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Abstract
We investigated the control of movement in 12 patients with Parkinson’s disease (PD) after they
received surgically implanted high-frequency stimulating electrodes in the subthalamic nucleus
(STN). The experiment studied ankle strength, movement velocity, and the associated
electromyographic patterns in PD patients, six of whom had tremor at the ankle. The patients were
studied off treatment, ON STN deep brain stimulation (DBS), on medication, and on medication plus
STN DBS. Twelve matched control subjects were also examined. Medication alone and STN DBS
alone increased patients’ ankle strength, ankle velocity, agonist muscle burst amplitude, and agonist
burst duration, while reducing the number of agonist bursts during movement. These findings were
similar for PD patients with and without tremor. The combination of medication plus STN DBS
normalized maximal strength at the ankle joint, but ankle movement velocity and electromyographic
patterns were not normalized. The findings are the first to demonstrate that STN DBS and medication
increase strength and movement velocity at the ankle joint.
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) minimizes tremor, rigidity,
and bradykinesia in Parkinson’s disease (PD).1 STN DBS restores basic upper limb motor
functions, such as arm movement speed,2,3 grip force control,4 and wrist strength,5 reduces
tremor,6 and improves oral force control.7 Similar studies of the lower extremities are lacking.
This is surprising since the volitional control of the ankle joint is critical in motor behaviors
such as postural stance and walking.
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This study examined the effects of unilateral STN DBS and medication (Meds) on the control
of the ankle joint. First, in the upper limb, PD patients are weaker than healthy individuals and
levodopa increases upper limb strength.8,9 We examined the degree to which DBS and Meds
increased strength at the ankle joint. Second, we previously demonstrated that DBS and Meds
act through similar mechanisms of action by scaling the amplitude and temporal properties of
the electromyographic (EMG) signal during elbow movement.3 We aimed to determine if the
same neuromuscular properties are modulated by DBS and Meds at the ankle joint. Third, the
extent of the benefit of Meds plus STN DBS on neural recruitment strategies of the lower
extremities in patients with PD is unclear.2,10 We therefore compared PD patients on Meds
plus DBS with matched healthy individuals. Fourth, we examined if the combined treatments
improved ankle function independent of tremor. Finally, we assessed the correlation between
the change off treatment to on Meds plus STN DBS between our motor control measures and
questions from the Unified Parkinson’s Disease Rating Scale (UPDRS) associated with
postural control and gait.

PATIENTS AND METHODS
Twelve PD patients participated 4 –9 months after quadripolar stimulating electrodes were
implanted unilaterally in the STN (Table 1). Six patients had tremor in the off state, and six did
not. The stimulator pulse width was 60 μsec and the frequency was 185 Hz. Also, 12 age- and
gender-matched control subjects were examined (mean age: 52 years).

Patients were included if they had idiopathic PD by accepted criteria11 and postoperative
reduction of greater than 15% in the UPDRS motor section off treatment compared to STN
DBS. Six of the 12 patients were previously studied at the elbow joint,3 and 8 were previously
studied for hand tremor.6 All subjects gave informed consent in accordance with the local
institutional review board and Declaration of Helsinki.

Treatment Design
The experiments were performed on consecutive days in each treatment condition: (1) off
treatment; (2) STN DBS; (3) Meds; and (4) Meds plus STN DBS. On day 1, condition 1
occurred between 9 and 11 am and condition 2 between 1 and 3 pm. On day 2, the same testing
schedule as day 1 was set for conditions 3 and 4, respectively. The control subjects were tested
on 1 day.

Patients were tested after a 12-hour withdrawal from the specific treatment.12,13 The UPDRS
motor section was administered 90 minutes after activation of the stimulator.14 Resumption
of optimal levodopa therapy began after testing on day 1 and continued through day 2 of testing.
On day 2, all patients took Meds between 6 and 7am and then again at 9 am. Forty-five minutes
after the 9 am dosage, the UPDRS motor section was administered to ensure that Meds efficacy
was optimized. Motor control testing then proceeded. For the afternoon session on day 2,
patients took Meds at 12:30 pm, and the same protocol for the morning session was followed.
For all patients in this study, the afternoon testing session commenced 50 minutes later. At
each dose, patients took the Meds listed in Table 1. These Meds are the presurgery doses
because this represents the optimal Meds treatment determined by the neurologist.15

Motor Control Testing
Experimental Apparatus—The subject viewed a computer monitor displaying cursor and
a target. The cursor represented ankle torque for the strength task (N.m) or ankle angle for the
movement task (degrees). The subject was seated with the knees and hip flexed to 90°. The
chair height remained constant. The foot rested in a ski boot manipulandum that rotated in the
sagittal plane. The axis of rotation was aligned with the ankle joint. When the ankle joint was
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at 90°, the angle transducer reading was defined as 0°. Joint angular position was measured by
a transducer mounted on the shaft at the axis of rotation. Velocity was obtained by
differentiating the analog angle signal. Joint acceleration was measured by digitally
differentiating the velocity signal. Surface electromyographic (EMG) electrodes were placed
on the tibialis anterior and soleus muscles. The EMG signals were amplified (gain = 1,000)
and bandpass filtered between 20 and 450 Hz. All kinematic and EMG signals were digitized
at 1,000 Hz.

Strength and Movement Task
During the strength task, the ankle was fixed to a position of 90°. The strength task required
subjects to either dorsiflex or plantarflex as hard as possible on the manipulandum for three 6-
second trials.

During the movement task, the subject was instructed to move the ankle as fast and accurately
as possible to a 6° target on the visual display. During plantarflexion movements, the starting
ankle angle was near the end of the range for dorsiflexion, and during dorsiflexion movements
the starting ankle angle was near full plantarflexion. An auditory tone signaled the beginning
of the movement. Movements were performed at a 24° distance in blocks of 10 in both
plantarflexion and dorsiflexion. The subject was always given 10 practice trials per condition.

Data Analysis
Kinematic signals were preprocessed using a low-pass filter at 20 Hz (Butterworth second-
order filter dual pass). The EMG records were first rectified and then low-pass–filtered at 50
Hz (Butterworth second-order filter dual pass)16 after digitizing.

Strength Task—For maximal torque, the highest torque sample was determined during the
6-second trial. Torque ± 100 msec around the maximal torque value was averaged. This
calculation was performed on each trial and then averaged across the three trials for maximal
torque.

Movement Task—Kinematic and EMG signals were marked consistent with previous work
at the elbow.3 The following variables were calculated: peak velocity (degrees per second);
agonist burst amplitude (mV; the mean EMG activity during the first agonist burst); agonist
burst duration (in seconds; time period between the marked onset of the first agonist burst until
its offset); number of agonist bursts (a count of the agonist bursts that began prior to peak
velocity); and antagonist burst amplitude (mV; the average of the antagonist EMG signal for
each trial from the marked onset of the agonist burst to the end of the movement).

Statistics
Between subjects, t tests compared PD patients off treatment to control subjects, as well as
patients on both treatments to controls. In addition, we examined the influence of Meds and
DBS using analyses of variance (ANOVA). Each analysis examined plantarflexion and
dorsiflexion separately. Since the statistics were similar between plantarflexion and
dorsiflexion, we only report dorsiflexion. Finally, correlation coefficients were calculated
between the degree of improvement off treatment to on Meds plus DBS for the UPDRS question
26 (leg agility), question 30 (postural stability), the sum of questions 26 through 30 (27: arising
from chair; 28: posture; 29: gait), movement velocity, and strength.
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RESULTS
Ankle Strength

Effects of STN DBS and Meds—Table 2 indicates that ankle dorsiflexion torque was not
significantly different between PD patients off treatment (mean = 26.02 N.m) and control
subjects (32.1 N.m). DBS increased torque (33.4 N.m) and Meds increased torque (32.7 N.m),
and there was no interaction between Meds and DBS (Table 2). There was no additive benefit
of combining Meds and STN DBS versus Meds alone for ankle strength (Table 2).

Comparison of Both Treatments With Healthy Controls—The extent to which both
treatments together normalized muscle strength was examined between patients on Meds plus
DBS compared to the matched control subjects (Table 2). There was no difference between
Meds plus DBS (35.5 N.m) and control subjects (32.1 N.m).

Ankle Movement and EMG Patterns
Individual Subject Patterns—Figure 1 depicts a patient without tremor performing
dorsiflexion movements. Off treatment, peak velocity was very slow and the first agonist burst
amplitude was 0.01 mV with a duration of 80 msec. ON DBS, peak velocity increased
considerably, the agonist burst amplitude increased, and burst duration was longer. The Meds
condition increased the peak velocity, increased the agonist burst amplitude, and extended
agonist burst duration. Finally, Meds plus DBS increased peak velocity and further increased
the agonist burst amplitude beyond Meds along and DBS alone.

The patient in Figure 2 has tremor and DBS and Meds were effective in reducing bradykinesia.
Off treatment, the patient had a considerable tremor at 5 to 6 Hz, the duration of the tremor
bursts were between 70 and 80 msec, and the ankle movement was very slow off treatment.
DBS reduced the number of pathological EMG bursts prior to and during movement, along
with reducing movement time and increasing burst duration. Meds were not as effective as
DBS in reducing tremor prior to movement, but Meds did reduce movement time. The
combination of Meds plus DBS had the greatest benefit in reducing bradykinesia.

Ankle Velocity and EMG Patterns—The relation between agonist burst amplitude and
peak velocity had a linear relation across the speeds examined in this study (Fig. 3A). Meds
and DBS effectively increased velocity and agonist burst amplitude, and the combination of
the two treatments resulted in a greater velocity and agonist amplitude than either treatment
alone (Table 2).

For agonist burst duration (Fig. 3B, Table 2), there were no interactions between Meds and
DBS. DBS increased first agonist burst duration, and Meds increased agonist burst duration.
The combination of Meds plus DBS increased burst duration beyond the Meds-alone condition
(Table 2).

DBS reduced the number of agonist bursts and Meds also reduced the number of bursts (Fig.
3C, Table 2). The combination of Meds plus DBS further reduced the number of agonist bursts
beyond the effects of Meds alone (Table 2). Figure 3D demonstrates that the average antagonist
burst amplitude did not change across the Meds and DBS conditions during dorsiflexion (Table
2). There was also no evidence for any change in average antagonist EMG burst amplitude
when the Meds plus DBS condition was compared to Meds alone (Table 2).

Comparison of Both Treatments With Healthy Controls—The between-group
ANOVAs determined that the combination of DBS and Meds did not normalize velocity and
EMG patterns (Table 2). First, Meds plus DBS did not increase ankle movement velocity to
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the level of healthy individuals (Fig. 3A). Second, agonist burst amplitude was significantly
greater in controls than in the Meds plus DBS condition. Third, the control group’s burst
duration (Fig. 3B) was not statistically different from Meds plus DBS. Fourth, despite similar
burst durations, healthy control subjects had a lower number of agonist bursts when compared
to the Meds plus DBS condition. Fifth, Figure 3D shows that antagonist burst amplitude for
patients on Meds plus DBS remained significantly lower than controls.

Did the Presence of Tremor Alter How Treatments Affected Velocity?—We
examined a two-factor (group: tremor, no tremor; treatment: off, Meds plus DBS) repeated-
measures ANOVA for patients with tremor and those without. Peak velocity increased from
off treatment to on Meds plus DBS (P < 0.01). However, there was no difference in peak
velocity between the tremor and no tremor groups (P = 0.63). Also, there was no significant
interaction between the tremor group and treatment effect (P = 0.83).

Correlation Between off–on UPDRS (26 –30), Strength, and Velocity
We examined the correlation between strength and velocity with selected questions from the
UPDRS. First, we calculated the difference between off treatment compared with on Meds plus
DBS for each measure. Next, correlation coefficients were calculated between each dependent
variable (Table 3). All correlations were non-significant with the exception of ankle
dorsiflexion velocity and the UPDRS questions (26 –30). This correlation was positive,
indicating that increased improvement in the lower extremity portion of the UPDRS was related
to increased improvement in ankle velocity.

DISCUSSION
Effects of STN DBS and Meds on Ankle Strength and Velocity

We found that STN DBS increased ankle strength and Meds increased ankle strength. This
new finding for the lower extremity extends previous work, which has shown that
antiparkinsonian Meds increased strength in the upper extremities.8,9 Our finding that STN
DBS increased ankle strength also extends previous studies of wrist extension strength5 and
oral force production.17 During wrist extension, bilateral DBS led to a 52% increase in peak
torque5 and a 51% and 88% increase in maximal force from the upper and lower lips,
respectively.17 In the current study, ankle strength was improved 28% by STN DBS and 24%
by Meds.

During ankle movements, STN DBS and Meds had a robust effect on velocity and muscle
activation patterns. STN DBS and Meds alter bradykinesia at the ankle by modifying the
amplitude and temporal input to the motor neuron pool, and these findings are consistent with
previous work at the elbow joint.3 We can only speculate that because the EMG patterns were
similar at the ankle and elbow joints, the mechanism of action from STN DBS is similar across
each joint. Indeed, the motor subdivision of the STN has been linked to the leg, arm, and
orofacial structures in either one specific region14 or in multiple homunculi within STN.18,
19 Electrophysiological studies also demonstrate a somatotopy within the STN for upper and
lower limb joints.20 –22 The human STN is approximately 240 mm3,23 and the upper and
lower limb subdivisions are spatially close and covered by DBS current spread within the STN.
24 Thus, it follows that in a similar task performed at the ankle and elbow joints, the mechanism
of action may be similar and result in consistent EMG patterns for the ankle and elbow joints.

Our finding of increased ankle velocity is also consistent with studies that have used the UPDRS
and gait kinematics to assess the lower extremities. For instance, STN DBS increased walking
velocity on a treadmill10 and overground walking.2 STN DBS reduced the postural scores at
6 months postsurgery25 and the postural score was maintained 5 years after surgery.1 Our
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finding of a significant correlation between the degree of improvement in ankle velocity and
questions 26 –30 from the UPDRS demonstrate the behavioral significance of the velocity
effects.

The literature on the effects of DBS on postural sway and postural reactions provides less
uniform findings. Maurer and colleagues26 showed that although STN stimulation improved
postural stability when measured by the UPDRS, the abnormal postural reactions following a
visual tilt were resistant to treatment with Meds and STN DBS. In the same study, STN DBS
increased patients’ postural sway amplitude further away from healthy individuals, while work
from a different laboratory has shown reduced sway amplitude following DBS surgery.27,28
Because gait and postural stance rely on intersegmental coupling from the trunk and upper
limbs as well as sensory information from visual, somatosensory, and vestibular sources, it is
very difficult to determine which of these mechanisms STN DBS may be affecting positively
or negatively. For this reason, the current findings are important because we have
unequivocally shown that STN DBS improves the neural recruitment strategies of the muscles
controlling the ankle joint, thus leading to increased strength and movement velocity.

Comparing Healthy Individuals With Patients On Meds and STN DBS
The study also examined the extent to which Meds plus STN DBS improves control of the
ankle joint for PD patients in comparison with healthy individuals. This issue is important
because of the widespread use of the ankle joint during gait, sit to stand, and other postural
tasks. Although the UPDRS has previously shown that STN DBS and Meds are efficacious
for lower extremity function,1,25 the UPDRS does not provide objective quantifiable measures
that can be used for direct comparison with neurologically healthy individuals. We found that
PD patients on Meds and STN DBS produced maximal torque consistent with the ankle torque
generated by healthy individuals. In contrast, during the movement task, the PD patients on
both treatments remained different from control subjects. On average, the velocity of control
subjects was 290 degrees per second, whereas ankle velocity from PD patients on Meds plus
STN DBS was less than 200 degrees per second, thus representing a 45% difference from PD
patients to control subjects. The difference in ankle velocity was supported by differences in
muscle activation between PD patients and control subjects. The healthy individuals produced
fewer agonist bursts than PD patients on Meds plus STN DBS, and the PD patients agonist
burst amplitude was also reduced. We cannot exclude the possibility that a higher levodopa
dose may have brought the PD patients’ velocity closer to the control subjects’ velocity. We
chose to study the optimal levodopa treatment because we wanted to understand how the
treatments affect patients during their daily lives, and a suprathreshold dose is not something
that patients typically encounter on a daily basis.

One possible explanation for the different findings for the movement and strength task between
groups is that the strength task is static and the movement task is dynamic. Previous work in
the basal ganglia using fMRI has shown that in healthy individuals, the STN and GPi are critical
in internally regulating the rate of change of force production during dynamic force
contractions.29 If the mechanism of action of DBS blocks the transmission of altered patterns
of neuronal activity in the basal ganglia to its target structures in the thalamus and brainstem,
30 then DBS may be blocking the ability of the basal ganglia to assist in regulating movement
speed. By removing the aberrant basal ganglia signal, maximal ankle strength could have been
achieved by using other cortical and cerebellar structures. To examine this issue, we correlated
the percent improvement off treatment to on Meds plus STN DBS for both strength and velocity
and found that the correlation was not significant (Table 3). This suggests independence
between the efficacy of the two treatments on strength and velocity.
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Bradykinesia and Tremor at Ankle
The issue of tremor is important because it is critical to determine if STN DBS is efficacious
for patients who present with different symptoms. In this study, we found that STN DBS alone
and Meds alone each had a similar effect on movement velocity in patients with and without
tremor. One important issue to note is that the statistical comparison for the tremor and no-
tremor groups included six subjects. Since the P values did not approach significance, we do
not feel that the sample size was a limiting factor. Thus, the clinically important finding from
this study was that STN DBS and Meds were effective for both patients with and without
tremor.
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FIG. 1.
Kinematic and EMG time series from a bradykinetic patient with PD (patient 7, without
tremor). Each trace shows data from a single trial of a 24° dorsiflexion ankle movement. From
left to right, the panels represent the four postsurgery medication–stimulation conditions: off
treatment, STN DBS, Meds, and Meds plus STN DBS. From top to bottom, the traces represent
position, velocity, agonist EMG, and antagonist EMG.
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FIG. 2.
Kinematic and EMG time series from a bradykinetic patient with PD (patient 9, with tremor).
Each trace shows data from a single trial of a 24° dorsiflexion ankle movement. From left to
right, the panels represent the four postsurgery medication–stimulation conditions: off
treatment, STN DBS, Meds, and Meds plus STN DBS. From top to bottom, the traces represent
position, velocity, agonist EMG, and antagonist EMG.
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FIG. 3.
Across subject average (± SEM) of EMG measures for 24° dorsiflexion movements by
parkinsonian patients across the four post-surgery medication–stimulation conditions and by
healthy control subjects. Data are plotted against the corresponding across-subject average
peak velocity. A: Amplitude of the agonist EMG burst. B: First agonist burst durations. C:
The number of agonist bursts. D: The amplitude of the antagonist EMG burst.
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