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Therapeutic high-frequency stimulation of the
subthalamic nucleus in Parkinson’s disease
produces global increases in cerebral blood flow
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Chronic, high-frequency electrical stimulation of the subthalamic nuclei (STNs) has become an
effective and widely used therapy in Parkinson’s disease (PD), but the therapeutic mechanism is not
understood. Stimulation of the STN is believed to reorganize neurophysiological activity patterns
within the basal ganglia, whereas local field effects extending to tracts adjacent to the STN are
viewed as sources of nontherapeutic side effects. This study is part of a larger project investigating
the effects of STN stimulation on speech and regional cerebral blood flow (CBF) in human subjects
with PD. While generating measures of global CBF (gCBF) to normalize regional CBF values for a
subsequent combined analysis of regional CBF and speech data, we observed a third effect of this
therapy: a gCBF increase. This effect was present across three estimates of gCBF ranging from
values based on the highest activity voxels to those based on all voxels. The magnitude of the gCBF
increase was related to the subject’s duration of PD. It is not clear whether this CBF effect has a
therapeutic role, but the impact of deep brain stimulation on cerebrovascular control warrants study
from neuroscience, pathophysiological, and therapeutic perspectives.
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Introduction

Chronic electrical stimulation of deep brain structures
has become widely used in the treatment of move-
ment disorders (Vitek, 2008; Benabid et al, 2009).
Tens of thousands of individuals with Parkinson’s
disease (PD) are treated with high-frequency, deep
brain stimulation of the subthalamic nucleus (STN-
DBS) worldwide (Volkmann, 2007). In PD, STN-DBS
significantly improves tremor, rigidity, and brady-
kinesia, often allows a significant reduction in the
therapeutic doses of medication thereby reducing
dyskinesias, and is associated with improvements in
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activities of daily living and quality of life. The
most common cognitive sequelae of STN-DBS seem to
be a period of postoperative confusion (Benabid et al,
2009) in some individuals and reduced performance
on tests of verbal fluency, although this is not
a consistent finding (Witt et al, 2004; Parsons
et al, 2006).

While improving the motor impairments in PD that
are responsive to levodopa, STN-DBS does not
typically provide therapeutic benefit to speech, and
in some individuals, it can make speech worse
(Kleiner-Fisman et al, 2006; Klostermann et al,
2008), except for improving voice quality (Sidtis
et al, 2010). This study is part of a larger project
directed at characterizing STN-DBS changes in brain
activity during speech using positron emission
tomography (PET), a technique well suited to map-
ping brain function during speech production,
especially with individuals receiving DBS.

In spite of the widespread successful application
of STN-DBS in PD, the therapeutic mechanisms are
not fully understood (Vitek, 2008; Benabid et al,
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2009). Originally conceived as a ‘reversible lesion’
that controlled an overly active STN, STN-DBS is
now viewed as producing a more complex neuro-
physiological response (Vitek, 2008). Several possi-
ble effects have been suggested: interference with
neural signals, desynchronization of abnormal oscil-
lations, inhibition, excitation, and modulation of
neurotransmitter and hormonal signaling (Benabid
et al, 2009). In addition to direct effects on the STN
target, DBS also produces an indirect effect in the
form of local field of stimulation (Maks et al, 2009),
and its influence on surrounding tissue, particularly
the corticobulbar tract (Tommasi et al, 2008), is seen
as responsible for the most common side effects of
STN-DBS, which can involve sensory changes,
muscle contractions in facial areas, and dysarthria
(Tommasi et al, 2008; Benabid et al, 2009). In the
process of determining global cerebral blood flow
(gCBF) values to normalize regional CBF data for a
combined analysis with speech production data
(Sidtis, 2007), a third effect of STN-DBS was
observed: a global increase in the rate of CBF.

Materials and methods
Subjects

Subjects were recruited from a clinical population of
individuals with PD who were being treated with bilateral
STN-DBS. A total of 166 whole-brain CBF scans were
obtained from 7 right-handed male subjects with idio-
pathic PD who participated in a study of the effects of STN-
DBS on CBF during speech production using PET. In all, 12
whole-brain scans were obtained with STN-DBS on and 12
were obtained with STN-DBS off (1 STN-DBS off session
was terminated after 10 scans at the subject’s request). The
STN-DBS ‘on’ and ‘off’ PET scans were performed on
different days, separated by at least 1 week. The order of
the on and off scan days was randomized, with four
subjects being scanned off first and three subjects being

Table 1 Demographic characteristics of subjects

scanned on first. All subjects were studied at least 12 hours
after their last dose of levodopa, taken the evening
before each scan day. This washout period for levodopa
is routinely used in studies on the effects of DBS (Ceballos-
Baumann et al, 1999; Payoux et al, 2004; Karimi et al,
2008). Subject characteristics are described in Table 1.
Surgical implantation and programming were not part
of the study, but these procedures are briefly described as
part of the subject characterization. All subjects
provided informed consent for the speech (Nathan
Kline Institute) and PET (Feinstein Research Institute)
components of this study.

Deep Brain Stimulation Stimulating Electrode
Positioning

For surgical placement of the stimulating electrodes,
subjects were fitted with a Leksell stereotactic frame with
magnetic resonance imaging-compatible pins under sterile
conditions. A magnetic resonance image was obtained and
images were transferred to a computer workstation for
operative planning. The initial target coordinates were
determined and safe trajectories established. The patient
was returned to the operating room and head position was
locked using a Mayfield adaptor (Integra, Plainsboro, NJ,
USA). The target coordinates were set on the frame, the
operating arc was attached, and the surgical trajectory
was aligned. Patients were awake during surgery. Micro-
electrode recordings were made to refine targeting. Once
the target position was established, the stimulating electro-
des (Medtronic Inc., Model 3387, Medtronic, Minneapolis,
MN, USA) were inserted. Test stimulations were performed
in a paired bipolar sequence (185Hz, 60 useconds, 0 to
4 Volts) to insure that no adverse motor effects were present.
Leads were then fixed in position and serial fluoroscopic
images were obtained to confirm that the leads had not
migrated during fixation. Two impulse generators (Soletra,
Medtronic Inc.) were implanted subcutaneously in the
chest in a subsequent surgery. Typical positioning of the
stimulating electrodes is depicted in Figure 1.

SID Age  PD duration Levodopa DBS duration Left amp Rightamp HandY HandY UPDRSIII UPDRS III
(years) (years) (mg) (months) (volts) (volts) (off) (on) (off) (on)
103 54 14 250 44 3.2 2.8 3.0 2.0 51.0 25.0
104 57 16 400 27 3.0 3.0 5.0 4.0 57.0 55.5
106 59 10 600 09 3.0 3.0 2.5 2.5 27.5 19.0
107 62 15 600 02 2.5 2.6 2.5 2.0 26.0 23.0
109 49 09 300 04 2.6 2.5 2.5 2.0 23.5 21.5
110 62 11 600 56 3.0 3.3 4.0 3.0 52.5 31.0
111 56 11 400 37 3.0 3.0 2.0 1.0 11.5 4.0

PD, Parkinson’s disease; STN-DBS, deep brain stimulation of the subthalamic nucleus; UPDRS IIl, United Parkinson’s Disease Rating Scale IIl.

All subjects were right-handed males and all but one subject were native speakers of English (106 was a native speaker of Italian who immigrated to the United
States as an adolescent). In all cases, the stimulation frequency was 185 Hz, pulse width 60 u seconds. The medical indications for STN-DBS were advanced,
medically refractory PD with marked clinical swings between medication doses (i.e., on/off effects), as well as levodopa-induced dyskinesias. Both on and off
evaluations were performed at least 12 hours after the last dose of levodopa, which was taken the evening before the study. On and off studies were performed
on different days separated by at least 1 week. Subject 104 had maximum scores on the rigidity items on the UPDRS III, which were not responsive to DBS.
Given the unknown washout time of DBS effects, the UPDRS on-off differences may underestimate the therapeutic effects.
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Figure 1 Coronal section of the brain showing the typical
bilateral placement of the high-frequency stimulating leads in
the subthalamic nuclei.

Impulse Generator Programming

Initial programming of the impulse generators occurred 2
to 4 weeks after surgical implantation with the patient off
PD medication. Starting with contact 0 in monopolar
configuration (i.e., case set to positive), the voltage
was slowly titrated up from OVolt in 0.1 to 0.2Volt
increments until beneficial effects were noted or the
patient reported a nontransient side effect. This procedure
was repeated for each of the four contacts. The contact that
yielded the greatest benefit and/or exhibited the greatest
therapeutic window was selected for chronic stimulation
and the lowest effective voltage was used initially. The
contralateral stimulator was programmed independently
using the same protocol. Additional adjustments were
made and contacts added as necessary with bilateral
stimulation in effect.

Study Procedures

Subjects were brought to the General Clinical Research
Center at the Feinstein Research Institute of the North
Shore-Long Island Jewish Medical Center around 0800
hours to be consented, interviewed, and given instructions
regarding the procedures. They were then given a tour of
the PET suite and briefed again about the study procedures
after being able to see the apparatus. The current impulse
generator settings were recorded and hard copy produced
using a Medtronic programming device. Before the scan-
ning sessions, all of the subjects were being stimulated
24 hours/day, with the average duration of treatment being
25.6 + 21.2 months. The individual durations are listed in
Table 1. The stimulators were typically turned off at 0900
hours. Approximately 30minutes later, subjects were
positioned in the PET scanner (GE Advance Tomograph,
General Electrics, Milwaukee, WI, USA) and an intra-
venous line placed in the subject’s left arm for H,'O
injection at 1000 hours. A stereotactic headholder and
three-dimensional laser alignment were used for stable and
reproducible head positioning. Lightweight headphones
were attached to the headholder to facilitate communica-
tion with the subject. A 10-minute transmission scan was

CBF after DBS
JJ Sidtis et al

performed for attenuation correction, followed by a two-
dimensional PET scan to establish the delay time between
H,"0 injection and the detection of brain activity by the
scanner. This was followed by a series of 12 whole-brain
three-dimensional PET scans. In the DBS off studies,
stimulation was off for an average of 61 minutes (minimum
40 minutes, maximum 86 minutes) before the first scan.
There is no standard off period in DBS studies with off
times often unreported. When reported, off times can range
from 10 to 42 minutes (Ceballos-Baumann et al, 1999;
Payoux et al, 2004; Karimi et al, 2008) to as long as 12 hours
(Hilker et al, 2003). When STN-DBS is turned off, tremor
worsens within minutes and bradykinesia and rigidity
worsen over a period of 30 to 60 minutes (Temperli et al,
2003). The mean total duration of scanning was
85.1 £ 8.5 minutes in the off condition and 90.9 £ 10.8 min-
utes in the on condition. These durations were not
significantly different. The average interscan intervals for
on and off conditions did not differ either, at 8.3 and
7.6 minutes, respectively. Several intervals for scans occur-
ring later in both the on and off series were longer to
accommodate subjects’ needs.

The scanning sequence began and ended with a resting
scan. The remaining 10 scans consisted of 2 repetitions of
5 pseudorandomized speech repetition tasks (lip closure, /
pa/, /pa-ta-ka/, /pop-the-top-cop/) and a spontaneous
speech task in which subjects produced a monologue on a
topic of their choice. These tasks were produced in random
order once in the first half of the study and repeated in
reverse order in the second half. On the basis of the
observed brain delay time, each speech task was initiated
15 seconds before detection of H,'°O in the brain. Tasks
were performed for 60seconds using the procedure
reported previously (Sidtis et al, 2006). Blood flow was
measured using a modified slow bolus injection of H,'O
(Sidtis et al, 2006; Silbersweig et al, 1993). Performance on
the speech tasks was recorded on digital audio and video
media for subsequent analyses. After the PET study, all
subjects underwent a protocol motor speech examination
and were evaluated using the disability scale of Hoehn
and Yahr (1967) and the United Parkinson’s Disease Rating
Scale III (UPDRS III) to rate motor function (Fahn and
Elton, 1987). The Hoehn and Yahr scale ranges from stage 0
(no signs of disease) to stage 5 (wheelchair bound or
bedridden unless aided). The UPDRS III rates disability in
a wide range of motor function. After speech and PD
examinations, medication and STN-DBS were resumed.

Image Processing and Data Extraction

All images were aligned and spatially normalized using
SPM99 software (SPM99, London, UK; http://www.fil.ion.
ucl.ac.uk/spm/). Raw images were aligned for each subject
using rigid body registration. Aligned images were then
spatially normalized to the PET template using a nonlinear
transformation. Large, irregular anatomic regions of inter-
est were drawn for each slice using SCANVP software
(Feinstein Institute for Medical Research, Manhasset, NY,
USA; http://www.feinsteinneuroscience.org/) in MATLAB
(Mathworks, Sherborn, MA, USA). A composite image of
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all 166 scans was created to generate template regions of
interest for each slice, which were drawn to include only
the brain area, analogous to a brain mask. These whole-
brain templates were then applied to individual images. For
each subject, values from these regions of interest were
averaged to obtain an estimate of gCBF. Three such estimates
were calculated using a thresholding method (Rottenberg et
al, 1991). Owing to the resolution of functional imaging
techniques, estimates of blood flow or metabolism contain
partial volume error caused by mixtures of gray and white
matter and cerebrospinal fluid. The thresholding approach
was developed to improve the accuracy of measurements of
gray matter responses in neurobehavioral studies, but it also
has the advantage of tolerating individual anatomic differ-
ences (Sidtis, 2007). One estimate of gCBF was based on the
average CBF across all voxels in each slice for each
individual. A second gCBF estimate was based on an average
of the voxels that fell in the upper 10% of values for an
individual, based on the individual’s whole-brain data. A
third gCBF estimate was based on an average of the
maximum voxel values on each slice. These three estimates
of gCBF provide an indication of whether global effects were
driven by flow rates combining that of gray and white matter,
flow rates approximating that of gray matter, or the highest
flow rates (lida et al, 2000; Ingvar et al, 1965). For each
subject, averages across all slices were then calculated for
each scan in each condition for each gCBF measure. These
average values were then normalized across subjects using
the by-administered H,"O dose.

Administered H,'0 Dose and Dose Normalization

H,"™0 was collected and activity counted (Coincidence
Technologies, GE, Milwaukee, WI, USA) in a reservoir
during the interscan interval before injection. A dose
normalization was computed to minimize the effects of
changes in 'O dose over the 12 sequential scans, to
normalize all subjects to a single dose (the grand mean of
all conditions), and to account for any differences in the
relationships between **O dose and gCBF across DBS states.
A ratio was used to generate the normalization factors for
each scan (Arnt et al, 1996; Sidtis et al, 2006). The
normalization factor for an individual scan was the ratio of
the grand mean of the O doses across scans and DBS
conditions, and the O dose for the individual scan,
weighted by the proportion of variance (r*) accounted for
by the correlation between dose and CBF measure for each
DBS condition. The normalization factor was as follows:

Normalizationy y , = (ry ,)
* (grand mean '°O dose/**O dose y, ;)

where:

x=DBS (on, off)

y=CBF measure (max, 10%, 100%)

z=Sequence (1 to 12)

grand mean 'O dose was calculated across DBS states
and scan sequences.

r? =proportion of variance accounted for by the relation-
ship between 'O dose and each gCBF measure in DBS on
and off conditions. The correlations between 'O dose and
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each gCBF measure were calculated separately for DBS on
and off conditions using all scans (both between and
within subjects) in each condition.

Each gCBF value was multiplied by the appropriate
normalization factor, and the product was added to the
original gCBF value. This increased all gCBF values, but
the increases were greater for scans obtained with **O
doses below the grand mean, and fractional for scans
obtained with 'O doses above the grand mean. All
normalizations were proportional to the relationship
between O dose and gCBF in each condition for each
measure.

Results
150 Dose

There were no significant differences in the doses of
0 administered to the DBS on and off groups nor
was there an interaction between DBS status and
scan sequence. However, there was a significant
effect of temporal sequence (F(11,66)=2.28; P=0.02)
with the administered dose declining over the 12
scan sequence. To determine the appropriate weight-
ing to be applied to the dose normalization across
scans described above, correlations between admi-
nistered 'O dose and each CBF measure were
determined separately for the DBS on and off groups.
For the DBS on group, O dose was positively
correlated for the max CBF (r=0.726; P<0.001),
upper 10% CBF (r=0.643; P<0.001), and 100% CBF
(r=0.416; P<0.001). For the DBS off group, O dose
was positively correlated for the max CBF (r=0.358;
P=0.001), upper 10% CBF (r=0.343; P=0.002), but
not for 100% CBF (r=0.187; P=0.09). These correla-
tions between 'O dose and gCBF measures differed
between the on and off groups for max CBF (Fisher’s
Z-transformation: z=3.449; P<0.002) and upper
10% CBF (z=2.557; P=0.01), but not for 100% CBF
(z=1.614; P=0.11) measures.

Deep Brain Stimulation Effects on Cerebral Blood Flow

Separate analyses of variance were performed for
each CBF measure with DBS status (on, off) and
sequence (1 to 12) as repeated measures. For the
CBF...x measure, there was a significant DBS effect
(F(1,6)=162.74; P<0.001) with consistently higher
flow values in the DBS on condition. There was an
effect of sequence (F(11,66)=2.24; P=0.022), owing
to some fluctuation in the initial scans, but the DBS
state did not interact with sequence (Figure 2). The
same pattern of DBS effect was found for the CBF,,
(F(1,6)=61.079; P<0.001) and CBF,,, measures
(F(1,6)=25.069; P=0.002). All seven subjects
showed higher CBF in the DBS on condition. The
average increase for CBF,,.. was 50.9%, which was
greater than the 37.1% for CBF,, ((7)=—5.566;
P=0.001), which was greater than the 23.7% for
CBF,o (1(7) = —8.709; P<0.001).
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Figure 2 Mean global CBF (gCBF) values (+1 s.e.) for 3
measures of flow for each of 12 serial whole-brain PET scans
as a function of temporal sequence and STN-DBS status. The
gCBF ..« (A) represents the highest voxel values, gCBF,q., (B)
represents the average of the upper 10% of voxels in each slice,
and the gCBF, 09 (C) represents the average of all of the voxels
in each slice. Global CBF was higher with STN-DBS on and STN-
DBS status interacted with time with each global CBF measure.
CBF, cerebral blood flow; PET, positron emission tomography;
STN-DBS, deep brain stimulation of the subthalamic nucleus.

Correlates of Deep Brain Stimulation Induced Global
Cerebral Blood Flow Changes

Relationships between demographic, clinical, and
gCBF,, measures were examined. In the on condi-
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tion, gCBF,, increased with the total amplitude (left
plus right side) of stimulation (r=0.222; P=0.04).
Increased age was associated with decreased gCBF,,
in both the off (r=-0.229; P=0.037) and on
(r=-0.359; P=0.001) conditions. With regard to
clinical status, the on—off difference in gCBF,,,
expressed as a percentage, indicated that gCBF,,
increases in the on condition were greater in subjects
with a longer duration of PD when age was taken into
account (r=0.444; P=0.002). The percentage change
in gCBF,, was not correlated with any other perfor-
mance measures expressed as on—off change scores.

Although change scores did not reveal relation-
ships between gCBF,, and functional status, the
relationships between gCBF,, and functional status
measures differed in the off and on conditions. In the
off condition, gCBF was not associated with either
the Hoehn and Yahr disability scale or the UPDRS
motor performance scale. However, increased gCBF,,
was associated with an increased rate of pausing
on the speech tasks during scanning with STN-DBS
off (r=0.334; P=0.019). In contrast, with STN-DBS
on, subjects with higher gCBF,, values were those
with greater disability on their Hoehn and Yahr
(r=0.259; P=0.017) and UPDRS III scores (r=0.249;
P=0.023). In this condition, gCBF,, was not asso-
ciated with the pausing rate, but increased gCBF,,
was associated with longer pause durations
(r=0.402; P=0.004) and greater variability in pause
durations (r=0.502; P<0.001).

The relationship between gCBF,, and clinical
status was also addressed by examining the effects
of STN-DBS on the dynamic range of gCBF,,.
Expressed as a percentage of the minimum value
across the 12 scans for each subject in each
condition, the mean gCBF,, range was slightly larger
in the on condition (62.3%) than in the off condition
(54.1%), but this difference was not significant.
Three of the seven subjects had a larger gCBF,, range
in the on condition and these three subjects
had greater improvements in their Hoehn and
Yahr (52.7% improvement) and UPDRS III (80.1%
improvement) scores with STN-DBS on than did the
four subjects with larger gCBF,, ranges in the off
condition (Hoen and Yahr: 25% improvement;
UPDRS III: 38% improvement). These differences
did not correspond to the order in which the on and
off scans were performed.

Deep Brain Stimulation Effects: Rest Versus Speech

To assess whether the DBS effects on gCBF were
influenced by the speech tasks or rest, the percentage
increases during DBS on for the two resting scans,
which occurred at the beginning and end of the 12
scan sequence, were compared with increases on the
two adjacent speech scans (scans 2 and 11). As the
order of the different speech tasks was randomized
across sequences, the speech condition represented a
range of tasks. There was no significant difference
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between the increases during DBS on for any of the
gCBF measures.

Discussion

These results reveal a previously unappreciated
effect of the therapeutic high-frequency stimulation
of the STN: a significant increase in gCBF. This effect
was present with all three estimates of CBF and in all
seven subjects. The increases in gCBF were esti-
mated at 37% for gray matter (gCBF,,) and a 24% for
the combination of gray and white matter (gCBF, ).
The increase averaged 51% for the maximum blood
flow values (gCBF,...). Global CBF decreased with
age, regardless of DBS status, but the magnitude of
the gCBF effect increased with the duration of PD,
when age was taken into account. The results of this
study suggest that high-frequency stimulation of the
STN produces a global increase in blood flow, and
further, that the properties of CBF differ in the
presence or absence of STN-DBS.

The reduction of CBF with age has been repeatedly
observed (Kety, 1956; Shaw et al, 1984; Pantano et al,
1984; Gur et al, 1987), and the relationship between
gCBF and age does not seem to be affected by STN-
DBS. More significantly, STN-DBS produced a sig-
nificant increase in gCBF. It is not clear whether this
CBF effect is the direct result of stimulating the STN
or an indirect local field effect on adjacent tissue. A
region near the STN in rats, which included Forel’s
field, the medial pole of the zona incerta, and part of
the prerubral area, was found to have a significant
influence on the control of cerebral circulation by
Golanov et al (2001), who named the site the
‘subthalamic cerebrovasodilator area’ (SVA). Consid-
ered more of a functional than an anatomic area,
stimulation of this region produced a diffuse and
bilateral CBF increase that appeared within seconds
of the onset of stimulation but persisted for minutes
after its cessation. The magnitude of the gCBF
increase was related to the intensity of SVA stimula-
tion. Independent of metabolism, the CBF increase
for a 10-second stimulation train at 50Hz (20 uA)
peaked at 25%, but could be as high as 70% to 100%
depending on frequency and amperage of the
stimulation (Golanov et al, 2001). The SVA was
characterized as part of a network that includes the
rostral ventrolateral medulla, which contains neu-
rons that are excited by hypoxia (Sun and Reis,
1993), and the medullary cerebrovasodilator area,
which increases CBF when stimulated (Golanov
et al, 2000). This network is believed to mediate a
pattern of responses that protect the brain from
hypoxia by redirecting blood from systemic circula-
tion to cerebral circulation.

An earlier study by Manrique et al (1977) stimu-
lated the STN directly in conscious, behaving goats
and reported 80% to 100% increases in CBF after
brief periods (10seconds) of stimulation (100Hz,
3mA). Although they did not measure CBF, Angyan
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and Angyan (1999) reported voltage-related increases
in blood pressure, measured at the carotid artery,
respiration rate, and transient increases in heart rate
as a result of STN stimulation in behaving cats
(10 seconds, 100 Hz, 0.1 to 1.0mA). They concluded
that the STN is involved in adjusting cardiorespira-
tory function to motor activity. The gCBF changes in
this study are consistent with the magnitudes of CBF
changes associated with stimulation of the SVA and
STN reported in these animal models.

The recognized indirect, local field effects of STN-
DBS on the corticobulbar tract adjacent to the STN
have been associated with motor signs and are not
likely the cause of the observed gCBF changes. If the
global increase in CBF is an indirect rather than a
direct effect of STN stimulation, the SVA (i.e.,
neurons in the zona incerta or Forel’s field), may be
the source. Recently, Gradinaru et al (2009) used a
novel optogenetic technique in conjunction
with hemi-Parkinsonian rats and transgenic mice to
study the therapeutic mechanisms of STN-DBS.
They found that neither optogenetic inhibition nor
excitation of intrinsic STN cells improved hemi-
Parkinsonian symptoms. However, high-frequency
optogenetic stimulation of afferent fibers entering the
STN had a strong and reversible effect on hemi-
Parkinsonian symptoms. This stimulation of afferent
fibers was found to antidromically drive activity in
the motor cortex. Antidromic influences on afferents
from other areas, including the =zona incerta,
although not studied, were acknowledged as
other potential sources of therapeutic benefits.
Although Gradinaru et al (2009) did not study CBF,
the mechanism that they described is reminiscent
of the antidromic influence on the rostral ventro-
lateral medulla that produces elevated CBF when the
fastigial nucleus of the cerebellum is stimulated
(Reis and Golanov, 1997).

The mechanism of the observed gCBF increases is
unknown, but the therapeutic similarities between
STN-DBS and levodopa are notable and the effects of
dopamine on CBF require some comment. Dopamine
has been implicated as a factor in the control cerebral
circulation (Leenders et al, 1985; Iadecola, 1998;
Krimer et al, 1998). The administration of clinically
effective doses of levodopa to PD patients and
normal controls has been shown to produce
diffuse increases in CBF without changes in oxygen
utilization, suggesting cerebrovascular dilation
(Leenders et al, 1985). A similar dissociation
between CBF and glucose metabolism has been
found on a regional basis after levodopa administra-
tion in PD subjects (Hirano et al, 2008). In general,
stimulation of the dopamine system increases CBF
(Leenders et al, 1985).

Both the electrophysiological and dopamine
studies show that these interventions can produce
increased CBF uncoupled from metabolism.
This may account for the significant difference in
the relationships between isotope dose and CBF
in the STN-DBS on and off conditions in this study.



The stronger association between dose and CBF in
the on condition may reflect cerebral vasodilation,
which would be expected from animal studies. This
possibility will require further study. The on and off
gCBF values also reflect different aspects of the
subjects’ clinical status. In the off condition, gCBF
did not correlate with either clinical status measure,
but the percentage change in gCBF between off and
on increased with the duration of PD. As cerebral
perfusion is decreased in PD (Melzer et al, 2011), this
suggests that STN-DBS may have a greater effect on
gCBF as the disease progresses. The relationships
between gCBF and the clinical status scales in the on
but not off conditions also suggest that gCBF is an
indirect measure of clinical status: greater on effects
in gCBF reflect more advanced PD. With regard to the
measures of pausing during speech, higher gCBF in
the off condition may be associated with more
normal speech, whereas higher gCBF appears to be
associated with more abnormal speech.

These results indicate that the effects of high-
frequency stimulation of the subthalamic region
on CBF warrant further attention with regard to
the therapeutic action of STN-DBS and its associated
behavioral changes. They also suggest that the
clinical application of STN-DBS may provide an
opportunity to study the mechanisms of cerebrovas-
cular control. Existing animal studies and human
PET results suggest that stimulation in the region of
the STN can produce both global and regional
increases in CBF (Pinto et al, 2004; Karimi et al,
2008; Hershey et al, 2003; Hirano et al, 2008), and
some of these effects are independent of cerebral
metabolism. It should be noted that this study did
not use absolute quantitation; hence, the actual
magnitude of the effects of STN-DBS on gCBF
requires additional study. A recent semi-quantitative
PET study of the effects of STN-DBS on glucose
metabolism showed an 11% increase in metabolic
rate with stimulation (Garraux et al, 2011). Increases
in gCBF exceeding those found for metabolism
would be anticipated from the uncoupling showed
in the animal studies. The source of this gCBF effect
may be the anatomic STN or the functional
SVA. Global CBF increases produced by STN-DBS
may have a role in its therapeutic effectiveness in PD,
or they may be an indicator of the degree to which
cerebrovascular control has been impacted by PD.
The potential for chronically inducing increased CBF
may be a consideration in the selection of candidates
for STN-DBS.

Finally, with the expansion of DBS to more sites in
the brain to treat a wider range of neurobehavioral
conditions (Rabins et al, 2009) from depression
(Giacobbe et al, 2009; Mayberg, 2009) and obsessive
compulsive disorder (Mallet et al, 2008) to epilepsy
(Hamani et al, 2009) and disorders of consciousness
(Schiff, 2009), the possibility that long-term and
short-term responses may be triggered globally or in
multiple systems should be seriously considered as
part of the mechanism of action of these therapeutic
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approaches. The presence of temporally persistent,
widespread brain changes after focal stimulation
may account for the some of the apparent contra-
dictions in models of DBS that invoke a single
mechanism (Kopell et al, 2006) and may be a factor
in the observation that stimulation of different sites
in the basal ganglia produce comparable results
(Benabid et al, 2009).
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