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Deep brain stimulation of the subthalamic nucleus (STN DBS) improves motor symptoms in idiopathic
Parkinson’s disease, yet the mechanism of action remains unclear. Previous studies indicate that STN DBS
increases regional cerebral blood flow (rCBF) in immediate downstream targets but does not reveal which
brain regions may have functional changes associated with improved motor manifestations. We studied
48 patients with STN DBS who withheld medication overnight and underwent PET scans to measure rCBF
responses tobilateral STNDBS.PETscanswere performedwith bilateral DBSOFF andONin a counterbalanced
order followed by clinical ratings of motor manifestations using Unified Parkinson Disease Rating Scale 3
(UPDRS 3).We investigated whether improvement in UPDRS 3 scores in rigidity, bradykinesia, postural stability
and gait correlate with rCBF responses in a priori determined regions.These regions were selected based on a
previous study showing significant STNDBS-induced rCBF change in the thalamus, midbrain and supplementary
motor area (SMA).We also chose the pedunculopontine nucleus region (PPN) due to mounting evidence of its
involvement in locomotion. In the current study, bilateral STNDBS improved rigidity (62%), bradykinesia (44%),
gait (49%) and postural stability (56%) (paired t-tests: P_ 0.001). As expected, bilateral STNDBS also increased
rCBF in the bilateral thalami, right midbrain, and decreased rCBF in the right premotor cortex (P_ 0.05,
corrected). There were significant correlations between improvement of rigidity and decreased rCBF in the
SMA (rs = ^0.4, P_ 0.02) and between improvement in bradykinesia and increased rCBF in the
thalamus (rs = 0.31, P_ 0.05). In addition, improved postural reflexes correlated with decreased rCBF in the PPN
(rs = ^0.38, P_ 0.03). These modest correlations between selective motor manifestations and rCBF in
specific regions suggest possible regional selectivity for improvement of different motor signs of Parkinson’s
disease.
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Introduction
Parkinson’s disease is a neurodegenerative disorder with
striatal dopamine deficiency characterized by bradykinesia,
rigidity, tremor and impaired balance. Levodopa and other
medications provide symptomatic relief for a limited
period of time, but as the disease progresses, patients
frequently develop drug-induced dyskinesias, motor fluc-
tuations and dose failures. Recently, deep brain stimulation
(DBS) of the subthalamic nucleus (STN) has provided
marked benefit for motor symptoms (Krack et al., 2003),
yet the mechanism of DBS action remains unclear
(McIntyre and Thakor, 2002; Perlmutter and Mink, 2006).

Much research has focused on how DBS affects neuronal
activity. Electrophysiologic methods using extracellular
electrodes can measure single unit electrical activity or
field potentials in selected downstream targets in response
to DBS (Hashimoto et al., 2003; Brown et al., 2004),
whereas PET or SPECT imaging can measure DBS-induced
changes in regional cerebral blood flow (rCBF) throughout
the entire brain. In a previous study, we demonstrated that
STN DBS increases blood flow in midbrain, globus pallidus
and thalamus but reduces blood flow in superior frontal
gyrus supplementary motor area (SMA) and middle frontal
gyrus (premotor cortex), suggesting that STN DBS increases
the net output from STN (Hershey et al., 2003). Similarly,
electrophysiologic recordings demonstrated increased firing
rate of globus pallidus pars interna (Gpi) neurons during
STN DBS (Hashimoto et al., 2003). Although these studies
address the effects of DBS on neuronal activity, they have
not yet determined how this translates into clinical benefit.
The purpose of this study was to investigate whether STN
DBS-induced rCBF changes in selected brain regions cor-
relate with improvements in several key aspects of motor
performance in Parkinson’s disease: locomotion, rigidity
and bradykinesia. Regions of interest were identified a priori
based on the current knowledge of basal ganglia circuitry
(Mink, 2003), our previous findings of cortical regions that
respond to STN DBS (Hershey et al., 2003) and regions
thought to be critical for optimal motor function. We
determined the significance of correlations between STN
DBS-induced changes in rigidity and bradykinesia scores
and rCBF responses in bilateral thalamus, sensorimotor
cortex (SMC) and SMA. Given the increasing focus on the
role of the pedunculopontine nucleus (PPN) in locomotion,
we also determined the significance of correlations between
gait and postural stability score changes and rCBF responses
in the PPN (Pahapill and Lozano, 2000).

Methods
Subjects
All 48 patients met the diagnostic criteria for clinically definite
Parkinson’s disease (Hughes et al., 1992) and had bilateral STN
stimulators implanted at least 3 months prior to the study to
permit optimal programming of DBS (Tabbal et al., 2007b).
Exclusionary criteria included history of encephalitis, dementia,
stroke, serious head injury or inability to hold the head still while

lying supine with DBS turned OFF (e.g. due to severe resting jaw
tremor or neck dystonia). All participants provided informed
written consent. The study protocol was approved by the Human
Research Protection Office and the Radioactive Drug Research
Committee of Washington University in St Louis.

Procedure
Subjects refrained from taking any antiparkinsonian medica-
tions overnight while stimulators were left ON. Subjects were
scanned on the Siemens/CTI ECAT EXACT HR 47 tomograph
(Wienhard et al., 1994) in 2D mode. We placed a 20-gauge plastic
catheter in an antecubital vein for [15O]-water injection. Each
subject was positioned in the PET scanner using cross laser lines
and a polyform mask (Roylan Industries, Menomonee Falls, WI).
The mask and face were marked to detect any change in head
position relative to the mask. Attenuation was measured using
three rotating rod sources of 68Ge/68Ga. During each scan the
lights were dimmed and the room was quiet while the subject kept
the eyes closed. About 50 mCi of [15O]-water was injected intra-
venously as a bolus followed by data acquisition for 2 min. PETs
were collected 14 min apart to permit adequate radioactive decay.

DBS conditions
PET scans were done with either both STN DBS OFF or both ON.
The order of conditions was chosen randomly on the morning
of the study (ON then OFF versus OFF then ON) to reduce any
bias introduced by progressive worsening of parkinsonian signs
due to potential stress of prolonged testing or longer withholding
of medication. Up to six PET scans were done as a block in each
condition. The first PET scan in each block (ON or OFF) was
performed at least 42 min after the change in the stimulator
settings. The Unified Parkinson Disease Rating Scale (UPDRS)
measurement was performed at the end of the block. The time
between change in settings and the UPDRS measurement was
therefore about 3 h. Individual components of the UPDRS 3 were
assessed after each scan (tremor, rigidity and bradykinesia of each
limb) to confirm no change in ratings across each block of
PET scans. About 80% of the effect of DBS on rigidity and
bradykinesia abates by 30 min after stopping DBS, whereas benefit
to gait drops to a similar level after an hour (Temperli et al.,
2003). It should be noted that there are no data available on the
washout period for the DBS-induced changes in rCBF. In
addition, we were able to control in part for individual differences
in residual DBS effects using percent change in rCBF between ON
and OFF scans.

Monitoring
During each PET scan, the subject was watched by at least one
movement disorders specialist for visible tremor or other move-
ments. Eight-channel surface EMG recordings were collected to
detect evidence of substantial muscle activity not otherwise visible.
In addition, all subjects were videotaped with two cameras, one
aimed at the head and the other at the full length of the body,
during scans to permit post-hoc review for questionable
movement.

Surface EMG
Surface EMG electrodes were applied to bilateral biceps,
wrist flexors, quadriceps femoris and gastrocnemius muscles.
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EMG signals were amplified at a gain of 2000, filtered on line with

a band pass of 10 Hz to 1000 kHz and stored on computer using

a CED Micro 1401 interface (Cambridge Electronic Design).

Codes were inserted into the data stream to coincide with the

onset and offset of each scan as well as to denote any movement,

loud noise or other possibly confounding event.

PET data analysis
Data from the initial 40 s after the arrival time of the radioactive

water in the brain were analysed. PET emission scans were

reconstructed using filtered back projection, measured attenuation

and scatter correction. To reduce noise, the two transmission

images from each subject were co-registered to each other and

averaged. This average attenuation image was re-sliced to match

each emission image, and new attenuation corrections were

forward projected. All emission scans were reconstructed a final

time using these co-registered, averaged attenuation corrections.

Emission images were smoothed with a 3D Gaussian filter to a

final resolution of 16 mm full width at half maximum (FWHM).

We used unfiltered images with a FWHM of 4.4 mm for analysis

of the PPN region, since any filtering would reduce the resolution

and thusly the probability of detecting rCBF changes in a small

volume of interest (VOI). All emission images were co-registered

to the initial emission image. These images then were co-registered

and re-sliced to a standard mean blood flow image in Talairach

atlas space (Talairach and Tournoux, 1988; Woods et al., 1992).

Individual images were normalized using mean whole brain

counts and masked to include only the voxels in common among

all scans. All blood flow measurements were qualitative and

globally normalized.
To eliminate behavioral confounds, all PET scans collected

while the subject had tremor, other movements, or sustained

substantial EMG activity above background noise before or within

the 40 s of data acquisition were excluded from further analysis

(Hershey and Mink, 2006b). Subjects were retained for analysis if

they had at least one usable scan per condition.

Whole brain analysis
SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5) was used
for a global voxel-based comparison between average OFF and ON
scans with paired t-tests to reveal significant STN DBS-induced
increases and decreases in rCBF. A t-value was assigned to each
voxel in the brain, and the t-map was examined for voxels that
exceeded a height threshold (t = 3.38; P50.001). The program
identified clusters of greater than 20 height-thresholded voxels and
applied a multiple comparisons correction for the number of
possible clusters of this size and magnitude of the brain volume.
Clusters that reached a corrected P value of less than 0.05 were
considered significant.

VOI definition
All VOIs were selected a priori. Bilateral thalami were defined
by tracing the outlines of the structures on a Talairach atlas
overlay registered to the images (Talairach and Tournoux, 1988).
We chose separate VOIs for SMC and SMA and avoided motor
task-activated cortical regions, since there are various reports in
the literature regarding their involvement (Thobois et al., 2002;
Strafella et al., 2003; Payoux et al., 2004; Asanuma et al., 2006).
The SMC region was identified by an area of increased rCBF in
response to hand vibration in normal subjects (Perlmutter and
Mink, 2006). The SMA region was defined based on an area with
significant blood flow decrease with bilateral DBS as published
previously (Hershey et al., 2003).

In addition, we selected the PPN, a region thought to be
involved in locomotion (Pahapill and Lozano, 2000). The PPN is
bordered medially by superior cerebellar peduncle, laterally
by medial lemniscus, rostrally by substantia nigra and the
retrorubral field and caudally by locus coeruleus (Pahapill and
Lozano, 2000). Just posterior to the cerebral peduncles we
defined a region containing 66 voxels extending 4–8 mm from
midline and extending from z = –10 mm through –22 mm
craniocaudally. The PPN VOI covered parts of superior cerebellar
peduncle and medial lemniscus as illustrated in Fig. 1 (Paxinos
and Huang, 1995).

Fig. 1 Overlay of the average MRI of participants with available MRIs (n=11) and PPN region defined using Paxinos and Huang Atlas of the
Human Brainstem. (A) Superior cerebellar peduncle, (B) Medial lemniscus, (C) PPN AND (D) central tegmental tract.
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Since PPN is relatively small, we chose to extract blood

flow data from unfiltered images to maximize resolution

(FWHM = 4.4 mm), despite the increased noise. We also defined

a small VOI for PPN to minimize volume averaging from nearby

regions. Other grey matter structures that are in close proximity

include SN and, to a lesser extent, red nucleus. Table 1 provides

the volume and Fig. 2 displays a transverse section of each VOI.

Motor measurements
For each DBS condition subjects were removed from the scanner

at the end of six PET scans and underwent a complete UPDRS

3 motor rating. Each examiner, either a movement disorder

specialist or a research nurse, was trained and validated in UPDRS

3 ratings (interclass correlations40.88 comparing blinded UPDRS

motor ratings on videos of 10 people with Parkinson’s disease).

Attempted blinding of raters and examiners failed since there was

a dramatic difference between the DBS OFF and ON conditions.

We used the sum of the bradykinesia subscores averaged for arms

(finger tapping, hand opening/closing, hand rotation) and foot

tapping bilaterally yielding a total bradykinesia score from 0 to 16.

Similarly, we used the sum of the rigidity subscores for neck, arms

and legs with a total rigidity score range from 0 to 20. We used

the pull test subscore (0–4) for postural stability and the gait

subscore (0–4) for gait performance. We also calculated the sum

of scores for UPDRS 3 items 27–30 as an overall measure of axial

signs. We did not include the tremor subscores, as the high

variability of the tremor within the same condition would make
tremor scoring less reproducible.

Correlation analysis
The mean regional activity corresponding to rCBF was computed

by applying the VOIs (thalami, bilateral SMA, bilateral SMC and

bilateral PPN region) to the average ON and average OFF blood

flow images for each subject. Each VOI was assigned a value

calculated as the mean of the right and left activity. The percent
change [100� (ON�OFF)/OFF] between ON and OFF activity
was correlated (Spearman) with the change in motor performance
between the ON and OFF conditions. We chose to use a difference
score and not to use percent change of motor performance, since
the motor performance was measured on relatively restricted
scales; using percent change would thusly risk exaggerating a small
absolute change in the score. Significance level was set at P50.05.
We did not correct for multiple comparisons since the VOI
regions were chosen a priori as part of separately formulated
hypotheses for each motor aspect of Parkinson’s disease. Our
hypotheses were based upon current knowledge of basal ganglia-
thalamo-cortical circuits and not post-hoc analysis of the current
data. Thus we believe that correction for multiple comparisons
across all motor correlations would be too conservative.

Results
Forty-eight subjects fulfilled the original inclusion criteria.
Seventeen were excluded since all their OFF scans were
affected by tremor, substantial EMG activity or movement.
A total of 111 OFF PET scans and 34 ON PET scans were
excluded.

This left 31 subjects for final data analysis. The demo-
graphics of these subjects and their DBS characteristics are
summarized in Table 2. A total of 87 PET scans were excluded
due to tremor (visible or recorded on EMG) and 58 PET scans
due to other reasons such as head movement, difficulty during
injection of radioactive water, loud noise, or volitional
movements during the scan. Eleven individuals were excluded
because all of their OFF scans were affected by tremor. The
average age of subjects was 61� 10 years and average duration
of disease was 14� 8 years. Eleven of the 31 subjects included
in analyses were female. Three subjects had missing brad-
ykinesia ratings, and one subject had missing rigidity ratings.
There was no statistical difference between the mean amount
of radioactivity injected for ON and OFF conditions. All
subjects experienced improvement in motor symptoms
with bilateral STN DBS ON. Bilateral STN DBS improved
rigidity (62%), bradykinesia (44%), gait (49%) and postural
stability (56%) (paired t-tests: P50.001). SPM5 with paired
t-tests between average ON and average OFF scans from the
remaining 31 subjects revealed significant rCBF increases in

Table 1 List of a priori defined VOIs with their volume and
voxel number

Brain region Number of voxels Total volume (cc)

PPN 66 0.528
SMA 945 7.560
Thalamus 1404 12.032
SMC 1366 10.204

Fig. 2 A priori defined VOIs: (A) bilateral thalami, (B) bilateral SMA, (C) bilateral SMC, (D) bilateral PPN region.TheVOIs are overlaid on
Talairach atlas co-registered average MRI of 11 participants.
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bilateral thalami and right midbrain and significant rCBF
decrease in right premotor cortex (P50.05, corrected at
cluster level; see Fig. 2).

Table 3 summarizes the coordinates and Z-score of these
clusters and %rCBF response.

Greater improvement of bradykinesia correlated with
greater increases in thalamic rCBF; rs = 0.31, P = 0.05, n = 28
(Fig. 3A). In contrast, greater improvement in rigidity
correlated with greater decreases in SMA rCBF: rs = –0.381,
P = 0.038, n = 30 (Fig. 3B). Finally, greater improvement in
postural stability, as measured by the UPRDS 3 pull test,
correlated with greater decreases in rCBF in the PPN
region: rs = –0.38, P50.03, n = 31 (Fig. 3C). Table 4
summarizes the correlation analyses including the correla-
tions not considered a priori but included to reveal other
potential relationships. Age and disease severity also did not

correlate significantly with change in rigidity, bradykinesia,
postural stability or rCBF changes. The correlations between
rCBF responses and changes in bradykinesia and postural
stability remained significant even after covarying for age
and disease severity (rs = 0.4, P50.03; two subjects excluded
as outliers for disease duration). The correlation between
rigidity changes and SMA blood flow changes persisted
(rs = –0.3) but did not maintain significance (P = 0.1).

In addition, we examined the rCBF responses to DBS in the
a priori VOIs using paired t-tests. We found significant rCBF
change in bilateral thalami (P50.001) in concordance with
the whole brain analysis. Lack of significant rCBF change in
other VOIs was consistent with the notion that significant
correlation between rCBF response and a certain motor aspect
does not depend on the magnitude of the rCBF response.

Discussion
This study demonstrates that bilateral STN DBS-induced
rCBF responses in specific regions of the brain correlate
with improvement of selected motor signs in Parkinson’s
disease. These findings suggest possible regional selectivity
for improvement of different motor characteristics of
Parkinson’s disease such as PPN for postural reflexes,
thalamus for bradykinesia, and SMA region for rigidity.

According to traditional basal ganglia circuit models,
parkinsonian symptoms are explained by excessive inhibi-
tion of thalamus and subsequently frontal cortex. This also
would explain how an STN lesion can improve parkinso-
nian symptoms by decreasing the inhibitory effect on
thalamus thereby increasing frontal cortical activity
(Alexander et al., 1990). Our findings, however, are not
consistent with this model. The net effect of STN DBS may
be to increase the activity of output axons with increased
excitation of pallidal neurons. This, in turn, would increase
inhibitory output from pallidum to thalamus, consequently
decreasing thalamic excitatory output to cortex, leading to
decreased cortical activity (Hershey et al., 2003). Numerous
neuroimaging studies have concordant findings (Payoux
et al., 2004; Asanuma et al., 2006; Grafton et al., 2006) and
electrophysiologic recordings support this effect of STN
DBS (Hashimoto et al., 2003). Furthermore, measurement
of pallidal local field potentials have been supportive of

Table 2 Demographics and stimulator settings

Category Satistics

Demographics
Gender
Males 19 (61.3%)
Females 12 (39.7%)

Age at time of surgery (years) 61�10
Disease duration at time of surgery (years) 14� 8

Statistics at time of study
Interval between surgery and study (days) 376�355

Laterality of symptoms based on mean rigidity and
bradykinesia scores
Left 2.10� 0.03
Right 2.16� 0.04

Mean UPDRS
Med OFF-stim OFF 42.1�13.7
Med OFF-stim ON 19.6�9.1
Improvement 53.3776%

H&Y
Med OFF-DBS OFF
2 3 (9.7%)
2.5 4 (12.9%)
3 5 (16.13%)
4 11 (35.48%)
5 8 (25.81%)

Mean levodopa equivalent doses
Before surgery 1280� 757
After surgery 795� 574
Reduction 38%

Stimulation Left Right

Voltage 3.06� 0.50 3.14� 0.60
Pulse width 65.7�11.7 67.0�12.9
Impedance 1037.5�176.4 1076.3�176.4
Rate 185 185
Active contact 27 monopolar

4 bipolar
27 monopolar

4 bipolar

The levodopa equivalent dose is calculated as 100mg of levodopa
equivalent to 125mg of controlled-release levodopa, 1mg of
pergolide, 1.5mg of pramipexole, 5mg of ropinirole or 10mg of
bromocriptine (Kleiner-Fisman et al, 2003).

Table 3 Talairach coordinates and Z-scores of peak
intensities of clusters with significant rCBF response
to bilateral STN DBS with corrected P_ 0.05 and their
%rCBF response

Brain region Coordinates

X Y Z Z-score % rCBF change

R thalamus 16 �16 2 5.10 2.88
L thalamus �3 �10 1 4.09 2.73
R midbrain 1 �27 �13 4.37 1.95
R premotor 48 4 44 3.60 �1.97
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STN DBS-induced synchronization of high frequency
oscillation in GPi (Brown et al., 2004). Together these
findings and previous work suggest that patterns of firing
rather than absolute changes in firing rates may be crucial
for generation of pathologic symptoms (Marsden and
Obeso 1994; Vitek et al., 1999).

The current results (n = 31) confirm our previous
findings (n = 9) (Hershey et al., 2003) that STN DBS

significantly increases rCBF in thalamus and midbrain and
decreases rCBF in frontal cortical areas. This new study
extends the previous investigation in several ways. First and
most importantly, there is sufficient power to test for and
identify significant correlations between rCBF responses and
motor manifestations. We also were able to detect
significant thalamic responses in the whole brain analysis.
Moreover, the blood flow response in the frontal cortical

Fig. 3 (A) Bilateral DBS STN leads to significant rCBF increase in bilateral thalami and right midbrain, corrected P50.05 at cluster level,
n=31. (B) Bilateral DBS STN leads to significant rCBF decrease in the right premotor region, corrected P50.05 at cluster level, n=30.

Table 4 Summary of all investigated correlations between rCBF responses in a priori IOVs and selected UPDRS subscores.
The statistically significant correlations (P50.05) are in bold

Score Correlation with bilateral rCBF response

Thalamus SMC SMA PPN

UPDRS subcategory
Bradykinesia rs=0.31 (P_ 0.05) rs=�0.25 (P50.21) rs=�0.35 (P50.07) rs=0.17 (P50.38)
Rigidity rs=0.21 (P50.25) rs=�0.17 (P50.38) rs=20.38 (P_ 0.04) rs=�0.09 (P50.65)
Postural stability rs=�0.06 (P50.76) rs=�0.29 (P50.12) rs=�0.28 (P50.13) rs=20.38 (P_ 0.03)
Gait rs=0.39 (P50.03) rs=�0.01 (P50.47) rs=�0.17 (P50.37) rs=�0.05 (P50.80)
Axial scores rs=0.15 (P50.44) rs=�0.24 (P50.22) rs=20.38 (P_ 0.05) rs=�0.09 (P50.69)
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region is more clearly localized, with the statistical peak in
premotor cortex. Although there was a difference in
lateralization of blood flow responses in the two studies,
it is possible that there are bilateral effects not reaching
statistical significance. Hershey et al. speculated that the
left-sided lateralization was possibly related to the higher
impedance in the right stimulator. However, this argument
would not explain the right-sided lateralization in the
current study, since the right impedance was slightly higher,
and right-sided clinical symptoms in DBS OFF condition
were slightly worse (Table 2). Overall, one could argue that
the present study has a much larger number of subjects
with the same stringent methods; hence its findings are
more likely to be a reliable reflection of the true effect than
the previous study by Hershey et al. Nevertheless, the
laterality of the rCBF response requires more direct
investigation which should be addressed in future studies.

There are numerous reports of rCBF or metabolic
responses to STN DBS, most of them contrasting brain

activity patterns during movement as compared to resting
state (Thobois et al., 2002; Strafella et al., 2003; Grafton
et al., 2006a). Interpretation of these studies may be
confounded by differences in activity versus resting state, as
performance-related feedback to brain could influence the
brain responses identified (Hershey and Mink, 2006b;
Perlmutter and Mink, 2006). We chose to focus on changes
in resting state, eliminating any scans collected during
movement or tremor that would reflect a behavioral
change. This permitted us to isolate the effects of STN
DBS on brain responses as measured by PET. Overall, most
other papers report a larger number of regions with
significant rCBF or metabolic changes. This discrepancy
could be due in part to the fact that some studies report
findings without correcting for multiple comparisons,
risking potential false positive results.

Increases in thalamic blood flow and decreases in SMA
blood flow are related to improvements in bradykinesia and
rigidity respectively. This general pattern fits well with the

A B

C

Fig 4 (A) Improvement of bradykinesia correlates with thalamic rCBF increase; rs = 0.31, corrected P50.05, n=28. (B) Improvement of
rigidity correlates with SMA rCBF decrease in: rs = �0.381, corrected P50.038, n=30. (C) Improvement in postural stability correlates
with rCBF decrease in the PPN region: rs = �0.38, corrected P50.03, n=31.
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proposed function of the cortical-basal ganglia-thalamic
motor circuit. Changes in rCBF reflect altered local
neuronal activity or changed input into the region of
measurement (Hershey et al., 2003; Sestini et al., 2005;
Herzog et al., 2006). Therefore, increased blood flow in
thalamus could indicate increased inhibitory firing of
neurons that project from GPi to thalamus, assuming that
the net effect of STN DBS is to increase firing of output
axons (Perlmutter and Mink, 2006). This increased
thalamic inhibition would reduce thalamo-cortical output,
including to the SMA. With decreased output from
thalamus, we would anticipate reduced input to cortical
targets such as SMA. Therefore, blood flow increase in
thalamus and decrease in SMA in response to DBS STN
likely reflect changes in signaling through these motor
circuit pathways that interfere with abnormal signal
transmission.

However, the observed relationships were more specific:
improvement in rigidity correlated with blood flow
responses in SMA but not thalamus, whereas improvement
in bradykinesia correlated with blood flow response in
thalamus but not SMA. Given an unchanged EMG
background and absence of visible movement, the SMA
rCBF changes are more likely related to changes in control
of muscle tone. Such a regional selectivity for rigidity and
bradykinesia could be driven by the different pathophy-
siologies underlying these motor abnormalities.

Rigidity may be related to the long-latency reflex
magnitude and duration (Berardelli et al., 1983) and has
been associated selectively with SMA in some studies. For
example, increases in fMRI measured BOLD signal in
motor cortex in response to paced thumb pressing move-
ments at short and long time intervals positively correlated
with arm rigidity but not with bradykinesia (Yu et al.,
2007). In addition, others have reported a significant
decrease in the threshold for effective motor cortex
stimulation contralateral to the rigid hand compared to
the non-rigid hand in Parkinson’s disease patients (Cantello
et al., 1991). Finally, improvement in the UPDRS rigidity
score correlated with increased inhibition of motor evoked
potentials (MEP) (Pierantozzi et al., 2001).

Underscaling muscle force may cause bradykinesia. This
may be due to impaired reinforcement of appropriate
cortical activity patterns and possibly poor sensorimotor
integration (Berardelli et al., 2001). More recently, brady-
kinesia has been viewed in a new light assuming that
dopaminergic input from substantia nigra to striatum
carries a signal for motor motivation similar to dopami-
nergic projections from ventral tegmentum to frontal cortex
involved in implicit decision making (Mazzoni et al., 2007).
Others have found overactivity in SMA region possibly
associated with akinesia (Sabatini et al., 2000). Strafella
et al. (2003) report significant correlation between increased
rCBF in SMA and anterior cingulate cortex and speed of
hand movement. This finding is suggestive of a correlation
between changes in bradykinesia score and rCBF responses.

However, it should be noted that they used movement-
related rCBF responses for the correlation which might be
markedly different from DBS effects on resting blood flow
as used in our correlation analyses. Regardless, one must
not conclude that our data exclude correlation between
SMA rCBF responses and bradykinesia, since our study has
relatively low power, and the UPDRS ratings of these
manifestations are not interval scales thereby potentially
reducing the sensitivity of this analyses (Bohnen et al.,
2006).

Our results also provide evidence for a relationship
between activity in the PPN and postural stability. PPN
receives inhibitory GABAergic afferents from GPi/SNr
neurons with efferents (probably cholinergic) projecting to
thalamus, basal ganglia, cerebral cortex and spinal cord
(Shink et al., 1997). Pavese et al. (2006) demonstrated
correlation between rigidity, bradykinesia and striatal
dopamine level. However, they could not show such a
correlation between axial symptoms and striatal dopamine
levels, suggesting involvement of a more indirect mecha-
nism. Such a mechanism could involve the PPN region.
Indeed, MPTP treated monkeys were found to have
increase in 2-deoxyglucose uptake in PPN suggestive of
increased activity in GPi neurons projecting to PPN
(Gnanalingham et al., 1995).

Pahapill and Lozano (2000) postulate that any interven-
tion that reduces overactive inhibitory outflow from BG to
PPN could potentially restore regular function with
improved gait and postural stability. Based upon this
rationale, they found that DBS of PPN and STN produced
greater postural improvement than stimulation of only STN
(Stefani et al., 2007). Furthermore, Pierantozzi et al. (2008)
showed that PPN DBS can normalize the increased soleus
Hoffman reflex in Parkinson’s disease patients, suggesting
that PPN may play a role in control of spinal excitability.

The negative correlation between rCBF in PPN region
and improved postural stability supports Pahapill and
Lozano’s rationale, since decreased blood flow may reflect
decreased input to PPN. However, this observation cannot
be explained by a simple BG circuit with both thalamus and
PPN as direct downstream targets of GPi with one
(thalamus) receiving increased input while the other
(PPN) is receiving decreased input from GPi. A possible
explanation is that the critical effect of DBS may be to alter
neuronal firing patterns (Hashimoto et al., 2003) with the
speculation that some firing pattern changes may be
associated with increased and others with decreased blood
flow. Thus, opposite blood flow responses in two different
downstream targets of DBS may reflect different blood flow
‘costs’ of the firing pattern change in these two different
pathways.

The extension of the correlation analysis beyond the
original hypothesis demonstrated significant correlation
between the rCBF response in thalamus and gait as well
as rCBF response in SMA and the sum of the axial scores.
Thalamus receives afferents from PPN, and it is not
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surprising to detect a correlation between increased
thalamic input and gait improvement. However, one
would expect to find a similar correlation between gait
and PPN rCBF response as well. Such a discrepancy can be
addressed more adequately with detailed gait analysis and a
more robust, validated interval scale of stability and gait.
The sum of axial scores is a conglomerate, and the
correlation with SMA rCBF responses could be explained
by its wide role in planning movements (Hoshi et al., 2004;
Iseki et al., 2008).

It is important to be cautious when interpreting the
correlations between selected brain region responses and
changes in specific motor manifestations. First, unlike the
total UPDRS 3 motor score, the reliability of individual
motor subscores is poor. Even PET measures of nigros-
triatal neurons have variable degrees of correlation with
UPDRS ratings (Ishikawa et al., 1996; Fuente-Fernandez
et al., 2003; Bohnen et al., 2006). Second, the relatively low
correlation coefficients in our study reflect the limitations
of PET imaging of blood flow responses that have relatively
low magnitude, and both PET measures and individual
motor ratings have high variability thereby limiting our
power to detect correlations.

These modest correlations between selective motor
manifestations and rCBF in specific regions suggest possible
regional selectivity for improvement of different motor
signs of Parkinson’s disease. Such insights support more
target-oriented interventions such as PPN stimulation for
those with predominant postural instability.
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