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Abstract
This study examined the control of elbow force in nine patients with Parkinson’s disease when visual
feedback was available and when visual feedback was removed to determine how medication (Meds)
and unilateral deep brain stimulation (DBS) of the subthalamic nucleus (STN) affect memory guided
force control. Patients were examined in each of four treatment conditions: 1) off treatment; 2) Meds;
3) STN DBS; and 4) Meds plus STN DBS. With visual feedback available, there was no difference
in force output across treatment conditions. When visual feedback was removed force output drifted
under the target in both the off-treatment and the Meds conditions. However, when on STN DBS or
Meds plus STN DBS force output drifted above the target. As such, only STN DBS had a significant
effect on force output in the vision removed condition. Increased force output when on STN DBS
may have occurred due to disruptions in the basal ganglia-thalamo-cortical circuitry. We suggest that
modulation of output of the internal segment of the globus pallidus by STN DBS may drive the effect
of STN DBS on memory guided force control.

Index Terms
Deep brain stimulation (DBS); force; globus pallidus; motor memory; vision

I. Introduction
For several decades levodopa and other forms of antiparkinsonian medication have been
effective treatments for reducing the symptoms of Parkinson’s disease (PD) [1]–[3]. A more
recent treatment of PD is deep brain stimulation (DBS) of the subthalamic nucleus (STN) [4].
However, STN DBS has been shown to have adverse affects on some aspects of cognition
including executive functioning, attention, and working memory [5]–[8]. Additionally,
application of STN lesions in the rat has been shown to lead to slower reaction times [9]. Based
on the changes in reaction time, it has been suggested that STN lesions may impair the operation
of a “motor” working memory which holds a selected response in readiness for performance
until needed [9]. In humans, STN DBS has been shown to improve performance on a simple
reaction time task to a greater extent than on a choice reaction time task [10]. Since choice
reaction time tasks involve more complex information processing than simple reaction time
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tasks, less of an effect of STN DBS on choice reaction time suggests that the benefit of STN
DBS may be attenuated in tasks requiring greater cognitive processing.

One example of a cognitively driven motor task is memory guided force control. Previously,
it has been shown that when healthy subjects generate isometric force at a set level with visual
feedback and attempt to maintain this level when visual feedback is removed, the normal
response to removal of visual feedback is a slight decline in force output across time which
begins within a narrow time window [11]. This decline in force following the removal of visual
feedback has been attributed to decay in short-term motor memory. Patients with PD, when on
their medication, have also been studied using this paradigm and show similar patterns of force
control to healthy controls when visual feedback is available. However, they show a decline
in force output when visual feedback is removed that is of a greater extent and occurs at a faster
rate to that of healthy controls [12]. This increased decline in PD has been attributed to faster
memory decay, related to deficits in higher order sensory-motor processes. The motor memory
process in healthy individuals during continuous force production has been shown to be
confined to the prefrontal network. The specific regions involved are the dorsolateral prefrontal
cortex, the ventral pre-frontal cortex, and the anterior cingulate [13]. Since the pre-frontal
cortex has been shown to be anatomically connected to the basal ganglia [14], altering STN
output via DBS may directly affect the motor memory process.

While the majority of studies have found that medication and STN DBS have similar effects
on motor control [15]–[18], medication and STN DBS have been shown to have different
effects on selected aspects of motor control. For example, medication has been shown to lead
to increased postural sway in patients with PD, while STN DBS has been shown to lead to
reduced postural sway [19], [20]. In another study, medication has not been shown to
significantly improve simple and choice reaction time in patients with PD, while STN DBS
has been shown to lead to significantly shorter reaction times [10]. Finally, medication has
been shown to be more effective than STN DBS on shortening the timing of the early phase
of a grip-lift synergy in a reach and grasp task [21]. Taken together with the adverse effects of
STN DBS on cognition that have previously been described [22], we hypothesize that STN
DBS will have an effect on memory guided force control whereas medication may not [10],
[23]. As such, the purpose of this study was to examine the control of elbow force in patients
with PD to determine how medication and STN DBS affect memory guided force control.

II. Methods
A. Subjects and Stimulation Parameters

Nine patients with PD who underwent unilateral STN DBS participated in the study (Table I).
One of the patients was tested twice: first, following unilateral STN DBS surgery, and then
following implantation of a second STN DBS stimulator on the opposite side (Table I subject
P1). Data from this patient following the second DBS surgery are included for a comparison
of unilateral versus staged bilateral DBS effects. One of the patients studied had previously
had a pallidotomy on the same side of the basal ganglia as STN DBS surgery (Table I subject
P9). Data from this patient were analyzed separately from the other eight patients. All clinical
and motor control evaluations for all of the patients were performed an average of 7.2 months
post surgery and after optimization of DBS parameters had occurred. A priori, inclusion criteria
were established for the study, and the first nine PD patients who received STN DBS and met
the criteria were chosen for the study. We did not exclude any patients based on this inclusion
criterion because the first nine patients met the requirement. Patients were examined by a
movement disorders neurologist and included in the study if they: 1) had idiopathic PD as
outlined by the Parkinson’s Disease Society Brain Bank diagnostic criteria [24], [25] and 2)
had a positive clinical improvement [greater than a 15% reduction in scores from the entire
motor section of the Unified Parkinson’s Disease Rating Scale (UPDRS)] from the Off
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treatment condition compared to the on STN DBS condition. Note: a 15% improvement in
UPDRS reflects bilateral changes while we are investigating a unilateral intervention. We
chose the UPDRS because it is the gold standard in PD research for assessing treatment
efficacy, and we chose to study patients with at least a 15% reduction in score to make sure
we were studying patients who responded efficaciously to STN DBS. All subjects gave
informed consent to all experimental procedures, which were approved by the local
Institutional Review Boards at the University of Illinois at Chicago and Rush University
Medical Center.

In all cases, a quadripolar stimulation electrode was placed in the STN opposite to the most
severely affected body side. Surgery was performed as part of clinical care according to
standard procedures [26], [27]. Briefly, the anatomical target was based on standard stereotactic
coordinates while the patient was in the MRI scanner with a Leksell stereotactic head frame
in place [28]. MRI images were subsequently reformatted and coordinates refined using a
Stealth system. Intra-operatively, microelectrode penetrations were made through a burr hole
to verify the neurophysiological target [27], [29]. Responses to sensory stimuli (passive
movements of upper and lower limbs) were sought to identify the sensorimotor portion of the
STN, and the DBS zero electrode was placed at the ventral border of STN. Microelectrode
recordings and postoperative MRI demonstrated appropriate placement of the DBS lead.

The same movement disorders neurologist administered the entire motor section of the UPDRS
to each patient post surgery, and these scores are reported in Table I. Following surgery,
stimulation parameters were optimized in order to reduce presurgery scores on the motor
section of the UPDRS, and these parameters are shown in Table II. Optimization took place
during several visits over the ensuing months, and at the time of the experiments we tested the
individuals on the stimulator settings determined by the patient’s neurologist.

B. Experimental Setup
The experiments were performed on two consecutive days in each of four treatment conditions:
1) off treatment; 2) Meds; 3) STN DBS; and 4) Meds plus STN DBS. Examination of Figs. 1
and 2 do not show any trend in the data that can be attributed to testing order. On day 1, testing
of condition 1 took place between 9–11 am and condition 2 occurred between 1–3 pm. On day
2, the same testing schedule as Day 1 was set for conditions 3 and 4, respectively. To ensure
that each PD patient was in the operationally defined Off state, patients were always tested in
the Off condition following 12 hours without the specific treatment [30], [31]. For instance,
the night prior to Day 1 both treatments were withheld, and the night prior to Day 2 only STN
DBS was withheld. Each patient stayed in a hotel close to the laboratory and was examined
using a Medtronic Console Programmer (Model 7432) on each night prior to Day 1 and 2 to
make certain that the stimulator was off.

To ensure that each patient was ON STN DBS, the motor section of the UPDRS was
administered 90 min after activation of the stimulator. All patients had reduced UPDRS values
90 min following reactivation of the stimulator. Patients’ normal medication dose schedule
was restarted on Day 1 after morning testing was completed and continued through Day 2 of
testing. On Day 2, all patients took medication between 6:00–7:00 am and then again at 9:00
am. 45 min after the 9:00 am dosage, the motor section of the UPDRS was administered to
ensure that medication efficacy was optimized. All patients responded to levodopa therapy, so
testing proceeded 50 min after administration of the 9:00 am levodopa dose. For the afternoon
session on Day 2, patients took medication at 12:30 pm, and the same protocol for the morning
session was followed. For all patients in this study, the afternoon testing commenced 50 min
later. At each dose, prior to testing, patients took the medication listed in Table I. It should be
noted that during a typical day patients would routinely take several of these doses throughout
the day. Patients took the optimal levodopa treatment, which is the clinically determined
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preoperative medication dosage [32]. We used presurgery dosage levels instead of postsurgery
dosage levels because most patients had a reduction in their medication post-surgery, and we
wanted to make certain that each patient received a therapeutic benefit from their medication.
The data in Table I indicates that this was the case.

C. Force Control Task
The subject was seated with the arm abducted between 75°–90° depending on the comfort of
each subject. The arm examined in this study was always contralateral to the placement of the
DBS electrode. The chair height was set during the first testing session and along with the arm
abduction angle remained constant across all experimental testing sessions. The forearm rested
on a rigid, lightweight manipulandum that was fixed at 90° flexion in the horizontal plane. The
axis of rotation was aligned with the elbow joint. Full extension of the elbow was defined as
0°. Joint torque was measured by a capacitive transducer mounted on the shaft at the axis of
rotation.

The subject viewed a computer monitor that displayed a vertical cursor and a vertical target
that were positioned along the horizontal axis. The cursor represented the amount of torque
generated at the elbow joint. The starting position was shown as a stationary bar on the monitor
and the target force level was always placed in the center of the screen. The monitor distance
was set to 110 cm from the subject and this distance remained constant across the experimental
sessions. The height of the monitor was set level to the eyes of each individual subject and also
remained constant across testing sessions.

During the initial portion of the study, the subject’s maximum voluntary contraction (MVC)
was estimated. Subjects flexed “as hard as possible” on the manipulandum for four consecutive
6-s trials. Proper rest was given between each trial. Because patient’s with PD experience
bradykinesia, maximal force contractions may take a long time period before reaching a plateau
[33]. Upon inspection of each trial, the 6-s time period used in this study allowed each
participant to achieve a plateau of maximal force. Maximal force within each trial was averaged
across the four trials.

The force vision task examined the PD patients’ ability to sustain force output with visual
feedback and after the removal of visual feedback. The task required subjects to adjust their
level of torque to a target level represented by a cursor on the video monitor. The minimum
and maximum display range of the video monitor was set to ±3 N/m from the target force. This
resulted in a highly sensitive control-to-display gain [11]. Subjects viewed online feedback of
their performance in the form of a red cursor that moved from left to right across the video
monitor. The subjects were instructed to match the cursor to the target throughout each trial.
The force target used in the study was 50% of the maximum voluntary contraction because
this force level consistently shows a reduction in force output following visual feedback
removal in healthy individuals and patients with PD [11]. In the visual feedback condition, the
subject received continuous, online visual feedback for the entire 15-s trial. In the visual
feedback removal condition, visual feedback was displayed for the initial 5 s, and then the force
cursor and target line disappeared from the video monitor. During this time, subjects were
instructed to maintain their force output at the level previously specified by the target. They
alternated between one trial of full visual feedback and one trial of visual feedback removal
for a total of 12 consecutive trials. Proper rest of at least 60 s was given between each trial.

During testing of patients on medication, two of the patients (P3 and P6) in Table I had
dyskinesias that were severe enough to affect the data collection. When this occurred, we
stopped the experiment and asked the patient to repeat the trials once the dyskinesias were no
longer present. We compared the data from these two patients to the other patients in the study
and a similar effect for memory guided force control was present in these patients.
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D. Data Processing and Analysis
Before all data analyses, the force trajectories were filtered with a fourth-order (in both forward
and reverse directions) Butterworth filter using a 20-Hz lowpass cutoff. The dependent
measures calculated included the mean torque for the final 3s of the trial as a percentage of
MVC, the percent of torque change, and the drift time after vision removal. The percent torque
change was calculated by subtracting the mean torque of the final 3 s (T2) from the mean torque
3 s (T1) prior to the removal of visual feedback (2–5 s) and dividing this by the mean 3 s T1
torque. This value was then multiplied by 100. Reduced and increased torque following visual
feedback removal would have a negative and positive percent torque change, respectively. To
calculate drift time, we examined the time period between visual feedback removal and the
onset of change in the force signal with a method used in previous work [11]. We fit a two-
parameter linear function to the force signal from 2 s before vision was removed until the time
vision was removed. Then, we fit an exponential decay function (y = α × e(−β × χ)to the
remaining portion of the force trial. We calculated the mean squared error from each fitted
function. This sequence was repeated for 3 s by incrementally moving the point where the
linear function stopped and the exponential fit began one data sample at a time. The total mean
squared error was calculated for each fitted function over the 3 s time period, and the function
with the minimum mean square error value provided the time (i.e., data sample) when change
in force output (increase or decrease) began.

The dependent variables were examined using repeated measures analysis of variance models.
All statistics in the analysis of variance were evaluated as significant when there was less than
a 5% chance of making a Type I error (p < .05). All statistical analyses were calculated using
Statistica statistical package (StatSoft Inc., Tulsa, OK).

III. Results
A. Medication and Unilateral STN DBS

Fig. 1 shows an elbow torque trial with vision (solid line) and without vision (dotted line) from
four PD patients across each of the four treatment conditions: 1) off treatment; 2) Meds; 3)
STN DBS; and 4) Meds plus STN DBS. When visual feedback was available, each subject
maintained their mean torque output to similar levels under each treatment condition. When
visual feedback was removed (vertical dashed line in Fig. 1), the torque output drifted over or
under the force target depending on the specific treatment condition. Fig. 1 demonstrates that
in the Off treatment condition the subjects decreased their torque output following visual
feedback removal. In the Meds condition, torque output decreased in a similar manner to the
Off treatment condition following visual feedback removal. However, in the STN DBS
condition, each of the four subjects in Fig. 1 increased their torque output following visual
feedback removal. These findings were robust across the group of eight patients including
patient P8. We recognize that P8 has a much lower UPDRS score and a higher voltage on his
stimulator postoperatively than the other patients, but it should be noted that the effects of DBS
on the UPDRS and force drift patterns in this patient were consistent with the other patients.
On a few isolated trials for some subjects without visual feedback, the change in torque output
in the STN DBS condition was not above the target force, but the measured torque always
reached levels that were much greater than the negative drift in the Off treatment condition
and the medication only condition. Finally, Meds plus STN DBS resulted in an increased torque
output following removal of visual feedback, and this increased torque was consistent with the
increased torque which occurred in the STN DBS condition.

Group data supported the individual patient data shown in Fig. 1. Fig. 2(a) depicts mean torque
output from the final 3 s of the trial expressed as a percentage of MVC across all eight subjects
in each of the four treatment conditions when visual feedback was present. When visual
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feedback was available, there was no difference in mean torque across treatment conditions.
Fig. 2(b) depicts mean torque when visual feedback was removed and shows that mean torque
output differed as a function of treatment condition. A three-factor analysis of variance (Meds
× STN DBS X Vision) supported the findings from Fig. 2(a) and (b). There was a nonsignificant
main effect for Meds but a significant main effect for STN DBS. The main effect for STN DBS
was qualified by a significant STN DBS × Vision interaction. Post hoc analyses indicated that
this interaction occurred because STN DBS only had an effect when vision was removed. In
the vision removed condition, mean torque was higher when on STN DBS than when off STN
DBS. None of the other main effects or interactions were significant [Table III, Fig. 2(b)].

Fig. 2(c) shows the percent torque change from 3 s prior to visual feedback removal compared
to the final 3 s of the trial. The percent torque change closely followed the mean torque change
with a negative percent torque change in the OFF treatment and Meds conditions. In previous
work that investigated flexion of the index finger, the percent change in isometric force
decreased on average by 12% in healthy individuals [11]. This is greater than the 4% torque
change found in the patients off treatment [Fig. 2(c)] in this study, although a direct comparison
is premature because different effectors were used. In contrast, the STN DBS condition
produced a positive percent torque change. Turning STN DBS on when the subjects were
medicated reversed the percent torque from the negative values seen in the Meds condition to
a positive change in the Meds plus STN DBS condition. The findings from Fig. 2(c) were
supported by the two-way analysis of variance (Table III) where there was a significant main
effect for STN DBS but not for Meds. The interaction between Meds and STN DBS was not
significant.

To examine the temporal capacity of short-term motor memory across treatment conditions,
we calculated the drift time. Across treatment condition, the two-way analysis of variance
showed that there was no significant change in drift time after vision removal (Table II). Off
treatment, mean drift time was 0.99 ± 0.10 SEM, on Meds it was 1.51 ± 0.13, on STN DBS it
was 1.20 ± 0.17, and on Meds plus STN DBS it was 1.29 ± 0.17.

B. Bilateral STN DBS
A patient (P1 from Fig. 1) who participated following right, unilateral STN DBS surgery
returned to the laboratory after left, unilateral STN DBS surgery. The patient could now be
considered to have staged bilateral STN DBS. The stimulator settings set by the neurologist
had changed from the first testing session to the second testing session when we compared
unilateral versus bilateral stimulation. The left-side stimulator was previously at monopolar
(0- C+, 60 μs, 185 Hz, 1.5 V) and the same left-side stimulator during this new testing session
was also monopolar (1- C+, 60 μs, 185, 1.5 V). The effects of the unilateral stimulator on
memory-guided force were similar despite the change in contact. The patient’s new right-side
stimulator was monopolar (0- C+, 60 μs, 185 Hz, 1.5 V).

In a new testing session, we compared the torque output from the right elbow following visual
feedback and visual feedback removal when the patient was Off treatment, on unilateral STN
DBS (U-STN DBS), and on bilateral DBS (B-STN DBS), all after a 12-h withdrawal of
medication. We examined whether the differences between medication and unilateral STN
DBS shown in Fig. 2 were due to the fact that medication affects both sides of the basal ganglia
whereas unilateral STN DBS only acts on one side. If the positive and negative percent torque
differences found between unilateral STN DBS and medication Fig. 2(c) were due to one-sided
effects of unilateral STN DBS versus the bilateral effects of medication, then when on bilateral
STN DBS one would expect the torque to decrease in a manner similar to that occurring with
medication following visual feedback removal.
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Fig. 3 shows the torque output from this PD patient either Off treatment, on U-STN DBS (left
basal ganglia contralateral to right arm), or on B-STN DBS. Off treatment, the subject
decreased torque output following visual feedback removal. In contrast, on U-STN DBS the
subject increased torque output after visual feedback removal. On B-STN DBS there was also
an increased torque output after visual feedback removal. Fig. 3(d) shows that the averaged
percent torque change across the six trials was negative for Off treatment, positive for U-STN
DBS, and also positive for B-STN DBS. The increased torque following visual feedback
removal while on B-STN DBS was different to what was observed on medication alone (see
Fig. 1, P1). This finding indicates that the different effects of medication and unilateral DBS
when visual feedback was removed were not due to a unilateral versus bilateral basal ganglia
mechanism.

C. Pallidotomy and Unilateral STN DBS
A patient with a prior pallidotomy was studied to determine if the behavioral effects of STN
DBS are similar to those of a lesion to GPi (Table I, P9). If the effects of STN DBS on force
drift resemble those of a pallidotomy, this would suggest that the effects of STN DBS on force
drift act through GPi. The subject was only examined following the pallidotomy with the STN
DBS electrode implanted on the same side of the basal ganglia as the pallidotomy. The subject
was examined in the Off treatment and STN DBS conditions.

Fig. 4 shows that Off treatment, the patient increased torque output following visual feedback
removal. When the stimulator was turned on, the torque output increased even higher after
visual feedback removal. Fig. 4(c) indicates that the percent torque change was positive for
both the Off treatment and STN DBS conditions, but that STN DBS had a greater percent
torque change than the Off treatment condition. This finding suggests that pallidotomy has a
similar effect to that of STN DBS on force drift (i.e., increased torque following visual feedback
removal).

IV. Discussion
This study examined the control of elbow force in patients with PD to determine how
medication and STN DBS affected memory-guided force control. We have confirmed previous
findings that in the absence of vision there is a reduction in force output in PD patients when
on antiparkinsonian medication [12]. However, we have extended this to include a reduction
of force in PD in the Off medicated state also. In sharp contrast, both unilateral and bilateral
STN DBS led to increased force output following removal of visual feedback. One patient with
a prior pallidotomy also showed increased force output following removal of visual feedback
both when off all treatment and when on STN DBS. Taken together, these findings support the
hypothesis that changing basal ganglia output in humans directly alters memory-guided force
control and supports an effect of STN DBS on memory-guided force control in patients with
PD.

There are several possible mechanisms regarding how STN DBS altered memory-guided force
control, and we consider three possibilities. The first mechanism is that DBS stimulated the
axonal projections from the subthalamic nucleus to GPi. In the rhesus monkey, it was shown
that activated STN efferent neurons and resultant changes in the firing pattern of globus pallidus
neurons underlie the beneficial effects of high frequency STN DBS [34]. Since efferent
projections from the STN are directed to both segments of the globus pallidus, substantia nigra,
striatum, pedunculopontine nucleus, and ventral tegmental area [35], [36], then each of these
regions has the potential to change in activation with the stimulation. A second mechanism is
that DBS stimulated lenticular fasciculus fibers from the internal segment of the globus
pallidus, which pass dorsal to the STN. Based on recordings from a macaque rendered
parkinsonian, Miocinovic and colleagues [37] created a 3-D simulation model of the effects
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of stimulation and these authors found that the DBS caused activation of the fibers in the
lenticular fasciculus and STN neurons. Their findings support both of the above-mentioned
mechanisms, although activation of STN neurons had a greater benefit for alleviating
parkinsonism. The third mechanism is that DBS stimulated the thalamic fasciculus fibers that
enter the thalamus. In our study, as part of the surgery protocol we recorded the pattern of firing
of the cells within STN that changed with the electrode path and estimated the length of STN
from the electrode path to always be greater than 4 mm for the subjects in this study. In addition,
the contacts for all but one of the patients in this study were at 0 and 1 (monopolar), while
patient #3 was stimulated through contact 2 (note: patient #3 had memory-guided force data
similar to the other patients in the study). Since the DBS electrode is placed at the ventral border
of STN and we stimulated at contacts 0 or 1, most estimates of current spread do not suggest
that the thalamus could have been stimulated [38], [39]. In addition, we have previously found
that the ventral thalamus is related to visually guided force control [13], but STN DBS did not
alter the control of force when visual feedback was available [Fig. 2(a)], further suggesting
that the thalamus may not have been the target explaining our effects. Therefore, we will base
our discussion on the first two mechanisms (STN neurons to GPi; lenticular fasciculus from
GPi) which would both lead to altered output from the GPi.

Support in this study for the hypothesis that GPi output was altered by STN DBS is provided
by the single subject data from the patient with a prior pallidotomy (patient 9, Table I). Given
that the effects of STN DBS on force drift resembled those of a pallidotomy, this suggests that
STN DBS may have influenced force drift through the globus pallidus. While we do not have
data prior to the pallidotomy in this patient, it is important to note that after testing over 35
healthy and Parkinsonian individuals across two previous studies which included over 150
trials [11], [12], no person has ever increased mean force output following visual feedback
removal at 50% MVC. Findings from previous electrophysiological studies also support this
hypothesis in that the STN has been shown to have connections to GPi and to play an important
role in the modulation of the pattern of activity of pallidal neurons [40], [41].

The output from GPi has been suggested to play a functional role in memory-guided motor
control [42]–[44]. A common task manipulation used to assess memory-guided motor control
compares motor performance with full visual feedback to motor performance when visual
feedback is unavailable. For instance, cooling GPi in Cebus monkeys produced a breakdown
in the performance of elbow movements when the animals had no visual information but not
when visual information was displayed to them [42]. In addition, muscimol or kainic acid
induced lesions of the primate GPi caused a position drift toward flexion [45]. Inase and
colleagues [46] observed a similar flexor drift following inactivation of GPi to that of Mink
and Thach [45] but noted that the animals could overcome the drift when presented with an
error signal. Furthermore, in human patients with PD, a position or force drift occurred more
in patients compared to control subjects, but only during memory guided force control when
visual information was not provided [12], [47]. The drift in force output which normally occurs
following the removal of visual feedback has been attributed to decay in short-term motor
memory [11]. In healthy individuals across a range of force levels, force drift has been shown
to begin between 0.5–1.5 s following removal of visual feedback [11]. This time period is quite
consistent with the drift time found in the present study and thus provides support for drift
being due to decay of motor memory across all treatment conditions.

Memory-guided force control has both a motor and a cognitive component. Despite
improvements in motor symptoms following STN DBS [48], [49], selected adverse effects of
STN DBS on cognition have been reported (for a review see Temel et al. [22]). While STN
DBS has been shown to impair cognitive performance during the cognitive based Stroop task
[8,50–52], medication has not been shown to lead to the same impairments in Stroop task
performance [23]. This provides support for a differential effect of DBS and medication on
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cognitive function. Based on these adverse cognitive effects, it has been suggested that STN
DBS may interfere with nonmotor pathways involving the dorsolateral, orbitofrontal, or
anterior cingulate striato-thalamo-cortical circuits [6]. Since STN DBS affects the nonvisual
control of force, the adverse effects of STN DBS on cognition may be extended to include
adverse effects of STN DBS on memory guided force control.

A circuit for the retrieval of motor memory in the dorsolateral prefrontal cortex, ventral
prefrontal cortex and the anterior cingulate cortex has previously been established in healthy
individuals [13]. Given that impairment in cognitive performance during the Stroop task with
DBS has been related to reduced activation in the anterior cingulate cortex and the ventral
striatum [51], it is feasible that the retrieval of motor memory is also affected by STN DBS. It
has been suggested that STN DBS may disrupt new and unexpected situations requiring
nonautomated behavior [51]. This is consistent with the requirements of the memory guided
force control task used in the present study.

In the STN-lesioned rat, reaction times were slowed following lesioning and the beneficial
effect of advance information on reaction time was abolished [9]. Based on this, it has been
suggested that STN lesions may impair the operation of a “motor” working memory which
holds a selected response in readiness for performance until needed [9]. The control of force
in the absence of vision has been linked to activation of brain areas associated with nonmotor
pathways including the dorsolateral prefrontal cortex, the ventral prefrontal cortex, the anterior
cingulate cortex, the basal ganglia, and the supplementary motor area [13], [53], [54]. The
influence of basal ganglia output during memory-guided force control may most specifically
come through the connections between the basal ganglia, the dorsolateral prefrontal cortex, the
ventral prefrontal cortex, and the anterior cingulate cortex via dorsolateral and anterior
cingulate striatal–thalamo-cortical circuits [55]–[57]. We suggest that it is through this circuitry
that STN affects GPi, which in turn affects prefrontal areas leading to altered basal ganglia-
thalamo-cortical output during memory guided force control.

In conclusion, STN DBS affects memory-guided force control in patients with PD whereas
medication does not. Increased force output when on STN DBS may occur due to disruptions
in the basal ganglia-thalamo-cortical circuity. Given that output from the GPi may play a
functional role in motor control during memory guided force control, we hypothesize that
modulation of GPi output by STN DBS may drive the differential response in force control in
a task requiring motor memory. We suspect that increased torque output following the removal
of visual feedback could affect behaviors such as driving an automobile. For instance, when
the eyes are no longer watching the road (e.g., while changing the radio) a patient could
potentially press on the accelerator with greater force and increase flexion of the right elbow,
causing the car to increase speed and swerve to the right.
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Fig. 1.
Individual force trial records from four PD patients (P1–P4) under each of four treatment
conditions (Off treatment, Meds, STN DBS, and Meds plus STN DBS) under full visual
feedback (solid lines) and visual feedback removed (dotted lines). The vertical dashed line in
each plot represents the point at which visual feedback was removed in the visual feedback
removed condition.
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Fig. 2.
Mean torque as a percentage of MVC over the final 3 s of the trials from 8 PD patients under
each of the four treatment conditions in the full visual feedback condition (A) and visual
feedback removed condition (B). (C) is the percent of torque change (change between the mean
torque of the final 3 s and the mean torque 3 s prior to the removal of visual feedback under
each of the four treatment conditions). Data are the means and standard errors.
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Fig. 3.
(A–C) Individual force trial records from one subject who was tested again following
implantation of a second STN DBS stimulator on the opposite side. During a separate testing
session following the second STN DBS surgery, the patient was tested Off treatment (Part A),
with one stimulator turned on (U-STN DBS) (Part B), and with both stimulators turned on (B-
STN DBS) (Part C) with full visual feedback (solid lines) and visual feedback removed (dotted
lines). (D) is the percent torque change in the Off treatment, U-STN DBS, and B-STN DBS
conditions. Data are the means and standard deviations.
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Fig. 4.
Individual force trial records from one subject who had undergone a prior pallidotomy before
undergoing unilateral STN DBS on the same side: (A) is the Off treatment condition, and (B)
the STN DBS condition with full visual feedback (solid lines) and visual feedback removed
(dotted lines). (C) is the percent torque change in the Off treatment condition and the STN DBS
condition. Data are the means and standard deviations.
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TABLE II
Deep brain stimulation parameters

Contact Pulse Width Frequency Voltage

P1 Monopolar 0− C+ 60 μs 185 Hz 1.5
P2 Monopolar 0− C+ 60 μs 185 Hz 2.8
P3 Monopolar 2− C+ 60 μs 185 Hz 1.8
P4 Monopolar 1− C+ 60 μs 185 Hz 2.1
P5 Monopolar 1− C+ 60 μs 185 Hz 2.0
P6 Monopolar 1− C+ 60 μs 185 Hz 2.0
P7 Monopolar 0− C+ 60 μs 185 Hz 3.1
P8 Monopolar 1− C+ 60 μs 185 Hz 5.3
P9 Monopolar 0− C+ 60 μs 185 Hz 2.5
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