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Abstract

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) improves motor function
including gait and stability in people with PD, but differences in DBS contact locations within the
STN may contribute to variability in the degree of improvement. Based on anatomic connectivity,
dorsal STN may be preferentially involved in motor function and ventral STN in cognitive
function. To determine whether dorsal DBS affects gait and balance more than ventral DBS, we
conducted a double-blind evaluation of 23 PD patients with bilateral STN DBS. Each participant
underwent gait analysis and balance testing off Parkinson medication in three DBS conditions
(unilateral DBS in dorsal STN region, unilateral DBS in ventral STN region, and both stimulators
off) on one day. For UPDRS-I11 scores and velocity for Fast and Pref gait, as well as stride length
for Fast and Pref gait, dorsal and ventral stimulation improved gait, compared to the off condition
(post hoc tests, p<0.05). However, there were no differences with dorsal compared to ventral
stimulation. Balance, assessed using a multi-item clinical balance test (mini-BESTest), was similar
across conditions. Absence of differences in gait and balance between dorsal and ventral
conditions suggests motor connections involved in gait and balance may be more diffusely
distributed in STN than previously thought, as opposed to neural connections involved in
cognitive processes, such as response inhibition, which are more affected by ventral stimulation.
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INTRODUCTION

Gait abnormalities and postural stability deficits are commonly reported in Parkinson
disease (PD). Pharmacological treatments and surgical interventions may ameliorate some
aspects of gait and balance impairments, but surgical interventions may provide additional
benefit as the disease advances. In particular, bilateral subthalamic nucleus (STN) deep

brain stimulation (DBS) at clinically optimal settings improves motor function including gait
and stability in PD patients. Unilateral STN DBS produces similar, but smaller magnitude
improvements in UPDRS-I1I scores and gait velocity compared to bilateral stimulation.[1-3]
Unilateral STN DBS improved motor function on the side contralateral to stimulation,[4—6]
and also had lower magnitude effects on the side ipsilateral to stimulation.[1,2,4,7-9]

Despite these apparent benefits, substantial variability across studies and from person to
person within studies has been noted for STN DBS-induced improvements in gait and
balance in PD.[10-11] Differences in the location of DBS contacts within the STN may
contribute to this variability. Surgical placement of each DBS electrode, with four equally
spaced contacts, follows a dorsolateral to ventromedial trajectory through the STN region.
Segregation of anatomic connections of STN suggests it may be divided into three distinct
regions: a dorsal sensorimotor region, a ventral associative region, and a medial limbic
region.[12] Motor function may preferentially involve the dorsal STN, based on its anatomic
connections with motor areas of the brain, including the primary motor cortex, premotor
cortex, and supplementary motor cortex.[13-14] Thus, stimulation of the dorsal portion of
the STN would be expected to produce greater motor and gait benefits than stimulation of
ventral regions. In support of this notion, ventral stimulation preferentially affects response
inhibition to a greater extent than dorsal stimulation.[15]

More precise understanding of anatomic relationships underlying motor benefits from STN
DBS may provide a foundation to optimize this treatment. This study aimed to determine
whether DBS in the dorsal versus ventral STN regions differentially affected quantitative
measures of gait and balance. To maximally distinguish the differential effects of dorsal
versus ventral stimulation, uniform suboptimal DBS stimulation variables were used for
each individual, rather than using higher voltage clinically identified DBS settings. By using
the same DBS stimulation settings across participants, we were able to eliminate the within
group variability in stimulation parameters present in many studies that use each
individual’s clinical stimulator settings. Further, using these uniform suboptimal settings, we
were able to minimize potential spatial overlap of current spread between conditions. We
hypothesized that DBS of either dorsal or ventral STN regions would improve gait and
balance but that dorsal DBS would provide greater benefit.

MATERIALS AND METHODS

Participants

We conducted a double-blind evaluation of 23 PD patients (age 62+9 yrs, mean+SD, 19
males, PD duration 15+6 yrs) after at least 12-hour withdrawal from Parkinson medication.
Thirty participants were enrolled, but six did not complete gait and balance tasks for all
three conditions because they could not stand or walk independently (n=3) or ended the
study early due to discomfort (n=3). One participant was excluded due to a DBS
programming error. Data from these seven participants were excluded from all analyses.
Participants met specific inclusion criteria, including diagnosis of idiopathic PD according
to standard criteria,[16] previously implanted bilateral STN stimulating electrodes, no
serious medical problems, other neurological diseases, confounding medications (i.e.
dopamine blockers, depleters, or drugs that may impair balance), or injuries that could
impair gait or balance. All had DBS for at least 3 months prior to participation, to confirm
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they responded adequately to DBS therapy and allow for resolution of most
microsubthalamotomy effects. Participants were recruited from Washington University in
Saint Louis and the University of Cincinnati. This study was approved by the Washington
University Human Research Protection Office, and all participants provided informed
consent.

Contact Localization

Participants were pre-screened to ensure they had at least one dorsal and one ventral STN
DBS contact tip contralateral to the side of the body with worse motor signs, based on
lateralized UPDRS-111 administered off medication and off stimulation after DBS surgery.
[15] Contact localization was performed using images from pre-operative magnetic
resonance imaging (MRI) scans and post-operative computed tomography (CT) scans, a
validated method previously described.[17]

All participants had quadripolar deep brain stimulators implanted (electrode model 3389,
Medtronic Activa System, Medtronic Inc.). Each contact was 1.27 mm in diameter and
extended 1.5 mm. Contacts were separated from adjacent contacts by 0.5 mm gaps. DBS
contacts are numbered 0-3 along the electrode (ventromedially to dorsolaterally).
Standardized suboptimal DBS settings were used in an effort to control for current spread
and to minimize adverse effects. The DBS settings used were: monopolar stimulation (with
pulse generator case as cathode, 185 Hz, 60 ps, 2.5 V. The frequency and pulse width
settings were selected to match the clinical settings used for most participants. The chosen
voltage setting was less than the clinically prescribed voltage for 20 of the 23 participants,
and thus was expected to be a tolerable setting for most participants, even when applied via
suboptimal contacts. The DBS current likely activates neurons and axons within a 2 mm
radius sphere around the active contact tip, based on previous research [18-19], as well as
electrode characteristics and DBS variables used in this study. To select the DBS contact
tips within the dorsal STN and ventral STN regions, 2 mm spheres were drawn around the
contact tip and contacts were selected if they intersected with either the dorsolateral or
ventromedial STN. When possible, dorsal and ventral contacts were selected on either side
of an unused contact to minimize overlap of current spread.

Experimental Design

Gait and balance assessments were conducted in three DBS conditions on one day: unilateral
DBS of the dorsal STN region, unilateral DBS of the ventral STN region, and both
stimulators off. The order of DBS conditions was counterbalanced across participants, and
all evaluations were double-blind. Thirteen individuals had right and ten had left unilateral
DBS during stimulation conditions. Testing sessions began at least 42 minutes after DBS
settings were changed, as it has been shown that 90% of changes in motor performance
(UPDRS-III) occur within 45 minutes of DBS being turned off, and changes after DBS is
turned on occur more quickly, with 90% of changes in motor performance occurring in 15—
30 minutes.[20] Within our own laboratory, we have found that 85% of changes in motor
performance occur by 42 minutes.

A 4.8m GAITRite walkway (CIR Systems, Havertown, PA) was used to calculate gait
velocity in six walking trials: three at preferred pace [Pref gait], three as fast as possible
[Fast gait]. We anticipated changes in gait variables would be more pronounced in Fast gait
since the task was more challenging. Our primary gait variable of interest was gait velocity,
as it is improved with STN DBS.[21-22] In each stimulation condition, postural stability
was assessed using the mini-Balance Evaluation Systems Test of dynamic balance (mini-
BESTest). The mini-BESTest is a fourteen item clinical balance test (with 32 points
possible) that includes commonly used items, such as rising from a chair and one-leg stance.
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[23] UPDRS-111 was administered by a validated rater at the beginning of each stimulation
condition to assess overall motor impairment.

Statistical Analysis and Power

RESULTS

Gait

The primary variables of interest were gait velocity and total mini-BESTest score. Stride
length was also calculated from GAITRIite trials and examined as a secondary gait variable.
In each condition, the gait variables for each participant’s 3 Fast gait trials and 3 Pref gait
trials were averaged separately. Separate one-way RM ANOVAs (repeated measure: DBS
condition) were run for Fast and Pref gait velocity and stride length, as well as for total
mini-BESTest score and UPDRS-II1 score. Bonferroni corrections on ANOVA p values
were used because of multiple gait comparisons. The Greenhouse-Geisser epsilon
adjustment of the degrees of freedom estimate was used to correct for violations of
sphericity. Post hoc pairwise comparisons, with Bonferroni corrections for multiple
comparisons, were used to clarify differences between all conditions (dorsal DBS, ventral
DBS, and off) when a significant effect of stimulation condition was seen in the RM
ANOVA. For all statistical tests, significance was defined as p<0.05. A priori power
analyses suggest 15 participants would be necessary to detect a difference between
stimulation conditions with a small effect size of 0.2 using a two-tailed repeated measures
ANOVA (0.82 correlation among repeated measures), an alpha level of 0.05, and power (1-
beta) of 0.8.[24]

An attempt was made to separate dorsal and ventral DBS contacts by one (h=18) or two
(n=2) unused contacts when possible, but 3 participants were tested with adjacent dorsal and
ventral contacts. Figure 1 shows the average DBS contact locations across participants. Six
participants could not tolerate the standardized DBS settings due to adverse side effects.
Side effects noted were eliminated with use of lower voltages listed in parentheses. One
participant had jaw dystonia (2.3 V), one had paresthesia and nausea (2.3 V), one could not
tolerate higher voltages in clinical programming (2.2 V), one had paresthesia and dystonia
(2.0 V), and two had dyskinesias (1.8 V). Table 1 shows the DBS settings used for this
study, as well as the normal clinical settings, for each participant.

Mean gait velocity and mean stride length for Pref and Fast gait are shown in Figure 2a and
2b, respectively. Mean Fast and Pref gait velocity differed between the dorsal DBS, ventral
DBS, and DBS off conditions (F(2,44)=10.66, p<0.001 and (F(1.38.30.28)=6.28, p=0.044,
respectively), as did Fast and Pref stride length (F(1.47,32.35)=16.79, p<0.001 and
F(1.21,26.63)=11.09, p=0.008, respectively), suggesting gait was improved with DBS
(Figure 2).

Post-hoc pairwise comparisons showed that during Fast gait, participants walked faster with
dorsal stimulation (M=141.2+36.0 cm/sec, mean+SD) and ventral stimulation
(M=137.9£37.1 cm/sec) compared to DBS off (M=124.3+44.2 cm/sec, p=0.002, and
p=0.015, respectively). In Pref gait, participants walked faster with dorsal stimulation
(M=96.5+25.8 cm/sec, mean+SD) compared to DBS off (M=85.1+33.7 cm/sec, p=0.002) but
not ventral stimulation (M=94.8+29.4 cm/sec), compared to DBS off (p=0.127). Velocity
did not differ between dorsal and ventral conditions in Fast gait (p=0.750, 95% CI
(—3.94,10.55)) or Pref gait (p=1.0, 95% CI (—5.41,8.88)).

Participants walked with longer strides in Fast gait during dorsal (M=134.3+28.3 cm) and
ventral (M=133.3+30.0 cm) stimulation conditions, compared to DBS off (M=119.3+35.7
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cm, p<0.001 and p=0.002, respectively). They also used longer strides in Pref gait with
dorsal (M=109.8+£26.0 cm) and ventral (M=109.8+27.9 cm) stimulation, compared to DBS
off (M=96.4+32.8 cm, p=0.001, and p=0.017, respectively). Stride length did not differ
between dorsal and ventral stimulation conditions for Fast or Pref gait (p=1.0, 95% ClI
(—3.86,5.89), and p=1.0, 95% CI (—5.21,5.34) respectively).

Postural Stability and Overall Motor Performance

No significant differences were found in total mini-BESTest scores between dorsal
(M=20.7+4.9), ventral (M=20.7+4.9), and DBS off (M=19.1+5.8) conditions
(F(1.51,33.31)=2.73, p=0.093), suggesting postural stability did not change measurably
across the three conditions (Figure 3a). Overall, the UPDRS-111 postural stability item (Item
3.12) was correlated with mini-BESTest Score. (p(67)= —0.44, P<0.001). Examining
individual mini-BESTest scores, some participants exhibited improved balance with either
dorsal or ventral DBS, while others performed worse, compared to DBS off. The location of
the DBS contact within or outside the STN border was assessed in participants who did and
those who did not show balance improvements with STN stimulation. Among those whose
balance improved with dorsal STN stimulation (n=13), compared to DBS off, 38% had STN
DBS within the STN, while 62% had the dorsal contact outside the STN. Among those
whose balance worsened or did not change with dorsal STN stimulation (n=10), compared
to DBS off, 50% had the dorsal contact within, and 50% had the dorsal contact outside the
STN. Among those whose balance improved with ventral STN stimulation (n=13),
compared to DBS off, 46% had the ventral contract within the STN, while 54% had the
ventral contact outside the STN. Among those whose balance did not improve with ventral
STN stimulation (n=10), compared to DBS off, 60% had the ventral contact within the STN,
while 40% had the ventral contact outside the STN.

RM ANOVA indicated a difference (F(2,44)=24.75, p<0.001) in total UPDRS-III scores
between stimulation conditions (Figure 3b). Similar to gait results, post hoc tests on total
UPDRS-111 scores showed differences between dorsal (M=29.3+7.8) and off (M=36.5+7.3,
p<0.001) and ventral (M=28.9+7.5) and off (p<0.001), but not between dorsal and ventral
(p=1.0, 95% CI (—2.50, 3.33)) DBS conditions.

DISCUSSION

Based on the differences in anatomic connectivity between the dorsal and ventral STN,[12]
it has been suggested that DBS should target the dorsal STN, which has anatomic
connections with sensorimotor brain regions.[25] We hypothesized that targeted stimulation
in the dorsal STN region would improve gait and balance more than stimulation in the
ventral STN region in PD patients. Although we found improvements in gait with DBS
similar to those reported with unilateral[2] or bilateral[21] STN DBS using the most
therapeutic contacts at clinically-optimal DBS settings, the results of our current study
indicate unilateral dorsal DBS does not improve gait and balance more than unilateral
ventral STN region stimulation at suboptimal voltages. Improvement in gait with STN DBS,
regardless of contact location, supports the possibility that motor connections may be more
diffusely distributed throughout the STN. These regions of STN may not be sharply divided,
but instead the motor connections may exist throughout STN, potentially allowing for
integration across the functional regions.[26]

Although there were no significant balance improvements with either unilateral dorsal or
ventral DBS, compared to DBS off, the mini-BESTest data show a similar pattern to that
seen with the gait data. Our results suggest that unilateral STN DBS at suboptimal DBS
settings does not have a substantial clinically or functionally meaningful effect on balance.
In contrast, previous studies have demonstrated that bilateral STN DBS with optimal clinical
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settings improved balance and postural stability as measured by the Berg Balance Scale
(BBS) and the postural stability item of the UPDRS-111.[27] Further, balance as measured by
assessing center of mass displacement following postural perturbations improves with
bilateral STN DBS in some participants, and worsens in others.[11] Similarly, some
participants in our study showed considerable improvements in mini-BESTest score in both
unilateral dorsal and ventral DBS conditions, while others performed worse, regardless of
the order of the stimulation conditions. Based on the percentages of those with the DBS
contact within versus outside the STN, it does not appear that the position of the contact
within or outside the STN border predominantly dictated whether balance improved with
DBS in the dorsal or ventral stimulation conditions. The worsening of balance in some
participants with unilateral dorsal or ventral stimulation, compared to off DBS, may be due
to stimulation of certain pathways or structures near the STN, such as the internal capsule,
zona incerta (dorsally), or the substantia nigra (ventrally).

We expected dorsal STN DBS would improve overall motor performance more than ventral
STN DBS. In contrast, UPDRS-I1I scores improved with either unilateral dorsal or ventral
DBS, compared to DBS off, and there were no differences between motor benefits seen with
unilateral dorsal and ventral stimulation. Our results concur with previous reports of
improvements in UPDRS-I11 scores with unilateral STN DBS,[1,2,4] compared to DBS off.
Further, unilateral dorsal or ventral STN region stimulation produce similar improvements
in contralateral side UPDRS-I11 scores. This differs from the greater effect of ventral STN
stimulation compared to dorsal STN stimulation on changes in response inhibition.[15]
Uniform improvements in motor performance regardless of DBS contact location also
supports a model of STN organization where motor connections may be more diffusely
distributed, rather than primarily restricted to the dorsal region.

Unilateral DBS of dorsal and ventral STN regions produced similar improvements in gait
and overall motor performance in PD. Balance was more variably affected. Though our
results do not support the proposed dorsal-ventral model of STN motor organization, some
prior evidence does support this model. One study examining locations of clinically active
contacts in those with PD found that DBS of the dorsal STN region produced significantly
greater increases in lateralized UPDRS-I11 scores, step length, step velocity, and balance
(percentage of time with both feet on the ground during gait).[28] However, the design of
that study was not ideal because each participant’s left and right active contacts were not
necessarily placed in similar positions within the STN on both sides. Further, each
participant’s left and right side contacts were considered separately, measuring the effects of
activation of each contact (during bilateral stimulation) on contralateral motor performance.
Results were potentially confounded since STN DBS has both ipsilateral and contralateral
effects.[1,2,4,7-9] Additionally, stimulator settings were not standardized across participants
in the previous study.

Our study was unique in that we measured changes in gait and balance with unilateral DBS
in the dorsal versus ventral STN regions in the same individuals with standardized DBS
settings. We were able to detect significant differences between DBS off and DBS on
conditions despite use of suboptimal DBS settings. Utilizing the lower voltage settings was
important to minimize the overlap in stimulation area between the dorsal and ventral
contacts. The contact localization and targeted dorsal and ventral stimulation methods used
in our study have been successfully employed to assess the effects of dorsal versus ventral
stimulation on response inhibition in individuals with PD.[15] In this recent study,
differences were detected in cognitive performance between dorsal and ventral stimulation
conditions,[15] supporting our ability to differentially stimulate dorsal and ventral STN
regions.
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Conclusions

The exact mechanism by which STN DBS provides motor benefits in PD remains unclear.
STN DBS may normalize irregular or pathological STN output seen in PD.[29-30] It is also
not known which axons or neurons in or near the STN should be stimulated to produce
optimal improvements in gait and balance. The neuroanatomic basis of gait and balance
deficits in PD is also not clear, although the pedunculopontine nucleus (PPN) may play an
important role in these gait impairments. Since the PPN has reciprocal connections with the
basal ganglia, and specifically the STN,[31-32] stimulation of the STN might alleviate
potential aberrant suppression of PPN activity and/or compensate for neuron loss in the
PPN, improving gait impairments in PD.[31] These STN-PPN motor connections may be
more diffusely distributed throughout the STN, rather than located primarily in the dorsal
STN region. At this time, DBS contact location in the dorsal/ventral orientation of the STN
need not be a major consideration for surgical targeting or programming purposes with
respect to gait and balance. However, attention to dorsal/ventral location may be critical
with respect to cognitive function [15]. Future research is necessary to improve our
understanding of STN organization with the ultimate goal of optimizing the target for DBS
within the STN to maximize motor benefit while also minimizing cognitive side effects.
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Figure 1.

Contact locations for included participants. Coronal sections containing the STN (red
outline) are shown anterior to posterior. All left side contacts used have been mirrored on
the right side for ease of display. Spheres represent estimated 2 mm current spread around
the dorsal (green) and ventral (purple) contact tip across subjects. Scale bar indicates the
number of participants with overlapping spheres for that voxel.

J Neurol Neurosurg Psychiatry. Author manuscript; available in PMC 2012 November 1.



1dussnueln Joyny vd-HiN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Page 11

150 q ODorsal 150
M Ventral
N off
125 - 125
B -
2 100 4 E 100
£ O,
= £
= 2
g 75 & 35
@ @
> T
T 73
O 5o 50 4
25 1 25 4
a4 - . g+ | '
Fast Pref Fast Pref
(a) (b)
Figure 2.

Mean velocity and stride length for Fast and Pref gait for each stimulation condition. Fast
velocity and Fast and Pref stride length were significantly higher with dorsal and ventral
DBS, compared to off. Velocity for Pref gait was significantly different between dorsal DBS
and off. There were no differences between dorsal DBS and ventral DBS. Mean values =
SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.

Total a) mini-BESTest and b) UPDRS-I11 scores were compared across conditions. Balance
did not differ between conditions, but total UPDRS-I11 scores were significantly improved
with dorsal and ventral DBS, compared to off. There were no differences between dorsal
DBS and ventral DBS. Mean values £ SEM. ***p<0.001.
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