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Encoding type, medication, and
deep brain stimulation
differentially affect
memory-guided sequential
reaching movements in
Parkinson’s disease
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Memory-gquided movements, vital to daily activities, are especially impaired
in Parkinson'’s disease (PD). However, studies examining the effects of how
information is encoded in memory and the effects of common treatments
of PD, such as medication and subthalamic nucleus deep brain stimulation
(STN-DBS), on memory-guided movements are uncommon and their findings
are equivocal. We designed two memory-guided sequential reaching tasks,
peripheral-vision or proprioception encoded, to investigate the effects of
encoding type (peripheral-vision vs. proprioception), medication (on- vs. off-),
STN-DBS (on- vs. off-, while off-medication), and compared STN-DBS vs.
medication on reaching amplitude, error, and velocity. We collected data
from 16 (analyzed n = 7) participants with PD, pre- and post-STN-DBS
surgery, and 17 (analyzed n = 14) healthy controls. We had four important
findings. First, encoding type differentially affected reaching performance:
peripheral-vision reaches were faster and more accurate. Also, encoding
type differentially affected reaching deficits in PD compared to healthy
controls: peripheral-vision reaches manifested larger deficits in amplitude.
Second, the effect of medication depended on encoding type: medication
had no effect on amplitude, but reduced error for both encoding types, and
increased velocity only during peripheral-vision encoding. Third, the effect
of STN-DBS depended on encoding type: STN-DBS increased amplitude
for both encoding types, increased error during proprioception encoding,
and increased velocity for both encoding types. Fourth, STN-DBS was
superior to medication with respect to increasing amplitude and velocity,
whereas medication was superior to STN-DBS with respect to reducing error.
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We discuss our findings in the context of the previous literature and consider
mechanisms for the differential effects of medication and STN-DBS.

encoding,

Parkinson'’s

disease, proprioception, peripheral-vision levodopa,

subthalamic nucleus deep brain stimulation (STN-DBS)

Introduction

Memory-guided reaching is vital to many daily activities:
when reaching for the light switch when we wake up in
the middle of the night, when reaching for the cup holder
while driving, or when reaching for a computer mouse. It
belongs to a class of goal-oriented movements referred to
as internally generated movements because their execution
does not rely on external feedback; instead, they rely on
information stored in memory (1-5). Thus, fundamental to
memory-guided reaching is the reliance on sensory inputs to
encode information in memory to enable the planning and
execution of movement. Often, visual (including peripheral-
vision) and/or proprioceptive sensory inputs are used both for
encoding target locations into memory and for execution of
memory-guided movements (6, 7). In persons with Parkinson’s
disease (PD), motor deficits are known to be accompanied
by visual deficits, including peripheral-visual deficits (8, 9),
and somatosensory deficits (10, 11). Peripheral-visual deficits
reported in PD include greater distraction from peripheral
objects (12), reduced responsiveness to peripheral events (9),
and reduced contrast sensitivity (13). Somatosensory deficits
include deficits in sensory perception and integration (11, 14,
15). Yet, the extent to which peripheral-visual or proprioceptive
sensory inputs, i.e., different encoding types, affect reaching
performance outcomes such as amplitude, error, and velocity
remain to be compared in people with PD. This is important
because these deficits can have a significant impact on memory-
guided motor performance. If the sensory input and/or how it is
integrated with the motor output is abnormal, then these sensory
deficits might play a key role in any observed motor deficits.
In addition, how one encodes information into memory can
differentially affect motor performance. Therefore, a critical first
step is to determine if there are differences in memory-guided
reaching performance as a function of encoding type in people
with PD.

Visual encoding utilizes the ventral stream, the “what”
pathway, that courses through the occipitotemporal cortex
to identify the stimulus, and the dorsal stream, the “where”
pathway, namely the occipito-parietal-prefrontal branch of
the dorsal stream, for spatial location and spatial working
memory (16). On the other hand, proprioceptive encoding
utilizes the sensorimotor cortex, the lateral premotor cortex,
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and the anterior cerebellum (17). In addition, there is evidence
for visual occipital areas being engaged during proprioceptive
reaches, likely due to “visualizing” the proprioceptively encoded
targets (18). Furthermore, the basal ganglia-thalamo-cortical
network is also involved in the planning and execution
of memory-guided movements (19, 20). Cortical inputs to
the striatum are topographically organized and functionally
segregated (21-24). For instance, fronto-parietal association
cortices that overlap with the occipito-parietal-prefrontal branch
involved in spatial location and spatial working memory project
to the caudate, while sensorimotor cortices project to the
posterior putamen (21, 23). In addition, there is evidence
that the tail of the caudate and adjoining ventral putamen
receive projections from the inferior temporal visual cortex
(25). Thus, cortical areas that process visuospatial information,
including spatial working memory, and those that process
somatosensory proprioceptive information project to separate
areas in the striatum. As such, deficits in memory-guided
reaching would be expected in persons with PD because
striatal dopaminergic neuronal denervation alters the normal
functioning of the basal ganglia-thalamo-cortical network. In
fact, memory-guided and internally generated movements are
especially impaired in patients with PD (26-28). Participants
with PD, relative to healthy controls (HC), exhibit hypokinetic
and bradykinetic movements with reduced amplitude (28)
and/or reduced velocity (27), and with increased (29) or no
difference in end-point error (28, 30). Reduced amplitude in
PD, especially during memory-guided movements, has been
associated with reduced striatal dopamine transporter binding,
suggesting dependence on dopaminergic circuits (31). In PD,
degeneration across the striatum is non-uniform (32, 33).
Typically, the putamen degenerates earlier relative to the
caudate (32, 33). Autopsy results show that dopaminergic loss
is observed in all subdivisions of the putamen but only in the
most dorsal rostral part of the caudate (33). The putamen is an
integral part of the motor circuit, while the caudate is an integral
part of the associative and limbic circuits (34). Consequently,
motor symptoms and visuospatial deficits are likely to be
the first symptoms to emerge, followed by cognitive and
limbic symptoms (35). In addition, the pattern of degeneration
might affect the response to treatments such as medication or
sub-thalamic nucleus deep brain stimulation (STN-DBS). In
theory, those areas that have already degenerated have greater
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dopaminergic deficit and are likely to respond beneficially to
treatment, while those areas that have not yet degenerated are
less likely to respond beneficially to treatment. This combination
of topographic organization, functional segregation, and non-
uniform progression of degeneration may not only lead to
differential deficits in peripheral-visual and proprioceptively
encoded reaching, but it may also differentially affect the
response to dopamine replacement therapy and STN-DBS.

Studies examining the effect of treatments such as
medication or STN-DBS on memory-guided reaching outcomes
are surprisingly rare (36) despite the importance of memory-
guided reaching in day-to-day activities, the key role that
the basal ganglia play in the processing of memory-guided
movements, and the fact that these movements are especially
impaired in PD. We have shown that STN-DBS improves
reaching outcomes of velocity while worsening error (36).
Velocity is an intensive aspect of movement control requiring a
simple scaling of gain, while error is a coordinative aspect and
a more complex feature of movement control (37). STN-DBS
facilitates intensive aspects while impairing coordinative aspects
of control (36). The bulk of the literature examining the effect
of medication or STN-DBS on internally generated movements
that rely on spatial working memory is limited to eye movements
(38-43). The findings with respect to the effect of medication
are inconsistent. They show that medication either has no effect
on amplitude (38-40) or worsens amplitude (41) and has no
effect on velocity (38, 40). With respect to the effect of STN-
DBS, the findings are more consistent. Most studies have shown
a STN-DBS-induced increase in amplitude/gain (42-46), and
one has shown an increase in velocity (38). Critically, to date,
no study has systematically evaluated and compared the effect of
treatment, i.e., medication and STN-DBS, on peripheral-visual
vs. proprioceptively encoded memory-guided reaches on the
same cohort of participants with PD, both prior to and after
STN-DBS surgery. This kind of study on the same cohort will
allow us to address questions related to the effect of medication,
the effect of stimulation, and to compare the effect of medication
and STN-DBS on peripheral-visual vs. proprioceptively encoded
memory-guided reaching.

The purpose of this study was to address the gaps in our
understanding with respect to the effects of encoding, anti-
Parkinsonian medication, and STN-DBS on memory-guided
sequential reaching in participants with PD. Toward this end, we
designed two experimental tasks, one that utilized peripheral-
visual encoding and another that utilized proprioceptive
encoding to reach to remembered sequential spatial targets.
We addressed the following gaps in our understanding: the
effect of (1) encoding (peripheral-vision vs. proprioception),
(2) medication (on vs. off), (3) STN-DBS (on vs. off), and (4)
the differential effect of medication vs. STN-DBS on reaching
amplitude, error, and velocity. We also compared the effect of
medication vs. STN-DBS on the Movement Disorders Society
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Unified Parkinson’s Disease Rating Scale motor score (MDS-
UPDRS III), the gold standard to quantify motor signs of PD.
We did this to determine if the findings related to our encoding
types were consistent with findings from a well-established and
standardized rating scale of motor signs of PD. Additionally, we
provide data from age-matched healthy controls for comparison.

Methods

Participants

This study was conducted with approval from the
Northwestern University and Rush University Medical Center
Institutional Review Boards and with informed consent from
all participants. Data were collected from 33 participants (PD:
n = 16; HC: n =
from the Departments of Neurology/Neurological Sciences

17). Participants with PD were recruited
at Northwestern University (n = 1) and Rush University
Medical Center (n = 15). A movement disorders neurologist
examined all participants with PD, and they were included in
the study if they: met the UK PD Society Brain Bank clinical
diagnostic criteria for PD (47), were right-hand dominant, were
able to understand and perform the experimental tasks, had
normal or corrected visual acuity, presented no eye movement
abnormalities such as double vision and/or blepharospasm, had
no other neurological comorbidities, and had no orthopedic
issues that could preclude completing experimental tasks. HC
had no reported history of neurological disorders and had
a score of <6 on the Movement Disorders Society Unified
Parkinson’s Disease Rating Scale Part III motor score (MDS-
UPDRS III) (48). The cut-off of <6 for HC was determined
from the mean MDS-UPDRS III (+2 standard deviations) from
healthy controls (n = 196) who were part of the Parkinson’s
Progression Markers Initiative database (48). Apart from these
two criteria, HC met the same inclusion/exclusion criteria as
those with PD. The Edinburgh Handedness Inventory (49) was
used to confirm right hand dominance, as participants used
their right hand to complete the experimental tasks.

Experimental conditions

Pre-STN-DBS, data collection for PD participants took
place over 3 days. Participants, along with one caregiver, were
provided with transportation to and from their residence and
boarding and lodging in a hotel within a block from the
laboratory. This was done to minimize travel-related fatigue.
Day 1 was intake, and days 2 and 3 were testing days.
During intake, participants with PD were consented while
on-medication. We then administered the Montreal Cognitive
Assessment [MoCA (50)] and recorded a brief history which
included disease duration, medications, and medication dosage.
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Anti-parkinsonian medications were converted to levodopa
equivalent daily dosages (LEDD) (51). Afterwards, parts I, II,
and IV of the MDS-UPDRS were administered/completed (52).
Finally, participants were acclimatized to the laboratory and
practiced the experimental tasks in preparation for testing days
2 and 3. Participants practiced until they completely understood
the instructions and were able to perform the tasks as instructed.
No data were collected during practice. During days 2 and 3,
participants with PD performed the same experimental tasks off-
and on-medication (1 condition per day). For the off-medication
condition, participants refrained from anti-PD medications at
least 12 hours prior to testing (53). For the on-medication
condition, participants took medication in accordance with
their medication schedule. We randomized the order of testing
conditions (off- and on-medication) for all participants with PD.
On each testing day, testing commenced at 9 am and ended no
later than 1 pm. Each day began with the administration of both
the Hoehn & Yahr Rating and MDS-UPDRS III (54) followed
by the practice and execution of 6 different experimental
tasks. Breaks and light snacks were provided between each
experimental task. The 2 memory-guided sequential reach tasks
were the final tasks executed each day, and the order of these
2 tasks was randomized. Only the findings from the memory-
guided sequential reaching tasks will be reported in this paper.

Post-STN-DBS, data collection for participants with PD
took place over 5 days. All participants had bilateral implants,
and stimulation parameters had been programmed for optimal
clinical benefit. Surgical procedures are detailed in David et al.
(55). The same procedures were followed at both sites except
that at Rush University both leads were implanted on the same
day while at Northwestern left and right leads were implanted
6 weeks apart. Day 1 was intake, and days 2-5 were testing
days. The intake process was identical to pre-surgery, except
that the participants with PD were both on-stimulation and on-
medication. During days 2-5, participants performed the same
experimental tasks under 4 different conditions (one condition
per day): off-bilateral stimulation, on-bilateral stimulation, on-
left stimulation, and on-right stimulation. For all conditions,
participants refrained from PD medications at least 12h prior
to testing. The order of the testing conditions (off-bilateral,
on-bilateral, on-left, and on-right) was randomized for all
participants with PD. On each testing day, the experimenter
arrived at the participant’s hotel room at 6a.m. to set their
stimulation condition for the day. Testing commenced at 9 a.m.
and ended no later than 1 p.m. Thus, there was at least a 3-h
wash-out period prior to testing. The schedule during testing
days was identical to the pre-STN-DBS testing schedule. Only
the findings from the memory-guided sequential reaching tasks
under the off-bilateral and on-bilateral conditions (henceforth
simply referred to as off-STN-DBS and on-STN-DBS) will be
reported here. HC performed intake and experimental testing
in 1 day.
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Instrumentation

The participants performed the experimental tasks in a
completely darkened room to prevent environmental visual cues
from aiding target location encoding. The participants were
seated upright in an adjustable chair with their chin on a chin-
rest to minimize head movements. Consequently, vestibular
contributions to proprioception were minimized. Head and
finger movements were captured with a 3-D motion capture
system (Northern Digital, Waterloo, Canada). Participants had
infrared emitting diodes taped to the head-mount of the eye-
tracking system and to the right index finger, to track head and
finger movements, respectively. For the sequential reaching task
encoded with peripheral-vision, eye movements were captured
with a head-mounted video-based eye-tracking system, Eyelink
II (SR Research, Ottawa, Canada). This data was only utilized to
assess proper task performance and was not analyzed further.
For the proprioception sequential reach task, the participants
were blindfolded, and no eye movements were captured.

A light-emitting diode (LED) (3 mm green LED, 70 mcd),
mounted on a central fixation stand (central fixation LED), was
situated 42 cm in front of the participant’s chin-rest and served
as the fixation point for the participants eye position during
the peripheral-vision encoding. A centimeter below this central
fixation LED was a finger support, which served as the starting
point for the participant’s right index finger during both tasks.
A second LED (3 mm green LED, 70 mcd) was attached to the
arm of a programmable 5-degree-of-freedom (DOF) robot (CRS
Robotics Corporation, Burlington, Canada). Using this robot,
sequential targets were presented to the participants in a plane
that was 42 cm in front of the chin-rest.

For peripheral-vision encoding, the sampling frequency of
the eye movements (500 Hz) was down-sampled to the sampling
frequency of the head, finger, and robot movements (240 Hz).
Eye, head, finger, and robot movements were synchronized and
stored using the Motion Monitor system (Innovative Sports
Training, Chicago, USA).

Protocol

Peripheral-vision encoding

Peripheral-vision encoding began with participants fixating
on the central fixation LED for 2,000 ms (0° visual angle) and
with their finger resting on the fixation stand. During the
encoding phase, the robotic arm flashed the three sequential
targets with the central fixation LED still lit. The participants
were asked to keep their eyes fixated on the central fixation LED
while using their peripheral-vision to encode the location and
the sequence of the three targets. The duration of each target
presentation was 100 ms, and the time between the onsets of
each target presentation was 2,000 ms. The three targets were
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FIGURE 1

(A) Peripheral-visual encoding task divided into the encoding and execution phases. Encoding phase: The participant fixated on the central
fixation LED (solid central circle) while placing their right index finger on a stand immediately below the central fixation LED. The target LED
(solid peripheral circle) flashed in 3 different locations sequentially. The participant encoded the target location and sequence with their
peripheral vision. Execution phase: The flashing of the central fixation LED cued the start of the execution phase (unfilled central circle). The
participant remained fixated on the central fixation LED. The participant pointed to the remembered targets (unfilled circles) as accurately as
possible in the order presented. The time series below the cartoon show the central fixation LED (Fix LED), target LED (Tar LED), horizontal and
vertical eye position (Hor Eye Pos, Ver Eye Pos, respectively), tangential eye velocity (Tan Eye Vel), horizontal and vertical finger position (Hor
Fing Pos, Ver Fing Pos, respectively), and tangential finger velocity (Tan Fing Vel). Figures are aligned to the execution cue at 8s. (B)
Proprioceptive encoding task divided into the encoding and execution phases. The participant (gray shirt) was blindfolded for the entire task
therefor no eye movement traces are shown. Encoding phase: The experimenter (in white) held the participant's (in gray) relaxed right arm at the
elbow and wrist while placing their right index finger on a stand immediately below the central fixation LED (solid central circle). The
experimenter guided the participant’'s arm to each of the three sequential targets (solid peripheral circles) ensuring that the participant’s pointer
finger touched the target LED. The participant encoded the target location and sequence proprioceptively. The experimenter then guided the
participant’s index finger back to the stand and the participant regained active control of their limb. Execution phase: An oral cue from the
experimenter initiated the execution phase. The participant pointed to the remembered targets (unfilled circles, see inset) as accurately as
possible in the order presented. The time series below the cartoon show the central fixation LED (Fix LED), the target LED (Tar LED), the
horizontal finger position (Hor Fing Pos), the vertical finger position (Ver Fing Pos), and tangential finger velocities (Tan Fing Vel). Figures are
aligned to the execution cue at 9s. Reaching primarily occurred in the horizontal and vertical dimension; therefore, only these traces are shown.

located on a circular plane with a 10cm radius. Relative to
the fixation LED, the horizontal target was located 0° to the
right, the diagonal target was located 45° to the right, and the
vertical target was located directly above the central fixation
LED at 90°. Targets were presented in random order. After
the third target presentation, a final 2,000 ms delay occurred,
in which participants had to hold all three targets in memory.
The central fixation LED was then extinguished for 100 ms and
then lit again. This cue signaled the initiation of the execution
phase, during which participants were asked to reach to the
remembered sequential targets in the order presented. The
central fixation LED stayed on for 5,000 ms, as the participants
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executed reaching movements to the three memorized targets
as accurately as possible, all while keeping their eyes fixated
on the central fixation LED. When the reaching movements
were completed, participants returned their finger to the central
fixation stand. Prior to performing the task, the following task
instructions were read to each participant: “Please fixate on the
central fixation LED. While you look at the central fixation LED,
3 targets will flash 1 at a time in your peripheral field of vision.
Continue looking at the central fixation LED. After the third target
flashes, the LED on the stand will flash. At this time, continue
looking at the central fixation LED and point to each target as
accurately as you can in the order they appeared. Please hold your
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finger for an instant at each target location. After pointing to the
last target, return your finger to the LED on the stand. You should
continue to look at the light on the stand throughout the task.”
Figure 1A illustrates the experimental task along with LED,
robot, eye, and finger traces. After every three trials, participants
were given a 25 second break. During each break, a flashlight was
turned on, and the participant rested their arm on an arm rest.
After nine trials, the lights were turned on for 25 s to minimize
eye adaptation to the dark.

Proprioception encoding

Participants performed the proprioception encoding task
with a blindfold on. The task began with the experimenter
(FJD) supporting the participants relaxed right arm at the
elbow and wrist. The participants index finger rested on the
fixation stand. During the encoding phase, the experimenter
moved the participant’s arm to the three sequential targets. The
tip of the participant’s index finger touched each target. This
facilitated proprioception encoding of the target locations and
their presentation sequence. Then, the participant’s arm was
brought back to the fixation stand, and they gained active control
over their arm. After a 2,000 ms delay, indicated by the flashing
of the central fixation LED, the experimenter orally cued the
participant to “go,” initiating the execution phase. Upon hearing
the oral cue, the participant reached to the memorized targets as
accurately as possible in the sequence that they were presented.
When the reaching movement was completed, the experimenter
guided the participant’s finger back to the central fixation stand
in preparation for the next trial. Prior to performing the task, the
following instructions were read to each participant: “FJD will
support your elbow and hand from the central stand and move
your finger to three targets, 1 at a time. At each location your
finger will touch the target. FJD will then bring your arm back
to the central stand and let go of your elbow and hand. When FJD
says ‘Go, please point to the targets that you felt, as accurately as
you can in the order that they were presented.” Figure 1B depicts
the experimental task along with LED, robot, and finger traces.
All three sequential targets were presented with the robotic
arm, similar to the peripheral-vision encoding task. The only
difference was that the duration of each target presentation
was 1000 ms, instead of 100 ms, to provide FJD with enough
time to bring the participants finger to each target. Targets
were presented in a random order. Even though targets were
presented for a longer duration during proprioception encoding
compared to peripheral-vision encoding, the duration that the
participant touched the target was brief. In addition, because
the pace at which the experimenter moved the participant’s
limb could influence the participant’s reaching velocity, specific
instruction were given to reach at similar speeds during both
encoding types.

For both encoding types, participants conducted as many
practice trials as needed to perform the task satisfactorily. This
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was followed by 15 test trials. Participants performed 1 block
of 15 test trials for each of the medication and stimulation
conditions. The randomization sequence within a trial was
maintained between blocks of trials; this meant that the target
sequence for the 1st trial, 2nd trial, and so on was identical
between blocks.

Data processing

Eye and finger movement data were analyzed using a custom
MATLAB script'. A 20 Hz low-pass second-order, zero phase
Butterworth filter was applied to the eye and finger position
signals. The filtered position data were then differentiated
to calculate velocity. During the peripheral-vision encoding
task, eye position and velocity signals for each trial were
visually examined for reflexive eye movement errors. Reflexive
eye movement errors were those trials during which an eye
movement occurred within 500 ms of target onset and was
>50% of the target amplitude. These trials were excluded from
further analysis.

For both tasks, processing of the execution phase data started
with visually determining the three finger endpoints of each
trial on a 2-dimensional representation of the finger movement,
which itself was overlaid on a 2-dimensional representation
of the target locations and the presentation sequence. This
approach was used because most of the change in arm position
occurred on the horizontal and vertical planes. The visually
determined finger endpoints were then projected onto a time
series plot of the tangential finger velocity. The data analyst
adjusted the finger endpoints to accurately reflect the offset of
each reaching phase, which corresponded to a valley in the
tangential velocity profile. The reaching task comprised of four
reaching phases. The first, second, and third reaching phases
represented reaching to the first, second, and third targets,
respectively. The fourth reaching phase occurred when the finger
returned to the fixation stand and was not analyzed. The offset
of a reach phase served as the onset of the next reach in the
sequence. Within each reaching phase, the maximum velocity
was defined as the peak velocity. The reaching onset of the first
reach phase was computed using its velocity profile. From the
velocity peak of the first reaching phase, the algorithm searched
backwards to detect the first time point when reaching velocity
went below 5% of the peak velocity (56). This time point was
defined as the onset of the first reach. Using the location of
the reaching endpoints, the reaching amplitude was calculated
for each reaching phase. The amplitude of each reach was the
magnitude of the vector connecting the start-point and the
end-point of each reach. The end-points of the Ist and 2nd
reaches served as the start-points for the 2nd and 3rd reaches,

1 MATLAB 2021b, The MathWorks,
United States.

Inc., Natick, Massachusetts,
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respectively. It should be noted that each of the 3 reaches within
a trial was of a slightly different amplitude. This is because
the reaching amplitude was dependent on the target sequence
within a trial. The Ist reach within a trial was always 0.1 m,
however the amplitude for the 2nd reach could vary depending
on where the 2nd target was located. For example, if the Ist
target was directly above the central fixation stand as depicted
in Figure 1A, the location of the 2nd target could be in either the
diagonal or horizontal location, relative to the central fixation
stand. If the 2nd target was in the diagonal location, then the
amplitude would have been 0.097 m; whereas if the 2nd target
was in the horizontal location, then the amplitude would have
been 0.14 m. The average amplitude across all possible reaching
sequences was ~0.11 m. Finally, reaching error was calculated
by subtracting the values of the finger end point locations
from the values of the corresponding target locations. This
difference was calculated in the vertical, horizontal, and depth
dimensions for each reaching phase endpoint. The magnitude of
each reaching endpoint error was subsequently computed using
the following equation:

10.3389/fneur.2022.980935

velocities >2 m/s were excluded based on a visual analysis
of the frequency distribution; and participants with <3 trials
(for encoding type, or medication condition, or stimulation
conditions) were not included in the analysis due to insufficient
data. Overall, we collected data from 3780 reaches across
encoding types, groups, and treatment conditions; of which 373
reaches were excluded. Thus, <10% of reaches were excluded.
The number of reaches excluded did not vary as a function of
encoding type, medication condition, and STN-DBS condition.

In summary, the following outcomes were included
for statistical analysis for each reach within a trial: (1)
reaching amplitude in meters, (2) peak reaching velocity in
meters/second; and (3) magnitude of reaching error, relative to
the target location, in meters.

Statistical analysis

Descriptive: Each reaching outcome (amplitude, peak
velocity, and error) is described using box plots overlaid on
violin plots. The box plot provides 4 main features of our data:

Reaching error magnitude = \/(target x — endpoint x)>+(target y — endpoint y)* + (target z — endpoint z

The data for the proprioception encoding task was processed
in an identical fashion to the peripheral-vision encoding task
with the only difference being that there were no eye traces
because the participant was blindfolded.

Individual trial exclusion criteria were as follows: reaching
reaction times <0.2 s were excluded as anticipatory reaches and
those >1.5s were excluded as they were deemed trials where
the participant was not attending to the instructional set; peak

TABLE 1 Fixed effects used in the mixed models used.

)2

center (mean and median), spread, asymmetry, and outliers.
The violin plot is a smoothened and symmetric kernel
density estimate of the frequency for a given value of our
outcome variable. The widest regions of the violin plot
correspond to the highest density of data. The upper and
lower tips correspond to maximum and minimum values of
data. The violin plot adds information to the box plot and
allows for a quick and meaningful descriptive comparison of

Question evaluated Fixed effects Outcomes
1. The effect of encoding and group Encoding?, Group?, Encoding by Group interaction Amplitude

2. The effect of medication Encoding®, Treatment®, Encoding by Treatment interaction Velocity

3. The effect of STN-DBS in PD Encoding?, Treatment?, Encoding by Treatment interaction Error

4. a) The effect of on STN-DBS and
on meds
b) The effect of STN-DBS and

meds

Modalityf , Treatment$, Modality by Treatment interaction

Encoding®, Treatment®, Encoding by Treatment interaction

MDS-UPDRS IIT

HC, healthy controls; PD, Parkinson’s disease; STN-DBS, subthalamic nucleus deep brain stimulation; MDS-UPDRS III, Movement Disorders Society Unified Parkinson’s Disease Rating

Scale Motor Score.

“Encoding: peripheral vision and proprioception.

bGroup: HC and PD (pre-surgery, while off medication).

“Treatment was medication: off and on medication (pre-surgery).

4Treatment was STN-DBS: off and on STN-DBS (post-surgery, while off medication).
“Treatment: on STN-DBS (post-surgery) and on medication (pre-surgery).
/Modality: STN-DBS and medication.

&Treatment: on and off.
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distributions of our data between encoding types, groups, and
treatment conditions.

Inferential: Each reaching outcome (amplitude, peak
velocity, and error) and the MDS-UPDRS III was subject
to a mixed-effect regression model. The fixed effects varied
depending on the question evaluated and are listed in Table 1.
The random effect was the participant. This allowed for
the

and

distinction between the within-participant variance
thus

for correlation within a participant. We also assumed an

the Dbetween-participant variance, accounting
unstructured correlation structure. Reaching amplitude was
included as a covariate for all models assessing reaching
velocity because of the well-known association between
reaching amplitude and reaching velocity (57). Reaching
velocity was included as a covariate for all models assessing
reaching error because of the well-known association between
The
reported estimated means for velocity and error were

reaching velocity and reaching error (36, 57-59).

adjusted for amplitude and velocity, respectively. In the
event of a significant interaction, only the simple main
effects are reported in the results section. All statistical
analyses used a two-sided 5% level of significance, and p-
values for post-hoc comparisons were adjusted using the
Tukey-Kramer method. Normal theory methods and residual
diagnostics were used to evaluate validity of assumptions.

All statistical analyses were performed using SAS™ (version

10.3389/fneur.2022.980935

9.4; SAS Institute, Cary, NC). Our main analysis was a
completer analysis. We also conducted an additional analysis
with all available data and treated missing data as missing
at random.

Results

Of the 17 HC participants, three were excluded from
further analysis. One had an MDS-UPDRS III score of 13
points. The other two had an insufficient number of valid
trials to be included in the analysis. Of the 16 participants
with PD, nine participants were excluded from the completer
analysis. Pre-surgery, one participant was unable to go off-
medication, and 1 was unable to go on-medication due to
severe side effects. Post-surgery, four participants were lost to
follow-up: two participants had comorbidities unrelated to the
surgery that prevented further participation, one participant
had additional leads placed in the ventral intermediate nucleus
of the thalamus due to the inability to stop severe tremors
without inducing dyskinesias and speech impairment, and one
participant became confused during surgery and a DBS lead
was implanted only unilaterally. In addition, three were unable
to go off-stimulation following surgery. Figure 2 highlights the
flow of participants in both groups. Supplementary Table I
compares the demographic and clinical data between completers
and non-completers. The completers and non-completers were

Self Referral

N n=17

=

]

E

E 17 Healthy Controls
= Screened for Eligibility
=

17 Healthy Controls
Completed Baseline Testing

o0

=
- p—

~—

7}

5

= 3 Excluded

*1 UPDRS score = 13 —
+2 did not meet minimum valid trials|

2}
* p—

7]

>

ot

2 14 Included in Statistical
< Analysis

FIGURE 2

Shows the participant flow in the healthy control group and the Parkinson’s disease group.

Physician Referral
n=16

16 STNDBS
Screened for Eligibility

16 STNDBS Completed
Basecline Pre-Surgery Testing] 2 Excluded
*1 unable to complete off meds testing

*1 had complications to meds

14 Underwent Bilateral
STNDBS Surgery

4 Excluded
*2 had comorbidities unrelated to surgery]
preventing further participation
*1 had additional leads placed in VIM
*1 had unilateral DBS due to confusion
during surgery

10 Completed 6 month
Post-Surgery Testing

3 Excluded
*3 unable to complete off DBS testing

7 Included in Statistical
Analysis
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similar with respect to age, disease duration, MoCA, and off
MDS-UPDRS III scores. The completers had a LEDD that
was 415mg greater than non-completers; however, this was
not statistically significant. Supplementary Table 2 compares
the findings from the completer analysis (PD: n = 7; HC:
n = 14) with the additional analysis that was performed
with all available data which treated missing data as missing
15; HC: n = 14). The results and

conclusions from these two analyses were similar. Here, we

at random (PD: n =

report findings from the completer analyses, i.e., from those
who had a complete set of data on both experimental tasks,
treatment conditions, and time points (PD: n = 7; HC: n =
14). Tables 2, 3 provide a summary of group demographics and
individual participant demographics and stimulation settings for
completers, respectively.

As a general organizational note, Figures 36 are presented
in two rows. The top row (panels A, B, and C in Figures 3—
6) presents a box plot overlaid on a violin plot (60). The
bottom row (panels D, E, and F in Figures 3-6) presents
the linear mixed model estimated means and their standard
errors. The bottom row compliments the top row and makes
it clear where statistically significant differences are observed.
This presentation format completely describes our data. Note
that slight differences in the observed statistics (top row)
and estimated statistics (bottom row) are expected. This
is because the estimated statistics are linear mixed model
based estimates, and in the case of error and velocity,
they are adjusted for velocity and amplitude, respectively.
The rest of the results section will focus only on the
findings from the linear mixed model analyses as the
primary focus of this paper is to make inferences from

our sample.

Encoding (peripheral-vision vs.
proprioception) and group (PD off
medication pre-surgery vs. HC)

Amplitude: We found an encoding type by group interaction
(F1.1634 = 134, p < 0.001). The simple main effects of
encoding type were similar across PD (off-medication pre-
surgery) and HC. In both groups, compared to proprioception
encoding, peripheral-visual encoding resulted in reaches that
were smaller in amplitude compared to proprioception encoding
(PD: smaller by 0.033m, p < 0.001, see Figure 3D data
in purple and significance denoted by “*”; HC: smaller by
0.014m, p < 0.001, see Figure 3D data in pink and significance
denoted by “§”). The simple main effects of group varied
as a function of encoding type. PD had significantly smaller
reaches than HC during peripheral-vision encoding (smaller
by 0.043m, p = 0.024, this comparison is denoted by “i” in
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TABLE 2 Demographic table (mean + standard deviation).

HC Pre STN-DBS Post STN-DBS

surgery surgery
Sex (M/F) 12/2 710 7/0
Age (years) 65.43 £4.24 65.86 £ 3.89 66.71 £ 3.64
Disease duration N/A 10.71 4 5.47 11.71 &£ 5.47
(years)
Months N/A N/A 7.86 £ 1.46
post-surgery
MOCA 27.21 £1.63 27.86 £ 1.95 26.71 £2.21
OFF MDS-UPDRS 2.93 4+2.30 48.71 £ 10.40° 53.29 4+ 15.38"
111
ON MDS-UPDRS N/A 39.29 £ 12.47¢ 18.29 + 7.65¢
111
LEDD (mg) N/A 1319.29 £817.95  449.29 + 246.58

HC, Healthy controls; STN-DBS, Subthalamic nucleus deep brain stimulation; M/E
Male/Female (count); MOCA, Montreal Cognitive Assessment; MDS-UPDRS III,
Movement Disorder Society Unified Parkinson’s Disease Rating Scale Motor Score;
LEDD, Levodopa Equivalent Daily Dose; mg, milligrams.

“Off medication (overnight withdrawal from medication).

bOff stimulation (3-hour washout) and off medication (overnight withdrawal from
medication).

“On medication.

40n stimulation and off medication (overnight withdrawal from medication).

Figure 3D) but not during proprioception encoding (0.024 m,
p=0.376).

Error: The encoding type by group interaction was not
1.24; p = 0.266, see Figure 3E). We
found a main effect of encoding type (F11659 = 9.84, p =

significant (Fj 1659 =

0.002). Averaging across groups, we found that peripheral-
vision encoding resulted in reaches that were slightly lower in
error compared to proprioception encoding (lower by 0.004 m,
p = 0.002, see Figure 3E, significance denoted by “¥7). The
main effect of group was not significant (Fj 1659 = 0.04;
p=0.838).

Velocity: We found an encoding type by group interaction
(F1.1633 = 12.51, p < 0.001). The simple main effects of encoding
type were similar across PD and HC. In both groups, compared
to proprioception encoding, peripheral-visual encoding resulted
in reaches that were faster compared to proprioception encoding
(PD: faster by 0.029 m/s, p < 0.001, see Figure 3F data in
purple and significance denoted by “*”; HC: faster by 0.064
m/s, p < 0.001, see Figure 3F data in pink and significance
denoted by “§”). The simple main effects of group were not
significant. PD had similar reaching velocities to HC during
peripheral-vision encoding (0.065 m/s, p = 0.442, see Figure 3F)
and during proprioception encoding (0.031 m/s, p = 0.888, see
Figure 3F).

In all subsequent models, the effects of encoding
type on amplitude, error, and velocity were similar to
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TABLE 3 Participant demographics and stimulation settings.

ID Sex  Age Disease Months MoCA MDS-UPDRS III Left stimulator settings Right stimulator settings
duration  post

1239 piaeq

(years) surgery

OFF! ON2  Amplitude Frequency Pulse Contact Amplitude Frequency Pulse Contact
(VormA) (Hz) width  (VormA) (Hz) width

(psec) + - (wsec) + -
™ M 61 17 6 30 43 12 3 130 60 1 0 4 130 60 10 9
3M M 66 8 8 27 61 10 3 125 60 1 2 32 125 60 Case 9
8A M 64 6 10 25 44 21 24 130 60 Case 3abc 32 130 90 Case 10abc
124 M 72 14 6 27 70 14 2.9 130 60 Case 3abc 2.9 130 60 Case 10abc
134 M 67 5 8 28 28 15 3 130 60 Case 2abc 3.1 130 60 Case 10abe
144 M 70 19 8 27 59 25 2.1 130 60 Case 2 2.7 130 60 Case 10c
174 M 67 13 9 23 68 31 3.6 130 60 Case 2 25 180 60 Case 10abc

MOCA, Montreal Cognitive Assessment; MDS-UPDRS III, Movement Disorder Society Unified Parkinson’s Disease Rating Scale Motor Score; V, Volts; mA, milli Ampere; Hz, Hertz; jusec, microseconds; M, Male; abc, tripartite segmental active contacts
for flexibility in programming.

1Off stimulation (3-hour wash-out from stimulation and overnight withdrawal from medication, post-surgery).

20n stimulation and off medication (overnight withdrawal from medication, post-surgery).

MMedtronic 3389 (manufacturer and lead model implanted in participant).

A Abbott 6172 (manufacturer and lead model implanted in participant).
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what was reported in this section, i.e., peripheral-vision
encoding reaches were smaller in amplitude, slightly lower
in error, and faster in velocity. To reduce repetition,
the main effects of encoding in the absence of an
interaction will not be reported in the rest of the results

section (61-64).

Medication: On- vs. off- medication
(pre-surgery)

With respect to amplitude, the main effect of medication
was not significant (Fj 1126 = 1.27; p = 0.260). Averaging across
encoding types, the difference between on- and off- medication
was 0.003m (p = 0.260; Figure 4D). With respect to error, the
main effect of medication was significant (Fq 1140 = 9.44; p =
0.002). Averaging across encoding types, medication reduced
error by 0.004 m (p = 0.002; denoted by “1” in Figure 4E). With
respect to velocity, the medication by encoding interaction was
significant (Fy,1125 = 28.38; p < 0.001). Medication interacted

10.3389/fneur.2022.980935

with encoding type and selectively increased velocity only during
peripheral-vision encoding by 0.056 m/s (p < 0.001; denoted by
“1” in Figure 4F).

STN-DBS: On- vs. off- STN-DBS
(post-surgery, while off- medication)

With respect to amplitude, the main effect of STN-DBS was
significant (F1,999 = 8.69; p = 0.003). Averaging across encoding
types, STN-DBS increased amplitude by 0.010m (p = 0.003;
denoted by “t” in Figure 5D). With respect to error, the STN-
DBS by encoding interaction was significant (Fj.9g9 = 10.36; p
=0.001). STN-DBS interacted with encoding type and increased
error only during proprioception encoding (0.008 m; p = 0.006;
denoted by “}” in Figure 5E). With respect to velocity, the main
effect of STN-DBS was significant (Fj 939 = 152.8; p < 0.001).
Averaging across encoding types, STN-DBS increased velocity
by 0.103 m/s (p < 0.001; denoted by “” in Figure 5F).

A B (]
05| PD OFF MEDS HC 0.30| PD OFF MEDS HC 15| PD OFF MEDS HC - OFF MEDS
0.4 0.24 1.2 - HC
£ z
E 03 E o E o9
2 5 2
S 02 =012 S s
3 u ]
< 0.1 0.06 0.3
0.0 0.00 0.0
Peripheral-  Proprio- Peripheral- Proprio- Peripheral-  Proprio- Peripheral- Proprio- Peripheral-  Proprio- Peripheral- Proprio-
Vision ception Vision ception Vision ception Vision ception Vision ception Vision ception
D .8 E 0.8 F 052 o— HC
§r<.001 —8—  OFF MEDS
0.16-] 0.48-|
_ 4 o P<.001
£ 0.07 @ §e<
o 0.4 £ ¥P=.002 £ 044
3 tr=024 5 oos 2
3 012 E § 0.40-]
s % P<.001 oo 3 H P00
0.10-| 0.36-
0.08-| 0.04- 0.32-
Peripher'aI-Vision Pmprio'cep(ion Peripher'aI-Vision Proprit;ception Peripher'aI-Vision Propridception
FIGURE 3
Top row: Box plots overlaid with violin plots of observed reaching amplitude (A), error (B), and velocity (C) for PD OFF Medication (OFF MEDS,
purple) and Healthy Controls (HC, pink). The boxplot shows the 25th, 50th, and 75th percentiles (horizontal black lines), filled white circle
represents the mean, and filled black circles are outliers. Bottom row: Linear mixed model estimated mean + SE of reaching amplitude (D), error
(E), and velocity (F) for PD OFF Medication (OFF MEDS, purple) and Healthy Controls (HC, pink) for the peripheral-vision encoding and
proprioception encoding. (D) Asterisk (*) and double-s (8) indicate statistically significant smaller amplitudes during peripheral-vision relative to
proprioception encoding for the PD OFF MEDS (purple) and HC (pink) groups respectively. Double dagger () indicates statistically significant
lower amplitudes in PD OFF MEDS relative to HC, only during peripheral-vision encoding. (E) Yen (¥) indicates statistically significant main effect
of encoding type, i.e., averaging across groups, peripheral-vision reaches were lower in error relative to proprioception reaches. (F) Asterisk (*)
and double-s (8) indicate statistically significant faster velocities during peripheral-vision relative to proprioception encoding in PD OFF MEDS
(purple) and HC (pink) groups, respectively. The trends seen in the observed data in the top row are replicated in the estimated means in the
bottom row and those differences that are statistically significant are illustrated with symbols.
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FIGURE 4

Top row: Box plots overlaid with violin plots of observed reaching amplitude (A), error (B), and velocity (C) for PD OFF Medication (OFF MEDS,
purple) and PD ON Medication (ON MEDS, blue). The boxplot shows the 25th, 50th, and 75th percentiles (horizontal black lines), filled white
circle represents the mean, and filled black circles are outliers. Bottom row: Linear mixed model estimated mean =+ SE of reaching amplitude (D),
error (E), and velocity (F) for PD ON Medication (ON MEDS, blue), and OFF Medication (OFF MEDS, purple) for the peripheral-vision and
proprioception encoding. (D) Medication had no effect on amplitude for both encoding types. (E) Dagger () indicates a statistically significant
main effect of medication, i.e., averaging across encoding types, ON MEDS reduced error relative to OFF MEDS. (F) Double dagger (}) indicates
statistically significant increase in velocity while ON MEDS relative to OFF MEDS, only during peripheral-visual encoding. The trends seen in the
observed data in the top row are replicated in the estimated means in the bottom row and those differences that are statistically significant are

illustrated with symbols.

STN-DBS (post-surgery) vs. medication
(pre-surgery)

Reaching outcomes

With respect to amplitude, the main effect of on-
treatments was significant (F1 1096 = 5.9; p = 0.015). Averaging
across encoding types, relative to on-medication, on-STN-
DBS increased amplitude by 0.007m (p = 0.015; denoted by
“t” in Figure 6D). With respect to error, the main effect of
on-treatments was significant (Fj 1104 = 47.21; p < 0.001).
Averaging across encoding types, relative to on-medication,
on-STN-DBS increased error by 0.012m (p < 0.001; denoted
by “t” in Figure 6E). With respect to velocity, the on-
treatments by encoding interaction was significant (Fj9g9 =
13.9; p < 0.001). Relative to on-medication, on-STN-DBS
interacted with encoding type and increased velocity only during
proprioception encoding by 0.057 m/s (p < 0.001; denoted by
“1” in Figure 6F).

MDS-UPDRS Il

As can be seen in Figure 7, medication reduced the MDS-
UPDRS IIT score in all but one participant. STN-DBS decreased
the MDS-UPDRS III score across all participants. Figure 7 shows
that, on average, medication reduced the MDS-UPDRS III score

Frontiersin Neurology

by 9.4 points, a 19.3% decrease (p = 0.070), while STN-DBS had
a dramatic effect and reduced the MDS-UPDRS III score by 35
points, a 65.7% decrease (p < 0.001).

Discussion

We investigated the effect of encoding (peripheral-vision
vs. proprioception), the effect of medication (on- vs. off-), the
effect of STN-DBS (on- vs. off- STN-DBS while off-medication),
and compared the effect of STN-DBS vs. medication on
reaching amplitude, error, and velocity during memory-guided
sequential reaching in participants with PD. First, we found
that peripheral-vision encoding resulted in reaches that were
smaller in amplitude, slightly lower in error, and faster than
those reaches performed with proprioception encoding. This
presentation pattern was similar to HC. However, participants
with PD manifested deficits in amplitude compared to HC,
and these deficits were larger during peripheral-vision encoding.
Second, we found that medication had no effect on amplitude
for both encoding types, reduced error for both encoding
types, and selectively increased velocity during peripheral-
vision encoding. Third, we found that STN-DBS increased
amplitude for both encoding types, selectively increased error
during proprioception encoding, and increased velocity for
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FIGURE 5
Top row: Box plots overlaid with violin plots of observed reaching amplitude (A), error (B), and velocity (C) for PD OFF bilateral STN-DBS (OFF
DBS, striped purple) and ON bilateral STN-DBS (ON DBS, striped blue). The boxplot shows the 25th, 50th, and 75th percentiles (horizontal black
lines), filled white circle represents the mean, and filled black circles are outliers. Bottom row: Linear mixed model estimated mean =+ SE of
reaching amplitude (D), error (E), and velocity (F) for PD ON bilateral STN-DBS (ON DBS, dashed blue), and OFF bilateral STN-DBS (OFF DBS,
dashed purple) for the peripheral-vision and proprioception encoding. All STN-DBS testing was conducted while OFF medication. (D) Dagger (1)
indicates a statistically significant main effect of STN-DBS, i.e., averaging across encoding types, ON DBS increased amplitude relative to OFF
DBS. (E) Double dagger (4) indicates statistically significant increase in error while ON DBS relative to OFF DBS, only during proprioception
encoding. (F) Dagger (1) indicates a statistically significant main effect of STN-DBS, i.e., averaging across encoding types, ON DBS increased
velocity relative to OFF DBS.

both encoding types. Fourth, while comparing STN-DBS to
medication we found that STN-DBS was better than medication
with respect to increasing amplitude for both encoding types,
increasing velocity for proprioception encoding, and reducing
motor signs of PD on the MDS-UDPRS III. In contrast,
medication was better than STN-DBS with respect to reducing
error for both encoding types. We discuss each of our
findings below.

The effect of encoding type

In participants with PD, relative to proprioception
encoding, peripheral-vision encoding resulted in reaches with a
significantly smaller amplitude and lower error (Figures 3D,E).
This presentation pattern was similar to HC evaluated in our
study and is consistent with two previous studies (17, 65). In
addition, a novel finding in our study is that despite amplitudes
being smaller, reaching velocities adjusted for amplitude
were larger during peripheral-vision encoding compared
to proprioception encoding (Figure 3F). Previous studies
(17, 65) have not reported reaching velocities when comparing
vision and proprioception encoded reaches. Peripheral-vision
encoding appears to offer a benefit over proprioception

Frontiersin Neurology

13

encoding in that these reaches are faster in velocity despite
being smaller in amplitude. During peripheral-visual encoding,
the participant can rely on both visual and proprioceptive
inputs during execution; however, during the proprioception
encoding, the participant can rely on only proprioceptive
inputs during execution. It is known that having both visual
and proprioceptive inputs enhances limb localization (66).
Similarly, having both visual and proprioceptive inputs provide
greater certainty about target location as well. It has been shown
that when certainty increases, movement duration decreases
(67), and consequently movement speed increases. Thus, it is
likely that the enhanced limb localization and greater target
certainty during execution facilitated more accurate and faster
movements during peripheral-vision encoding.

Relative to HC, reaching deficits in participants with PD
were consistent with the well-established deficit of hypokinesia,
ie., reduced amplitude (61, 68), but there were no deficits
in reaching velocity or error. Of note, the amplitude deficits
were observed during peripheral-vision encoding compared
to proprioception encoding (Figure 3D). The reason for this
is likely because peripheral-vision encoding was cognitively
more complex than proprioception encoding. It is known
that as the cognitive complexity increases, movement deficits,
relative to HC, increase in participants with PD (69).
During peripheral-vision encoding the visual system is used
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FIGURE 6

Top row: Box plots overlaid with violin plots of observed reaching amplitude (A), error (B), and velocity (C) for PD ON Medication pre-surgery
(ON MEDS, blue) and PD ON bilateral STN-DBS post-surgery (ON DBS, striped blue). The boxplot shows the 25th, 50th, and 75th percentiles
(horizontal black lines), filled white circle represents the mean, and filled black circles are outliers. Bottom row: Linear mixed model estimated
mean =+ SE of reaching amplitude (D), error (E), and velocity (F) for PD participants ON Medication pre-surgery (solid light blue) and ON bilateral
STN-DBS post-surgery (dashed light blue) for the peripheral-vision and proprioception encoding. All STN-DBS testing was conducted while OFF
medication. (D) Dagger (1) indicates a statistically significant main effect of treatment, i.e., averaging across encoding types, ON DBS increased
amplitude relative to ON MEDS. (E) Dagger (1) indicates a statistically significant main effect of treatment, i.e., averaging across encoding types,
ON DBS increased error relative to ON MEDS. (F) Double dagger () indicates statistically significant increase in velocity while ON DBS relative to

ON MEDS, only during proprioception encoding.

to encode target location from an eye-centric frame of
reference. This information must be transformed into a
limb-centric frame of reference during execution of the
reach. Whereas, during proprioception encoding, encoding
and execution occur in a limb-centric frame of reference.
There is no transfer of information between different sensory
systems. Thus, peripheral-vision encoding is more complex than
proprioception encoding. This might explain why we observed
amplitude deficits that were greater during peripheral-vision
compared to proprioception encoded reaching. The lack of
a statistical significance with respect to velocity between PD
and HC, during peripheral-vision encoding is attributed to the
greater variability observed (see error bars in Figure 3F). In
addition, we may not have been sufficiently powered to detect

differences between groups with respect to velocity.

The effect of medication

Medication had no effect on the amplitude deficit that
was observed during peripheral-vision encoding (Figure 4D);
however, medication increased velocity for the peripheral-
vision encoding (Figure 4F). This finding is consistent with
previous studies that have shown that dopaminergic medication
preferentially improves movement velocity but not amplitude
(70, 71). Why this is the case remains unknown. One possible
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explanation for this differential effect can be attributed to
emerging evidence which suggests that the output nuclei
of the basal ganglia, the globus pallidus and the substantia
nigra pars reticulata (72), encode amplitude and position of
movement, while the striatal neurons encode velocity (73).
In addition, the globus pallidus are sparsely innervated with
dopaminergic neurons, while the striatum is densely innervated
with dopaminergic neurons (74). Medication is likely to impart
its beneficial effects at the striatum, where the dopaminergic loss
and denervation is the most in PD (75). This could result in
velocity being improved and amplitude being unaffected.

Another noteworthy finding is that medication reduced
error during both encoding types (Figure 4E). This finding is
consistent with previous reports that have shown that levodopa
improves working memory performance on the N-Back task
(76, 77). This improvement is thought to be brought about
by a levodopa induced increase in resting state functional
connectivity between the caudate and parietal cortex, which is
part of the fronto-parietal attentional network (77). This fronto-
parietal network overlaps with those neural areas involved in
spatial location and spatial working memory (16). In addition,
these areas have also been shown to be engaged during
proprioceptive reaches (18). Therefore, there is a biological
basis for a medication induced reduction in spatial error during
both peripheral-vision and proprioception encoded memory-
guided reaching.
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Mean =+ SE (gray bars and orange error bars) of MDS-UPDRS
Motor Scores for PD participants pre-surgery while OFF and ON
anti-parkinsonian medication and post-surgery while OFF and
ON STN-DBS. Overlaid open circles and connecting lines show
MDS-UPDRS Motor Scores of each participant. All STN-DBS
testing was conducted while OFF medication. All post-surgery
data was collected following 12-h overnight withdrawal from
anti-Parkinsonian medication.

The effect of STN-DBS

STN-DBS improved amplitude for both encoding types,
selectively worsened error during proprioception encoding,
and improved velocity for both encoding types (Figure 5).
Our findings were consistent with previous studies that
showed that STN-DBS improved intensive aspects of control
such as movement amplitude and velocity but impaired
coordinative/integrative aspects of control such as error (36, 43,
78, 79). Of note is the amount that STN-DBS increased error: it
was 0.008 m. While this was statistically significant, the clinical
significance of this error magnitude may not be readily apparent.
The average amplitude of an accurate reach was about 0.1 m.
So, an error of 0.008m is 8% of the amplitude of the reach.
In relative terms, this is an error magnitude that is 8% of the
reach amplitude. This is quite significant. In addition, when a
participant with PD enters a novel environment, it is impossible
to foveate all available handholds that a participant with PD can
reach out for in the event of a trip or loss of balance. Reliance on
peripheral-vision is inevitable. However, participants with PD
are known to have peripheral-visual deficits (8, 9), in addition,
they have proprioceptive deficits (10, 11), and are hypokinetic
and bradykinetic (61, 68). Taken together, all of these deficits are
likely to magnify an 8% error in reaching and make it clinically
significant in a non-lab environment. Furthermore, it does not
matter if one misses a reach to a memorized handhold by a
few millimeters or a few centimeters; a miss is a miss, and
the result is a serious adverse event for a participant with PD.
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Thus, an increase in error of 0.008 m is both statistically and
clinically significant.

High-frequency STN-DBS modulates oscillatory activity in
the basal ganglia-thalamo-cortical circuit (80). Specifically,
it attenuates beta band activity, facilitates beta power
desynchronization, enhances gamma power synchronization,
and reduces the phase amplitude coupling between beta
and gamma oscillations, which is associated with clinical
improvements (81-84). This STN-DBS induced suppression of
low frequency and enhancement of high frequency oscillatory
patterns forms the basis for improving intensive aspects of
amplitude and velocity. That being said, coupling between low
and high frequency oscillations has been shown to be associated
with memory and sensory-motor integration (85). Memory
and sensory-motor integration are critical for coordinative
aspects of movement because they are required to synthesize
information about amplitude, velocity, and location in order
to plan and execute accurate movements. It is theorized that
STN-DBS might disrupt power in low frequency bands, such
as theta and alpha, and reduce coupling between low and high
frequencies that underlie the integrative aspects of movement
(36, 43, 78). This disruption could impair sensory-motor
integration and may have driven the greater error observed
during proprioceptive reaching (Figure 5E). However, it should
be noted that error was not affected during peripheral-vision
encoding. It is not clear why error was increased only during
proprioception encoding and not during peripheral-vision
encoding. Perhaps the presence of peripheral-vision during
encoding could compensate for the STN-DBS induced
disruption of low frequency oscillations. This idea requires
further evaluation.

STN-DBS vs. medication

The findings from the comparison of STN-DBS with
medication were complicated and were dependent on encoding
type and reaching outcome. STN-DBS was better than
medication at increasing amplitude (Figure 6D) and velocity
(Figure 6F) for proprioceptive encoding but was similar to
medication at increasing velocity for peripheral-vision encoding
(Figure 6F). In addition, STN-DBS was better than medication
in reducing motor signs of PD as quantified by the MDS-UDPRS
IIT (Figure 7). In contrast, medication was better than STN-
DBS in reducing error for both encoding types (Figure 6E).
Taken together, these findings support the idea that STN-DBS
is superior to medication with respect to some intensive aspects
of movement and medication is superior to STN-DBS with
respect to coordinative aspects of movement. It also supports
the idea that while STN-DBS and medication share overlapping
mechanisms of action, there are likely unique mechanisms of
action at play. For instance, overlapping mechanisms include
the fact that both levodopa and STN-DBS suppress beta power
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and reduce beta power synchronization in the basal ganglia-
thalamo-cortical network, and these effects are linked with the
clinical benefit of both treatments (78). In addition, following
STN-DBS surgery, there is a significant reduction in LEDD
(Table 2) which also suggests overlapping mechanisms are at
play (86). On the other hand, unique mechanisms include the
fact that levodopa acts primarily on the striatum and can affect
the direct and indirect pathway (87), while STN-DBS acts on the
STN and primarily affects the indirect pathway (88). Another
line of evidence is that, in humans, most studies indicate
that STN-DBS does not increase striatal dopamine levels (89—
92), even though, in theory, this may be possible (93) and
has been shown in one study (94). Finally, non-dopaminergic
mechanisms are unaffected by dopaminergic medication but can
be altered by STN-DBS. For instance, the sequence effect, the
progressive decrement in movement amplitude with repetitive
movement, does not respond to dopaminergic medication (95—
97) but has been shown to improve with STN-DBS (98). It
should be noted that our sample of participants with PD were
going to undergo STN-DBS surgery; as such they had a physician
documented positive response to a supra-threshold dose of
levodopa but were fluctuators with regards to their response
to levodopa.

Of note is the dramatic effect STN-DBS had on the MDS-
UPDRS III compared to the effect medication had on the
MDS-UPDRS III (Figure 7). This effect was substantially larger
than previously published data (99). One possible reason for
this is that Weaver and colleagues (99) used standard DBS
leads, whereas in our study, five out of seven participants had
newer DBS leads which had two levels of tripartite electrodes.
These leads have been shown to provide a larger therapeutic
window (100), with one study reporting a 60% improvement
in the MDS-UPDRS 1II score for the on-STN-DBS condition
compared to off-STN-DBS (101). In addition, a more recent
study also reported a 60% improvement on the UPDRS-III (102).
This 60% improvement while on-STN-DBS observed in more
recent studies is consistent with the improvement seen in our
study (101, 102). Moreover, recent technological advances in
the design of DBS leads and implantable pulse generators have
increased flexibility for programming that may have led to the
dramatic effect of STN-DBS observed in our study (103).

Finally, the effect of medication was not statistically
significant on the MDS-UPDRS III. However, the reduction
in MDS-UPDRS III exceeds the minimally clinically important
difference of 3.25 points (104). This effect of medication on
the MDS-UPDRS III in our sample is not as large as previous
reports, possibly due to the following three reasons. First, we had
a lower LEDD in our sample compared to other samples [ours:
1,144 mg; Weaver et al.: 1,281 mg (99); Chou et al.: 1,228 mg
(105)]. Second, we did not use a suprathreshold dose of 1.5 times
the morning dose for the on medication condition (106). Finally,
our sample was comprised entirely of participants scheduled
for STN-DBS surgery and, as a consequence, were medication
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refractory on-off fluctuators, which is a required criteria for
STN-DBS surgery (107).

The main limitation of our study was that many participants
were unable to complete all parts of the study. Of the 16
participants with PD, only 7 were completers. There are two
likely reasons for this. First, our sample of participants with PD
were quite advanced; as such collecting data while off medication
and off stimulation proved to be challenging following STN-DBS
surgery. Second, the nature of aging is such that it is rare that
participants with PD have a single affliction; comorbidities posed
a major reason for loss to follow-up. Critically, we were able to
use data from 15 of the 16 participants to complete an additional
analysis treating missing data as missing at random. The findings
of this analysis were similar to the completer analysis indicating
that our findings are robust. Another limitation is that all
our completers were male, and this could have affected our
results. But we think that this was unlikely. This is because
two studies that have evaluated the different effects of STN-
DBS on females and males found that at 1-year follow-up
there were no major differences between males and females
on motor function, cognitive and depressive symptoms, and
functional status (108, 109). Nevertheless, future studies should
consider sex as a biological variable and its implications for
STN-DBS treatment.

Conclusion

The current study sheds light on the differential effect
of peripheral-vision and proprioception encoding on reaching
performance in participants in PD. Peripheral-vision encoded
reaches were faster and more accurate. Moreover, encoding
type differentially affected reaching deficits in PD compared
to healthy controls: peripheral-vision reaches manifested larger
deficits in amplitude. It also sheds light on the effect of the
most common treatments, medication and STN-DBS, in the
same group of participants with PD. The effect of medication
depended on encoding type: medication had no effect on
amplitude, but reduced error for both encoding types, and
increased velocity only during peripheral-vision encoding.
Similarly, the effect of STN-DBS depended on encoding
type: STN-DBS increased amplitude for both encoding types,
increased error during proprioception encoding, and increased
velocity for both encoding types. Finally, we found that STN-
DBS was superior to medication with respect to increasing
amplitude and velocity, whereas medication was superior to
STN-DBS with respect to reducing error. Future studies should
examine the volume of tissue activated by STN-DBS and how
this affects reaching performance. In addition, the connectivity
between the volume of tissue activated and the key cortical
nodes in networks underlying memory-guided movements such
as occipito-parietal-prefrontal network and the sensorimotor-
premotor-cerebellar networks should be assessed to see how this
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connectivity predicts memory-guided reaching outcomes during
vision and proprioception encoding.

Data availability statement

The statistical dataset supporting the conclusions of this
article will be made available by the corresponding author, FD,
upon request.

Ethics statement

The studies involving human participants were reviewed
and approved by Northwestern University and Rush University
Medical Center Institutional Review Boards and with informed
consent from all participants. The patients/participants provided
their written informed consent to participate in this study.

Author contributions

FD and DC conceptualized and designed the study. FD
prepared the first draft of the manuscript and conducted the
statistical analyses. GP and LV-M recruited the participants,
performed preoperative evaluation, intraoperative recordings
and assessments, and postoperative stimulation optimization. SS
and JR performed the STN-DBS surgery on the participants. FD,
YR, QD, and MM conducted testing. FD, YR, TE, RA, QD, and
MM processed and analyzed the data. All authors contributed
to the interpretation of the data, reviewed, edited, and approved
the final manuscript.

Funding

National Institutes of Health (R01 NS092950, T32
NS047987, and F31 NS120695). The sponsors were not involved
in the preparation, review, or approval of the manuscript.

Acknowledgments

We would like to thank the people with Parkinson’s
disease who volunteered to participate in our study and

References

1. Goldberg G. Supplementary motor area structure and function - review and
hypotheses. Behav Brain Sci. (1985) 8:567-88. doi: 10.1017/50140525x00045167

2. Schultz W, Romo R. Role of primate basal ganglia and frontal cortex in the
internal generation of movements. I Preparatory activity in the anterior striatum.
Exp Brain Res. (1992) 91:363-84. doi: 10.1007/BF00227834

3. Romo R, Schultz W. Role of primate basal ganglia and frontal cortex
in the internal generation of movements. Iii Neuronal activity in the

Frontiersin Neurology

17

10.3389/fneur.2022.980935

our professional colleague Silvia Ramzy for assistance with
data processing.

Conflict of interest

Authors FD and MM received grant support from NIH.
Author JR consults for Boston Scientific. Author SS received
grant support from NIH, Medtronic, Abbott, and Boston
Scientific. Author GP received grant support from NIH and
the Parkinson’s Disease Foundation. Author LV-M receives
honoraria for consulting services/advisory boards from AbbVie,
Abbott, Avion, and research support from AbbVie, Abbott,
Biogen, Boston Sci., Chase, Medtronic, Neuroderm, Addex,
UCB, and NIH. Author DC received grant support from NIH
and Michael J. Fox and receives lecture and reviewer fees
from NIH.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Author disclaimer

The views expressed in this article are those of the authors
and do not necessarily reflect the position or policy of NIH.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fneur.2022.980935/full#supplementary-material

supplementary motor area. Exp Brain Res. (1992) 91:396-407. doi: 10.1007/BF002
27836

4. Debaere F, Wenderoth N, Sunaert S, Van Hecke P, Swinnen SP. Internal
vs external generation of movements: Differential neural pathways involved in
bimanual coordination performed in the presence or absence of augmented
visual feedback. Neuroimage. (2003) 19:764-76. doi: 10.1016/s1053-8119(03)
00148-4

frontiersin.org


https://doi.org/10.3389/fneur.2022.980935
https://www.frontiersin.org/articles/10.3389/fneur.2022.980935/full#supplementary-material
https://doi.org/10.1017/S0140525x00045167
https://doi.org/10.1007/BF00227834
https://doi.org/10.1007/BF00227836
https://doi.org/10.1016/s1053-8119(03)00148-4
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

David et al.

5. Romo R, Scarnati E, Schultz W. Role of primate basal ganglia and frontal
cortex in the internal generation of movements. Ii Movement-related activity in
the anterior striatum. Exp Brain Res. (1992) 91:385-95. doi: 10.1007/BF00227835

6. Fiehler K, Burke M, Engel A, Bien S, Rosler F. Kinesthetic working memory
and action control within the dorsal stream. Cereb Cortex. (2008) 18:243-
53. doi: 10.1093/cercor/bhm071

7. Ittyerah M, Marks LE. Memory for curvature of objects: haptic touch vs. vision.
Br ] Psychol. (2007) 98(Pt 4):589-610. doi: 10.1348/000712606X171531

8. Weil RS, Schrag AE, Warren JD, Crutch SJ, Lees AJ, Morris HR. Visual
dysfunction in parkinson’s disease. Brain. (2016) 139:2827-43. doi: 10.1093/brain/
awwl75

9. Chambers JM, Prescott T]. Response times for visually guided saccades in
persons with parkinson’s disease: a meta-analytic review. Neuropsychologia. (2010)
48:887-99. doi: 10.1016/j.neuropsychologia.2009.11.006

10. Konczak J, Corcos DM, Horak E Poizner H, Shapiro M, Tuite P, et al.
Proprioception and motor control in parkinson’s disease. | Mot Behav. (2009)
41:543-52. doi: 10.3200/35-09-002

11. Zia S, Cody E O’Boyle D. Joint position sense is impaired by
parkinson’s disease. Ann Neurol. (2000) 47:218-28. doi: 10.1002/1531-
8249(200002)47:2<218::Aid-Anal2>3.3.Co;2-R

12. McDowell SA, Harris J. Irrelevant peripheral visual stimuli impair
manual reaction times in parkinson’s disease. Vision Res. (1997) 37:3549-
58. doi: 10.1016/S0042-6989(97)00188-0

13. Harris JP, Calvert JE, Phillipson OT. Processing of spatial contrast in
peripheral vision in parkinson’s disease. Brain. (1992) 115 ( Pt 5)(5):1447-
57. doi: 10.1093/brain/115.5.1447

14. Conte A, Khan N, Defazio G, Rothwell JC, Berardelli A. Pathophysiology
of somatosensory abnormalities in parkinson disease. Nat Rev Neurol. (2013)
9:687-97. doi: 10.1038/nrneurol.2013.224

15. Lee MS, Lee M]J, Conte A, Berardelli A. Abnormal somatosensory
temporal discrimination in parkinson’s disease: Pathophysiological correlates
and role in motor control deficits. Clin Neurophysiol. (2018) 129:442-
7. doi: 10.1016/j.clinph.2017.11.022

16. Kravitz DJ, Saleem KS, Baker CI, Mishkin M. A new neural framework for
visuospatial processing. Nat Rev Neurosci. (2011) 12:217-30. doi: 10.1038/nrn3008

17. Butler AJ, Fink GR, Dohle C, Wunderlich G, Tellmann L, Seitz R]J,
et al. Neural mechanisms underlying reaching for remembered targets cued
kinesthetically or visually in left or right hemispace. Hum Brain Mapp. (2004)
21:165-77. doi: 10.1002/hbm.20001

18. Darling WG, Seitz RJ, Peltier S, Tellmann L, Butler AJ. Visual cortex
activation in kinesthetic guidance of reaching. Exp Brain Res. (2007) 179:607—
19. doi: 10.1007/s00221-006-0815-x

19. Menon V, Anagnoson RT, Glover GH, Pfefferbaum A. Basal ganglia
involvement in memory-guided movement sequencing. Neuroreport. (2000)
11:3641-5. doi: 10.1097/00001756-200011090-00048

20. McNab E Klingberg T. Prefrontal cortex and basal ganglia control access to
working memory. Nat Neurosci. (2008) 11:103-7. doi: 10.1038/nn2024

21. Basile GA, Bertino S, Bramanti A, Ciurleo R, Anastasi GP,
Milardi D, et al. Striatal topographical organization: Bridging the gap
between molecules, connectivity and behavior. Eur ] Histochem. (2021)
65:3284. doi: 10.4081/¢jh.2021.3284

22. Choi EY, Yeo BT, Buckner RL. The organization of the human striatum
estimated by intrinsic functional connectivity. ] Neurophysiol. (2012) 108:2242—
63. doi: 10.1152/jn.00270.2012

23. Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. (2016) 18:7-21.
doi: 10.31887/DCNS.2016.18.1/shaber

24. Rolls ET, Thorpe SJ, Maddison SP. Responses of striatal neurons in the
behaving monkey. 1 Head of the caudate nucleus. Behav Brain Res. (1983) 7:179-
210. doi: 10.1016/0166-4328(83)90191-2

25. Caan W, Perrett DI, Rolls ET. Responses of striatal neurons in the behaving
monkey. 2 Visual processing in the caudal neostriatum. Brain Res. (1984) 290:53-
65. doi: 10.1016/0006-8993(84)90735-2

26. Glickstein M, Stein J. Paradoxical movement in parkinson’s disease. Trends
Neurosci. (1991) 14:480-2. doi: 10.1016/0166-2236(91)90055-y

27. Jackson SR, Jackson GM, Harrison J, Henderson L, Kennard C. The internal
control of action and parkinson’s disease: a kinematic analysis of visually-guided
and memory-guided prehension movements. Exp Brain Res. (1995) 105:147-
62. doi: 10.1007/BF00242190

28. Myall DJ, MacAskill MR, Anderson TJ, Jones RD. Submovements
in visually-guided and memory-guided reaching tasks: changes in

Frontiersin Neurology

18

10.3389/fneur.2022.980935

parkinson’s disease. Annu Int Conf IEEE Eng Med Biol Soc.
2008:1761-4. doi: 10.1109/TEMBS.2008.4649518

(2008)

29. Adamovich SV, Berkinblit MB, Hening W, Sage ], Poizner H. The
interaction of visual and proprioceptive inputs in pointing to actual and
remembered targets in parkinson’s disease. Neuroscience. (2001) 104:1027-
41. doi: 10.1016/s0306-4522(01)00099-9

30. Poizner H, Fookson OI, Berkinblit MB, Hening W, Feldman G, Adamovich S.
Pointing to remembered targets in 3-d space in parkinson’s disease. Motor Control.
(1998) 2:251-77. doi: 10.1123/mc;j.2.3.251

31. Railo H, Olkoniemi H, Eeronheimo E, Paakkonen O, Joutsa J, Kaasinen V.
Dopamine and eye movement control in parkinson’s disease: deficits in corollary
discharge signals? Peer]. (2018) 6:¢6038. doi: 10.7717/peerj.6038

32. Davidsson A, Georgiopoulos C, Dizdar N, Granerus G, Zachrisson H.
Comparison between visual assessment of dopaminergic degeneration pattern
and semi-quantitative ratio calculations in patients with parkinson’s disease and
atypical parkinsonian syndromes using datscan(r) spect. Ann Nucl Med. (2014)
28:851-9. doi: 10.1007/s12149-014-0878-x

33. Kish §J, Shannak K, Hornykiewicz O. Uneven pattern of dopamine
loss in the striatum of patients with idiopathic parkinson’s disease.
Pathophysiologic and clinical implications. N Engl ] Med. (1988)
318:876-80. doi: 10.1056/NEJM198804073181402

34. Obeso JA, Rodriguez-Oroz MC, Benitez-Temino B, Blesa FJ, Guridi
J, Marin C, et al. Functional organization of the basal ganglia: therapeutic
implications for parkinson’s disease. Mov Disord. (2008) 23 Suppl 3:S548-
59. doi: 10.1002/mds.22062

35. Rodriguez-Oroz MC, Jahanshahi M, Krack P, Litvan I, Macias
R, Bezard E, et al. Initial clinical manifestations of parkinson’s disease:
features and pathophysiological mechanisms. Lancet Neurol. (2009)
8:1128-39. doi: 10.1016/S1474-4422(09)70293-5

36. David FJ, Goelz LC, Tangonan RZ, Metman LV, Corcos DM. Bilateral
deep brain stimulation of the subthalamic nucleus increases pointing error
during memory-guided sequential reaching. Exp Brain Res. (2018) 236:1053-
65. doi: 10.1007/500221-018-5197-3

37. Hening W, Harrington DL, Poizner H. Basal ganglia: Motor functions of. In:
Binder MD, Hirokawa N, Windhorst U, editors Encyclopedia of neuroscience Berlin.
Heidelberg: Springer (2009).

38. Dec-Cwiek M, Tutaj M, Gracies JM, Volkmann J, Rudzinska M,
Slowik A, et al. Opposite effects of l1-dopa and dbs-stn on saccadic eye
movements in advanced parkinson’s disease. Neurol Neurochir Pol. (2017) 51:354-
60. doi: 10.1016/j.pjnns.2017.06.002

39. Vermersch Al Rivaud S, Vidailhet M, Bonnet AM, Gaymard B, Agid Y, et al.
Sequences of memory-guided saccades in parkinson’s disease. Ann Neurol. (1994)
35:487-90. doi: 10.1002/ana.410350419

40. Lu Z, Buchanan T, Kennard C, FitzGerald JJ, Antoniades CA. The effect of
levodopa on saccades - oxford quantification in parkinsonism study. Parkinsonism
Relat Disord. (2019) 68:49-56. doi: 10.1016/j.parkreldis.2019.09.029

41. Hood AJ, Amador SC, Cain AE, Briand KA, Al-Refai AH, Schiess MC,
et al. Levodopa slows prosaccades and improves antisaccades: an eye movement
study in parkinson’s disease. J Neurol Neurosurg Psychiatry. (2007) 78:565-
70. doi: 10.1136/jnnp.2006.099754

42. Fawcett AP, Gonzalez EG, Moro E, Steinbach MJ, Lozano AM, Hutchison
WD. Subthalamic nucleus deep brain stimulation improves saccades in parkinson’s
disease. Neuromodulation. (2010) 13:17-25. doi: 10.1111/j.1525-1403.2009.
00246.x

43. Goelz LC, David FJ, Sweeney JA, Vaillancourt DE, Poizner H, Metman
LV, et al. The effects of unilateral vs. bilateral subthalamic nucleus deep brain
stimulation on prosaccades and antisaccades in parkinson’s disease. Exp Brain Res.
(2017) 235:615-26. doi: 10.1007/s00221-016-4830-2

44. Yugeta A, Terao Y, Ugawa Y. Improvement of memory guided saccade
amplitude by the stn dbs and target eccentricity. Mov Disord. (2017) 32:1. Available
online at:  https://www.mdsabstracts.org/abstract/improvement- of-memory-
guided-saccade-amplitude-by-the-stn-dbs-and-target-eccentricity

45. Yugeta A, Terao Y, Fukuda H, Hikosaka O, Yokochi F, Okiyama R, et al.
Effects of stn stimulation on the initiation and inhibition of saccade in parkinson
disease. Neurology. (2010) 74:743-8. doi: 10.1212/WNL.0b013e3181d31e0b

46. Rivaud-Pechoux S, Vermersch AI, Gaymard B, Ploner CJ, Bejjani BP, Damier
P, et al. Improvement of memory guided saccades in parkinsonian patients by high

frequency subthalamic nucleus stimulation. ] Neurol Neurosurg Psychiatry. (2000)
68:381-4. doi: 10.1136/jnnp.68.3.381

47. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of
idiopathic parkinson’s disease: a clinico-pathological study of 100 cases. ] Neurol
Neurosurg Psychiatry. (1992) 55:181-4. doi: 10.1136/jnnp.55.3.181

frontiersin.org


https://doi.org/10.3389/fneur.2022.980935
https://doi.org/10.1007/BF00227835
https://doi.org/10.1093/cercor/bhm071
https://doi.org/10.1348/000712606X171531
https://doi.org/10.1093/brain/aww175
https://doi.org/10.1016/j.neuropsychologia.2009.11.006
https://doi.org/10.3200/35-09-002
https://doi.org/10.1002/1531-8249(200002)47:2<218::Aid-Ana12>3.3.Co;2-R
https://doi.org/10.1016/S0042-6989(97)00188-0
https://doi.org/10.1093/brain/115.5.1447
https://doi.org/10.1038/nrneurol.2013.224
https://doi.org/10.1016/j.clinph.2017.11.022
https://doi.org/10.1038/nrn3008
https://doi.org/10.1002/hbm.20001
https://doi.org/10.1007/s00221-006-0815-x
https://doi.org/10.1097/00001756-200011090-00048
https://doi.org/10.1038/nn2024
https://doi.org/10.4081/ejh.2021.3284
https://doi.org/10.1152/jn.00270.2012
https://doi.org/10.31887/DCNS.2016.18.1/shaber
https://doi.org/10.1016/0166-4328(83)90191-2
https://doi.org/10.1016/0006-8993(84)90735-2
https://doi.org/10.1016/0166-2236(91)90055-y
https://doi.org/10.1007/BF00242190
https://doi.org/10.1109/IEMBS.2008.4649518
https://doi.org/10.1016/s0306-4522(01)00099-9
https://doi.org/10.1123/mcj.2.3.251
https://doi.org/10.7717/peerj.6038
https://doi.org/10.1007/s12149-014-0878-x
https://doi.org/10.1056/NEJM198804073181402
https://doi.org/10.1002/mds.22062
https://doi.org/10.1016/S1474-4422(09)70293-5
https://doi.org/10.1007/s00221-018-5197-3
https://doi.org/10.1016/j.pjnns.2017.06.002
https://doi.org/10.1002/ana.410350419
https://doi.org/10.1016/j.parkreldis.2019.09.029
https://doi.org/10.1136/jnnp.2006.099754
https://doi.org/10.1111/j.1525-1403.2009.00246.x
https://doi.org/10.1007/s00221-016-4830-2
https://www.mdsabstracts.org/abstract/improvement-of-memory-guided-saccade-amplitude-by-the-stn-dbs-and-target-eccentricity
https://www.mdsabstracts.org/abstract/improvement-of-memory-guided-saccade-amplitude-by-the-stn-dbs-and-target-eccentricity
https://doi.org/10.1212/WNL.0b013e3181d31e0b
https://doi.org/10.1136/jnnp.68.3.381
https://doi.org/10.1136/jnnp.55.3.181
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

David et al.

48. Simuni T, Caspell-Garcia C, Coffey CS, Weintraub D, Mollenhauer B, Lasch
S, et al. Baseline prevalence and longitudinal evolution of non-motor symptoms in
early parkinson’s disease: the ppmi cohort. ] Neurol Neurosurg Psychiatry. (2018)
89:78-88. doi: 10.1136/jnnp-2017-316213

49. Oldfield RC. The assessment and analysis of handedness: the edinburgh
inventory. Neuropsychologia. (1971) 9:97-113. doi: 10.1016/0028-3932(71)
90067-4

50. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V,
Collin I, et al. The montreal cognitive assessment, moca: a brief screening
tool for mild cognitive impairment. ] Am Geriatr Soc. (2005) 53:695—
9. doi: 10.1111/§.1532-5415.2005.53221.x

51. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. Systematic review
of levodopa dose equivalency reporting in parkinson’s disease. Mov Disord. (2010)
25:2649-53. doi: 10.1002/mds.23429

52. Goetz CG. Movement disorder society-unified parkinson’s disease rating
scale (mds-updrs): a new scale for the evaluation of parkinson’s disease. Rev Neurol.
(2010) 166:1-4. doi: 10.1016/j.neurol.2009.09.001

53. Langston JW, Widner H, Goetz CG, Brooks D, Fahn S, Freeman T, et al. Core
assessment program for intracerebral transplantations (capit). Mov Disord. (1992)
7:2-13. doi: 10.1002/mds.870070103

54. Hoehn MM, Yahr MD. Parkinsonism: onset, progression, and mortality.
Neurology. (1967) 17:427-42. doi: 10.1212/wnl.17.5.427

55. David FJ, Munoz M]J, Shils JL, Pauciulo MW, Hale PT, Nichols
WC, et al. Subthalamic peak beta ratio is asymmetric in glucocerebrosidase
mutation carriers with parkinson’s disease: a pilot study. Front Neurol. (2021)
12:723476. doi: 10.3389/fneur.2021.723476

56. Kelly VE, Hyngstrom AS, Rundle MM, Bastian AJ. Interaction of levodopa
and cues on voluntary reaching in parkinson’s disease. Mov Disord. (2002) 17:38-
44. doi: 10.1002/mds.10000

57. Gottlieb GL, Corcos DM, Agarwal GC. Organizing principles for single-
joint movements. I A speed-insensitive strategy. ] Neurophysiol. (1989) 62:342—
57. doi: 10.1152/jn.1989.62.2.342

58. Corcos DM, Gottlieb GL, Agarwal GC. Organizing principles for single-
joint movements. Ii A speed-sensitive strategy. | Neurophysiol. (1989) 62:358-
68. doi: 10.1152/jn.1989.62.2.358

59. Fitts PM, Peterson JR. Information capacity of discrete motor responses. J
Exp Psychol. (1964) 67:103-12. doi: 10.1037/h0045689

60. Hintze JL, Nelson RD. Violin plots: a box plot-density trace synergism. Am
Stat. (1998) 52:181-4. doi: 10.2307/2685478

61. Bologna M, Paparella G, Fasano A, Hallett M, Berardelli A. Evolving concepts
on bradykinesia. Brain. (2020) 143:727-50. doi: 10.1093/brain/awz344

62. Bologna M, Guerra A, Paparella G, Giordo L, Alunni Fegatelli D, Vestri AR,
et al. Neurophysiological correlates of bradykinesia in parkinson’s disease. Brain.
(2018) 141:2432-44. doi: 10.1093/brain/awy155

63. Bologna M, Leodori G, Stirpe P, Paparella G, Colella D, Belvisi D, et al.
Bradykinesia in early and advanced parkinson’s disease. J Neurol Sci. (2016)
369:286-91. doi: 10.1016/j.jns.2016.08.028

64. Berardelli A, Rothwell JC, Thompson PD, Hallett M. Pathophysiology
of bradykinesia in parkinson’s disease. Brain. (2001) 124(Pt 11):2131-
46. doi: 10.1093/brain/124.11.2131

65. Jones SA, Henriques DY. Memory for proprioceptive and multisensory
targets is partially coded relative to gaze. Neuropsychologia. (2010) 48:3782-
92. doi: 10.1016/j.neuropsychologia.2010.10.001

66. van Beers RJ, Sittig AC, Gon JJ. Integration of proprioceptive and visual
position-information: an experimentally supported model. ] Neurophysiol. (1999)
81:1355-64. doi: 10.1152/jn.1999.81.3.1355

67. Kruger M, Hermsdorfer J. Target uncertainty during motor decision-making:
the time course of movement variability reveals the effect of different sources
of uncertainty on the control of reaching movements. Front Psychol. (2019)
10:41. doi: 10.3389/fpsyg.2019.00041

68. Schilder JC, Overmars SS, Marinus J, van Hilten JJ, Koehler PJ. The
terminology of akinesia, bradykinesia and hypokinesia: past, present, and future.
Parkinsonism Relat Disord. (2017) 37:27-35. doi: 10.1016/j.parkreldis.2017.01.010

69. Wild LB, de Lima DB, Balardin JB, Rizzi L, Giacobbo BL, Oliveira HB,
et al. Characterization of cognitive and motor performance during dual-tasking
in healthy older adults and patients with parkinson’s disease. ] Neurol. (2013)
260:580-9. doi: 10.1007/s00415-012-6683-3

70. Espay AJ, Beaton DE, Morgante F, Gunraj CA, Lang AE, Chen R.
Impairments of speed and amplitude of movement in parkinson’s disease: a pilot
study. Mov Disord. (2009) 24:1001-8. doi: 10.1002/mds.22480

Frontiersin Neurology

19

10.3389/fneur.2022.980935

71. Espay AJ, Giuffrida JP, Chen R, Payne M, Mazzella F Dunn
E, et al. Differential response of speed, amplitude, and rhythm to
dopaminergic medications in parkinsons disease. Mov Disord. (2011)
26:2504-8. doi: 10.1002/mds.23893

72. Barter JW Li S, Sukharnikova T, Rossi MA, Bartholomew RA, Yin HH.
Basal ganglia outputs map instantaneous position coordinates during behavior. J
Neurosci. (2015) 35:2703-16. doi: 10.1523/JNEUROSCI.3245-14.2015

73. Kim N, Barter JW, Sukharnikova T, Yin HH. Striatal firing rate reflects
head movement velocity. Eur J Neurosci. (2014) 40:3481-90. doi: 10.1111/ejn.
12722

74. Matsuda W, Furuta T, Nakamura KC, Hioki H, Fujiyama F Arai R,
et al. Single nigrostriatal dopaminergic neurons form widely spread and highly
dense axonal arborizations in the neostriatum. J Neurosci. (2009) 29:444-
53. doi: 10.1523/JNEUROSCI.4029-08.2009

75. Alexander GE. Biology of parkinsons disease: Pathogenesis and
pathophysiology of a multisystem neurodegenerative disorder. Dialogues Clin
Neurosci. (2004) 6:259-80. doi: 10.31887/DCNS.2004.6.3/galexander

76. Beato R, Levy R, Pillon B, Vidal C, du Montcel ST, Deweer
B, et al. Working memory in parkinson’s disease patients: Clinical
features and response to levodopa. Arq  Neuropsiquiatr.  (2008)
66(2A):147-51. doi: 10.1590/s0004-282x2008000200001

77. Simioni AC, Dagher A, Fellows LK. Effects of levodopa on corticostriatal
circuits supporting working memory in parkinson’s disease. Cortex. (2017) 93:193-
205. doi: 10.1016/j.cortex.2017.05.021

78. David FJ, Munoz MJ, Corcos DM. The effect of stn dbs on modulating brain
oscillations: Consequences for motor and cognitive behavior. Exp Brain Res. (2020)
238:1659-76. doi: 10.1007/s00221-020-05834-7

79. Alberts JL, Voelcker-Rehage C, Hallahan K, Vitek M, Bamzai
R, Vitek JL. Bilateral subthalamic stimulation impairs cognitive-motor
performance in parkinsons disease patients. Brain. (2008) 131(Pt
12):3348-60. doi: 10.1093/brain/awn238

80. Chiken S, Nambu A. Disrupting neuronal transmission: mechanism of dbs?
Front Syst Neurosci. (2014) 8:33. doi: 10.3389/fnsys.2014.00033

81. Kuhn AA, Kempf E Brucke C, Gaynor

Torres I, Pogosyan A, et al. High-frequency stimulation of the
subthalamic nucleus suppresses oscillatory beta activity in patients
with  parkinson’s disease in parallel with improvement in motor
performance. ] Neurosci. (2008) 28:6165-73. doi: 10.1523/JNEUROSCI.0282-
08.2008

82. Cao CY, Zeng K, Li DY, Zhan SK Li XL, Sun BM. Modulations
on cortical oscillations by subthalamic deep brain stimulation in
patients with parkinson disease: a meg study. Neurosci Lett. (2017)
636:95-100. doi: 10.1016/j.neulet.2016.11.009

Doyle L, Martinez-

83. Eusebio A, Cagnan H, Brown P. Does suppression of oscillatory
synchronisation ~mediate some of the therapeutic effects of dbs
in patients with parkinson’s disease? Front Integr Neurosci. (2012)
6:47. doi: 10.3389/fnint.2012.00047

84. Muller EJ, Robinson PA. Suppression of parkinsonian beta oscillations
by deep brain stimulation: determination of effective protocols. Front Comput
Neurosci. (2018) 12:98. doi: 10.3389/fncom.2018.00098

85. Ward LM. Synchronous neural oscillations and cognitive processes. Trends
Cogn Sci. (2003) 7:553-9. doi: 10.1016/j.tics.2003.10.012

86. Lachenmayer ML, Murset M, Antih N, Debove I, Muellner J,
Bompart M, et al. Subthalamic and pallidal deep brain stimulation for
parkinson’s disease-meta-analysis of outcomes. NPJ Parkinsons Dis. (2021)
7:77. doi: 10.1038/s41531-021-00223-5

87. Mercuri NB, Bernardi G. The ‘magic’ of l-dopa: why is it the gold
standard parkinson’s disease therapy? Trends Pharmacol Sci. (2005) 26:341-
4. doi: 10.1016/j.tips.2005.05.002

88. Muthuraman M, Koirala N, Ciolac D, Pintea B, Glaser M, Groppa
S, et al. Deep brain stimulation and l-dopa therapy: concepts of action
and clinical applications in parkinson’s disease. Front Neurol. (2018)
9:711. doi: 10.3389/fneur.2018.00711

89. Hilker R, Voges J, Ghaemi M, Lehrke R, Rudolf ], Koulousakis A, et al.
Deep brain stimulation of the subthalamic nucleus does not increase the striatal
dopamine concentration in parkinsonian humans. Mov Disord. (2003) 18:41-
8. doi: 10.1002/mds.10297

90. Nimura T, Yamaguchi K, Ando T, Shibuya S, Oikawa T, Nakagawa
A, et al. Attenuation of fluctuating striatal synaptic dopamine levels
in patients with parkinson disease in response to subthalamic nucleus
stimulation: a positron emission tomography study. ] Neurosurg. (2005)
103:968-73. doi: 10.3171/jns.2005.103.6.0968

frontiersin.org


https://doi.org/10.3389/fneur.2022.980935
https://doi.org/10.1136/jnnp-2017-316213
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1002/mds.23429
https://doi.org/10.1016/j.neurol.2009.09.001
https://doi.org/10.1002/mds.870070103
https://doi.org/10.1212/wnl.17.5.427
https://doi.org/10.3389/fneur.2021.723476
https://doi.org/10.1002/mds.10000
https://doi.org/10.1152/jn.1989.62.2.342
https://doi.org/10.1152/jn.1989.62.2.358
https://doi.org/10.1037/h0045689
https://doi.org/10.2307/2685478
https://doi.org/10.1093/brain/awz344
https://doi.org/10.1093/brain/awy155
https://doi.org/10.1016/j.jns.2016.08.028
https://doi.org/10.1093/brain/124.11.2131
https://doi.org/10.1016/j.neuropsychologia.2010.10.001
https://doi.org/10.1152/jn.1999.81.3.1355
https://doi.org/10.3389/fpsyg.2019.00041
https://doi.org/10.1016/j.parkreldis.2017.01.010
https://doi.org/10.1007/s00415-012-6683-3
https://doi.org/10.1002/mds.22480
https://doi.org/10.1002/mds.23893
https://doi.org/10.1523/JNEUROSCI.3245-14.2015
https://doi.org/10.1111/ejn.12722
https://doi.org/10.1523/JNEUROSCI.4029-08.2009
https://doi.org/10.31887/DCNS.2004.6.3/galexander
https://doi.org/10.1590/s0004-282x2008000200001
https://doi.org/10.1016/j.cortex.2017.05.021
https://doi.org/10.1007/s00221-020-05834-7
https://doi.org/10.1093/brain/awn238
https://doi.org/10.3389/fnsys.2014.00033
https://doi.org/10.1523/JNEUROSCI.0282-08.2008
https://doi.org/10.1016/j.neulet.2016.11.009
https://doi.org/10.3389/fnint.2012.00047
https://doi.org/10.3389/fncom.2018.00098
https://doi.org/10.1016/j.tics.2003.10.012
https://doi.org/10.1038/s41531-021-00223-5
https://doi.org/10.1016/j.tips.2005.05.002
https://doi.org/10.3389/fneur.2018.00711
https://doi.org/10.1002/mds.10297
https://doi.org/10.3171/jns.2005.103.6.0968
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

David et al.

91. Abosch A, Kapur S, Lang AE, Hussey D, Sime E, Miyasaki J,
et al. Stimulation of the subthalamic nucleus in parkinson’s disease
does not produce striatal dopamine release. Neurosurgery. (2003)
53:1095-102. doi: 10.1227/01.neu.0000088662.69419.1b

92. Thobois S, Fraix V, Savasta M, Costes N, Pollak P, Mertens P, et al.
Chronic subthalamic nucleus stimulation and striatal d2 dopamine receptors in
parkinson’s disease—a [(11)c]-raclopride pet study. J Neurol. (2003) 250:1219—
23. doi: 10.1007/s00415-003-0188-z

93. Lee KH, Blaha CD, Garris PA, Mohseni P, Horne AE, Bennet KE, et al.
Evolution of deep brain stimulation: Human electrometer and smart devices
supporting the next generation of therapy. Neuromodulation. (2009) 12:85-
103. doi: 10.1111/j.1525-1403.2009.00199.x

94. Zsigmond P, Nord M, Kullman A, Diczfalusy E, Wardell K, Dizdar
N. Neurotransmitter levels in basal ganglia during levodopa and deep brain
stimulation treatment in parkinson’s disease. Neurol Clin Neurosci. (2014) 2:149-
55. doi: 10.1111/ncn3.109

95. Stegemoller EL, Allen DP, Simuni T, MacKinnon CD. Rate-dependent
impairments in repetitive finger movements in patients with parkinson’s
disease are not due to peripheral fatigue. Neurosci Lett. (2010) 482:1-
6. doi: 10.1016/j.neulet.2010.06.054

96. Ling H, Massey LA, Lees AJ], Brown P, Day BL. Hypokinesia
without decrement distinguishes progressive supranuclear palsy from
parkinson’s disease. Brain. (2012) 135(Pt 4):1141-53. doi: 10.1093/brain/
aws038

97. Zham P, Poosapadi SA, Kempster P, Raghav S, Nagao
KJ, Wong K, et al Differences in levodopa response for
progressive and non-progressive micrographia in  parkinson’s
disease.  Front Neurol. (2021) 12:665112. doi:  10.3389/fneur.2021.
665112

98. Kehnemouyi Y, Petrucci M, Wilkins K, Bronte-Stewart H. The
sequence effect worsens over time in parkinson’s disease and responds to
open and closed-loop subthalamic nucleus deep brain stimulation. medRxiv.
(2022).

99. Weaver FM, Follett K, Stern M, Hur K, Harris C, Marks W] Jr, et al.
Bilateral deep brain stimulation vs best medical therapy for patients with
advanced parkinson disease: a randomized controlled trial. JAMA. (2009) 301:63-
73. doi: 10.1001/jama.2008.929

Frontiersin Neurology

20

10.3389/fneur.2022.980935

100. Dembek TA, Reker P, Visser-Vandewalle V, Wirths J, Treuer H, Klehr M,
et al. Directional dbs increases side-effect thresholds-a prospective, double-blind
trial. Mov Disord. (2017) 32:1380-8. doi: 10.1002/mds.27093

101. Timmermann L, Jain R, Chen L, Maarouf M, Barbe MT, Allert N,
et al. Multiple-source current steering in subthalamic nucleus deep brain
stimulation for parkinson’s disease (the vantage study): a non-randomised,
prospective, multicentre, open-label study. Lancet Neurol. (2015) 14:693-
701. doi: 10.1016/S1474-4422(15)00087-3

102. Kocabicak E, Yildiz O, Aygun D, Temel Y. Effects of deep brain stimulation
of the subthalamic nucleus on the postoperative levodopa response: 1 year
follow up. Turk Neurosurg. (2021) 31:88-92. doi: 10.5137/1019-5149.JTN.3006
5-20.1

103. Paff M, Loh A, Sarica C, Lozano AM, Fasano A. Update on current
technologies for deep brain stimulation in parkinson’s disease. ] Mov Disord. (2020)
13:185-98. doi: 10.14802/jmd.20052

104. Horvath K, Aschermann Z, Acs P, Deli G, Janszky J, Komoly S, et al. Minimal
clinically important difference on the motor examination part of mds-updrs.
Parkinsonism Relat Disord. (2015) 21:1421-6. doi: 10.1016/j.parkreldis.2015.10.006

105. Chou KL, Taylor JL, Patili PG. The mds-updrs tracks motor
and non-motor improvement due to subthalamic nucleus deep brain
stimulation in parkinson disease. Parkinsonism Relat Disord. (2013)
19:966-9. doi: 10.1016/j.parkreldis.2013.06.010

106. Timmermann L, Braun M, Groiss S, Wojtecki L, Ostrowski S, Krause
H, et al. Differential effects of levodopa and subthalamic nucleus deep brain
stimulation on bradykinesia in parkinson’s disease. Mov Disord. (2008) 23:218-
27. doi: 10.1002/mds.21808

107. Hartmann CJ, Fliegen S, Groiss SJ, Wojtecki L, Schnitzler A. An update on
best practice of deep brain stimulation in parkinson’s disease. Ther Adv Neurol
Disord. (2019) 12:1756286419838096. doi: 10.1177/1756286419838096

108. Kim R, Yoo D, Choi J-H, Shin JH, Park S, Kim H-J, et al. Sex
differences in the short-term and long-term effects of subthalamic nucleus
stimulation in parkinson’s disease. Parkinsonism Relat Disord. (2019) 68:73-
8. doi: 10.1016/j.parkreldis.2019.09.027

109. Chandran S, Krishnan S, Rao RM, Sarma SG, Sarma PS, Kishore A. Gender
influence on selection and outcome of deep brain stimulation for parkinson’s
disease. Ann Indian Acad Neurol. (2014) 17:66-70. doi: 10.4103/0972-2327.128557

frontiersin.org


https://doi.org/10.3389/fneur.2022.980935
https://doi.org/10.1227/01.neu.0000088662.69419.1b
https://doi.org/10.1007/s00415-003-0188-z
https://doi.org/10.1111/j.1525-1403.2009.00199.x
https://doi.org/10.1111/ncn3.109
https://doi.org/10.1016/j.neulet.2010.06.054
https://doi.org/10.1093/brain/aws038
https://doi.org/10.3389/fneur.2021.665112
https://doi.org/10.1001/jama.2008.929
https://doi.org/10.1002/mds.27093
https://doi.org/10.1016/S1474-4422(15)00087-3
https://doi.org/10.5137/1019-5149.JTN.30065-20.1
https://doi.org/10.14802/jmd.20052
https://doi.org/10.1016/j.parkreldis.2015.10.006
https://doi.org/10.1016/j.parkreldis.2013.06.010
https://doi.org/10.1002/mds.21808
https://doi.org/10.1177/1756286419838096
https://doi.org/10.1016/j.parkreldis.2019.09.027
https://doi.org/10.4103/0972-2327.128557
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Encoding type, medication, and deep brain stimulation differentially affect memory-guided sequential reaching movements in Parkinson's disease
	Introduction
	Methods
	Participants
	Experimental conditions
	Instrumentation
	Protocol
	Peripheral-vision encoding
	Proprioception encoding

	Data processing
	Statistical analysis

	Results
	Encoding (peripheral-vision vs. proprioception) and group (PD off medication pre-surgery vs. HC)
	Medication: On- vs. off- medication (pre-surgery)
	STN-DBS: On- vs. off- STN-DBS (post-surgery, while off- medication)
	STN-DBS (post-surgery) vs. medication (pre-surgery)
	Reaching outcomes
	MDS-UPDRS III


	Discussion
	The effect of encoding type
	The effect of medication
	The effect of STN-DBS
	STN-DBS vs. medication

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Author disclaimer
	Supplementary material
	References


