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ORIGINAL RESEARCH

Motor learning in hemi-Parkinson using VR-manipulated sensory feedback

Ori Ossmya,b , Lihi Mansanoc, Silvi Frenkel-Toledod, Evgeny Kagana, Shiri Korenb, Roee Gilrona,b, Daniel Reznika,b,
Nachum Sorokerc,e and Roy Mukamela,b

aSagol School of Neuroscience, Tel-Aviv University, Tel-Aviv, Israel; bSchool of Psychological Sciences, Tel-Aviv University, Tel-Aviv, Israel;
cDepartment of Neurological Rehabilitation, Loewenstein Hospital, Ra’anana, Israel; dDepartment of Physiotherapy, Faculty of Health Sciences,
Ariel University, Ariel, Israel; eSackler Faculty of Medicine, Tel-Aviv University, Tel Aviv, Israel

ABSTRACT
Aims: Modalities for rehabilitation of the neurologically affected upper-limb (UL) are generally of limited
benefit. The majority of patients seriously affected by UL paresis remain with severe motor disability, des-
pite all rehabilitation efforts. Consequently, extensive clinical research is dedicated to develop novel strat-
egies aimed to improve the functional outcome of the affected UL. We have developed a novel virtual-
reality training tool that exploits the voluntary control of one hand and provides real-time movement-
based manipulated sensory feedback as if the other hand is the one that moves. The aim of this study
was to expand our previous results, obtained in healthy subjects, to examine the utility of this training
setup in the context of neuro-rehabilitation.
Methods: We tested the training setup in patient LA, a young man with significant unilateral UL dysfunc-
tion stemming from hemi-parkinsonism. LA underwent daily intervention in which he intensively trained
the non-affected upper limb, while receiving online sensory feedback that created an illusory perception
of control over the affected limb. Neural changes were assessed using functional magnetic resonance
imaging (fMRI) scans before and after training.
Results: Training-induced behavioral gains were accompanied by enhanced activation in the pre-frontal
cortex and a widespread increase in resting-state functional connectivity.
Discussion: Our combination of cutting edge technologies, insights gained from basic motor neurosci-
ence in healthy subjects and well-known clinical treatments, hold promise for the pursuit of finding novel
and more efficient rehabilitation schemes for patients suffering from hemiplegia.

� IMPLICATIONS FOR REHABILITATION
� Assistive devices used in hospitals to support patients with hemiparesis require expensive equipment

and trained personnel – constraining the amount of training that a given patient can receive.
� The setup we describe is simple and can be easily used at home with the assistance of an untrained

caregiver/family member.
� Once installed at the patient’s home, the setup is lightweight, mobile, and can be used with minimal

maintenance .
� Building on advances in machine learning, our software can be adapted to personal use at homes.
� Our findings can be translated into practice with relatively few adjustments, and our experimental

design may be used as an important adjuvant to standard clinical care for upper limb hemiparesis.
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Introduction

Unilateral impairment of upper-limb (UL) motor function can
emerge from various aetiologies including stroke and hemi-
Parkinson’s disease and reflect damage to distinct components of
the motor control network [1–4]. Patients may exhibit unilateral
deficits in muscle tone and force regulation, correctness of move-
ment and speed of sequence execution [5–7]. Rehabilitation ther-
apy is usually delivered as a series of challenging but achievable
activities with specific goals for the patient. However, finding an
optimal training regime to achieve these goals has been elusive
[8–10]. Previous research examined the utility of constraint-
induced movement therapy (CIMT) [11–13] – an approach in

which the patients’ non-affected UL is artificially and temporarily
restrained in order to force them to use their affected UL.
Although this approach has well established effects on patients’
performance, it is very challenging in cases where the basic motor
capability of the affected hand is limited [14]. To bypass this prob-
lem, other studies examined various indirect training approaches.

One indirect approach to facilitate the performance of the
affected UL is to use visual input which provides a rich source of
information supporting motor behaviour. It is now well estab-
lished that performance level on a motor task can increase follow-
ing passive observation of someone else performing a similar task
[15,16]. The physiological mechanism that underlies this phenom-
enon is believed to rely on activation of mirror neurons in regions

CONTACT R. Mukamel rmukamel@tau.ac.il School of Psychological Sciences & Sagol School of Neuroscience, Tel-Aviv University, Tel-Aviv 69978, Israel
Supplemental data for this article can be accessed here.

� 2020 Informa UK Limited, trading as Taylor & Francis Group

DISABILITY AND REHABILITATION: ASSISTIVE TECHNOLOGY
https://doi.org/10.1080/17483107.2020.1785561

http://crossmark.crossref.org/dialog/?doi=10.1080/17483107.2020.1785561&domain=pdf&date_stamp=2020-07-09
http://orcid.org/0000-0002-7675-0890
http://orcid.org/0000-0001-9359-8950
https://doi.org/10.1080/17483107.2020.1785561
http://www.tandfonline.com


within the fronto-parietal cortex of the observer [17–19]. We have
recently demonstrated in healthy participants that the activity in
the superior parietal lobule (SPL) during passive action observa-
tion may play an important role in such a learning process [16].
The effectiveness of visual feedback and training by observation
as an additional rehabilitation tool has been also examined with
patients. One such tool is mirror visual feedback (MVF), where
movement of the non-affected UL is viewed in a mid-sagittal mir-
ror, creating an illusory percept of movement in the affected UL.
MVF has been shown to alleviate phantom limb pain, a condition
sometimes seen following limb amputation, which is thought to
emerge as a result of maladaptive brain plasticity [20].

Using sensory input to improve motor performance is not lim-
ited to vision. Another indirect approach to improve performance
is passive movement of the affected limb. In such training, the
affected limb is typically strapped to a device that is controlled
either by a computer [21,22] or by the subject’s other limb [23].
In either case, the affected limb passively moves, and the subject
receives proprioceptive input similar to what he would have
received during voluntary movement. Most importantly, the vol-
itional aspect of limb control in such training is lacking.
Proprioceptive training, in which the limb is passively moved, was
shown to improve performance level in the passively moved
effector [21,23–25] and facilitate rehabilitation of hemiparetic
patients [26–28] in various tasks including reaching forward, pick-
ing up balls and various fine motor skills. Recently, Picelli et al.
used a robotic device to passively move arms of patients with
Parkinson’s disease. They demonstrated how practice in which the
forearm and wrist of one limb are passively yoked to the other
limb, enhances the function of the passively moved upper limb
(UL) [29]. Together, these lines of research provide strong evi-
dence for the important role of perception and proprioception in
motor control and rehabilitation.

Finally, it is known for over a century, and corroborated by
recent research, that physical training with one limb can result in
substantial performance gains also in the untrained limb – a phe-
nomenon known as cross-education (CE) [30–32]. This phenom-
enon was used in the clinical realm mainly in the context of
immobilization therapy. During immobilization of a limb, follow-
ing bone fracture for example, there is significant loss of muscle
mass. Physical training of the contralateral (free) limb has been
shown to prevent, or slow down this process, resulting in reduced
loss of muscle volume in the immobilized arm [33,34]. Training
based on CE was shown also to improve grip precision learning
and force in the hemiparetic UL [35–38].

We have recently developed a unique virtual reality (VR) setup
combining CE with manipulated visual and proprioceptive feed-
back creating an illusory perception of voluntary control over
movement in the non-trained UL. Healthy subjects trained with
this setup showed high performance outcomes in the hand that
was not under voluntary control [23]. It is hoped that in the clin-
ical context of neuro-rehabilitation, this can offer a new treatment
strategy where standard exercises with the affected UL are of lim-
ited applicability due to severe spasticity, very limited voluntary
control, or rapid fatigue. Here, we tested the feasibility of translat-
ing our findings in healthy subjects to the realm of clinical prac-
tice. Specifically, we examined in a highly motivated young man
whose right hand (RH) was severely affected by hemi-Parkinson’s
disease, the effectiveness of training with his non-affected left
hand (LH). Additionally, by using whole-brain functional magnetic
resonance imaging (fMRI) we probed potential neural mechanisms
underlying the effects of training.

Materials and methods

Patient

LA is a 46-years old right handed male with 18 years of formal
schooling, working as a manager of energy projects. He is mar-
ried, father of three and has no family history of neurological dis-
orders. Three years prior to this study, he started to experience
difficulties using his dominant RH during execution of fine motor
skills, with a noticed change in handwriting. His neurological
examination at that time and an MRI scan done somewhat later
did not reveal any pathology. However, a scan detecting dopa-
mine transporters (DaT Scan) showed depletion of striatal dopa-
minergic neurons suggestive of Parkinson’s disease. Treatment
with Amantadine, Rasagiline and Pramipexole did not ameliorate
the hand function and eventually these medications were discon-
tinued. Currently, LA shows serious slowness and rapid fatigue in
repetitive movement of the RH with slight focal hypertonicity. In
addition, he suffers from a restless right leg during intense activity
calming at rest, for which treatment with Biperiden has been
tried. LA keeps a daily aerobic exercise routine and receives two
physiotherapy sessions per week. He also performs regularly at
home a set of daily exercises aimed to improve control of fine
movement in the affected RH. The exercises included a writing
task, finger tapping task, drawing a star contour next to a sample
star viewed in a mirror, and drawing a line from the starting point
of a maze to its end point without touching the outline. The
protocol was approved by the Ethics Committee of Tel-Aviv
University and the Helsinki committee at Loewenstein Hospital.

Training setup

The training setup designed for LA is based on our earlier
research with healthy subjects in which we demonstrated
enhanced performance gains following sensory manipulations,
and in the absence of voluntary movement of the trained hand
[23]. The patient trained while sitting on a chair with the two ULs
in a forward position and the palms of the hands positioned in a
specialized motion control apparatus (Rehabit-Tec System). The
device consists of a forearm and wrist rest, and the fingers of
each hand are individually strapped to the device with palms fac-
ing down (see Figure 1(a)). Each finger in the non-affected LH is
connected to a piston that moves a plunger on a potentiometer
in accord with the amplitude of finger flexion. A control module
reads the location of every potentiometer on each finger of the
LH and powers motors that push/pull the corresponding RH finger
to equalize the potentiometer’s position. Each finger channel is
independent and acts as a stand-alone control circuit. The device
restricts voluntary movement of the RH fingers and only LH finger
movements activate the motors. Thus, when the hands are
strapped to the device, voluntary LH (non-affected hand) finger
movement results in passive yoking of the corresponding RH
(affected hand) fingers. In addition, the patient wore a VR headset
(Oculus VR 1 used for 3D gaming) that prevented visual input of
his real hands and the device and provided visual feedback of
virtual hands instead. The patient also wore motion-sensing MR-
compatible gloves (5DT Data Glove Ultra) that allow online moni-
toring of individual finger flexion in each hand. The training setup
contained a head-mounted specialized 3D camera (PLAYSTATION
Eye digital camera device) to provide online visual feedback of the
real environment. Together, these devices allowed detection of the
patient’s real hand movements and translating them by customized
software to virtual hand movements presented on the headset
screen. The virtual hands were embedded in a specific location in
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space (captured by the camera) and were presented only when the
patient looked down towards the natural position of his hands.

Main study: experimental design

Our main study started with two consecutive days in which the
patient’s manual function was evaluated using a battery of clinical
tests. This was followed by two parts – a baseline part (10 days in
which he continued doing his daily exercises), and an intervention
part (nine days of training with the experimental setup), with an
intervening period of six days in which he did not practice.
During the baseline period, the patient conducted his regular
daily exercises (see section “Materials and methods”/patient
above) at 8 AM, five days per week, during two consecutive
weeks. In the first and last day of the baseline period, the patient
underwent clinical performance evaluation (see section
“Behaviour: standardized clinical tests”). A week after the baseline
period ended, the patient underwent another clinical evaluation
to examine retention levels.

During the intervention period, the patient trained to execute
rapid sequences of finger movements using our novel setup on
a daily basis. Figure 1(b) demonstrates the timeline of a single
intervention day. In an initial pre-training evaluation stage, the
patient was instructed to perform a unimanual five-digit finger
sequence movement: 3-1-4-2-3, repeatedly as accurately and rap-
idly as possible with the affected hand while wearing the
motion sensitive gloves and receiving congruent visual feedback
of hand movement. Sequence numbers correspond to fingers
with 1 representing index and 4 representing the little finger.
Performance level was measured as the number of correct
sequences performed in 60 s. Following the pre-training

evaluation stage, the patient’s hands were strapped to a pas-
sive-movement device. A “Start” sound was played for 2 s cueing
the patient to the upcoming training stage in which he per-
formed the sequence of finger movements with his non-affected
hand in the special training setup in a self-paced manner (see
training setup). Importantly, during the training stage, patient’s
left hand finger movements were translated to right virtual hand
finger movements on the screen (i.e. incongruent visual feed-
back). Training blocks lasted 10min and were followed by
10min of rest. Each block consisted of four trials and each trial
consisted of 2-min training, followed by 30 s of a yellow blank
screen to serve as a cue for resting period. The training stage
consisted of five such training blocks (with overall training dur-
ation ¼ 90min). After the training stage, LA’s hands were
removed from the hand device and his performance level in the
affected hand was re-evaluated as previously for 60 s. During
both pre- and post-training evaluation stages, the patient was
instructed to repeatedly execute the sequence as fast and as
accurately as possible. An identical battery of clinical tests was
performed in the first and last day of the intervention. During
the 9th day of the intervention, we encountered technical prob-
lems (computer motherboard failure) that precluded training
during that day. The problem was resolved for the 10th day of
training. Similar to the baseline period, the patient underwent
another set of clinical tests a week after the last day of the
intervention to evaluate retention level. In addition, the patient
completed three sessions of fMRI scans (see design of single
fMRI session in Figure 1(c)) in three different days: four days
before the intervention period, the first day of intervention and
the last day of intervention (see Figure 1(d)).

Experiment design

Day1 Day2 Day3 Day3-12 Day12 Day13-18 Day19

clinical
evaluation

clinical
evaluation

pre-baseline
clinical 

evaluation

baseline 
training
(home)
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clinical 

evaluation
rest

retention
clinical 

evaluation

Day19 Day20-23 Day24 Day24-33 Day33 Day34-39 Day40

MRI scan
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pre-VR 
clinical

evaluation

VR 
training
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post-VR 
clinical

evaluation
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evaluation
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(a)

(c)

(b)

(d)

VR headset

frontal view

subject's view
motion detection

gloves

front view
camera

Passive 
movement 

device

Training setup Single intervention day

fMRI: VR Task

Figure 1. Experiment design. (a) Experiment setup illustration. The patient wore motion sensitive gloves and a headset through which he received visual feedback of
virtual hands. The VR devices allowed manipulation of online visual feedback. A camera mounted on the headset allowed embedding the virtual hands inside a nat-
ural environment viewed by the camera. The passive-movement device was used with the virtual reality setup to produce yoked movement of the affected hand. (b)
Schematic illustration of a single training day during the intervention period. (c) Schematic illustration of the VR task inside the MRI scanner. LA practiced with his left
hand while receiving visual feedback of right virtual hand movement. (d) Schematic illustration of the experiment’s design. The experiment had two main parts –
baseline (first two weeks) and intervention (last two weeks). During the intervention, the patient was trained in our special setup.
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Feasibility study

Three months before the main study, we conducted a feasibility
study to verify LA’s capability to perform the experiment’s tasks
on a daily basis. The feasibility tests lasted one month and com-
prised of two parts – a baseline part (two weeks) and an interven-
tion part (two weeks). During the baseline period, the patient
conducted daily exercises adjusted for his needs, which included
a motion imagery exercise of the paretic hand, a star-drawing
exercise using a mirror, copying a paragraph, trying to click as
many times as possible on a specific key during 1min and trying
to draw a straight line between two horizontal or vertical lines.
The patient performed these actions each day at 8 AM. In the first
and last day of each week during the baseline period, the patient
went through 90-s performance evaluation on the finger
sequence task in a similar manner as described in the experimen-
tal design of the main study. Additionally, a battery of unimanual
clinical tests was performed in the first and the last day of each
week (see section “Main study: experimental design”). During the
intervention period (the last two weeks), the patient conducted
the aforementioned activities, and also performed our novel train-
ing regime on a daily basis.

Behaviour: motor sequence learning

We evaluated changes in task performance of the affected hand
following training. Evaluation of performance (p) was based on
the number of correctly performed complete five-digit sequence
within 60 s in the evaluation stages. The same sequence (3-1-4-2-
3) was used throughout the entire study (see Figure 1(c) for the
mapping between digits and fingers). Performance gains were
evaluated using Equation (1):

G ¼ pposttraining�ppretraining
pposttraining þ ppretraining

(1)

where ppost_training/ppre_training corresponds to the subject’s per-
formance (p) in the post/pre training evaluation stages. Therefore,
a positive G index reflects improvement in performance. These
gains were evaluated for each training day throughout the inter-
vention period.

Behaviour: standardized clinical tests

Since our strategy is to train the non-affected hand as a proxy to
improve performance of the affected hand, the clinical outcome
measurements included a battery of commonly used standardized
tests that focus on the speed and functional quality of unimanual
movement. Performance of both left and RHs was measured using
the Fugl-Meyer test [3], the Jebsen–Taylor test [39] and the Box
and Blocks test [40].

Neuroimaging: VR task and stimuli

To explore putative brain regions underlying behavioural effects
following intervention, the patient completed three sessions of
fMRI scans (two before and one after the intervention period; see
experiment design and Figure 1(d)). All three sessions were identi-
cal and consisted of six functional runs: performing the sequence
task with the LH while receiving incongruent (right virtual hand)
feedback, RH fist clenching with glove, RH fist clenching without
glove, LH fist clenching with glove, LH fist clenching without
glove, and resting-state.

During the incongruent-feedback training, the patient lied
supine with his arms to the side of his body and palms facing up.

He could not see his hands during the scans. We recorded the fin-
ger movements using the same MR compatible gloves used dur-
ing the intervention period that allowed yoking the movements
of virtual hands presented on a screen to real hand movements.
Two virtual hands were presented on a screen with black back-
ground. In the scanner, the patient viewed the screen through a
tilted mirror mounted in front of his eyes. In the beginning of the
fMRI session (see design of single session in Figure 1(c)), the
patient was presented with a similar instructions-slide as during
the intervention period. Following the instructions, the patient
performed an evaluation test – that is, performing the sequence
as accurately and rapidly as possible using his affected RH. Next,
he physically performed the sequence using his non-affected LH
while receiving real-time corresponding visual feedback of right
(“affected”) virtual hand movement (as in the training part in the
intervention period). Finally, he performed another evaluation test
with his RH. This functional run lasted 825 s.

During the fist-clenching runs, the patient was asked to per-
form fist clenching following a simple auditory cue (once every
12 s). The patient performed four 4-min runs. In each run, the
patient performed the clenches in the following conditions: (1)
right hand fists with glove – the patient clenched his RH to a fist
while wearing the MR compatible glove; (2) right hand fists with-
out wearing the glove; (3) left hand fists with glove; (4) left hand
fists without glove. Finally, during the resting-state run, the
patient was instructed to relax with his eyes closed for 387 s while
whole-brain functional data were collected.

Neuroimaging: fMRI data acquisition and processing

Blood oxygenation level dependent (BOLD) contrast was obtained
on a 3 T Siemens Prisma scanner with an eight channel head coil
located at the Strauss Computational Neuroimaging Center at Tel-
Aviv University, Tel-Aviv, Israel. An echo-planar imaging sequence
was used to obtain the functional data (39 ascending interleaved
axial slices, 4mm thickness, slice gaps ¼ 0; TR ¼ 3000ms; flip
angle ¼ 90�; TE ¼ 30ms; in-plane resolution ¼ 1.72� 1.72mm;
matrix size ¼ 128� 128). In addition, anatomical reference was
obtained by T1-weighted scan (voxel size ¼ 1� 1�1mm).

All fMRI data were processed using the BrainVoyager QX soft-
ware (version 2.6, Brain Innovation, Maastricht, Netherlands;
http://www.brainvoyager.com). Prior to statistical analysis, a pre-
processing procedure was performed on all functional images
that included cubic spline slice-time correction, trilinear 3D
motion correction and high-pass filtering (above 0.006Hz). In add-
ition, we assessed head movements and verified no scans con-
tained head movement exceeding 2mm in either direction. The
2D functional images were co-registered to the anatomical
images. Functional data were spatially smoothed (Gaussian filter,
FWHM 6mm) prior to statistical analysis.

Neuroimaging: resting-state analysis

To examine differences in functional connectivity between the
pre- and post-intervention scans, we carried out whole-brain func-
tional connectivity analysis during rest. For each scan, we par-
celled the brain to 111 cortical and sub-cortical regions according
to the Oxford-Harvard atlas [41]. The functional time courses (129
volumes) were averaged across all voxels within each region.
Pearson’s correlation was used to determine the connectivity
strength between each pair of regions, yielding two 111� 111
symmetrical connectivity matrices (one for each pre/post fMRI ses-
sion). The significance of the correlations between pairs of regions
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was Bonferroni’s corrected for multiple comparisons using a
threshold of p<(0.05/111).

Neuroimaging: VR task analysis

To detect regions exhibiting functional changes following training
on the VR task, we performed a general linear model (GLM) ana-
lysis on the fMRI data obtained during the VR task stage by con-
trasting: trainingsession3>trainingsession1 and trainingsession3>
trainingsession2. Trainingsession_x is the contrast activity during the
task blocks in session x vs. rest. The resulting maps were cor-
rected by controlling the false discovery rate [42] and thresholded
at q(FDR)<0.05, with a minimum cluster size of 50 voxels.

Results

Behaviour: feasibility study

In the early feasibility study (see section “Materials and methods”),
LA improved from performing 17 accurate sequences during 90 s
in the first day to 63 accurate sequences in the last day (Figure
2(a); slope of linear regression ¼ 2.24; p< 10�6; Pearson’s correl-
ation). The improvement observed during the baseline part of the
feasibility study was smaller (from 16 accurate sequences in the
first day of baseline to 27 in the last day), yielding an insignificant
positive slope across training days (slope ¼ 0.71; p¼.08; Pearson’s
correlation).

After five days of training in the feasibility study, LA noticed
that he can move his affected RH more freely and quickly (e.g.,
during repetitive fist-clenching) when wearing the glove used for
the training. He demonstrated the improvement by performing
fast fist clenching while wearing the gloves. Intriguingly, when
the patient took off the glove, the fist clenching was much slower
(see supplementary movie 1). We assumed that this could reflect
a case of context sensitivity acquired through the use of the VR
motion-sensitive gloves in the training sessions (similar to other

forms of context sensitivity known to affect motor performance in
Parkinson’s disease). Therefore, we added measurements of fist-
clenching capabilities to the last week of the feasibility study and
to the entire main study. We quantified the effect by comparing
the number of fist clenching movements performed during 30 s
without and afterward with the glove. Figure 2(b) demonstrates
the changes in the number of fist clenches performed during the
last week of the feasibility study. We found a highly significant
improvement in the number of fist clenches when the patient
wore the glove (mean± SD number of movements in 30 s with
glove across days ¼ 39 ± 12.48, without the glove ¼ 5.77 ± 2.19;
p¼ 2.5� 10�5). Moreover, he showed a consistent improvement
across time (slope of the linear regression ¼ 4.1) which was not
observed without the glove (slope ¼ 0.66). The effect was not
specific to the motion-detection gloves used during training and
was observed also using regular cloth gloves.

Behaviour: main study

In the main study, the affected RH revealed a steady improvement
in performance of the motor sequence task during the intervention
period in which the patient practiced using the non-affected hand
(see Figure 1(a) and section “Materials and methods”). A constant
improvement is seen across the different days of intervention
(Figure 3(a); slope of the linear regression¼ 2.17; p¼ 10�5

Pearson’s correlation r¼ 0.93). The patient exhibited also a signifi-
cant increase in the number of accurate sequences performed
within training days (before/after training; average G index across
days ¼ 0.09; p¼ 6.6� 10�5 two-tailed unequal variance t-test com-
pare to zero). These results corroborate the findings obtained dur-
ing the feasibility study (note that the evaluation stage in the main
study lasted 60 s and not 90 s as in the feasibility study).

We re-examined the fist-clenching effect that appeared in the
feasibility study at five time points during the intervention period of
the main study. This re-examination yielded similar results (Figure
3(b)). The number of fist clenching during 60 s while wearing the
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Figure 2. Feasibility study results. (a) training with the experiment setup during the intervention in the feasibility study (blue markers; both pre and post evaluations
are included from day 1 to day 10) yielded significant increase in the number of accurate sequences performed with the affected hand during the evaluation stages
(90 s; see Materials and methods) compared to standard training (red markers; 4 evaluations are presented – days 1, 5, 6 and 10; see Materials and methods). (b)
Repeated testing of LA’s fist clenching during the 2nd week of the feasibility study (see Materials and methods) shows a significantly higher number of right hand fist
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glove was significantly higher than without it (105.6 and 66.4,
respectively, p¼.002; two-tailed paired t-test).

Behaviour: standardized clinical tests in main study

The Fugl-Meyer test score for the right UL did not change follow-
ing training and the score remained 53 out of 66. In the
Jebsen–Taylor test, the patient exhibited differences in RH func-
tioning (measured as time to complete the task) between the
three evaluation time-points (pre-training, post-training and reten-
tion tests) both in the baseline and the intervention periods (see
Figure 4 and section “Materials and methods”). However, these
differences were not consistent across tests. LA had high perform-
ance gains in four tests, with higher gains during the intervention
period compared to the standard training (where the patient just
continued with his daily exercises) – stacking chekers (regression
slope¼�0.42 vs. �0.08; Figure 4(a)), moving full cans (–0.04 vs.
0.01; see Figure 4(b)), writing (–1.45 vs. �0.58; Figure 4(c)) and
picking up beans with spoon (–0.88 vs. �0.55 respectively; see
Figure 4(d)). Moreover, LA significantly improved in the Box and
Blocks test where he exhibited high and consistent improvement
during both the intervention and the baseline periods (regression
slope ¼ 2.5 vs. 4 for intervention and baseline respectively; Figure
4(e)). Nonetheless, on the flipping cards (–0.5 vs. 0.04 respectively;
Figure 4(f)) and flipping coins (–0.25 vs. 0.01; Figure 4(h)) tasks,
performance gains were higher following standard training vs.
intervention. The patient’s progress in the “moving empty cans”
task was poor during both baseline and intervention (0.35 and
0.31; Figure 4(g)).

In a previous study with healthy subjects, we showed that
training with incongruent visual feedback can impede improve-
ment in the physically trained hand. Therefore, we examined LA’s
performance also with the trained, non-affected (left) hand. We
did not find a significant change in the performance of the non-

affected hand during intervention period (see Figure 5(a–g);
ps>.1). In one clinical test – flipping coins – the patient was sig-
nificantly worse following intervention (p< .05)

Neuroimaging: resting state

The brain was parcelled to 111 regions based on the Oxford-
Harvard atlas and functional connectivity between all pairs of
regions was assessed (see section “Materials and methods”).
Resting-state functional connectivity reveals a global increase in
the number of significantly connected regions in the post-inter-
vention scan compared with the pre-intervention scans (560 and
239 pairs, respectively; see Figure 6(a)). We also specifically exam-
ined connections in a network that corresponds to the control of
RH movements [23,43,44]. This network includes left and right
SPL, left supplementary motor area, left precentral gyrus, left pal-
lidum and motor-related areas in the left frontal lobe (e.g., pre-
motor region). Similar to the whole-brain analysis, the number of
significant connections within this network increased following
training (from 16 to 38; see Figure 6(b)). These results suggest
that 10-days of intervention in which learning by observation, CE
and passive movement are combined, are sufficient to signifi-
cantly strengthen the functional connectivity within the network
of regions controlling movement of the affected limb.

Neuroimaging: VR task

During the fMRI scans, LA performed the VR task – finger
sequence task with his non-affected LH while receiving incongru-
ent visual feedback of corresponding right virtual hand move-
ment. Figure 7(a) depicts the activation contrast map of post-
intervention scan (session 3) vs. pre-intervention scans (sessions 1
and 2) during training blocks (see “Materials and methods”). GLM
analysis of the data reveals several clusters in the pre-frontal
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cortex that are more active after the intervention compared to
before. These clusters are located mainly in the superior and med-
ial frontal gyri. A cluster in the medial occipital cortex, near the
calcarine sulcus, was also obtained in this contrast. Additionally, a
small cluster located in the right primary motor and primary
somato-sensory cortices (contra-lateral to the moving hand, and
ipsilateral to the affected hand) was more activated during the
post-intervention session. In contrast, activation was higher during
the pre-intervention scan in several regions that are key parts of
the visual dorsal stream including SPLs, inferior parietal lobules
(IPLs) and the lateral occipital gyri in both right and left hemi-
spheres. These results imply that after a two-week training inter-
vention with our novel setup, the frontal cortex is more engaged
during performance of the VR task (incongruent visual feedback),
at the expense of the visual dorsal stream.

Neuroimaging: fist clenching

During the fMRI scans, we also examined the glove effect on fist
clenching. GLM analysis during the 3rd fMRI session (after inter-
vention), contrasting brain activations during fist clenching with
the affected RH with and without the glove, showed pre-frontal
clusters in the superior and medial frontal gyri (Figure 7(b)), over-
lapping the clusters obtained during the incongruent-feedback
training (80% overlap). Identical contrast in the two pre-interven-
tion fMRI sessions yielded empty maps. Similarly, GLM analysis
contrasting LH fists (non-affected hand), with and without gloves,
yielded empty maps in all three fMRI sessions. These neuroimag-
ing results suggest that the functional differences in the affected

hand with and without gloves following training are mediated
through processing conveyed by the pre-frontal cortex.

Discussion

The aim of the current study was to assess the clinical
applicability of a novel training setup combining two principles:
(a) cross-education – obtaining performance gain in the affected
UL indirectly, by intensive training of the non-affected UL; (b) per-
ceptual mirroring in two sensory systems – visual and propriocep-
tive – creating a manipulated perception of voluntary control
over movement in the neurologically affected UL. In a previous
study, proof of concept was obtained when 18 healthy subjects
trained with a similar setup showed high performance outcomes
in the UL that was not physically trained [23]. Before embarking
on a large-scale RCT type clinical study, we decided to perform a
detailed examination of the behavioural and brain activation
dynamics related to training with the setup in a single-case
design. Patient LA was selected for that because his marked uni-
lateral bradykinesia and rapid fatigue prevented intensive direct
training of the affected UL. Given the likelihood of motor-learning
dysfunction in his condition (having hemi Parkinson’s disease with
DaT Scan showing depletion of striatal dopaminergic neurons),
the finger sequence learning task used in the setup could have
an added value, beyond an expected benefit from simple repeti-
tive activation of the fingers (i.e., without the motor learn-
ing component).

Patient LA revealed a clear learning curve in repeated perform-
ance of the motor sequence task by the affected right UL during
the intervention period. Importantly, he practiced using the non-
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Figure 4. Main study – clinical tests with affected hand. (a–d) Jebsen and Taylor functional test results with a clear trend of improvement throughout the experiment.
Patient exhibits clear improvement both in the standard training (blue) and Intervention (green) periods. (e) Box and Blocks test results. The patient consistently
improved during the experiment in both the standard training and the VR training. (f–h) Jebsen and Taylor functional tests with inconclusive improvement after
intervention.
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affected left UL, thus showing clearly the possibility of inter-man-
ual CE using the experimental setup. These results point to stable
and significant performance gains with the affected UL in the
absence of its voluntary physical training.

The improvement shown in sequence learning did not have a
clear correlate in the clinical tests. In the Fugl-Meyer test, the total
score before and after the intervention period remained the same
(53/66). In the Jebsen–Taylor battery, three of the seven functional
subtests (picking beans with spoon, stacking checkers, moving full
cans) showed bigger performance gains during the intervention
period compared to the baseline period (where he continued
with daily exercising of the affected right UL). Conversely, per-
formance gains were higher following baseline training in the flip-
ping cards and flipping coins tasks. No change was observed in
the moving empty cans task during both baseline and intervention
training. In the Box and Blocks test, the patient exhibited high
and consistent improvement during both baseline and interven-
tion periods.

Although much of the clinical research on rehabilitation of
unilateral UL paresis focuses on voluntary physical practice with
the affected UL [11–13], this kind of movement-based interven-
tion is usually limited by the amount of volitional motion the
patient can actually produce [14,45,46]. Therefore, it is particu-
larly important to examine alternative approaches, especially for
the more severe cases in which direct training of the affected
UL is not suitable. The experimental intervention employed in
the current study is such an alternative approach, motivated by
knowledge gained from recent motor learning research in

healthy subjects [16,23]. The behavioural part of the study shows
that this approach can have a useful clinical application in
neuro-rehabilitation. It incorporates principles derived from MVF
research showing the benefits of mirror therapy in a variety of
clinical conditions [20,47–50]. In mirror therapy, movement of
the non-affected UL is the source of visual feedback which is
simultaneous and incongruent. We have recently reported two
distinct electrophysiological counterparts of MVF implying (a)
recruitment of mirror neurons and (b) attenuation of hemi-
spheric asymmetry when the mirror reflection of the moving
hand creates an illusory perception of movement in the other
hand [51]. Here, we extended the standard MVF approach by
using visual feedback in a VR environment, which allows feed-
back to be controlled by software. Virtual reality allows introduc-
ing various perturbations (in time and space, e.g., temporal
delays or size changes in virtual hands [52]) that can facilitate
finding the optimal parameters for efficient training. Another
advantage of our VR setup lies in the combined application of
visual and proprioceptive mirroring, which we found in healthy
subjects to yield bigger performance gains in the non-trained UL
compared to MVF training alone [23].

VR training has been reported to support release from gait
akinesia in Parkinsonian patients [53], facilitate rehabilitation of
people with stroke-related UL motor dysfunction [54–57] and
improve spatial awareness in children with cerebral palsy [58].
Holden et al. indicated that patients are able to transfer perform-
ance gains from VR training to real-world tasks [59]. Recent work
on the effect of VR intervention in patients with Parkinson’s
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disease showed that using VR during training enhances motor
imitation capacity which contributes to amelioration of movement
deficits [60]. The current case-study is the first to demonstrate
that combined use of manipulated visual and proprioceptive

feedback in VR environment has the potential to boost motor
rehabilitation in patients with UL dysfunction.

Assistive devices used in hospitals to support patients with
hemiparesis (e.g., treadmills and robotic exoskeletons) require

Figure 6. Functional connectivity during resting-state. (a) Network connections illustrated on a circular representation of cortical and sub-cortical regions – before and
after the experimental training. Lines connecting the regions represent significant correlation between their averaged time-courses during resting-state scan (see
Materials and methods). The regions (colour coded according to lobes) were defined by the Oxford-Harvard atlas. (b) Functional connectivity in regions that are associ-
ated with right hand movement – left SPL, right SPL, left SMA, left primary motor cortex and left pallidum (defined by the Harvard-Oxford atlas; see Materials
and methods).
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expensive equipment and trained personnel – constraining the
amount of training that a given patient can receive. The setup we
describe is simple and can be easily used at home with the assist-
ance of an untrained caregiver/family member [61]. Once installed
at the patient’s home, the setup can be used with minimal main-
tenance (the VR headset and motion sensitive gloves are commer-
cially available at relatively low prices). Building on advances in
machine learning [62], our software can be adapted to personal
use at homes. The combination of VR headset and hand device is
lightweight and mobile (does not require more than one person
to move from one place to another). The procedure for strapping
the patient’s hands to the device at the beginning of training,
requires the assistance of another person but this does not
require special training. Taken together, we propose that our find-
ings can be translated into practice with relatively few adjust-
ments, and that our experimental design may be used as an
important adjuvant to standard clinical care for UL hemiparesis.

Yet, because this is a single-case study, the implications of the
current results should be treated with caution and further study is
needed. Hemiparesis presents various symptoms in different
stages of the hemi-Parkinson disease [1,2]. Therefore, the results
obtained in a case of unilateral UL dysfunction secondary to
hemi-Parkinson’s disease might not replicate with types of unilat-
eral UL dysfunction involving mainly the pyramidal system.
Specifically, the remarkable impact of glove wearing on the fist-

clenching ability of LA’s affected RH. This phenomenon, shown
after a short period of using the motion-sensitive gloves in the
training sessions, is consistent with clinical observations suggest-
ing that activation of a desired motor behaviour in Parkinsonian
patients is sensitive to contextual cues such as a line on the floor,
marching music or timing cues [63–66]. Moreover, external sen-
sory cueing has been mentioned repeatedly as a good strategy to
facilitate continuous motor performance in Parkinson’s disease
[67–69]. This kind of context sensitivity is seen much less often in
patients with UL dysfunction secondary to stroke, except for cases
where hemiparesis is accompanied by apraxia, in whom activation
of a desired motor behaviour is facilitated by having it done in
the natural context [70].

At the neural level, we found that after the intervention
period, regions in the pre-frontal cortex are more engaged during
training, while the visual dorsal stream is less engaged relative to
the pre-intervention period. The dorsal stream processes visual
information needed for directed actions in space [71], and plays a
significant role in the action–observation interaction [72]. In con-
trast, pre-frontal regions are engaged in action selection and
reinforcement learning [73,74]. Pre-frontal regions have been
found crucial in linking memory representations to goal-directed
motor behaviour and optimizing selection between competing
responses [75]. Thus, our results suggest that the intervention
induces a processing shift during mirror training from the
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parietal-occipital network engaged in spatial processing to more
frontal cognitive circuits.

Over the past decade, several studies have applied fMRI rest-
ing-state analyses to investigate functional neural network charac-
teristics of Parkinsonian patients [76–81]. A common finding of
these studies is the reduced connectivity between motor-related
areas in patients compared to connectivity patterns shown by
healthy subjects. In the current study, we show that 10 days of
intervention comprised of CE employing mirrored sensory feed-
back strengthens interconnections in the motor-related network.
We did not find a similar difference in interconnections when we
compared the functional connectivity in the first pre-intervention
session to the second pre-intervention session. This finding sug-
gests that the increase in strength between the regions was spe-
cific to the intervention. Yet, as the level of resting-state
connectivity increased in a widespread manner after the interven-
tion, further research with a higher number of patients and
healthy controls is needed to clarify whether the intervention
strengthens connections in the motor system in a spe-
cific manner.

In summary, in rehabilitation, there is a need for approaches
that take into account developments in basic research in the field
of motor neuroscience and transfer ideas and concepts to clinical
practice. The strategy we adopted in the current study combines
cutting edge technologies, insights gained from basic motor
neuroscience in healthy subjects and well-known clinical treat-
ments in the goal of developing a novel training regime for
rehabilitation of patients with hemiplegia. Although our results
constitute a single-case study, they hold promise for future stud-
ies examining the effectiveness of this line of research in more
subjects and additional clinical populations in the pursuit of find-
ing novel and more efficient rehabilitation schemes for patients
suffering from hemiplegia.
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