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Abstract.
Background: Subthalamic nucleus deep brain stimulation (STN-DBS) improves intensive aspects of movement (velocity) in
people with Parkinson’s disease (PD) but impairs the more cognitively demanding coordinative aspects of movement (error).
We extended these findings by evaluating STN-DBS induced changes in intensive and coordinative aspects of movement
during a memory-guided reaching task with varying retention delays.
Objective: We evaluated the effect of STN-DBS on motor control during a memory-guided reaching task with short and
long retention delays in participants with PD and compared performance to healthy controls (HC).
Methods: Eleven participants with PD completed the motor section of the Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS III) and performed a memory-guided reaching task under four different STN-DBS
conditions (DBS-OFF, DBS-RIGHT, DBS-LEFT, and DBS-BOTH) and two retention delays (0.5 s and 5 s). An additional
13 HC completed the memory-guided reaching task.
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Results: Unilateral and bilateral STN-DBS improved the MDS-UPDRS III scores. In the memory-guided reaching task,
both unilateral and bilateral STN-DBS increased the intensive aspects of movement (amplitude and velocity) in the direction
toward HC but impaired coordinative aspects of movement (error) away from the HC. Furthermore, movement time was
decreased but reaction time was unaffected by STN-DBS. Shorter retention delays increased amplitude and velocity, decreased
movement times, and decreased error, but increased reaction times in the participants with PD. There were no interactions
between STN-DBS condition and retention delay.
Conclusion: STN-DBS may affect cognitive-motor functioning by altering activity throughout cortico-basal ganglia networks
and the oscillatory activity subserving them.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
disorder that affects nearly one million people in
the United States [1], with 1% of the population
over 60 years old receiving a diagnosis [2, 3]. Peo-
ple with PD experience a range of motor symptoms
including tremor, rigidity, and bradykinesia, as well
as impairments to gait, balance, and posture. These
motor symptoms are a result of degeneration of mes-
encephalic dopaminergic cells within the substantia
nigra pars compacta of the basal ganglia. Subthala-
mic nucleus deep brain stimulation (STN-DBS) is
a therapeutic intervention that effectively improves
intensive aspects of movement, such as amplitude
and velocity [4, 5]. However, STN-DBS can lead to
contrasting effects on inhibitory control, sometimes
improving motor inhibition [6–10], and sometimes
impairing it or other executive functions [11–15].
STN-DBS can also have negative effects on coordina-
tive aspects of movement [16], leading to unfavorable
side effects of the treatment.

Intensive aspects of movement relate to how ener-
getically demanding and forceful a movement is, and
they have only one dimension of control, making
them less complex and cognitively demanding than
coordinative aspects of movement [16–19]. It has
been well-established that people with PD illustrate
altered beta and gamma oscillatory activity within
the basal ganglia and sensorimotor cortices [20–22].
Intensive aspects of movement, such as amplitude
and velocity, may be improved with STN-DBS by
modifying the aberrant beta and gamma oscillatory
activity within the basal ganglia and sensorimotor
cortices to ultimately facilitate motor output [23–27].
Coordinative aspects of movement are more complex,
with multiple dimensions of processing required for
proper execution, such as reaching toward a doorknob

or typing on a keyboard. These movements require
coordination between different components of move-
ment and sensorimotor integration [16, 18, 19].
Therefore, coordinative movements require a higher
level of cognitive control than intensive aspects of
movement and are thought to be more difficult to
appropriately manipulate with the application of
STN-DBS [16, 28]. High frequency STN-DBS may
disrupt certain aspects of cognition and coordinative
aspects of movement by altering oscillatory activity
within the delta, theta, and beta bands that is critical
for communication between the STN and the cortex
[22, 29].

Memory-guided reaching tasks provide a viable
means to assess both intensive and coordinative
aspects of movement. During memory-guided reach-
ing tasks, participants are required to encode a target
location using sensory input (i.e., central vision or
peripheral vision, and/or proprioception) and then
maintain that target location for a set temporal inter-
val. Next, the participant is required to prepare
the reaching movement by transforming the spa-
tial information about the memorized target into the
appropriate movement plan [30, 31]. Finally, the
movement is executed while utilizing both feedfor-
ward and feedback motor control processes [30, 31].
During a memory-guided reaching task, velocity and
amplitude of the movement can be used as measures
to assess the intensive aspects of motor control [17].
At the same time, the accuracy of the movement
depends on successful encoding of the target loca-
tion and the ability to retain it in memory, as well as
coordinating the sensory and motor transformations
necessary to properly plan and execute the move-
ment [16]. Thus, reaching accuracy/error provides
a measurement to assess coordinative motor con-
trol. Additionally, reaction time and movement time
are valuable outcome measures that can be obtained
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from memory-guided reaching tasks and used to
further assess both cognitive and motor control
processing.

Both unilateral and bilateral STN-DBS have been
shown to impair coordinative aspects of move-
ment (i.e., decrease accuracy) [14, 16], especially
when cognitive demand is increased. Previously,
we confirmed this hypothesis by using a sequential
memory-guided reaching task in which the spatial
load was increased (i.e., three targets had to be mem-
orized) [16]. Both bilateral and unilateral STN-DBS,
relative to off STN-DBS, improved intensive aspects
of movement (velocity) but concurrently decreased
movement accuracy [16]. An alternative method
to increase cognitive demand is by increasing the
temporal load—the duration for which spatial infor-
mation about the target location must be retained in
memory (i.e., the retention delay) [32]. The retention
delay can affect certain motor outcomes of the ensu-
ing movement. For example, reaction time is usually
shorter when the target is held in memory for a longer
period of time [33]. Increased retention delay can
also result in reduced accuracy of movements dur-
ing memory-guided reaching in both persons with
PD and healthy controls (HC) [34]. However, the
effects of STN-DBS on intensive and coordinative
aspects of movement when the retention delay is
manipulated have not been investigated. Determin-
ing the effects of retention delay on intensive and
coordinative aspects of movement in people with PD,
and whether STN-DBS exacerbates these effects, is
imperative to developing STN-DBS parameters that
minimize adverse effects on coordinative aspects of
movement while maintaining the beneficial effects on
intensive aspects of movement. Furthermore, a HC
group comparison can help to establish whether the
changes in movement control induced by STN-DBS
are in the direction of what is seen in a normative
population.

The goal of this investigation was to further probe
the effects of STN-DBS on intensive and coordi-
native aspects of movement by manipulating the
retention delay during a memory-guided reaching
task in a group of participants with advanced PD.
Based on our previous work and the work of oth-
ers, we hypothesized that both unilateral and bilateral
STN-DBS would improve intensive aspects of move-
ment (amplitude and velocity) toward what is seen
in HC, with bilateral STN-DBS having the greatest
effect. We predicted the effect of unilateral STN-
DBS would be greater on the side contralateral to the
extremity the task was performed with. As the task

was performed with the right arm, we predicted that
unilateral STN-DBS on the left side would increase
amplitude and velocity more than STN-DBS on the
right side. We also hypothesized that both unilateral
and bilateral STN-DBS would impair coordinative
aspects of movement (error) away from what is seen
in HC, with bilateral STN-DBS having the greatest
effect. We predicted STN-DBS on the left side would
increase error more than STN-DBS on the right side.
We also determined whether STN-DBS had an effect
on reaction time and movement time. Furthermore,
we evaluated whether retention delay had an effect on
intensive and coordinative aspects of movement and
determined whether these effects would be greater
with STN-DBS on compared to STN-DBS off (i.e.,
if an interaction would occur between retention delay
and STN-DBS condition). Finally, we utilized a HC
group to determine whether the effects on intensive
and coordinative aspects of movement induced by
STN-DBS were in the direction of what was seen
in a normative population. We discuss our findings
in the context of the oscillation model of dysfunc-
tion in PD and how changes induced by STN-DBS
might improve intensive aspects but impair coordina-
tive aspects of movement.

METHODS

Participants

This study was conducted with approval from
the Rush University Medical Center and North-
western University Institutional Review Boards, and
informed consent was obtained from all participants.
The study was done in accord with the Helsinki Dec-
laration of 1975. We recruited 14 participants with
advanced PD and bilateral high frequency STN-DBS.
Participants with PD were recruited from the Rush
University Medical Center Movement Disorders
Clinic and Northwestern University. All participants
were examined by a movement disorders neurol-
ogist and included in the study if they: met the
UK PD Society brain bank clinical diagnostic cri-
teria for PD [35, 36], had successful response to
STN-DBS surgery, were able to understand and per-
form the experimental tasks, had normal or corrected
visual acuity, presented no eye movement abnormal-
ities such as double vision and/or blepharospasm,
had no other neurological comorbidities, and had
no orthopedic issues that could preclude completing
experimental tasks. In addition, electrode placement
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Table 1
Patient demographics

Parkinson’s disease

Sex (M/F) 11/0
Age (mean ± SD, y) 66.64 ± 3.17
MoCA (mean ± SD) 27.00 ± 2.00
MDS-UPDRS Part III, DBS-OFF while Off meds (mean ± SD) 50.55 ± 14.27
MDS-UPDRS Part III, DBS-RIGHT while Off meds (mean ± SD) 38.09 ± 10.29
MDS-UPDRS Part III, DBS-LEFT while Off meds (mean ± SD) 37.64 ± 12.62
MDS-UPDRS Part III, DBS-BOTH while Off Meds (mean ± SD) 19.70 ± 7.28
Months Post Surgery (mean ± SD) 8.27 ± 1.74
LEDD (mg ± SD) 405.45 ± 288.92

Table 2
Patient stimulation settings

Voltage (left/right) Frequency (left/right) Pulse width (left/right)

3.0 volts/4.0 volts 130 Hz/130 Hz 60 �s /60 �s
2.4 mA/2.2 mA 130 Hz/130 Hz 60�s /60 �s
3.0 volts/3.2 volts 125 Hz/125 Hz 60 �s /60 �s
2.5 volts/2.9 volts 130 Hz/130 Hz 60 �s /60 �s
2.9 mA/2.0 mA 160 Hz/130 Hz 90 �s /60 �s
2.4 mA/3.2 mA 130 Hz/130 Hz 60 �s /60 �s
2.9 mA/2.9 mA 130 Hz/130 Hz 60 �s /60 �s
3.0 mA/3.1 mA 130 Hz/130 Hz 60 �s /60 �s
2.1 mA/2.7 mA 130 Hz/130 Hz 60 �s /60�s
3.8 mA/2.8 mA 130 Hz/130 Hz 60 �s /60 �s
3.6 mA/2.5 mA 130 Hz/180 Hz 60�s /60 �s

Each row denotes the stimulation settings for a different participant.

in the sensorimotor area of the STN was confirmed
by microelectrode recording from multiple kines-
thetic cells. Three participants with PD were unable
to complete testing while OFF stimulation and were
excluded from the final analysis. This left 11 par-
ticipants with PD (Mean age = 66.64 ± 3.17 years,
Females = 0) in the final analysis.

An additional cohort of 16 HC participants were
recruited. Healthy controls were assessed by one of
the study investigators. They were included in the
study if they had no reported history of neurologi-
cal disorders, had a score of ≤ 6 on the Movement
Disorder Society Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS III) [31] and a Montreal Cogni-
tive Assessment (MoCA) ≥ 23. The cut-off of ≤ 6 for
HC was determined from the mean MDS-UPDRS III
(+2 standard deviations) from HC (n = 196) who were
part of the Parkinson’s Progression Markers Initiative
database [37]. A MoCA of < 23 is considered in the
range of cognitive impairment [38]. Apart from these
three criteria, HC met the same inclusion/exclusion
criteria as those with PD. Three HC participants were
excluded from our statistical analyses: one had a
MoCA score of 18, one had an MDS-UPDRS III score
of 12, and one was unable to attend to the instructional
set and did not provide sufficient data to be included

in the final analysis. Thus, 13 HC participants were
used in the final analysis (Mean age = 65.23 ± 4.34
years, Females = 2, MoCA = 27.38).

All participants were right-handed and used their
right hand to complete the memory-guided reaching
task. The Edinburgh Handedness Inventory was used
to confirm right hand dominance [39]. For further
demographic information on the participants with
PD, see Table 1. For the stimulation settings for each
of the participants with PD, see Table 2.

Experimental conditions

Data collection took place over five days. On the
first day of testing, participants with PD arrived
while on treatment and were consented and accli-
matized to the laboratory and experimental tasks.
Participants performed the experimental task under
four different stimulation conditions over the next
four days (one stimulation condition per day): both
stimulators off (DBS-OFF), right unilateral on (DBS-
RIGHT), left unilateral on (DBS-LEFT) and both
on (DBS-BOTH). Stimulators were turned off three
hours prior to testing, which provided a practically
feasible washout period and sufficient time for the
patient’s condition to stabilize [40]. Participants with
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PD refrained from PD medications at least 12 hours
prior to testing. The order of testing conditions was
randomized. On each testing day, testing commenced
at 9 am and ended no later than 1 pm. Each day
began with the administration of the MDS-UPDRS
III followed by the practice and execution of 6 dif-
ferent experimental tasks. Breaks and light snacks
were provided between each experimental task. The
memory-guided reaching task was always adminis-
tered during the 1st half of each testing session. Only
the findings from the memory-guided reaching tasks
will be reported in this paper.

Instrumentation for the memory-guided reaching
task

The memory-guided reaching task was conducted
in a completely darkened room. Participants were
seated upright on an adjustable chair, with their chin
on a chin rest to minimize head movement. Head and
finger movements were captured with a 3D motion
capture system (Northern Digital, Waterloo, Canada).
Eye movements were captured at 500 Hz with a
head-mounted video-based eye-tracking system (SR
Research, Ottawa, Canada). An active infrared emit-
ting diode was taped to the participant’s index finger
to track finger movements (Northern Digital, Water-
loo, Canada).

One target was presented to the participants using
a five-degree of freedom robot arm (Thermo CRS,
Burlington, Ontario, Canada). A central fixation light
(3 mm green LED, 70 mcd) was situated 42 cm away
from the subject at 0◦ visual angle attached to a fix-
ation stand. This served as the starting point for the
subject’s reaching motion. The robot presented the
target (3 mm green LED, 70 mcd) in a plane that was
42 cm from the chin rest.

Head, finger, and robot movements were syn-
chronized and stored using the Motion Monitor
system (TheMotionMonitor, Innovative Sports Train-
ing, Chicago, IL, USA).

Protocol

Each testing session began with the administration
of the MDS-UPDRS III [41] with the memory-guided
reaching task performed afterwards. The memory-
guided reaching task began with subjects fixating on
the central fixation light (0◦ visual angle) for 2 – 3 s
with their finger on a fixation stand. This was done
to ensure that the finger and the eye focal point were
at the same location in the horizontal plane. With

Fig. 1. Memory-guided reaching task. Illustration of the exper-
imental task. The memory-guided reaching task was performed
with the right hand, and reaches were performed in a 3D space.
The quadrilateral depicts the plane in which the fixation and tar-
gets were presented. Variation of temporal load occurred during
Retention Delay and was either 0.5 s or 5 s.

the central fixation still lit, the robotic arm flashed
one target in the participants’ visual field for 0.05 s.
One of two targets were presented, one at 10◦ (linear
distance of 0.074 m) or one at 15◦ (linear distance
of 0.113 m) visual angle from central fixation. Tar-
get location was randomized. During the encoding
phase, participants were asked to only use periph-
eral vision to remember the target’s location. After
either a 0.5 s or 5 s retention delay, the central fixa-
tion light was extinguished. This served as the cue
for participants to initiate reaching to the remem-
bered target. Participants were instructed to “reach as
quickly as you can and make one smooth movement
out to the remembered target.” When the reach-
ing movement was completed, participants returned
their finger to the central fixation stand, which was
illuminated by a flashlight by one of the experi-
menters. The experimental paradigm is illustrated in
Fig. 1.

Participants performed one block of 40 trials, in
which 20 trials were performed with the short target
(10◦, 0.074 m) and 20 were performed with the long
target (15◦, 0.113 m). For the purpose of this study,
we were assessing the effects of STN-DBS condition
and retention delay, and not the effect of target dis-
tance. Thus, we chose to only analyze trials with a
longer distance, as these trials were likely more dif-
ficult and, thus, more sensitive to elicit differences in
motor control. Within those 20 trials, 10 had a 0.5 s
delay and 10 had a 5 s delay. Prior to test trials, all
participants performed at least five practice trials until
they could perform the task correctly. Practice trials
were not analyzed.

Data analysis

The data were analyzed using a custom MATLAB
script (MATLAB 2021b, Natick, United States). A
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20 Hz low-pass 2nd order, zero-phase Butterworth
filter was applied to the finger position signals. The
filtered position data was then differentiated to cal-
culate velocity. The amplitude (total distance moved
during the reach) and peak velocity during the reach
were used as the outcome measures evaluating inten-
sive aspects of movement.

Reaching error was used as the outcome measure
to evaluate coordinative aspects of movement. Fur-
thermore, reaction time and movement time were
assessed to further determine whether STN-DBS
impacts cognitive and motor processing. The follow-
ing procedure was used to determine these measures.
First, finger endpoints to the target were visually
marked. From the visually determined finger end-
points, an algorithm searched backwards to determine
the first peak in the finger velocity profile. This peak
was associated with the finger movement that brought
the finger to the target location. Thus, time points cor-
responding to the peak were established. Next, from
this peak, the algorithm searched forwards to detect
the first time point when finger velocity went below
5% of peak velocity and stayed below this threshold
for 0.2 s [42]. The first time point when this condition
was met was designated as the finger endpoint. Next,
from the first peak, the algorithm searched backwards
to detect the first time point when finger velocity
went below 5% of peak velocity and stayed below
this threshold for 0.2 s. The first time point when
this condition was met was designated as the onset
of the finger movement. The difference between this
point in time and the cue to initiate the movement
was defined as the finger reaction time, and the dif-
ference between the onset of the finger movement
and the time corresponding to the finger endpoint was
defined as the movement time. The locations of the
finger endpoints were then used to calculate error by
subtracting the values of these locations from the val-
ues of the corresponding target locations. Error was
calculated in all three dimensions for the finger end-
points. The magnitude of finger end-point error was
calculated using the following equation:

Finger end point error magnitude =

√
(target x − endpoint x)2 + (target y − endpoint y)2 + (target z − endpoint z)2 (1)

For the memory-guided reaching task, outlier trials
were removed if they had reaction times < 0.2 s or >
2.5 s, peak velocity > 2 m/s, and error > 0.2 m. In
addition, those trials where the participant looked at
the target were deemed invalid and were not analyzed.

Statistical analysis

A mixed effect regression model was used to assess
the effect of STN-DBS on the MDS-UPDRS III, with
STN-DBS condition (DBS-OFF, DBS-LEFT, DBS-
RIGHT, and DBS-BOTH) being the fixed effect and
participant being the random effect. Mixed effect
regression models were then utilized to assess the
effect of STN-DBS and retention delay on memory-
guided reaching performance. The fixed effects used
were stimulation condition and retention delay (0.5 s
and 5 s). The random effect was participant. Ampli-
tude was used as a time-varying covariate in the
velocity analysis, given the known positive relation-
ship between movement amplitude and velocity [43].
In addition, for the finger endpoint error outcomes,
finger velocity was used as time varying covariates in
our respective mixed effect regression models. This
was done because first, there is a well-known speed
accuracy trade-off, i.e., faster movements are likely to
be associated with greater errors [16, 43, 44]. Second,
it is also established that STN-DBS is very effec-
tive at improving movement speed. Therefore, we
wanted to control for any differences in velocity as a
consequence of stimulation condition that might con-
tribute to increases in error. If the omnibus F-test was
significant for condition, then post-hoc pairwise com-
parisons were performed using the Tukey Kramer
method to correct for multiple comparisons.

Separate mixed effect regression models were
performed to assess the difference between the partic-
ipants with PD for each STN-DBS condition and HC
for each outcome measure, with group (HC and PD)
being the fixed effect and participant being the ran-
dom effect. Finally, mixed effect regression models
were used to determine the effect of retention delay
in the HC participants, with retention delay (0.5 s and
5 s) as the fixed effect and participant as the random
effect.

In addition, Bayes Factors (BF10) were computed
for each of the statistical comparisons. The BF10 pro-
vides a ratio of how likely the alternative hypotheses
are in comparison with the null hypotheses, and we
used these to further support our findings.

All statistical analyses were performed using
SAS™ (version 9.4; SAS Institute, Cary, NC). All
statistical tests were two-sided, critical alpha was
0.05, and p values associated with all pairwise com-
parisons were corrected using the Tukey-Kramer
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Table 3
Mixed Effect Regression: Effect of STN-DBS condition on MDS-

UPDRS III

MDS-UPDRS III

Condition p < 0.001*
F = 27.77

BOTH vs. LEFT p < 0.001*
t = –5.28
Diff = –18.091
BF10 > 50
Cohen’s D = 1.34

BOTH vs. RIGHT p < 0.001*
t = –5.42
Diff = –18.546
BF10 > 50
Cohen’s D = 1.71

BOTH vs. OFF p < 0.001*
t = –9.05
Diff = –31.000
BF10 > 50
Cohen’s D = 1.94

LEFT vs. RIGHT p = 0.999
t = –0.13
Diff = –0.455
BF10 = 0.58
Cohen’s D = 0.05

LEFT vs. OFF p = 0.004*
t = –3.77
Diff = –12.909
BF10 > 50
Cohen’s D = 1.28

RIGHT vs. OFF p = 0.005*
t = –3.64
Diff = –12.455
BF10 = 38.7
Cohen’s D = 1.31

*p < 0.05.

method. Results are reported as the mean ± standard
deviation.

RESULTS

MDS-UPDRS III

There was a main effect of STN-DBS condition
for the MDS-UPDRS III (F3,30 = 27.77, p < 0.001).
Post-hoc analysis revealed that DBS-BOTH had
lower scores than the DBS-LEFT (DBS-BOTH =
19.55 ± 8.17, DBS-LEFT = 37.64 ± 12.62, t(30) =
–5.28, Cohen’s D = 1.34, p < 0.001, BF10 > 50),
DBS-RIGHT (DBS-BOTH = 19.55 ± 8.17, DBS-
RIGHT = 38.09 ± 10.29, t(30) = –5.42, Cohen’s
D = 1.71, p < 0.001, BF10 > 50), and DBS-OFF (DBS-
BOTH = 19.55 ± 8.17, DBS-OFF = 50.55 ± 14.27,
t(30) = –9.05, Cohen’s D = 1.94, p < 0.001, BF10 >50)
conditions. The DBS-LEFT condition had lower

scores than DBS-OFF (DBS-LEFT = 37.64 ± 12.62,
DBS-OFF = 50.55 ± 14.27, t(30) = –3.77, Cohen’s
D = 1.28, p = 0.004, BF10 > 50). The DBS-RIGHT
condition had lower scores than DBS-OFF (DBS-
RIGHT = 38.09 ± 10.29, DBS-OFF = 50.55 ± 14.27,
t(30) = –3.64, Cohen’s D = 1.31, p = 0.005, BF10 =
38.7). DBS-RIGHT and DBS-LEFT had simi-
lar scores (DBS-RIGHT = 38.09 ± 10.29, DBS-
LEFT = 37.64 ± 12.62, t(30) = –0.13, Cohen’s
D = 0.05, p = 0.999, BF10 = 0.58). For a full list of
statistical values, see Table 3.

Amplitude

The number of trials we used per condition in the
memory-guided reaching task was 10. On average,
we ended up with 8.5 trials per participant, per stim-
ulation condition, per delay.

There was no interaction between STN-DBS
condition and retention delay for amplitude
(F(3, 731) = 2.03, p = 0.108). There was a main
effect of STN-DBS condition for amplitude (F(3,
731) = 23.48, p < 0.001). Post-hoc analysis revealed
that DBS-BOTH had higher amplitude than the
DBS-LEFT (DBS-BOTH = 0.156 ± 0.042 m, DBS-
LEFT = 0.147 ± 0.146 m, t(731) = 4.27, Cohen’s
D = 0.699, p < 0.001, BF10 > 50), DBS-RIGHT
(DBS-BOTH = 0.156 ± 0.042 m, DBS-RIGHT =
0.143 ± 0.043 m, t(731) = 5.58, Cohen’s D = 0.812,
p < 0.001, BF10 > 50), and DBS-OFF (DBS-BOTH
= 0.156 ± 0.042 m, DBS-OFF = 0.138 ± 0.053 m,
t(731) = 8.15, Cohen’s D = 0.803, p < 0.001, BF10 >
50) conditions. DBS-LEFT also had higher ampli-
tude than DBS-OFF (DBS-LEFT = 0.147 ± 0.046 m,
DBS-OFF = 0.138 ± 0.053 m, t(731) = 4.07,
Cohen’s D = 0.602, p < 0.001, BF10 > 50). No
other conditions were different from each other
(Fig. 2A).

There was a main effect of retention delay on
amplitude in the participants with PD. The ampli-
tude was lower during the long delay compared with
the short delay (short delay = 0.149 ± 0.046 m, long
delay = 0.143 ± 0.047 m, F(1, 731) = 14.91, Cohen’s
D = 0.516, p < 0.001, BF10 = 8.57) (Fig. 2B). For a
full list of statistical values, see Table 4.

Compared with the HC, the participants with PD
did not have a statistically significant difference in
the amplitude of movement during each of the stim-
ulation conditions (p’s > 0.05) (Fig. 2A and Table 5).
However, inspection of the data in Fig. 2A does show
a trend in which the amplitude increases across stim-
ulation conditions and approaches values of HC. The
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Fig. 2. A) Estimated mean (±standard error) of amplitude for DBS-OFF, RIGHT, LEFT, BOTH, and the HC (left to right). DBS-LEFT and
DBS-BOTH increased reaching amplitude relative to DBS-OFF (p < 0.001 for both). DBS-BOTH also increased amplitude relative to DBS-
RIGHT and DBS-LEFT (p < 0.001 for both). The bars above the graph denote the significant differences in amplitude between STN-DBS
conditions. B) The effect of retention delay on amplitude in the participants with PD and HC. Amplitude was significantly increased during
the 0.5 s delay relative to the 5 s delay in participants with PD (p < 0.001). The bars above the graph denote the significant differences in
amplitude between the short and long retention delays.

lack of statistical significance between participants
with PD and HC may be due to lack of experimental
power for the between group comparison of PD and
HC.

Within the HC participants, there was no effect
of retention delay on amplitude (short delay = 0.156
± 0.031 m, long delay = 0.158 ± 0.034 m, t(215) =
0.48, Cohen’s D = 0.093, p = 0.634, BF10 = 0.13)
(Fig. 2B and Table 6).

Velocity

There was no interaction between STN-DBS
condition and retention delay for velocity (F(3, 730)
= 0.55 p = 0.645). There was a main effect of
STN-DBS condition for velocity (F(3, 730) = 12.90,
p < 0.001). Post hoc analysis revealed that DBS-
BOTH had higher velocity than the DBS-LEFT
(DBS-BOTH = 0.425 ± 0.154 m/s, DBS-LEFT =
0.388 ± 0.165 m/s, t(730) = 2.92, Cohen’s D = 0.226,
p = 0.019, BF10 > 50), DBS-RIGHT (DBS-BOTH
= 0.425 ± 0.154 m/s, DBS-RIGHT = 0.352 ± 0.124
m/s, t(730) = 5.40, Cohen’s D = 0.481, p < 0.001,
BF10 > 50), and DBS-OFF (DBS-BOTH = 0.425
± 0.154 m/s, DBS-OFF = 0.354 ± 0.186 m/s, t(730)
= 5.27, Cohen’s D = 0.292, p < 0.001, BF10 > 50)
conditions. DBS-LEFT also had higher velocity
than DBS-RIGHT (DBS-LEFT = 0.388 ± 0.165 m/s,
DBS-RIGHT = 0.352 ± 0.124 m/s, t(730) = 2.77,
Cohen’s D = 0.321, p = 0.029, BF10 = 11.63) and
DBS-OFF (DBS-LEFT = 0.388 ± 0.165 m/s, DBS-

OFF = 0.354 ± 0.186 m/s, t(730) = 2.63, Cohen’s
D = 0.148, p = 0.043, BF10 = 11.63). No other
conditions were different from each other (Fig. 3A).

There was a main effect of retention delay on
velocity in the participants with PD. Velocity was
lower during the long delay in comparison with
the short delay (short delay = 0.390 ± 0.172 m/s, long
delay = 0.370 ± 0.158 m/s, F(1, 730) = 4.74, Cohen’s
D = 0.402, p = 0.030, BF10 = 1.45) (Fig. 3B). For a
full list of statistical values, see Table 4.

Compared with the HC, the participants with PD
had lower velocity of movement during DBS-LEFT
(HC = 0.661 ± 0.281 m/s, DBS-LEFT = 0.400 ±
0.165 m/s, t(412) = –2.23, Cohen’s D = 0.824, p
= 0.026, BF10 = 2.81), DBS-RIGHT (HC = 0.659
± 0.281 m/s, DBS-RIGHT = 0.353 ± 0.124 m/s,
t(376) = –2.61, Cohen’s D = 0.944, p = 0.009, BF10
= 6.59), and DBS-OFF (HC = 0.660 ± 0.281 m/s,
DBS-OFF = 0.365 ± 0.186 m/s, t(384) = –2.48,
Cohen’s D = 0.983, p = 0.013, BF10 = 4.60)
(Fig. 3A and Table 5). The difference between
DBS-BOTH and HC did not reach significance
(DBS-BOTH = 0.439 ± 0.165 m/s, HC = 0.668 ±
0.281 m/s, t(394) = –1.94, Cohen’s D = 0.761,
p = 0.053, BF10 = 1.81).

Within the HC participants, the velocity was
lower during the long delay in comparison with
the short delay (short delay = 0.712 ± 0.290 m/s, long
delay = 0.645 ± 0.274 m/s, t(214) = –5.23, Cohen’s
D = 0.765, p < 0.001, BF10 > 50) (Fig. 3B and
Table 6).
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Table 4
Mixed Effect Regression: Effect of STN-DBS condition and retention delay on memory-guided reaching outcomes

Amplitude (m) Velocity (m/s) Error (m) Reaction Time (s) Movement Time (s)

Condition p < 0.001* p < 0.001* p < 0.001* p = 0.746 p < 0.001*
F = 23.48 F = 12.90 F = 13.84 F = 0.41 F = 12.92

BOTH vs. LEFT p < 0.001* p = 0.019* p = 0.117 p = 0.982 p = 0.608
t = 4.27 t = 2.92 t = 2.23 t = 0.37 t = –1.23

Diff = 0.009 Diff = 0.037 Diff = 0.004 Diff = 0.007 Diff = –0.027
BF10 > 50 BF10 > 50 BF10 = 1.34 BF10 = 0.60 BF10 = 0.27

Cohen’s D = 0.699 Cohen’s D = 0.226 Cohen’s D = 0.275 Cohen’s D = 0.098 Cohen’s D = 0.133
BOTH vs. RIGHT p < 0.001* p < 0.001* p < 0.001* p = 0.904 p < 0.001*

t = 5.58 t = 5.40 t = 4.37 t = –0.68 t = –4.04
Diff = 0.013 Diff = 0.074 Diff = 0.009 Diff = –0.013 Diff = –0.094
BF10 > 50 BF10 > 50 BF10 > 50 BF10 = 0.60 BF10 > 50

Cohen’s D = 0.812 Cohen’s D = 0.481 Cohen’s D = 0.496 Cohen’s D = 0.071 Cohen’s D = 0.479
BOTH vs. OFF p < 0.001* p < 0.001* p < 0.001* p = 0.998 p < 0.001*

t = 8.15 t = 5.27 t = 6.05 t = 0.19 t = –5.49
Diff = 0.018 Diff = 0.071 Diff = 0.013 Diff = 0.003 Diff = 0.124
BF10 > 50 BF10 > 50 BF10 > 50 BF10 = 0.56 BF10 > 50

Cohen’s D = 0.803 Cohen’s D = 0.292 Cohen’s D = 0.566 Cohen’s D = 0.014 Cohen’s D = 0.564
LEFT vs. RIGHT p = 0.383 p = 0.029* p = 0.076 p = 0.718 p = 0.018*

t = 1.59 t = 2.77 t = 2.41 t = –1.05 t = –2.94
Diff = 0.004 Diff = 0.037 Diff = 0.005 Diff = –0.019 Diff = –0.067
BF10 = 0.72 BF10 = 11.63 BF10 = 3.96 BF10 = 0.78 BF10 = 13.1

Cohen’s D = 0.238 Cohen’s D = 0.321 Cohen’s D = 0.224 Cohen’s D = 0.192 Cohen’s D = 0.378
LEFT vs. OFF p < 0.001* p = 0.043* p < 0.001* p = 0.998 p < 0.001*

t = 4.07 t = 2.63 t = 4.10 t = –0.18 t = –4.36
Diff = 0.009 Diff = 0.034 Diff = 0.008 Diff = –0.003 Diff = 0.097
BF10 > 50 BF10 = 11.63 BF10 > 50 BF10 = 0.59 BF10 > 50

Cohen’s D = 0.602 Cohen’s D = 0.148 Cohen’s D = 0.500 Cohen’s D = 0.082 Cohen’s D = 0.470
RIGHT vs. OFF p = 0.101 p = 0.998 p = 0.406 p = 0.826 p = 0.587

t = 2.29 t = –0.19 t = 1.55 t = 0.86 t = –1.26
Diff = 0.005 Diff = –0.003 Diff = 0.003 Diff = 0.016 Diff = 0.030
BF10 = 8.57 BF10 = 0.15 BF10 = 1.34 BF10 = 0.6 BF10 = 0.49

Cohen’s D = 0.248 Cohen’s D = 0.018 Cohen’s D = 0.162 Cohen’s D = 0.111 Cohen’s D = 0.149
Delay p < 0.001* p = 0.030* p = 0.005* p < 0.001* p < 0.001*

F = 14.91 F = 4.74 F = 7.85 F = 110.69 F = 27.07
Diff = –0.006 Diff = –0.020 Diff = 0.004 Diff = –0.135 Diff = 0.083
BF10 = 8.57 BF10 = 1.45 BF10 > 50 BF10 > 50 BF10 > 50

Cohen’s D = 0.516 Cohen’s D = 0.402 Cohen’s D = 0.456 Cohen’s D = 0.930 Cohen’s D = 0.445

*p < 0.05.

Error

There was no interaction between STN-DBS
condition and retention delay for error (F(3, 730) =
0.62, p = 0.601). There was a main effect of STN-
DBS condition for error (F(3, 730) = 13.84, p <
0.001). Post hoc analysis revealed that DBS-
BOTH had higher error than the DBS-RIGHT
(DBS-BOTH = 0.073 ± 0.037 m, DBS-RIGHT =
0.064 ± 0.033 m, t(730) = 4.37, Cohen’s D = 0.496,
p < 0.001, BF10 > 50) and DBS-OFF (DBS-BOTH
= 0.073 ± 0.037 m, DBS-OFF = 0.060 ± 0.041 m,
t(730) = 6.05, Cohen’s D = 0.566, p < 0.001, BF10
> 50) conditions. DBS-LEFT also had higher error
than DBS-OFF (DBS-LEFT = 0.069 ± 0.041 m,
DBS-OFF = 0.060 ± 0.041 m, t(730) = 4.10, Cohen’s

D = 0.500, p < 0.001, BF10 > 50). No other conditions
were different from each other (Fig. 4A).

There was a main effect of retention delay for error
in the participants with PD. Error was higher during
the long delay in comparison with the short delay
in the participants with PD (F(1, 731) = 7.85, short
delay = 0.064 ± 0.038 m, long delay = 0.068 ±
0.039 m, Cohen’s D = 0.456, p = 0.005, BF10 > 50)
(Fig. 4B). For a full list of statistical values, see
Table 4.

Compared with the HC, the participants with
PD had a significantly higher error during the
DBS-BOTH condition (HC = 0.050 ± 0.038 m,
DBS-BOTH = 0.080 ± 0.037 m, t(394) = 2.17,
Cohen’s D = 0.924, p = 0.030, BF10 = 18.15).
No other conditions were significantly different
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Fig. 3. A) Estimated mean (±standard error) of velocity for both delays for DBS-OFF, RIGHT, LEFT, BOTH, and the HC (left to right).
DBS-LEFT and DBS-BOTH increased velocity relative to DBS-OFF (p = 0.043 and < 0.001 respectively). DBS-LEFT and DBS-BOTH
also increased velocity relative to DBS-RIGHT (p = 0.029 and < 0.001 respectively). DBS-BOTH velocity was greater than DBS-LEFT
(p = 0.019). The bars above the graph denote the significant differences in velocity between STN-DBS conditions. B) The effect of retention
delay on velocity in the participants with PD and HC. Velocity was significantly increased during the 0.5 s delay relative to the 5 s delay
in participants with PD (p = 0.030) and HC (p < 0.001). The bars above the graph denote the significant differences in velocity between the
short and long retention delays.

Fig. 4. A) Estimated mean (±standard error) of error for both delays for DBS-OFF, RIGHT, LEFT, BOTH, and HC (left to right). DBS-LEFT
and DBS-BOTH increased reaching error relative to OFF (p < 0.001 for both). DBS-BOTH also increased error relative to DBS-RIGHT
(p < 0.001). The bars above the graph denote the significant differences in error between STN-DBS conditions. B) The effect of retention
delay on error for the participants with PD and HC. Error was significantly decreased during the 0.5 s delay relative to the 5 s delay for the
participants with PD (p = 0.005) and HC (p = 0.049). The bars above the graph denote the significant differences in error between the short
and long retention delays.

(ps > 0.05) (Fig. 4A and Table 5). However, inspec-
tion of the data in Fig. 4A does show a trend in which
the error increases across stimulation conditions
away from values of HC. The lack of statistical
significance between participants with PD and HC
may be due to lack of experimental power for the
between group comparison of PD and HC.

Within the HC participants, the short retention
delay had lower error than the long retention delay
(short delay = 0.051 ± 0.030 m, long delay =
0.055 ± 0.032 m, t(214) = 1.98, Cohen’s
D = 0.454, p = 0.049, BF10 = 1.41) (Fig. 4B and
Table 6).

Reaction time

There was no interaction between retention delay
and STN-DBS condition for reaction time (F(3,
731) = 0.85, p = 0.464). There was no main effect
of STN-DBS condition for reaction time (F(3,
731) = 0.41, p = 0.746), indicating that the reaction
time was similar between all STN-DBS conditions
(Fig. 5A).

There was a main effect of retention delay for
reaction time in participants with PD. Reaction time
was shorter during the long delay compared with
the short delay (F(1, 731) = 110.69, short delay
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Table 5
Mixed Effect Regression: PD vs. HC group comparison

Amplitude (m) Velocity (m/s) Error (m) Reaction Time (s) Movement Time (s)

OFF vs. HC p = 0.206 p = 0.013* p = 0.383 p = 0.076 p = 0.006*
t = –1.27 t = –2.48 t = 0.87 t = 1.78 t = 2.77

Diff = –0.020 Diff = –0.295 Diff = 0.012 Diff = 0.104 Diff = 0.317
BF10 = 0.91 BF10 = 4.60 BF10 = 0.50 BF10 = 1.36 BF10 = 14.35

Cohen’s D = 0.497 Cohen’s D = 0.983 Cohen’s D = 0.359 Cohen’s D = 0.685 Cohen’s D = 1.104
RIGHT vs. HC p = 0.323 p = 0.009* p = 0.158 p = 0.043* p = 0.011*

t = 0.99 t = –2.61 t = 1.41 t = 2.04 t = 2.55
Diff = –0.014 Diff = –0.306 Diff = 0.019 Diff = 0.117 Diff = 0.285
BF10 = 0.67 BF10 = 6.59 BF10 = 1.91 BF10 = 2.22 BF10 = 7.37

Cohen’s D = 0.397 Cohen’s D = 0.944 Cohen’s D = 0.618 Cohen’s D = 0.797 Cohen’s D = 1.027
LEFT vs. HC p = 0.509 p = 0.026* p = 0.108 p = 0.114 p = 0.039*

t = –0.66 t = –2.23 t = 1.61 t = 1.58 t = 2.07
Diff = –0.010 Diff = –0.261 Diff = 0.023 Diff = 0.096 Diff = 0.225
BF10 = 0.69 BF10 = 2.81 BF10 = 1.91 BF10 = 1.36 BF10 = 3.42

Cohen’s D = 0.259 Cohen’s D = 0.824 Cohen’s D = 0.670 Cohen’s D = 0.615 Cohen’s D = 0.816
BOTH vs. HC p = 0.922 p = 0.053 p = 0.030* p = 0.054 p = 0.075

t = –0.10 t = –1.94 t = 2.17 t = 1.93 t = 1.78
Diff = –0.001 Diff = –0.229 Diff = 0.030 Diff = 0.110 Diff = 0.200
BF10 = 0.45 BF10 = 1.81 BF10 = 18.15 BF10 = 1.72 BF10 = 1.72

Cohen’s D = 0.038 Cohen’s D = 0.761 Cohen’s D = 0.924 Cohen’s D = 0.655 Cohen’s D = 0.671

*p < 0.05.

Fig. 5. A) Estimated mean (±standard error) of reaction time for both delays for DBS-OFF, RIGHT, LEFT, BOTH, and HC (left to right).
Stimulation condition had no effect on reaction time. B) The effect of retention delay on reaction time in the participants with PD and
HC. Reaction time was significantly longer during the 0.5 s delay relative to the 5 s delay in the participants with PD (p < 0.001) and HC
(p < 0.001). The bars above the graph denote the significant differences in reaction time between the short and long retention delays.

Table 6
Mixed Effect Regression: Effect of Retention Delay in HC

Amplitude (m) Velocity (m/s) Error (m) Reaction Time (s) Movement Time (s)

Delay p = 0.634 p < 0.001* p = 0.049* p < 0.001* p = 0.001*
t = 0.48 t = –5.23 t = 1.98 t = –9.51 t = 3.53

Diff = 0.001 Diff = –0.067 Diff = 0.004 Diff = –0.197 Diff = 0.090
BF10 = 0.13 BF10 > 50 BF10 = 1.41 BF10 > 50 BF10 = 17.84

Cohen’s D = 0.093 Cohen’s D = 0.765 Cohen’s D = 0.454 Cohen’s D = 1.260 Cohen’s D = 0.870

*p < 0.05.

= 0.739 ± 0.246 s, long delay = 0.604 ± 0.208 s,
Cohen’s D = 0.930, p < 0.001, BF10 > 50) (Fig. 5B).
For a full list of statistical values, see Table 4.

Compared with the HC, participants with PD
had longer reaction times during DBS-RIGHT (HC
= 0.553 ± 0.208 s, DBS-RIGHT = 0.670 ± 0.208 s,
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t(377) = 2.04, Cohen’s D = 0.797, p = 0.043, BF10 =
2.22). No other stimulation conditions were dif-
ferent from the HC for reaction time (Fig. 5A and
Table 5).

Within the HC participants, the reaction time
was shorter during the long delay in comparison
with the short delay (short delay = 0.674 ± 0.209 s,
long delay = 0.477 ± 0.170 s, t(215) = –9.51, Cohen’s
D = 1.26, p < 0.001, BF10 > 50) (Fig. 5B and
Table 6).

Movement time

There was no interaction between retention delay
and STN-DBS condition for movement time (F(3,
731) = 0.29, p = 0.835). There was a main effect
of STN-DBS condition for movement time (F(3,
731) = 12.92, p < 0.001). Post hoc analysis revealed
that DBS-BOTH had a shorter movement time
than DBS-RIGHT (DBS-BOTH = 0.973 ± 0.262 s,
DBS-RIGHT = 1.067 ± 0.234 s, t(731) = –4.04,
Cohen’s D = 0.479, p < 0.001, BF10 > 50) and DBS-
OFF (DBS-BOTH = 0.973 ± 0.262 s, DBS-OFF =
1.097 ± 0.271 s, t(731) = –5.49, Cohen’s D = 0.564,
p < 0.001, BF10 > 50). DBS-LEFT had a shorter
movement time than DBS-RIGHT (DBS-LEFT
= 1.000 ± 0.253 s, DBS-RIGHT = 1.067 ± 0.234 s,
t(731) = –2.94, Cohen’s D = 0.378, p = 0.018, BF10
= 13.1) and DBS-OFF (DBS-LEFT = 1.000 ±
0.253 s, DBS-OFF = 1.097 ± 0.271 s, t(731) = –4.36,
Cohen’s D = 0.470, p < 0.001, BF10 > 50). No other
conditions were different from each other (Fig. 6A).

There was a main effect of retention delay on
movement time in participants with PD. Movement
time was shorter during the short delay in com-
parison to the long delay (F(1, 731) = 27.07, short
delay = 0.993 ± 0.241 s, long delay = 1.076 ±
0.268 s, Cohen’s D = 0.445, p < 0.001, BF10 > 50)
(Fig. 6B). For a full list of statistical values, see
Table 4.

Compared with the HC, the participants with
PD had significantly longer movement times in the
DBS-LEFT (HC = 0.783 ± 0.361 s, DBS-LEFT =
1.008 ± 0.253 s, t(413) = 2.07, Cohen’s D = 0.816,
p = 0.039, BF10 = 3.42), DBS-RIGHT (HC = 0.783
± 0.361 s, DBS-RIGHT = 1.068 ± 0.234 s, t(377)
= 2.55, Cohen’s D = 1.027, p = 0.011, BF10 = 7.37),
and DBS-OFF (HC = 0.783 ± 0.361 s, DBS-OFF =
1.100 ± 0.271 s, t(385) = 2.77, Cohen’s D = 1.104,
p = 0.006, BF10 = 14.35) conditions (Fig. 6A and
Table 5). The difference between DBS-BOTH and
HC did not reach significance (HC = 0.783 ± 0.361 s,

DBS-BOTH = 0.983 ± 0.262 s, t(395) = 1.78,
Cohen’s D = 0.671, p = 0.075, BF10 = 1.72).

Within the HC participants, the movement time
was shorter during the short delay in comparison
with the long delay (short delay = 0.728 ± 0.311 s,
long delay = 0.817 ± 0.397 s, t(215) = 3.53, Cohen’s
D = 0.870, p = 0.001, BF10 = 17.84) (Fig. 6B and
Table 6).

DISCUSSION

Our results support our hypothesis and illus-
trated that both unilateral and bilateral STN-DBS
improved intensive aspects of movement (amplitude
and velocity) while impairing coordinative aspects of
movement (error) during a memory-guided reaching
task in which the retention delay was manipu-
lated. Reaction time, in contrast, was unaffected by
STN-DBS, and movement time was decreased by
STN-DBS. In addition, the improvements in move-
ment amplitude, movement velocity, and movement
time were in the direction towards HC, while the
impairment in error was in the direction away from
HC. Furthermore, we found that a shorter retention
delay resulted in increased amplitude and velocity of
movement, smaller error, and decreased movement
time, but also contributed to longer reaction times
in the participants with PD, which was similar to
what was seen in HC. Finally, there was no inter-
action between STN-DBS condition and retention
delay for any of the outcome measures. Overall, these
results support the notion that STN-DBS has differ-
ential effects on intensive and coordinative aspects
of movement. Below we discuss the implications of
these findings in further detail.

STN-DBS improves intensive but impairs
coordinative aspects of movement

STN-DBS improved reaching amplitude and
velocity toward the direction of HC, but also
increased reaching error in the direction away from
HC. These findings, along with our other results,
were strengthened by calculation of Bayes Factors,
which demonstrated that the alternative hypotheses
were much more likely than our null hypotheses
for each of our significant findings. The changes in
intensive and coordinative aspects of motor control
induced by STN-DBS may be resultant of alter-
ations to the underlying physiology throughout the
cortico-basal ganglia network, such as changes to the
oscillatory activity driving movement, or alterations
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Fig. 6. A) Estimated mean (±standard error) of movement time for DBS-OFF, RIGHT, LEFT, BOTH, and the HC (left to right). DBS-LEFT
and DBS-BOTH decreased movement time relative to DBS-OFF (p < 0.001 for both). DBS-BOTH and DBS-LEFT also decreased movement
time relative to DBS-RIGHT (p < 0.001 and p = 0.018, respectively). The bars above the graph denote the significant differences in movement
time between STN-DBS conditions. B) The effect of retention delay on movement time in the participants with PD and HC. Movement
time was significantly decreased during the 0.5 s delay relative to the 5 s delay in participants with PD and HC (p < 0.001 and p = 0.001,
respectively). The bars above the graph denote the significant differences in movement time between the short and long retention delays.

to the activity in regions connected with the STN that
are implicated in movement planning and cognitive
motor control. Prior to movement onset, there is a
suppression of beta band oscillatory activity that is
sustained throughout the movement [45–50]. In per-
sons with PD, hyper-synchronization within the beta
band is seen throughout the basal ganglia and between
the sensorimotor cortices [20–22, 51]. Therefore,
the increased beta synchronization in persons with
PD may result in difficulties with peri-movement
beta band suppression that is necessary for proper
movement execution to occur [52], ultimately con-
tributing to the decreased movement amplitude and
velocity (i.e., intensive aspects of movement). STN-
DBS effectively reduces the pathologically high beta
band oscillatory activity within the STN in paral-
lel to improvements in motor functioning [23–27].
Furthermore, previous work has illustrated that high
frequency gamma band activity is reduced by STN-
DBS, which in turn is associated with a reduction
in motor symptoms in persons with PD [23]. Thus,
these changes in beta and gamma oscillatory activity
may be a physiological mechanism by which STN-
DBS facilitates movement execution and improves
intensive aspects of movement.

On the other hand, coordinative aspects of move-
ment are more complex and require time-specific
neural activations across various brain regions
involved in sensorimotor integration, making them
more difficult to manipulate properly with STN-DBS.
STN-DBS can have detrimental effects on cognitive-
motor tasks, especially when the cognitive demand is
increased [14, 15, 53, 54]. STN-DBS can also alter

activity within the delta and theta frequency bands
within the prefrontal cortex [55]. Activity within the
theta frequency band has been shown to underlie
communication between distinct brain regions that
regulate cognition [56–58]. It is possible that the
modulation of these bands by STN-DBS disrupts
the communication between the STN and cortex and
contributes to the deficits in coordinative motor con-
trol [22]. Furthermore, alpha, beta, theta, and gamma
oscillations are present while observing the actions
of others, which may assist with motor learning [59,
60], suggesting that the modulation of these bands by
STN-DBS may also contribute to the impairment in
coordinative motor control.

STN-DBS may also affect coordinative aspects
of movement by antidromically altering activity
within regions outside the STN that are involved in
cognitive-motor control and movement planning. The
movements performed during memory-guided reach-
ing tasks are internally driven; they are driven by
memory and not by an external stimulus. Regions
such as the premotor cortex, dorsolateral prefrontal
cortex, and supramarginal gyrus are implicated in
the planning of internally driven movements [61].
Furthermore, the dorsolateral prefrontal cortex is
active during coordinative tasks that are dependent
on spatial working memory [62, 63]. Potentially,
activity within these regions is altered by STN-DBS,
adversely affecting movement planning and cogni-
tive motor control. For example, the STN has direct
connections with the dorsal premotor cortex [64], a
cortical area essential for motor planning and inte-
gration of spatial coordinate systems between the



930 M.P. Trevarrow et al. / STN-DBS on Speed and Coordination of Movement

eyes, hands, and the target of movement [65, 66].
Furthermore, STN-DBS has been shown to alter
activity in the posterior parietal cortices [67–69],
a region critically engaged with the integration of
visual and motor information [70, 71]. Disruption
to the activity within the dorsal premotor cortex and
posterior parietal cortex may impair the integration
of spatial coordinate systems and visuomotor trans-
formations, adversely impacting effective planning
of the ensuing movements and thereby increasing
error.

Furthermore, STN-DBS may be adversely affect-
ing the processes underlying spatial working memory
in the participants with PD. People with PD have
consistently illustrated deficiencies in working mem-
ory [34, 72–76]. If STN-DBS is disrupting the brain
areas implicated in these processes, this disruption
alone may be implicit in the detriment to coordina-
tive aspects of movement performance. However, we
think this is unlikely since David et al., 2018 previ-
ously found that the error of eye movements toward
the targets during a sequential memory-guided reach-
ing task was not disrupted by STN-DBS, suggesting
that spatial working memory was not significantly
affected by STN-DBS [16].

Reaction time was unaffected across all STN-
DBS conditions. Previous literature has demonstrated
inconsistent effects of STN-DBS on reaction time,
with some evidence showing little or no effect [77],
and other studies showing decreases in both simple
and choice reaction time [9, 78]. Thus, the effects
of STN-DBS on reaction time may be task specific.
If STN-DBS is adversely impacting the planning of
movement during the memory-guided reaching task,
longer reaction times would be expected. However,
STN-DBS also may decrease the time it takes to dis-
inhibit movement execution. Thus, STN-DBS may
have induced longer motor planning periods during
the memory-guided reaching task but also facilitated
movement onset, ultimately resulting in similar reac-
tion times compared with STN-DBS off.

Finally, STN-DBS decreased movement time
toward the direction of HC, similar to the findings of
a previous study [7]. It is possible that the decreased
movement time induced by STN-DBS may be a
result of the increased velocity induced by STN-DBS.
Increased movement time in older adults has been
associated with increased levels of cortical beta band
power, suggesting that an inability to suppress beta
power during movement may result in a longer time to
complete the movement [79]. As highlighted above,
STN-DBS reduces beta band power, and this may

ultimately facilitate a faster movement in people with
PD.

Shorter retention delays increased velocity and
amplitude, decreased error, and decreased
movement times, but increased reaction times in
people with PD

The trials that had a shorter retention delay (0.5 s)
resulted in increased amplitude and velocity of move-
ment, decreased movement times, and reduced error
in the participants with PD. Despite this, a shorter
retention period also significantly increased the reac-
tion time. Interestingly, similar patterns were seen
in the HC group, indicating that the mechanisms by
which these aspects of movement are impacted by
the retention delay are likely a result of physiolog-
ical mechanisms that remain intact in participants
with PD. For instance, the effect of retention delay
on reaction time is a common physiological phe-
nomenon [33, 80–82], in which long delays are
thought to provide more time for movement plan-
ning prior to the cue, which saves time later [33]. In
the current study, the 0.5 s window during the short
delay trials was likely too brief to encode the tar-
get location and form the sensorimotor plan. Thus,
when the cue to move was elicited, these processes
may still have been ongoing, resulting in delayed
movement and ultimately increased reaction time.
At the same time, the longer retention delay likely
results in more deterioration of the memorized spa-
tial location of the target. This can lead to greater
uncertainty about the target’s location, and this may
have contributed to both a slower and less accurate
reach.

The longer reaction times during the short delay
corresponded with shorter movement times, an effect
that has been illustrated before and may be a result
of the context of the movement [83]. For instance,
during stop-signal tasks, on trials in which there
is a possibility of a stop signal, participants have
longer reaction times, allowing for better coding of
the movement and shorter movement times. Alterna-
tively, shorter reaction times do not allow efficient
coding of the movement. Therefore, the movement
plan must be completed during the execution of the
movement, which requires proactive inhibitory con-
trol that leads to longer movement times [83]. Thus,
in our memory-guided reaching task, the longer reac-
tion times seen during the short delay may have
allowed participants to completely code the move-
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ment, ultimately resulting in decreased movement
times.

Importantly, there were no interactions between
STN-DBS condition and retention delay for any of
the outcome measures. Presumably, if STN-DBS was
affecting the ability to retain the target location in
memory, there would have been a differential effect
of delay based on condition (e.g., DBS-BOTH would
produce a larger difference in error between the short
and long retention delays in comparison with DBS-
OFF). This further supports the notion that STN-DBS
did not affect the spatial working memory compo-
nents of the task and, specifically, STN-DBS did not
disrupt the retention of the encoded target in mem-
ory.

Bilateral STN-DBS had a greater effect than
unilateral STN-DBS on memory-guided reaching
performance

Bilateral STN-DBS resulted in more significant
improvements to intensive aspects of movement than
unilateral STN-DBS. As discussed above, STN-DBS
may induce a reduction in beta band synchronization
and increase in gamma band synchronization which
could facilitate movement execution and increase
the amplitude and velocity of movement. The peri-
movement beta desynchronization occurs on both
the ipsilateral and contralateral hemispheres dur-
ing movement [50, 84]. Thus, bilateral STN-DBS
may decrease the excessive beta band synchroniza-
tion bilaterally, resulting in a greater increase in
amplitude and velocity than stimulation on one side
only. Simultaneously, bilateral STN-DBS resulted in
greater detriment to coordinative aspects of move-
ment than unilateral STN-DBS (i.e., error). The
above-mentioned mechanisms by which STN-DBS
may impair coordinative aspects of movement (alter-
ing delta and theta band activity or altering activity
in areas implicated in cognitive motor control and
movement planning) may be exacerbated when the
stimulation is bilateral. Alternatively, the regions
involved in coordinative movement control on the
ipsilateral side of stimulation may compensate for
this disruption during unilateral stimulation [16].
Interestingly, it should be noted that only bilateral
and not unilateral STN-DBS impacts motor inhibi-
tion [85], reinforcing the notion that unilateral and
bilateral STN-DBS may have distinct physiological
effects within the brain.

Finally, we found that unilateral DBS of the left
STN significantly increased amplitude, velocity, and

error, but DBS of the right STN did not. This is likely
because the task was performed with the right hand
for each participant, and the STN primarily modu-
lates activity within the motor cortex on the ipsilateral
side of the brain. Thus, DBS of the left STN likely
modulated the activity of the left motor cortex, which
controlled the right upper limb used to perform the
task, resulting in the more prominent effects on motor
control compared with the stimulation of the right
STN.

Limitations

Before closing, it is worthwhile to note several
limitations of the current study. First, the partici-
pants with PD were all male. While some studies
have indicated that STN-DBS has similar efficacy in
treating motor and cognitive signs in both males and
females with PD [86, 87], other studies have demon-
strated slightly better efficacy in males [88–90].
Thus, the way in which STN-DBS affects motor
and cognitive symptoms in males versus females
is not well-established, and future research should
explore whether the effects of STN-DBS and reten-
tion delay on memory-guided reaching performance
differ based on sex.

Second, the total number of trials performed for
each participant was low (10 trials per condition).
However, it has been illustrated that performance sta-
bility in reaching kinematics occurs between 2.65 and
6.16 trials [91]. Thus, increasing the number of trials
would be unlikely to change our results. Furthermore,
performing additional trials within each condition
may lead to participant fatigue.

Conclusions

We utilized a memory-guided reaching task to
provide evidence verifying that STN-DBS improves
intensive aspects of movement while impairing coor-
dinative aspects of movement. These findings were
substantiated by comparison with a HC group, in
which the velocity and amplitude were increased,
and movement time was decreased toward what was
seen in the HC, whereas error was increased away
from what was seen in the HC. We also demonstrated
that a shorter retention delay results in increased
velocity and amplitude, shortened movement time,
and decreased error, but also increases the reaction
time. Furthermore, we established that the effect of
STN-DBS on intensive and coordinative aspects of
movement were independent of retention delay. This
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suggests it is unlikely that STN-DBS impairs coordi-
native motor control by disrupting working memory
retention, but rather affects the activity within the
cortico-basal ganglia loop subserving the planning
of movement and cognitive-motor control. Overall,
these findings help infer the underlying neurophys-
iological processes affected by STN-DBS. Future
work can expand on these findings by utilizing neu-
roimaging to determine whether task-related changes
in oscillatory activity of the sensorimotor cortices
during a memory-guided reaching task are associated
with changes to the intensive and coordinative aspects
of movement. Furthermore, utilizing memory-guided
reaching tasks to test the effectiveness of STN-DBS
under different stimulation parameters may pave the
way for establishing the most effective STN-DBS
parameters that optimize both intensive and coordi-
native aspects of movement control.
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