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Abstract.

Background: The symptoms of patients with Parkinson’s disease (PD) have been shown to improve when they perform
fast-paced rhythmic cycling movements with their lower limbs.

Objective: Our goal in this pilot experiment was to test the feasibility and the benefits of a short exercise program involving
fast-paced rhythmic movements of the upper limb for patients with PD.

Methods: We used an experimental procedure that elicits large, fast-paced movements by the participants without the direct
instructions to do so by the experimenter. Ten participants with PD (71.0 + 6.5 years old) performed a 50-min fast-paced
rhythmic exercise of the upper limb after withdrawal from PD medication for at least 12 hours.

Results: Participants improved their kinematic performance, in terms of accuracy and combined speed and amplitude
(p<0.02), as well as their upper-limb MDS-UPDRS motor scores (p =0.023).

Conclusions: The results demonstrate the feasibility of using the described apparatus to perform an exercise session of
approximately 50 min with both arms, and give a preliminary indication of the potential benefit of such an exercise program.
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1. Introduction
1.1. Background

Parkinson’s disease (PD) is a neurodegenerative
disease that currently does not have a cure (Goetz
& Pal, 2014). A variety of pharmacological (Goetz
& Pal, 2014) and behavioral (e.g., Carpinella et al.,
2017; Herman et al., 2007; Millage et al., 2017;
Vergara-Diaz et al., 2017) approaches have been
developed to mitigate its symptoms. Among the lat-
ter is an approach termed “Forced Exercise” (Alberts
et al., 2011; Ridgel et al., 2009; Stuckenschneider
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et al.,, 2015). In Forced Exercise, the participants
perform exercise (specifically, cycling (Ridgel et al.,
2009; Stuckenschneider et al., 2015)) at a rate that is
greater than their preferred voluntary rate of exercise.
It has been demonstrated to lead to a global improve-
ment in PD symptoms (Alberts et al., 2011; Ridgel et
al., 2009; Stuckenschneider et al., 2015), and has been
suggested to alter brain activation patterns in patients
with PD (Alberts et al., 2016; Hirsch et al., 2016).
Here, we tested whether a similar improvement in
PD symptoms can be achieved by high-pace rhythmic
exercise of the upper limb. Similarities between the
effects of upper- and lower-limb exercises can inform
therapy approaches. Our study was further motivated
by studies demonstrating, with different body parts,
that making larger, or accentuated movements can
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improve PD symptoms (e.g., the LSVT Loud (Miles
etal.,2017) and the LSVT BIG (Millage et al., 2017)
approaches).

We previously reported that PD patients make
larger and faster movements when they perform
repetitive movements of the forearm, and no visual
feedback is available, compared to when visual feed-
back is available (Levy-Tzedek et al., 2011). This
phenomenon has also been demonstrated in young
and old healthy participants (Levy-Tzedek, 2017b;
Levy-Tzedek et al., 2011b). In that series of exper-
iments, it was demonstrated that the phenomenon
did not diminish with awareness of it. That is, even
though participants were aware that they were making
larger and faster movements when no visual feed-
back was available, the participants continued to do
so every time visual feedback was removed (Levy-
Tzedek, 2017b; Levy-Tzedek et al., 2011b). That
is contrary to the expectation that they would con-
sciously reduce the size and speed of their movement
as a result of this knowledge.

Here, we tested the applicability of this experimen-
tal paradigm as a rehabilitative tool, by inducing PD
patients to produce large-amplitude fast movements
of the upper limb.

We tested: (1) the effects of high-pace arm move-
ments on the participants’ clinical scores; (2) the
effects of changes in availability of visual feedback
during the task on motor performance.

We hypothesized that: (1) the patients’ clinical
scores would improve following the exercise program
and that (2) movement kinematics will improve dur-
ing the performance of the task. This improvement
will be manifest by an increase in the amplitude, the
speed, and the accuracy of their movement.

2. Methods
2.1. Participants

Eleven participants with PD, without orthopedic
problems of the shoulder and elbow joints, or uncor-
rected vision impairment, were recruited to this study,
and arrived at the clinic after an overnight withdrawal
from dopaminergic treatment (participants abstained
from taking their PD medication for at least 12 hours
prior to the experiment). One of the participants
reported not feeling well early on upon arrival to
the clinic, and the session was subsequently termi-
nated approximately 20 minutes after the start of the
exercise session. This patient’s data were therefore

not included in the following statistics. The average
age of the participants (seven women and three men)
was 71.0£6.5 years. All participants were right-
hand dominant (self-reported), and gave their written
informed consent to participate.

2.2. Baseline & end-of-experiment tests

2.2.1. Questionnaires

Upon arrival, patients were administered a custom-
made questionnaire, in which they were asked about
their medical history and the medications they take.
Immediately after the end of the exercise session
(detailed below) patients were administered a sec-
ond custom-made questionnaire, in which they were
asked how they felt during and after the exercise
session, and whether they felt any different than
before the exercise. Six-to-twelve hours following
the exercise session, the participants were contacted
by phone, and asked whether they experienced any
change in symptoms compared to their usual state.

2.2.2. Clinical scores

The MDS-UPRDS (Goetz et al., 2008) part III
(Motor section) clinical score was recorded imme-
diately before and immediately after the exercise
session by one of two experimenters who were
blinded to the procedure and to the goals of this study.
These blinded experimenters were only present in the
experiment room before and after the exercise session
for the purpose of recording the UPDRS score, and
were not aware that an exercise session took place.

The full MDS-UPRDS scale has four parts: (1)
non-motor experiences of daily living; (2) motor
experiences of daily living; (3) motor examination;
and (4) motor complications. Here, we recorded only
part III, which includes 33 score values on items relat-
ing to motor function. Each item can be assigned a
value between 0—4, for maximal possible score of 132
on all items combined (the higher the score, the worse
are the symptoms).

We anticipated that the coarse MDS-UPDRS part
III scale would not be sufficiently sensitive in demon-
strating changes following the brief intervention.
We therefore calculated the scores for the upper
limb, the lower limb, and the total score separately.
The upper-limb score included upper-limb rigidity,
finger tapping, hand movement, pronation-supination
movement, postural and kinetic tremor of the hands
and resting-tremor amplitude (items 3.3-3.6, and
3.15-3.17 of the MDS-UPDRS, with a maximal score
of 56). The lower-limb score included lower-limb
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rigidity, toe tapping, leg agility, rising from chair, gait,
freezing of gait and resting tremor of the lower limb
(items 3.3, 3.7-3.11 and 3.17 of the MDS-UPDRS,
with a maximal score of 40). The total score included
all items in part 3 of the MDS-UPDRS, with a maxi-
mal score of 132.

Participants’ Mini-Mental State Examination
(MMSE) score was recorded at the beginning of the
session. MMSE is used for the evaluation of cognitive
function. The Hebrew version of the test is clinically
validated and evaluated at sensitivity rate of 88.9%
and specificity rate of 68.4% (Werner et al., 1999).

2.2.3. Kinematic reach test

A simple reaching movement of the arm was
recorded at the beginning and at the end of the session.
Participants were asked to move a cursor between
two points shown on the screen by moving a digital
pen over a digitizing tablet (see Fig. 1). The dis-
tance between the beginning and end point on the
tablet was 10 centimeters. Three reach movements
with each arm (dominant and non-dominant) were
recorded at the beginning and at the end of the session.
For each reaching movement, we calculated the time
it took to complete the movement, the path length
(Levy-Tzedek et al., 2012; Levy-Tzedek et al., 2007,
Levy-Tzedek et al., 2016) of the hand, the average
and the peak speed in the direction of the movement.

Fig. 1. The Reach Test. Shown here is an illustration of the exper-
imental setup during the reach test, administered before and after
the exercise set. The participant is holding a stylus above a dig-
itizing tablet. He hovers the stylus at a small distance above the
tablet from a starting position to a target shown on the screen as
a white square. At the end of the reaching movement, the trace
of the movement is shown on the screen. Written approval for
use of these pictures for publication was obtained from the person
photographed.

2.3. Experimental setup

We used the experimental apparatus described in
(Ben-Tov et al., 2012; Levy-Tzedek, 2017a, 2017b;
Levy-Tzedek et al., 2011a; Levy-Tzedek et al.,
2011b; Levy-Tzedek et al., 2010; Levy-Tzedek,
Krebs, et al., 2011). It comprises an arm rest, con-
nected to an encoder that records the rotation of
the arm about the elbow with an accuracy of 0.002
degrees at 200 Hz. The arm rest was designed to be
as light as possible, to minimize its effect on the nat-
ural movement of the arm. The arm rest was free to
rotate around its axis, with no imposed limits on the
range of motion. Participants placed their arm on the
arm rest, situated parallel to the table on which it was
mounted, and moved their forearm towards and away
from their body in a movement similar to that of a
windshield wiper. A cover was placed on the table,
above the experimental apparatus, such that no direct
visual information about the arm’s position was avail-
able throughout the exercise session. The forearm
flexion/extension movements were one-dimensional,
in the horizontal plane. No explicit timing cues were
given. Participants wore a wrist brace on their arm,
to avoid unintentional movements of the wrist. They
received real-time feedback on their arm’s location
and speed via a cursor that appeared on a com-
puter screen placed on the table in front of them
(see Fig. 2).

Fig. 2. The experimental setup. The participant places her forearm
on the armrest, below an opaque cover. She uses the movements
of her forearm to control a cursor on a phase plane, displayed
on a computer screen. The target zone in which the participant
is instructed to keep the cursor is shown in gray. The red trace
shows the amplitude (on the horizontal axis) and the speed (on the
vertical axis) of the participant’s actual movement. /nset: the arm
rest. Written approval for use of this picture for publication was
obtained from the person photographed.
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The computer screen displayed a phase plane: posi-
tion was displayed on the horizontal axis, and velocity
on the vertical axis. On that phase plane, a pair of
concentric ellipses created an enclosed doughnut-
shaped area, that defined the lower and the upper
bounds of the amplitude (on the X axis) and speed
(on the Y axis) allowed on the task (marked in gray
in Fig. 2). The participants controlled a cursor on the
phase plane with their arm movements. The speed
of their movements was represented by the height
of the cursor, and the displacement of their move-
ment was represented by the horizontal location of
the cursor. They were asked to maintain the cursor
within the doughnut-shaped area at all times. Thus,
the amplitude, speed and frequency of the movement
were prescribed.

2.3.1. Procedure

Overview: The experimental session was com-
prised of six parts: (1) Training for the dominant arm,
followed by (2) six exercise trials with the dominant
arm, then (3) training for the non-dominant arm, fol-
lowed by (4) six exercise trials with the non-dominant
arm, then (5) six exercise trials with the dominant
arm, and (6) six exercise trials with the non-dominant
arm.

Training. There were two training sessions: one for
each arm (dominant and non-dominant). All partici-
pants started with a training session for the dominant
arm, followed by six exercise trials with the dominant
arm. Then the second training session was given, for
the non-dominant arm.

During the training phase participants practiced
controlling their arm movements such that the cur-
sor on the phase plane stays within the prescribed
ellipse at three different “doughnut” sizes on the
phase plane. These practice ellipses had central fre-
quencies of 0.4 Hz, 1.1 Hz and 1.6 Hz, corresponding
to ellipses A, B and C in Fig. 3, respectively. The par-
ticipants were given the option to repeat these practice
trials, each lasting 40 seconds, until they felt comfort-
able with the task. The order in which these practice
ellipses was presented across participants was coun-
terbalanced.

Exercise session. The exercise session comprised
a total of 24 trials, 12 performed with each arm. Each
trial lasted 75 seconds. The same ellipses that were
used in the training session were used in the exer-
cise session. However, during the exercise session,
the cursor denoting the amplitude and the speed of
the movement was available only during parts of
each trial (the “visual” segments), and not during

A B C

0

Velocity

Position

Fig. 3. Target ellipses. An illustration of the relative size of the
three ellipses shown on the phase plane during both the training
session and the exercise session (A, B, and C, from left to right).
The zone within which participants were instructed to keep the
cursor is marked in gray. The vertical axis denotes velocity and the
horizontal one denotes position.

others (the “blind” segments; see Protocol below and
Fig. 4). Each 75-sec trial consisted of five continuous
segments, alternating between providing visual feed-
back (V), or withholding it (B). During the blind (no
visual feedback) segments of each trial, participants
were instructed to continue to perform exactly the
same movement as they did when visual feedback was
available. The segments with no visual feedback were
identical to the segments with visual feedback, except
the trace of the participants’ movement did not appear
on the screen; they could see the target zone on the
screen in front of them, but had no visual indication
of their actual movement amplitude or speed. Each
trial started and ended with visual feedback. The first
visual segment (V1) lasted 15 sec. V1 was followed
by a 20-sec blind segment (B1), a 10-sec visual seg-
ment (V2), another 20-sec blind segment (B2), and a
final 10-sec visual segment (V3). An additional sec-
ond was added at the beginning of V1 and another
at the end of V3, and these were not included in the
analysis, to avoid edge-effects.

2.3.2. Target speeds

All three ellipses (A, B and C, shown in Fig. 3)
had the same width on the x axis, with a target
arm amplitude of 20 &= 3°, corresponding to a visual
angle of ~6 degrees. The difference in the height
of the three ellipses corresponded to a difference in
target peak speed: 24 deg/sec for ellipse A (central
frequency =0.4 Hz), 68 deg/sec for ellipse B (cen-
tral frequency = 1.1 Hz) and 98 deg/sec for ellipse C
(central frequency = 1.6 Hz).

Three semi-random sequences of the three target
ellipses were generated, and each participant per-
formed one of these three sequences.
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vi B1
1S sec 20 sec

B2 V3
20 sec 10 sec

Fig. 4. An illustration of the five segments of each exercise trial. A gray area bounded by two concentric black ellipses mark the target area
on the phase plane, within which participants are asked to maintain the cursor. During V1, V2 and V3, a red trace representing the forearm
movement is displayed on the screen. During B1 and B2, the trace of the movement is not displayed on the screen. The time span for each

segment is marked below the segment name.

Ethical approval for this study was obtained from
the Helsinki Committee at the Soroka hospital where
the study was conducted. All experimental proce-
dures were performed in accordance with this ethical
approval.

2.4. Kinematic outcome measures

The following outcome measures were calculated
separately for each of the five trial segments (V1, B1,
V2,B2, V3).

Phase-plane area: We calculated the area taken
up on the phase plane by the movements of the par-
ticipants, thereby capturing the concurrent changes
in both amplitude and speed (Levy-Tzedek, 2017b;
Levy-Tzedek et al., 2011b). The area was calculated
per movement cycle, and averaged across each seg-
ment.

To facilitate comparison across ellipse sizes, and
across participants, the values from each segment
were normalized by the values obtained in the first
visually guided segment (V1) (Levy-Tzedek, 2017a;
Levy-Tzedek et al., 2011b) (the normalization was
performed per individual). In this manner, it is pos-
sible to capture the overall relative changes over the
five trial segments, despite individual differences in
initial values.

Accuracy: Each trial segment was given a numer-
ical score that represented the percent of the total
trial time that was spent inside the target zone on
the phase plane (Levy-Tzedek, 2017b; Levy-Tzedek
et al., 2010) (marked in gray in Figs 2—4). The val-
ues were normalized to the first visual segment, as
detailed above.

Peak speed: The maximum absolute angular
velocity in each half cycle was calculated, and aver-
aged across each trial.

Both kinematic and clinical outcomes were
recorded and averaged across both the right and the

left sides, despite the nature of PD, which is often
primarily dominant on one side of the body. We
took this conservative approach, rather than restrict-
ing the analysis to the dominant side for two main
reasons: (1) while one side is often more affected, it
is common to suffer some impairment on the non-
dominant side as well; (2) we are interested in the
implications of using this exercise for everyday life,
where patients engage both sides of the body, and
so the combined ability — as manifest in both kine-
matic data and MDS-UPDRS scores — was chosen to
reflect that.

2.5. Statistical analysis

To test the hypothesis that movement kinematics
will improve between the first and the last visual
segments of each trial (V1 and V3, respectively),
we used a two-sided Wilcoxon signed rank test. We
tested whether the difference in phase-plane area and
accuracy between these two visual segments has a
distribution whose median is different from zero.
The same statistical test was used to compare the
MDS-UPDRS motor scores before and after the exer-
cise. We separately compared the results of the upper
limb, the lower limb, and the total MDS-UPDRS
motor score. To account for multiple comparisons,
the conservative Bonferroni correction was applied,
and the significance threshold was set at p=0.025.
A non-parametric test was chosen for the hypothesis
testing to eliminate the need for assumptions regard-
ing population distributions required in parametric
tests.

3. Results

The participants’ baseline data are shown in
Table 1. All participants had normal or corrected-
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Table 1
Baseline and training data for the study participants
Participant  age gender PD years since Other MMSE score  PD medication Number of
dominance diagnosis neurological training trials
problems?

1 77 F L 7 No 30 Rasagiline, 6
Levodopa-
Carbidopa

2 59 M R 2 No 30 Rasagiline, 8
Ropinirole

3 78 F L 5 No 30 Rasagiline, 7
Levodopa-
Carbidopa

4 66 F L 14 No 30 Rasagiline, 7
Levodopa-
Carbidopa

5 76 M / 2 No 24 Rasagiline 5

6 68 F L 1 No 28 Levodopa- 7
Carbidopa

7 69 F L 15 No 27 Rasagiline, 8
Stalevo,
Amantadine

8 81 M / 5 memory loss 19 Levodopa- 6
Carbidopa,
Amantadine

9 66 F L 1 No 30 Amantadine 7

10 70 F R No 27 Rasagiline, 6
Amantadine

All information in the table (except for MMSE score and number of training trials) is self-reported. Marked in bold are MMSE scores which

are lower than normal for the patient’s age and years of education.

to-normal vision. None had deep-brain stimulators
(DBS).

3.1. Reach test

None of the parameters tested showed a statisti-
cally significant difference between the pre-exercise
and the post-exercise reach movements, despite an
encouraging trend in the average values, which show
a faster, longer movement following the exercise (see
Table 2). It should be noted that many participants had
a hard time following the instruction of how to hover
the digital pen over the digitizing tablet at a set dis-
tance, potentially leading to some of the movement
data not being recorded in full.

3.2. Exercise session

A total of 237 trials were recorded and analyzed
across the 10 patients. On average, it took partic-
ipants 49.1 + 3.1 minutes to complete the exercise
session, following the initial practice session. Par-
ticipants performed between 5-8 practice trials (see
Table 1).

Table 2
Reach test kinematics

Pre-exercise Post-exercise Effect size p-value

Path length 8.4+2.1 9.4+£22 04 0.275
(cm)

Average speed  5.71+29 7.5+48 0.5 0.375
(cm/sec)

Peak speed 11.6£5.3 140+£83 0.3 0.432

Time to 1.6+0.6 1.7£0.9 0 1.0
complete

reach (sec)

3.3. Kinematics

3.3.1. Phase-plane area

The average normalized phase plane area increased
by 31% from the first visual segment (V1) to the
last visual segment (V3; p=0.014). That is, when
averaging across all three ellipse sizes (A, B, C), and
across both arms (dominant and non-dominant), par-
ticipants ended each trial with a combined increase
in amplitude and speed of 31% compared to the start
of the trial (see Fig. 5, left panel). Such a sizable
increase, despite clearly delineated target amplitudes
and speeds (in the form of a target zone on the
screen), was possible since patients often did not
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Fig. 5. Performance across the five trial segments. For clarity, all segment values are normalized by the first segment of each trial (V1). Left:
Normalized phase-plane area values; Right: normalized accuracy scores. Error bars represent standard error.
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Fig. 6. Sample traces from two participants. Each row shows three consecutive trials by a single participant. The letter at the top left denotes
the target ellipse size. The target zone on the phase plane is marked in gray, bounded by two concentric black ellipses. Shown in blue are
traces from the V1(visual) segment, and in mustard are traces from B2 (no visual feedback). Movements in B2 are consistently larger and

faster than movements in V1.

stay within the required target zone even when visual
feedback was available (see, for example, Fig. 6, and
(Levy-Tzedek, Krebs, et al., 2011)). The change in
accuracy during a trial, reported below, suggests that
this increase in phase-plane area led to an overall
improvement in accuracy.

As expected from previous studies (Levy-Tzedek,
2017b; Levy-Tzedek et al., 2011b; Levy-Tzedek,
Krebs, et al., 2011), there was an increase in phase-
plane area upon the first removal of visual feedback
(from V1 to B1). Unlike results in healthy young
and old individuals (Levy-Tzedek, 2017b; Levy-
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Tzedek et al., 2011b), who show a “zigzag” pattern
in phase-plane area when alternating between visual
feedback and no visual feedback, the phase-plane
area in the current experiment roughly plateaued
after B1.

3.3.2. Accuracy

The average normalized accuracy increased by
36% from the first visual segment (V1) to the last
visual segment (V3; p=0.002). That is, when averag-
ing across all three ellipse sizes (A, B, C), and across
both arms (dominant and non-dominant), participants
ended each trial with an accuracy score that is 36%
better than at the start of the trial (see Fig. 5, right
panel).

3.3.3. Peak speed

Interestingly, the average peak speed was similar
across all three ellipses, despite the requirement for
very different target peak speeds. The average peak
speed was 81 deg/sec, 78 deg/sec, and 81 deg/sec for

Upper-limb MDS-UPDRS scores
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ellipses A, B and C, respectively. It appears that the
participants either did not aim, or were not able to
adjust their movement speed based on the visual dis-
play (see, for example, Fig. 6, (c.f., Levy-Tzedek,
Krebs, et al., 2011)).

3.4. Clinical scores

The upper-limb MDS-UPDRS scores were sig-
nificantly better (lower) after the exercise program
(p=0.023; pre-exercise score=10.1+4.8, post-
exercise score=7.8+3.2). These scores were
improved in seven of the 10 participants (an
improvement of between 1-7 points), and remained
unchanged in two participants. A single participant
had a 1-point worsening on the upper-limb MDS-
UPDRS score, out of a maximal possible score of 56
(see Fig. 7).

There was no significant difference in the lower-
limb scores (p =0.64; pre-exercise score=4.8 3.4,
post-exercise score=3.6%3.1), or the total
MDS-UPDRS motor score (p=0.15; pre-exercise

[ Before exercise
20 - [\ Afterexercise | -
15 + al
10 il
5 X -
0
1 2 3 4 5 6 7 8 9 10
Patient

Fig. 7. Upper-limb MDS-UPDRS scores. For each patient, the left bar (green) represents the clinical score before the exercise and the right
bar (gray) represents the clinical score after the exercise. Seven patients had improved (lower) scores following the exercise, two maintained

the same score, and one patient had a 1-point worsening of the score.



S. Levy-Tzedek et al. / Better upper-limb UPDRS scores after exercise 543

score=19.9 £9.2, post-exercise score=16.2+5.5).
Seven of the 10 participants showed an improvement
in total score (of 1-21 points), one participant’s
score remained unchanged, and two had a worse
score following the exercise (of 1 and 8 points, out
of 132 maximal possible score).

3.4.1. Post-experimental questionnaires

At the end of the experiment, when asked how
they feel, five of the 10 participants reported feeling
fatigued and that their movements were slower, and
the other five reported no change. In the phone inter-
view that was conducted 6-12 hours following the
exercise, one participant reported feeling nauseated,
while all others reported no change from normal.

4. Discussion

In this pilot study, 10 PD patients off medi-
cation performed fast-paced rhythmic movements
of the upper limb for approximately 50 minutes.
We found a significant improvement in upper-limb
MDS-UPDRS score, along with an improvement in
accuracy, and a combined increase in amplitude and
speed of the movement. We thus corroborated both
our hypotheses.

These improvements are consistent with the results
of previous studies (Alberts et al., 2011; Alberts et al.,
2016; Ridgel et al., 2009; Stuckenschneider et al.,
2015), where a rhythmic movement of the lower limb
led to an improvement in UPDRS score. The lack of
improvement in participants’ lower limb and global
scores in the current experiment might be explained
by the difference in the protocols between those previ-
ous studies and the current one: The previous studies
had participants cycle on a bicycle, which involves
the whole body, over multiple sessions, whereas in
the current study, participants moved a single arm at
a time, during a single session.

The results reported here add to the large body
of literature indicating that larger or faster move-
ment is possible in PD, given the appropriate cues
(e.g., Farley & Koshland, 2005; Ridgel et al., 2009;
Schlesinger et al., 2007). Importantly, the apparatus
used here is one that enables the patient to exercise in
the absence of another person who prompts the larger
or faster movement, offering the possibility to self-
train. The improvement in amplitude and speed of
the movement, upon removal of visual feedback, also
reported in the case of handwriting (Ondo & Satija,
2007; Potgieser et al., 2015), suggests that the ability

to produce sufficiently large and fast movements in a
feed-forward manner is not impaired in PD, while the
ability to do it based on visual feedback is impaired.

When visual feedback was available, the PD
patients were not able to maintain the cursor inside
the target zone (see Fig. 6 and Levy-Tzedek et al.,
2011). These findings support the hypothesis that PD
impairs the ability to accurately control the sensori-
motor loop (Fling et al., 2018). It also suggests that
the availability of visual feedback is not uniformly
helpful (as in, e.g., Jo et al., 2016), and depends on
the specifics of the task.

If the exercise session had no effect on their symp-
toms, a deterioration in MDS-UPDRS motor score
could be expected due to elapsed time since taking
their last PD medication, and due to fatigue, as a
result of the exercise. The improvement in symptoms
in the upper limb is thus counter to expectation, and
is encouraging. It is worth noting that the improve-
ment in the score was in contrast to the participants’
self report of fatigue, slowness of movement, or no
change, at the end of the experiment.

While these results are encouraging, a longer-term
study with a larger group of patients should examine
the long-term effects of such an intervention.

It should be stressed that, as noted in the Intro-
duction section, the performance of larger and faster
movements in the absence of visual feedback is not
unique to patients with PD, but is a robust finding,
recorded in both young and old healthy adults, in a
variety of initial speeds and amplitudes (Doeringer
& Hogan, 1998; Levy-Tzedek, 2017b; Levy-Tzedek
et al., 2011b; Levy-Tzedek, Krebs, et al., 2011), and
does not diminish with awareness of this tendency
(Levy-Tzedek, 2017b; Levy-Tzedek et al., 2011b).
For patients with PD, it offers an opportunity to
increase the amplitude and the speed of the move-
ment without the need for another person to serve as
a partner in the exercise, and to set a higher pace than
baseline (compare with Alberts et al., 2011).

5. Study limitations

This pilot study was conducted on arelatively small
group of patients, who were off medication, and par-
ticipated in a single session. While these results are
encouraging, a longer-term study with a larger group
of patients on medication should examine the long-
term effects of such an intervention. Testing patients
that take their normal medication regimen would be
valuable in determining whether the exercise and the
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medication effects are additive. Furthermore, future
experiments should include a control condition in
which there is no removal of visual feedback to test
whether the resultant increase in amplitude and speed
underlies the improvement in symptoms.

6. Conclusions

Fast-paced rhythmic movement of the arm was
demonstrated to lead to an improvement in upper-
limb MDS-UPDRS scores, as well as kinematic
measures of the movement (accuracy and combined
amplitude and speed of the movement). A longer
intervention period is needed to determine the long-
term effects of such an exercise program.
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