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Abstract

The persistent effects of unilateral deep brain stimulation (DBS) of the globus pallidus interna (GPi)
or subthalamic nucleus (STN) on specific movement parameters produced by Parkinson’s disease
(PD) patient’s are poorly understood. The aim of this study was to determine the effects of unilateral
GPi and STN DBS on the force producing capabilities of PD patients during maximal efforts and
functional bimanual dexterity. Clinical and biomechanical data were collected from 14 unilaterally
implanted patients (GPi=7; STN=7), at least 13 months post-DBS surgery, while On and Off
stimulation in the absence of medication. Unilateral DBS of either location produced a 33%
improvement in UPDRS Motor Scores. Significant gains in maximum force production were present
in both limbs during unimanual efforts. The greatest increase in maximum force, for both limbs, was
under bimanual conditions. Force in the contralateral limb increased more than 30% during bimanual
efforts while ipsilateral force increased by 25%. Unilateral DBS improved grasping force control
and consistency of digit placement during the performance of a bimanual dexterity task. The clinical
and biomechanical data indicate that unilateral DBS of GPi or STN results in persistent improvements
in the control and coordination of grasping forces during maximal efforts and functional dexterous
actions. Unilateral DBS implantation of either site should be considered an option for those patients
in which bilateral procedures are contraindicated.
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Introduction

Deep brain stimulation (DBS) has been shown to improve motor functioning of advanced PD
patients for whom traditional medical management is no longer effective[1,2]. Data are now
becoming available that address the long-term effectiveness of subthalamic (STN) DBS;
improvements in UPDRS ratings between 40-55% are typical[3-5].

Despite the lack of randomized clinical trials bilateral DBS become the standard surgical
treatment for advanced PD in most centers worldwide. However, unilateral STN DBS has been
shown to produce significant improvements in clinical rating scales[6,7] in advanced PD
patients and has not been reported to be associated with the adverse cognitive events observed
after bilateral STN DBS[7,8]. Recently, Germano and colleagues[6] reported that unilateral
stimulation of the STN was effective in improving motor function of advanced PD patients as
UPDRS Motor Scores decreased by 26% (50% and 17% decrease in the contra- and ipsilateral
limbs respectively).

Relatively long-term beneficial effects of unilateral pallidotomy on parkinsonian symptoms
have been reported[9] The short- and long-term effects of unilateral globus pallidus interna
(GPi) DBS on the motor symptoms of PD patients are poorly understood. The largest study to
assess the effects of unilateral GPi DBS has shown that in the short-term (approximately three
months postoperatively) UPDRS Motor scores decreased by 50%, however during a long-term
follow up (6-49 months) UPDRS Motor scores increased 8.3% compared to preoperative levels
[10]. The limited data addressing the effects of unilateral GPi DBS on long-term motor function
of PD patients necessitates additional study.

The effects of bilateral STN or GPi DBS on cognitive functions such as verbal fluency, working
memory, planning and problem solving, depression and verbal memory are equivocal at best.
Few well-controlled evidence-based studies have been completed in which the impact of
unilateral or bilateral DBS on mood and cognition have been completed[11]. However, there
is an emerging body of evidence to suggest that bilateral STN DBS does produce significant
and permanent cognitive declines in PD patients who were followed for five years[5]. In
general, GPi DBS is not associated with declines in cognitive functioning[12,13], however
declines in word fluency and visuoconstruction scores have been reported[3]. Considering the
potential cognitive declines associated with bilateral procedures and potential for motor
symptom relief with DBS, unilateral procedures may be a viable option for advanced PD
patients when bilateral procedures may be contraindicated as a result of age, symptom
asymmetry or mild cognitive declines.

In the current study we sought to answer the following: what are the long-term effects of
unilateral stimulation of GPi or STN on the force production capabilities of each limb under
unimanual and bimanual maximal efforts; does unilateral DBS lead to improvements in
bimanual dexterity; does unilateral stimulation lead to persistent clinical improvements in PD
motor functioning (as assessed by the UPDRS Part I11).

Subjects and methods

Subjects, medication and stimulation parameters

Fourteen advanced PD patients diagnosed with idiopathic PD (see Table 1 for demographics)
with unilateral DBS devices implanted in the GPi (n = 7) or STN (n = 7) were enrolled and
consented into the study which was approved by the Cleveland Clinic IRB. Twelve of these
patients were part of an on-going randomized clinical trial in which surgical candidates were
randomized to either a GPi or STN stimulation group; one patient from each group was
implanted outside of study protocol. Following random group assignment, stimulation side
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was determined on a case-by-case basis. The more affected side of the patient was determined
clinically and the stimulating electrode was placed contralateral to that side for maximal
symptom relief. Details regarding the surgical and microelectrode mapping procedures have
been provided previously[14]. The daily levodopa dose equivalents decreased 36 and 22
percent for the STN and GPi groups respectively. Prior to DBS mean levodopa dose was 1192
+585 mg and 1011+698 mg for the STN and GPi groups respectively. At the time of testing
the STN group’s mean levodopa dose equivalent was 764+407 mg while the STN group’s was
789+433 mg

Patient age in the GPi group ranged from 40-75 years while the STN group ranged from 38—
68 years. A two-tailed t-test indicated no significant difference in age between groups (P>0.1).
No significant difference in postoperative time between groups was present (P>0.05) (see
Table 1 for values). Patients’ medication and stimulation parameters were fully optimized,
based on clinical response, for at least six months prior to data collection. Experimenters were
blinded as to the site of stimulation during recruitment, data collection and analysis.

Experimental Setup

All experimental testing was performed while the patients were in the practically defined off
stage in terms of antiparkinsonian medication[15] while the stimulator was On or Off. Patients
reported to the laboratory while On stimulation. Upon completion of the informed consent
process, stimulation parameters were documented using a Medtronic Console Programmer.
The UPDRS Part 111 Motor Exam was then performed after which biomechanical testing was
conducted. Upon completion of the biomechanical testing, the patient’s stimulator was turned
Off. After three hours Off DBS, clinical and biomechanical tests were repeated.

Biomechanical Testing

Patients performed three unimanual maximum precision grip trials (e.g. using thumb and index
finger only) with each hand separately while On and Off DBS. During bimanual trials, patients
used a precision grip with both hands and exerted maximum force on each transducer.
Unimanual and bimanual conditions were randomized between patients. During each
maximum effort trial the patient was encouraged to squeeze the transducer with maximal force.
Three minutes rest was given between each trial. The average of the three trials for each
maximum testing condition was used for the analysis.

Bimanual dexterity was assessed using a paradigm developed in our laboratory (see Figure 1)
to assess dexterity of PD patients, older adults and patients with stroke. Briefly, grasping forces,
normal (grip) and tangential (load), for both limbs were recorded simultaneously using two
identical six-dimensional force-torque transducers (ATI, Apex, NC) during the performance
of the bimanual manipulation task. Patients were instructed to disconnect the two force
transducers from one another using a precision grip; much like they would open a container.
Ten trials were performed while On and Off DBS. An electromagnet exerted a resistive force
of 8N between the upper and lower transducers. Grip force (Fz) was defined as the force along
the axis normal to the flat surfaces of the transducer while load force (Fy) was defined as the
force along the axis tangential to the flat surfaces of the transducer. Grip and load forces were
recorded with an accuracy of 0.05N and 0.015N respectively. Force data were collected at 200
Hz using a customized LabView data acquisition program.

Data Processing and Analysis

A residual analysis was used to determine the optimal cut-off frequency for the force data;
based on this analysis data were digitally filtered by a dual-pass through a second-order
Butterworth filter with a 10.43-Hz cut-off. For the maximum force production task, maximum
force produced by each hand was the primary outcome variable. Movement time (MT) for each
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limb and consistency of digit placement were the primary outcomes for the bimanual dexterity
task. The center of pressure (COP) was determined through analysis of the torque data from
each force-torque transducer during task performance. The first step in quantifying the COP
was the creation of an ellipse that encompassed 95 percent of the COP data using principal
component analysis. The area of the ellipse was calculated and used as an measure of the
consistency of digit placement.

Statistical Analysis

Results

The influence of stimulation site on force producing capabilities and manual dexterity was
assessed through a group (GPi vs. STN) by stimulation condition (On vs. Off DBS) analysis
using a repeated measures ANOVA. Paired t-tests were used to follow-up any significant
interactions, main effects and differences between limbs. Statistical significance was set at
(P<0.05).

Results from the group by stimulation repeated measures ANOVA indicated that there were
no significant interactions between these two sites (P>0.1) on any clinical or biomechanical
variables. Furthermore, there were no main effects of group on any of these same variables
(P>0.1). The remainder of the Results will focus on the overall effects of stimulation for each
group and ipsilateral vs. contralateral effects during maximal efforts and manual dexterity.

Clinical Ratings

Table 1 contains UPDRS ratings for both patient groups. Stimulation led to a significant
decrease in UPDRS Motor scores (P<0.01); on average stimulation led to a 33% improvement
for both groups. The UPDRS was parsed into scores pertaining to the following symptoms:
rigidity, tremor, bradykinesia, gait and postural stability. Changes in these subcategories while
On and Off DBS are provided in Table 1. The GPi group exhibited improvement in rigidity
(34%) tremor (33%) and bradykinesia (28%). Patients with STN stimulation showed the largest
improvement in tremor (50%) while improvements of 40% and 26% were noted in the rigidity
and bradykinesia. Gait and postural stability were largely unchanged.

The UPDRS data were further parsed to examine the effects of stimulation on rigidity, tremor
and bradykinesia for each limb. For the GPi group rigidity, tremor and bradykinesa of the
ipsilateral limb were reduced by 13%, 15% and 12% respectively due to stimulation. On
average, the STN group showed ipsilateral benefits of 14%, 17% and 12% for rigidity, tremor
and bradykinesia as a result of stimulation. Contralateral benefits of stimulation were
significantly greater (P<0.01) for both groups compared to ipsilateral benefits. For the
contralateral limb, rigidity, tremor and bradykinesa improved 45%, 46% and 40% respectively
for the GPi group while the STN group improved 46%, 72% and 42% on these same variables.

Maximum force production

The mean(sd) absolute maximum grip force produced by the ipsilateral and contralateral limbs
for both groups while On and Off stimulation are provided in Table 2. The values in Table 2
indicate that maximum grip force amplitude increased for both groups during unimanual and
bimanual conditions. The magnitude of change in maximum grip force was assessed by
calculating the percent increase in maximum force while Off relative to On stimulation. Figure
2 contains the percent increase in maximum force in both limbs as a result of DBS during
unimanual and bimanual conditions. Inspection of Figure 2 indicates, maximum force produced
by the ipsilateral limb increased 15% and 20% for the GPi and STN groups respectively
(P>0.01). Similarly, contralateral maximum force increased 27% for the GPi and 31% for the
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STN groups respectively (P>0.001). Results from a paired t-test indicated that contralateral
force gains were significantly greater than ipsilateral force gains (P>0.05) for both groups.

As shown in Figure 2, ipsilateral strength gains were approximately 25% for both groups during
bimanual conditions. Strength gains for the ipsilateral limb under bimanual conditions were
significantly greater than unimanual conditions (P>0.05 for both groups). Maximum force
production in the contralateral limb also increased (P>0.001 for both groups). On average the
GPi group increased contralateral maximum force by 31% and the STN group by 34% from
Off to On DBS. There was no difference in contralateral strength gains for either group or when
data were collapsed across group as a function of unimanual or bimanual conditions.

Figure 3 contains the sum of forces produced by each limb under unimanual and bimanual
conditions. Unimanual summed force is the summation of maximum force produced by the
left and right limb during their respective unimanual maximal efforts. During bimanual efforts
the maximum force produced by each limb is summed. Comparisons were made between
unimanual and bimanual summations while On and Off stimulation. While patients were Off
stimulation (upper plots of Figure 3), a bilateral deficit was present. A bilateral deficit is present
when the summed force of the two limbs is greater in the unimanual compared to bimanual
conditions (i.e. the sum of force produced by the left and right limbs is greater during separate
unimanual efforts compared to simultaneous efforts). While Off stimulation both groups
exhibited a significant (P<0.01) decrease in total force producing capabilities in the bimanual
condition. During stimulation neither group exhibited a significant bilateral deficit. In fact, the
GPi group actually exhibited a bilateral facilitation as summed force during the bimanual trials
was 3.3% greater than summed force for the unimanual trials. Patients in the STN group
decreased their bilateral deficit to a negligible 1.7%. These differences between groups were
not statistically significant.

Bimanual Dexterity

In all patients the contralateral limb (which was also their dominant limb) was used to
manipulate the upper object while the ipsilateral limb served to stabilize the lower object.
Patients selected this pattern on their own as they were only instructed to perform this activity
like a typical daily action such as opening a container. The MT for both limbs decreased
significantly while On stimulation compared to Off stimulation (P<0.001). While Off DBS
average(sd) MT for the ipsilateral (stabilizing) limb was 938(97) and 1121(102) ms for the GPi
and STN groups respectively. Ipsilateral MT decreased by nearly 25 (704(89) ms) and 28
percent (807(98) ms) for the GPi and STN groups respectively. The MT for contralateral or
manipulating limb decreased, as a result of DBS, approximately 26 (895(106) to 655(88) ms)
and 32 (1093(122) to 745(69) ms) percent for the GPi and STN groups respectively.

Individual patient COP data for both groups and both limbs while On and Off DBS are provided
in Figure 4 (upper plots=GPi; lower plots=STN). While Off DBS patients COP was highly
variable as it was dispersed across the surface of the transducers. With stimulation patients’
tended to grasp the transducers in a more consistent position (e.g. nearer the center of the
objects). The area of the ellipse encompassing 95 percent of the COP data was significantly
reduced for both limbs in both groups of patients (P>0.001) as a result of stimulation. For the
GPi group while Off DBS, the area for the manipulating and stabilizing limbs was 3.57 cm?
and 4.65 cm? respectively; during unilateral DBS area decreased to 1.48 cm? and 1.53 cm? for
the two limbs. Subthalamic DBS resulted in a decrease in COP area; Off DBS area was 2.99
cm? and 3.89 cm? for the manipulating and stabilizing limbs respectively. During DBS area
for the manipulating and stabilizing limbs decreased to 1.03 cm? and .81 cm? respectively.
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Discussion

The current study is the first to systematically examine the long-term effects of unilateral GPi
or STN DBS on the force producing capabilities of both limbs under unimanual and bimanual
motor conditions. Overall, the results indicate that unilateral GPi or STN DBS is effective in
improving overall motor function, maximum force production and the control and specification
of grasping forces in both limbs and these effects persist at least one year after DBS surgery.
Stimulation produced greater clinical gains in motor function and strength for the contralateral
limb; significant improvements were also observed in the ipsilateral limb. The data indicate
that ipsilateral function is enhanced under conditions in which both limbs are performing a
task. Improved motor function for both limbs, under unimanual and bimanual task conditions,
as a result of unilateral stimulation provides a compelling argument that unilateral DBS may
provide sufficient symptom relief for those patients with asymmetric motor symptoms.

Unilateral stimulation of either site improved strength, movement speed and grasping force
control/consistency of digit placement on the objects. Previous studies have reported unilateral
GPi[10,16] stimulation leads to significant short-term (three months or less) improvements in
UPDRS Motor scores of advanced PD patients. However, these same studies report that after
approximately one year unilateral pallidal stimulation is no longer effective in the treatment
of PD symptoms; symptoms are similar or in some cases worse than preoperative levels. The
clinical and biomechanical data from the GPi patients examined in the present study are not
consistent with previous findings. Differences in experimental design and precision of outcome
measures may account for these disparate findings, namely the duration between turning the
stimulator Off and the evaluation of the patient and the use of biomechanical methods to assess
functional dexterity. The interval between turning the patient’s DBS system Off and evaluation
was not specified in the previous reports[10,16]. The time-course in which the reappearance
of Parkinson’s symptoms occurs is an important issue in accurately determining the effects of
stimulation. Temperli and colleagues[17] reported a progressive worsening of symptoms in
STN patients up to approximately two hours. Based on these data they recommended that
patients be Off stimulation for at least three hours in order to estimate the clinical effects of
STN stimulation[17]. Insufficient time between clinical assessments while On and Off
stimulation will lead to an underestimation of the beneficial effects of stimulation as there is
a progressive worsening of symptoms over time. Because our patients were Off for three hours,
the current data likely provide a more accurate assessment of the effects of unilateral GPi and
STN stimulation on both limbs. The use of a functional manual dexterity task provides an
opportunity to objectively and precisely quantify specific movement parameters during the
performance of a task that replicates those performed on a daily basis[18]. Clinical measures
such as the UPDRS Motor Exam do not offer these same opportunities.

Previous studies have shown that a bilateral deficit exists between unimanual and bimanual
maximal efforts[19]. A bilateral deficit occurs when the summed force of each limb under
bimanual conditions is less than the summed force of each limb under unimanual conditions.
The effects of PD and DBS on bimanual force production have not been examined previously.
In the current study, while Off stimulation the GPi group had a bilateral deficit of seven percent
(e.g. summed force produced by each hand during bimanual conditions was seven percent less
than summed force of each hand during unimanual conditions) and the STN group had a
bilateral deficit of 15.6 percent. A potential mechanism underlying bilateral deficit is reduced
neural drive during simultaneous contractions of homologous muscles of the two limbs[20].
Reduced cortical activity is well documented in PD[21,22] and is integrated into models of
basal ganglia function[23,24]. The presence of a bilateral deficit while Off stimulation is
consistent with the notion that decreased motor cortical activity associated with PD may be
contributing to the inability to fully activate the muscles of each limb simultaneously.
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Unilateral stimulation essentially eliminated the bilateral deficit for both groups. The GPi group
actually exhibited a bilateral facilitation of 3.3 percent, while the STN reduced their deficit to
just 1.7 percent. Unilateral DBS also improved bimanual dexterity as the consistency of digit
placement on the objects being manipulated was significantly reduced. The reduction/
elimination of the bilateral deficit and improved motor function during stimulation suggests
DBS results in an activation of motor cortical areas, possibly via the supplementary motor area
(SMA).

Despite the fact that the basal ganglia consist of multiple parallel pathways projecting to each
of the motor cortical areas[25], impaired movement related cortical activity in PD is particularly
pronounced in the SMA[26]. The abnormal processing of phasic cortical input by the basal
ganglia and transmission of this altered output to the SMA or other cortical areas is likely to
disrupt the normal firing patterns of movement related cortical neurons. Alterations in the
function of this circuitry are likely responsible for the bilateral deficit observed in PD patients.
The fact that stimulation enhanced bimanual force production and dexterity, for both groups,
suggests that it may be blocking the abnormal patterns of activity transmitted from the basal
ganglia to the SMA or stimulation may produce higher ordered activity in the basal ganglia
that reduces the disruption in cortical signal transmission[27].

Activation studies using PET have sought to identify the effects of GPi and STN DBS on motor
cortical areas. Pallidotomy has been shown to result in an increase in movement related cortical
activity in the SMA[28]; similar finding have been reported in patients with GPi DBS[29].
Davis and colleagues[29] reported an increase in rCBF levels in the SMA and other motor
cortical areas during effective stimulation. Two PET studies have shown that STN DBS leads
to increased activation centered around the SMA (ipsilateral to stimulation and contralateral
to movement) during internally generated movements (e.g. similar to the current paradigm)
[30,31]. Improved SMA function in the hemisphere ipsilateral to stimulation site is most likely
the mechanism responsible for enhanced bimanual functioning observed in the current study.
The extensive interhemispheric connections between the SMA[32] and ipsilateral projections
from the SMA to striatum[33] provide anatomical support for the notion that improved SMA
functioning leads to improvements in motor function in the ipsilateral and contralateral limbs.
The importance of the SMA in the control and planning of bimanual activities[22] may explain
why ipsilateral motor function of PD patients during DBS is enhanced during bimanual
activities.

Long-term improvements in motor function with unilateral stimulation of the STN are
consistent with a recent report[6]. Persistent improvements in motor function with unilateral
stimulation of GPi differ with earlier reports[10,16]. As discussed previously, differences in
methodology, namely the duration between turning the stimulator Off and performing the
clinical evaluation and/or lead location and precision of movement assessment, are possible
explanations for the disparate findings. One limitation of a maximum force production
paradigm is that patient motivation and fatigue could impact effort level. While patients were
consistent in their maximum force produced within conditions, it is acknowledged that in order
to achieve the patients’ true maximum force, twitch interpolation techniques are required.

Additional studies are necessary to determine if a unilateral staged implantation strategy may
be more favored over immediate bilateral implantation, especially for those patients with
asymmetric symptoms, older patients or those with mild preexisting cognitive impairments.
We are currently comparing the effects of unilateral to bilateral DBS on upper and lower
extremity motor function using additional biomechanical measures and paradigms that require
the precise control of grasping forces in both limbs simultaneously.
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Abbreviations

ANOVA, analysis of variance; DBS, deep brain stimulation; GPi, globus pallidus pars interna;
STN, subthalamic nucleus; SMA, supplementary motor area; UPDRS, Unified Parkinson’s
Disease Rating Scale.
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Figure 1.

Illustration of bimanual dexterity paradigm used to assess functional motor performance.
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Figure 2.
The average percent change in maximum grip force produced by each limb during unimanual
and bimanual testing from Off to On stimulation.
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Figure 3.

The summed force produced by each hand during unimanual (left + right during separate
unimanual efforts)and bimanual (left + right during simultaneous efforts)conditions for both
groups while off (upper plots) and on (lower plots) stimulation. Negative numbers above bars
indicate a bilateral deficit while the positive value represents a bilateral facilitation.
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Center of pressure (COP) values for all bimanual dexterity trials for both groups while Off and
On DBS. The object area, outer circle of radius 2 cm, is divided into sectors of 30 degrees

(dotted lines) in counter clock wise direction. The inner circle (gray dotted line) indicates the
sub area of 1 cm radius. COP data is represented by stars and the solid ellipse defines the area

of the spread to encompass 95 percent of the data.
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