory of which the most medial part of the
nucleus represents a limbic area [Parent and Hazrati,
1995]. It has been demonstrated that stimulation of the lim-
bic part of the STN can lead to behavioral changes [Krack
et al., 2001]. Thus it is possible that differences in electrode
placement may in part explain some of the inconsistencies
in the literature of STN stimulation. For this reason for all
10 patients stimulation electrodes were verified to be cor-
rectly positioned in the dorsal part of the STN as indicated
in Figure B (online material)

PET Data Acquisition and Analysis

An index of regional cerebral blood flow (rCBF) was
recorded with an ECAT Exact HR47 PET camera (Sie-
mens/CTI, Knoxville, TN) in 3D mode, following fast
bolus injections of 500 MBq H2

15O into the left antecubital
vein. A single 60-s frame of activity was acquired begin-
ning at 60,000 true counts/s. Successive injections were
separated by intervals of at least 12 min. Subjects were

TABLE I. Clinical data

Subject
no. Gender

Age
(years)

Duration of
disease (years)

Duration of
STN-stimulation

(months)
Antiparkinson
medication

Most affected
side off

stimulation

1 Male 40 9 5 Pramipexole, levodopa L
2 Male 68 13 3 Pramipexole, levodopa R
3 Male 58 9 3 Pramipexole, levodopa L
4 Male 55 17 23 Pergolide, levodopa L
5 Male 65 14 25 Ropinerole, levodopa R
6 Male 72 14 17 Levodopa R
7 Female 66 11 14 Levodopa R
8 Male 53 13 9 Pramipexole, levodopa, entacapone L
9a Female 64 11 19 Pramipexole, levodopa L
10 Male 62 19 9 Pergolide, levodopa R

aNo. 9 was excluded because of scanner failure.
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imaged in two sessions of six injections each: six injections
with the stimulator off and six with the stimulator on. The
order of the two sessions was randomized separated by a
4 h intermission [Temperli et al., 2003], with the subject
out of the tomograph. Patients received no antiparkinson
medication between the two sessions. For those random-
ized to begin with STN stimulation off, the stimulator was
off for 4 h prior to the tomography. The subjects were
instructed to relax and remain still during the tomography
while watching a 21-inch color monitor placed 70 cm from
their eyes. The monitor displayed unpleasant, pleasant, or
neutral picture series from the Empathy Picture System
[Geday et al. 2003] (www.geday.net/eps) in a randomized
but balanced order with the same number of pleasant/
unpleasant/neutral picture series during the stimulator off
as on the subjects were asked to look carefully at the
images, but were not otherwise instructed. A movement
disorder specialist watched patients closely for visible
tremor or other movements.
A transmission image was obtained at the onset of each

session. PET images were reconstructed after attenuation
and scatter correction [Watson et al., 1996]. The 47 3.1-mm
sections were filtered to 16-mm FWHM and 12-mm
FWHM isotropic (Hanning filter cut-off frequency 5 0.15
cycles/s). PET images were realigned using Automatic
Image Registration software to correct for head movements
between scans [Woods et al., 1992]. For anatomical local-
ization of activation sites, T1-weighted magnetic resonance
imaging (MRI) was performed on a GE Sigma 1-T scanner
providing 1.5-mm sections. The first PET image was core-
gistered to the MRI of each subject. PET and MRI data
were mapped into standardized stereotaxic space
[Talairach and Tournoux, 1998], using a nine-parameter
affine transformation from the minc program package of
the MNI. All PET images were coregistered to the first
PET image and with the MRI-to-Talairach, and PET-to-
MRI transformations, mapped into standardized stereo-
taxic space. All PET images were normalized by masking
to an average activity in gray matter of 100. Before inclu-
sion in the final analysis all coregistration where validated
by visual inspection
The t-statistical maps were calculated voxel-by-voxel of

PET volumes using local voxel SD. The rCBF indices
recorded with STN-stimulation on were regressed against
rCBF indices recordede with STN-stimulation of using
Glim Image from Dot. Corrected P values for local maxima
were calculated according to the method described by
Worsley et al. [1996] for image volumes with nonuniform
SD, with correction for multiple comparisons. Thus the t-
threshold for the P-values differs according to degrees of
freedom, filter size (FWHM), and search volume.

Global Analysis of All Gray Matter

We first performed a global search for sites of significant
change in all gray matter (600 cm3) comparing images
with stimulation on with those off, with regressor value 1

for stimulation on and 21 for stimulation off. A second
global search analysis used the improvement in UPDRS III
of each individual patient as regressor values for stimula-
tion on and with the value zero for stimulation off, at the
coordinates identified by the first analysis. We report only
areas significantly deactivated or activated in both global
analyses.

Restricted Analysis of the Basal Ganglia

A third analysis searched a restricted volume consisting
of the basal ganglia bilaterally (45 cm3).

Validation

Fourth, to validate the results, we searched spheres with
a 10-mm radius centered on coordinates of significant acti-
vation or deactivation identified by the global and re-
stricted search analyses with a search volume of 41 cm3,
comparing the ON and OFF condition of the neutral image
viewing. To further rule out bias from the emotional stim-
uli, for each validated cluster identified by the global and
restricted analyses we tested for an interaction between
emotion and STN-stimulation, contrasting (emotional vs.
neutral) ON vs. (emotional vs. neutral) OFF.

Connectivity Analysis

We used the activities in a 3-mm-radius spheres cen-
tered on the validated clusters in the striatothalamocortical
loop and cerebellum identified by the analyses above (i.e.,
clusters in STN, lentiform nucleus, thalamus, SMA, and
cerebellum) as regressors in further restricted analysis as
follows. We interpreted covariance was as an indication of
connectivity, in which activities in areas connected by exci-
tatory synapses covaried positively, while activities in
areas connected by inhibitory synapses covaried nega-
tively.

RESULTS

Stimulation Efficacy

All subjects were off medication for 12 h prior to the
study and were scored with UPDRS motor part III with
bilateral STN stimulation on and then off for 4 h to evalu-
ate the efficacy of stimulation. The average motor improve-
ment of 25.2 points (70%) on the UPDRS part III, presented
in Table II, is consistent with previous studies [e.g., Limou-
sin et al., 1998; Ostergaard et al., 2002].

Effect of Bilateral STN Stimulation

Global search of all grey matter revealed that STN-stim-
ulation significantly increased rCBF in the right STN, the
left striatum (the activation cluster including the nucleus
lentiformis and the medial part of the caudate nucleus,
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with maximum at the putamen), the left dorsolateral pre-
frontal cortex (DLPC) (superior frontal gyrus), and tempo-
ral cortices, while it decreased rCBF in the left motor cor-
tex, left SMA, left thalamus at coordinates of the VL nu-
cleus, and the cerebellum. Restricted search of the basal
ganglia revealed significant activation of the left STN. In
the validation procedure, the restricted search of all 13
spheres centred on coordinates identified by neutral stim-
uli only (search volume 41 cm3, df: 25, t > 4.17 for P <
0.05) confirmed the results of the global search bilaterally

in STN, in left putamen, left VA–VL, left SMA, and in
right cerebellum, presented in Table III, but did not repli-
cate the changes in prefrontal and temporal cortices.
Activation of left putamen and bilateral subthalamic

nuclei (Figs. 1 and 2), and deactivation of SMA and thala-
mus (Figs. 3 and 4) closely correlated with the benefit of
the stimulation (UPDRS III stim. on – UPDRS III stim. off).
Correlation analysis of connectivity in the striatothala-

mocortical circuit identified significant covariation among
STN, putamen, VL, and SMA, as predicted by the model
by Alexander et al. [1986], in which a rise of rCBF is
coupled to a rise of rCBF in nucleus lentiformis, decline of
CBF in VL, and decline of rCBF in SMA. Activity changes
in right and left STN were also correlated, although the
stimulation itself probably was the cause of this associa-
tion, rather than the presence of connections between the
nuclei. Activity changes in cerebellum and SMA were
linked but no correlation existed between activity changes
in VL and cerebellum (Fig. 5).

DISCUSSION

The general results of the present analysis are consistent
with STN-DBS induced activation of a striatothalamocorti-
cal loop in the model proposed by Alexander et al. [1986].
Although this description of basal ganglia function has
been refined greatly by inclusion of several reciprocal con-
nections within the loop as well as connections to and

TABLE II. STN efficacy measured as difference in motor

scores on the Unified Parkinson’s Disease Rating Scale

(UPDRS III) for each of the 10 subjects

Subject
no.

UPDRS
III ‘‘OFF’’

UPDRS
III ‘‘ON’’

Effect
(ON – OFF)

1 18 4 14
2 40 22 18
3 18 7 11
4 65 12 53
5 48 8 40
6 48 10 38
7 14 4 10
8 37 20 17
9* 43 11 32
10 31 12 19
Mean 36.2 6 16.2 11 6 6 25.2 6 14.6

(70% improvement)

TABLE III. Activations and deactivations during bilateral STN stimulation, FWHM 16 mm

All scans

Neutral only

Anatomical area BA

Talairach coordinates

t P cor.x y z t P cor.

Activations
R. subthalamic nucleus – 13 211 28 7.99 <0.00001 4.49 <0.05
L. subthalamic nucleusa – 213 211 28 5.17 0.01 4.24 <0.05
R. precuneus 7 16 273 51 5.76 <0.001 2.69 n.s.
L. occipitotemporal gyrus 19 219 266 0 4.88 <0.01 2.10 n.s.
L. middle temporal gyrus, insula 21 251 213 211 5.62 <0.01 2.74 n.s.
L. lentiformis (putamen) – 221 2 6 9.96 <0.00001 5.22 <0.01
L. superior frontal gyrus 8 217 20 44 6.58 <0.0001 3.08 n.s.

Deactivations
L. medial frontal gyrus (SMA) 6 27 214 51 27.93 <0.00001 24.60 <0.02
L. thalamusb – 220 224 2 25.46 <0.01 24.32 <0.05
L. parahippocampal gyrus 36 219 238 217 25.86 <0.00001 22.71 n.s.
L. precentral gyrus (motor cortex) 4 239 221 63 27.93 <0.00001 24.41 <0.05
L. cingulate gyrus 31 217 223 36 25.86 <0.01 24.02 n.s.
R. cerebellum – 3 259 22 26.82 <0.0001 25.09 <0.01

Only areas significantly activated or deactivated in both global regression analyses (simple regression using regressor values 1 for ON
and 21 for OFF, and complex regression using for each subject their own motor improvement on UPDSR III scores as regressors for ON
and zero for OFF) are reported.
All t-values and P values corrected for multiple comparisons in this table are from global regression (search volume 600 cm3) analysis
using the UPRDS improvement as regressors.
a Left STN was significantly activated by stimulation in the simple regression analysis, only in the restricted search in the basal ganglia
only, search volume 45 cm3, but significantly so in global search using the UPDRS III scores. Areas where activation or deactivations
were validated in the analysis performed on PET scans during neutral stimuli only are in bold.
b FWHM 12 mm.
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from the substantia nigra and the cerebellum [see Baer
et al., 2002; Houk and Wise, 1995; Nambu, 2004], the gen-
eral principles of the model still apply. Increased firing of
excitatory neurons in the STN activates the subthalamopal-
lido-striatal feedback mechanism. This feedback in turn
elevates the firing of the inhibitory GABAergic putaminal
and pallidal neurons innervating the VA–VL complex in
the thalamus and thus lowers the activity of the excitatory
thalamocortical projection. In the present study STN stimu-
lation raised blood flow significantly in STN bilaterally
and in the left nucleus lentiformis and lowered blood flow
in the VL nucleus of the left thalamus and in left SMA.
There are several possible explanations for the increase

in STN blood flow: it may be a consequence of interneuro-
nal activity, of change of the input to the STN, or both.
STN stimulation may also affect fibers passing around the
STN and thus influence blood flow, or the stimulation may
produce transmitter fatigue or cause retrograde transmis-
sion, both with unclear effects on blood flow. Hershey
et al. [2003] reviewed the topic, and we concur with the
conclusion that the most parsimonious explanation is that
STN-stimulation per se raises activity in the STN. How-
ever, all subjects in the present study were STN-stimulated
at frequencies above 100 Hz (online Table A) at which fre-
quencies synaptic transmission fails [Urbano et al., 2002].
Also in the present study bilateral STN stimulation low-

ered rCBF in the left SMA. In patients with Parkinson’s
disease, STN stimulation augments the rCBF increase in

SMA during motor tasks, but the main effect is a decrease
of rCBF at rest rather than a rise during activation [Lim-
ousin et al., 1998; Hershey et al., 2003]. Thus Payoux et al.
[2004] agreed with Ceballos-Baumann et al. [1999] that the
effect of stimulation is reduction of an abnormally high rest-
ing activity in motor cortex and selective activation during
motion. We suggest that a similar mechanism can explain
how studies of a resting baseline subtracted from the active
condition [e.g., Pinto et al., 2004] yield higher activity of the
SMA when STN stimulation is on compared to off.
Two issues complicate the interpretation of the evidence.

First, it is not clear to which extent the changes seen in the
thalamus anatomically overlap changes in the STN because
of indistinct regional definition and partial volume effects.
Second there is no agreement on the combined effects of
GABA-ergic innervation of the region: to which extent does
an activation of GABA-ergic terminals cancel the metabolic
and circulatory effects of inhibition of target neurons?
We found that STN stimulation decreased rCBF in the

VA–VL nuclei of the thalamus. In this respect the literature
is equivocal; in a restricted analysis of basal ganglia only,
Hershey et al. [2003] interpreted a significantly (P < 0.05)
increased blood flow to the (LP) nucleus (x, y, z: 220, 22,
12 mm) of the thalamus, dorsal to the VL nucleus during
STN stimulation at rest as a result of increased GABA-
ergic inhibition from internal pallidus and reticular sub-

Figure 1.

Activation in the left putamen (y-axis, change in normalized PET

counts) correlates significantly with the clinical improvement in

parkinson motor symptoms by STN stimulation (t 5 9.96, P <
0.00001, image threshold: t > 7) measured as improvement in

UPDSR III (x-axis, UPDSR III scores on minus UPDRS III scores

off stimulation). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 2.

When comparing rCBF in the STN when stimulation is ‘‘ON’’

with stimulation ‘‘OFF’’ the right side (t 5 7.77, P < 0.00001,

image threshold: t > 5) increases more than in the left (t 5
5.17, P < 0.01, image threshold: t > 5) (y-axis, change in normal-

ized PET counts). But there is no side-difference in the positive

correlation between the stimulation induced increase in STN ac-

tivity and the patients’ improvement in UPDRS III (x-axis,

UPDRS III scores on minus UPDRS III scores off stimulation).

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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stantia nigra and hence as a deactivation of thalamus. We
find this interpretation less likely, as together with the pul-
vinar LP projects to higher-order visual and association
areas in the occipital, parietal, and temporal lobes, and is
claimed to process and relay multimodal information to
cerebral cortex.
In study of patients not at rest but engaged in motor

execution and imagery Thobois et al. [2002] reported bilat-
eral rCBF increases in the thalamus but only as uncor-
rected P-values, with Z-scores of 4.14 and 3.85; below the
theoretical voxel threshold for P < 0.05 of 5.28 in global
search (assuming a search volume of 500 cm3, df 75, and
FWHM 6.5 mm), so it is difficult to draw conclusions from
this evidence.
With correction for multiple comparisons STN stimula-

tion significantly raised glucose metabolism bilaterally in
the thalamus but did not reduce motor cortex activity
[Hilker et al., 2004], the latter in contrast to most blood
flow studies [Hershey et al., 2003; Limousin et al., 1997;
Pinto et al., 2004; Thobois et al., 2002]. Hilker et al. [2004]

Figure 3.

STN stimulation decreases rCBF in the lateral thalamus (y-axis,

change in normalized PET counts), this decrease is significantly cor-

related to the improvement in UPDRS III (x-axis, UPDRS III scores

on minus UPDRS III scores off stimulation). This deactivation (t 5
25.87, P < 0.0001, image threshold: t < 25) appears to be slightly

posterior to the VA–VL nucleus. Part of this may be caused by the

limited resolution in H2
15O-PET at 5–10 mm, but neuroanatomical

differences—especially in the size of the ventricles—can misplace

the basal ganglia in the resultant average image during the transfor-

mation to Talairach space. VA–VL nucleus was therefore identified

on each subject’s anatomical mri, which was then coregistered to

the patients PET images used in a single subject analysis. This con-

firmed a STN-deep brain stimulation induced rCBF decrease in the

left VA–VL in six of the nine subjects. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com.]

Figure 4.

STN-deep brain stimulation decreases rCBF in the left SMA (y-

axis, change in normalized PET counts), the decrease (t 5
27.93, P < 0.00001, image threshold: t < 25) is significantly

correlated to the improvement in UPDRS III (x-axis, UPDRS III

scores on minus UPDRS III scores off stimulation). [Color figure

can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

Figure 5.

Red arrows refer to negative correlation. Deactivation of SMA is

significantly correlated to activity changes in other parts of the

basal ganglia loop and STN predicted by the model by Alexander

and DeLong. Activity changes in cerebellum correlate with

changes in SMA but not in the thalamus. The positive correlation

between RSTN and LSTN is the consequence of a common cause

of activity changes (the stimulation) rather than propose the exis-

tence of contra lateral connections between the two nuclei.

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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reported that the activation cluster in both hemispheres
reached as far down as midbrain (z-coordinates – 14 mm).
Thus the reported increase of glucose metabolism in reality
may reflect an increase in STN rather than in thalamus
metabolism. Asanuma et al. [2006] reported increased glu-
cose metabolism in left VL nucleus of the thalamus but the
cluster of voxels again spanned the subthalamic region in
addition to ventrolateral thalamus. Trost et al. [2006] found
no significant change in the thalamus but observed that
stimulation lowered glucose metabolism in motor and sup-
plementary motor cortices.
In the question of the effects of GABA-ergic activation,

we find no evidence in the literature that increased GABA
release per se raises metabolism or blood flow; on the con-
trary, several recent studies suggest that GABA-ergic inhi-
bition lowers blood flow in the target area [Chen et al.,
2005; Roland and Friberg, 1988; Takano et al., 2004; Xi
et al., 2002]. Early PET studies suggested that blood flow
measures might fail to distinguish between increased
GABA-ergic inhibition and increased glutamatergic excita-
tion, as both require energy and both may benefit from
increased blood flow [Ackermann et al., 1984]. In this inter-
pretation, an increase in thalamic activity would not distin-
guish among the effects of inhibitory or excitatory input or
excitatory output. However, more recent evidence suggests
that increased blood flow is less likely to indicate increased
GABA-ergic inhibition. The neurophysiological coupling
between regional blood flow and neuronal activity is the
basis for the interpretation of the signals recorded by neu-
roimaging [Iadecola, 2002; Lauritzen and Gold, 2003; Laur-
itzen, 2001; Logothetis et al., 2001; Shmuel et al., 2006].
Although the study of Mathiesen et al. [1998] sometimes is
taken to imply that increased GABA-ergic activity raises
blood flow in cerebellar cortex, the authors themselves
actually interpret the increase as activation of the GABA-
ergic neurons in the region, and not as an effect of the
release of GABA. There is evidence that cortical interneur-
ons regulate the neurovascular coupling by altering the bal-
ance between vascular constrictions and dilatations. Thus,
Cauli et al. [2004] showed that stimulation of single cortical
interneurons, depending on subtype, constricts or dilates
cortical microvessels. These findings demonstrate that spe-
cific subsets of cortical GABA interneurons translate affer-
ent signals into appropriate vascular responses and thus
act as local integrators of neurovascular coupling. How-
ever, this function of selected short-range cortical interneur-
ons has not been shown to alter the fundamental relation-
ship between flow and activity in a given brain region. In
summary, the bulk of the evidence indicates that GABA-
ergic inhibition of the thalamus lowers thalamic activity
and blood flow. To be consistent with the mechanism pro-
posed by Alexander et al. [1986], functional brain imaging
results must reveal reduced blood flow in thalamus during
DBS of the STN in patients with Parkinson’s disease, if the
DBS restores the normal resting striatal inhibition of the
thalamocortical projections [Ceballos-Baumann et al., 1999,
Payoux et al., 2004, Eckert and Eidelberg, 2005].

STN-stimulation also reduced rCBF in the cerebellum.
The cerebellum is abnormally active in nonmedicated Par-
kinson patients [Eidelberg et al., 1994]. Cerebellar rCBF is
correlated with akinesia [Payoux et al., 2004] but abnormal
cerebellar activity may also be attributed to tremor [Hilker
et al., 2004] or rigidity [Rivest et al., 1990]. The present
patients were equally affected by tremor and rigidity.
Hilker suggested that STN stimulation may act to reduce
tremor either directly or indirectly via cerebellothalamo-
cortical pathways that mediate tremor, by deactivating the
rostral cerebellum via an antidromic effect in dentate-tha-
lamic fibers. The connectivity analysis of sites in the left
thalamus and the right cerebellum revealed no significant
correlation between the two regions (Fig. 5), suggesting
that the cerebellar deactivation is unrelated to an effect of
deep brain stimulation in dentate-thalamic fibers. Rather,
we suggest that it reflects changes in a functional equilib-
rium between the cerebellothalamocortical- and striatotha-
lamocortical circuits, as a consequence of stimulation-
induced changes of basal ganglia activity.
The bilateral STN stimulation led to predominately left-

sided changes of the rCBF, as reported previously [Her-
shey et al., 2003; Hilker et al., 2004]. We searched through
right-sided mirror coordinates of significantly activated or
deactivated clusters. Except for the right thalamus (where
activity changes on average were close to zero as a likely
consequence of the proximity to a highly significant activa-
tion cluster around the right STN), the search revealed an
insignificant trend towards rCBF changes in the same
direction as on the left side. By means of interaction analy-
sis, we weighed potential explanations of this finding,
including lateralization of Parkinsonian symptoms, side
differences of the effect of STN-deep brain stimulation, du-
ration of the STN stimulation, and different settings of
electrode impedance. None explained the asymmetry
found in the present study. We suggest that the lateraliza-
tion may be a consequence of normal left hemisphere
dominance in motor function [Dassonville et al., 1998;
Kawashima et al., 1993].
As indicated in Table III, STN-stimulation also activated

the upper part of the DLPC and the inferior temporal cor-
tices. These activations may represent a stimulation
induced activation of the oculomotor basal ganglia loop
[Turatto et al. 2004], as the subjects were engaged in view-
ing images during the tomography, and as such possibly
are similar to the stimulus induced SMA activation
reported during motor tasks [Limousin, 1997]. We were
unable to confirm these findings in the validating analysis
of neutral stimulation only, and are reluctant to draw any
firm conclusion from this finding.
Strafella et al. [2003] reported activity changes in pal-

lidum and SMA and improvement of motor performance
in Parkinson’s disease when subjects moved a joystick. We
now show that this correlation is valid for the entire stria-
tothalamocortical loop at rest, when activations and
UPDRS motor scores are compared on and off stimulation,
implying that the striatothalamocortical loop is the clini-
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cally relevant target of evaluation of the effect of STN
stimulation.

LIMITATIONS

The present study design did not include a baseline con-
dition in which the patients were completely at rest with-
out visual stimulation. The activations and deactivations
reported here represent the motor findings in a study of
the effects of STN stimulation on emotional perception
[Geday et al., 2006]. We specifically checked whether emo-
tional content itself is a confounder in the ROI analyses of
blood flow changes during presentation of neutral and
emotional images on and off DBS stimulation for all
reported coordinates. We found no significant changes and
only an insignificant trend indicating raised activity in the
right STN for neutral vs. unpleasant images, consistent
with activation by emotional content of the limbic part of
the STN, as described elsewhere [Kuhn et al., 2005]. As
this trend was equally present on and off stimulation, it is
not a bias in the present study.
We further validated the results for neutral images only

to rule out influence from emotional images. It remains a
limitation that subjects, although immobile, were not truly
at rest, as they always focused on, and were engaged in
passive assessment of, images displayed in front of them.
However, all subjects where instructed to relax in the
tomograph and view a computer screen suspended from
the ceiling, and the authors ascertained that all subjects
complied and did not move visibly during the tomogra-
phy.
The observation that no subject experienced significant

tremor or dystonia, in spite of UPDRS III scores in the 30–
60 range, may be purely incidental, but it may also repre-
sent a clinical interaction between symptoms of Parkin-
son’s disease and the image assessment not detectable by
the PET investigation.
Generally, an interval of more than 12 h is required for

normalization of the dopamine receptor density after
down-regulation induced by levodopa. As plasma half-
lives of the agonists used by patients in this study ranged
from 6 to 24 h, we do not claim that the subjects were
completely without benefit of medication. However, we
considered it unacceptable for the majority of patients to
be without anti-Parkinson medication for longer than 12 h,
and at the same time to have the STN stimulator turned
off for more than 4 h. The literature gives the preference of
12 h of drug-freedom adopted in this study, e.g., Thobois
[2002], Hilker [2004], Zhao et al. [2004], Pinto et al. [2004],
and Payoux et al. [2004].

CONCLUSION

The results of the present study are consistent with the
hypothesis that deep brain stimulation of the STN excites

rather than inhibits output from the STN in Parkinson’s
disease. Increased STN firing excites neurons of the inter-
nal pallidum and the firing increases the inhibitory output
from putamen to the VL nucleus of the thalamus, simulta-
neously decreasing the thalamic excitatory output to cortex
and cortical activity. In this interpretation, the clinical
effect of deep brain stimulation of the STN is a con-
sequence of the reduction of the abnormally high resting
activity observed in the SMA. The increased activity in
the STN and nucleus lentiformis (putamen and pallidus),
as well as the decreased activity in VL and SMA, both
correlate with the benefit to motor function that patients
experience after the operation. Thus, reactivation of the
normal striatothalamocortical inhibition explains the im-
proved motor function that patients enjoy after STN stimu-
lation.
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