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CASE REPORT

Feasibility Case Study for Treating a Patient with Sensory
Ataxia Following a Stroke with Kinesthetic lllusion
Induced by Visual Stimulation

Toshiyuki Aoyama, PhD, PT ? Atsushi Kanazawa, MSc, PT P Yutaka Kohno, PhD, MD ¢

Shinya Watanabe, OT ¢ Kazuhide Tomita, PhD, PT ? Takehide Kimura, PhD, PT ¢
Yusuke Endo, MSc, PT f and Fuminari Kaneko, PhD, PT ¢

Background: Sensory ataxia is a disorder of movement coordination caused by sensory deficits,
especially in kinesthetic perception. Visual stimulus-induced kinesthetic illusion (KINVIS) is a
method used to provide vivid kinesthetic perception without peripheral sensory input by using
a video showing pre-recorded limb movements while the actual limb remains stationary. We
examined the effects of KINVIS intervention in a patient with sensory ataxia. Case: The patient
was a 59-year-old man with a severe proprioceptive deficit caused by left thalamic hemorrhage.
During KINVIS intervention, a computer screen displayed a pre-recorded mirror image video of
the patient’s unaffected hand performing flexion—extension movements as if it were attached to
the patient’s affected forearm. Kinematics during the flexion—extension movements of the paretic
hand were recorded before and after 20-min interventions. Transcranial magnetic stimulation
was applied to the affected and non-affected hemispheres. The amplitude of the motor-evoked
potential (MEP) at rest was recorded for the muscles of both hands. After the intervention, the
total trajectory length and the rectangular area bounding the trajectory of the index fingertip
decreased. The MEP amplitude of the paretic hand increased, whereas the MEP amplitude of the
non-paretic hand was unchanged. Discussion: The changes in kinematics after the intervention
suggested that KINVIS therapy may be a useful new intervention for sensory ataxia, a condition
for which few effective treatments are currently available. Studies in larger numbers of patients

are needed to clarify the mechanisms underlying this therapeutic effect.
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INTRODUCTION

Sensory ataxia is a disorder of movement coordination
caused by sensory deficits, especially deficits in kinesthetic
perception. Previous studies have shown that sensory ataxia
occurs in patients with peripheral neuropathy’? and fol-

lowing thalamic stroke.’ Several studies have shown that
rehabilitation can improve some sensory functions, such as
tactile sensation and positional sense,*> but a systematic
review by Doyle et al.® concluded that there is insufficient
evidence to support its effectiveness in improving sensory
impairment. Furthermore, there have been very few reports
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regarding rehabilitation for sensory ataxia.>”) Because sen-
sory ataxia is caused by impairments in kinesthetic percep-
tion, providing appropriate kinesthetic feedback may help to
improve sensory ataxia. However, if sensory pathways are
severely impaired, peripheral sensory input may not be suffi-
cient to adjust the movement trajectory. Notably, kinesthetic
perception is also generated by top-down modulation within
brain networks involved in motor planning and sensory—mo-
tor integration that do not rely on peripheral sensory affer-
ent projections.®'” Kinesthetic illusion induced by visual
stimulation (KINVIS) is one potential method for providing
kinesthetic perception without peripheral sensory inputs.”~!%
To investigate this method, we developed a box-type virtual
reality system to induce KINVIS, termed the KiNvis™ sys-
tem. During KINVIS, a video of finger movement is shown
on a computer screen located directly above an individual’s
actual hand. This intervention induces body ownership and
vivid kinesthetic perception of the “artificial body” on the
screen.'? Furthermore, it selectively increases corticomo-
tor excitability corresponding to control of the involved
muscles'?!? and activates brain regions including the dorsal
and ventral premotor cortices and left superior and inferior
parietal lobules.'? These studies demonstrated that KINVIS
generates neural activity similar to that observed during
motor execution, even in the absence of the peripheral kin-
esthetic inputs. Consequently, KINVIS may be considered
a stimulation paradigm for the embodied cognitive brain
system.

A preliminary study revealed increased upper limb muscle
activity and joint movement in stroke patients immediately
following KINVIS."Y However, no study has observed the
effects of KINVIS in stroke patients with sensory ataxia.
The current study investigated whether visually induced
kinesthetic perception in the absence of peripheral kines-
thetic inputs affects sensory ataxia symptoms. To explore
the feasibility of this technique, the kinematic, neurophysi-
ological, and electromyographic changes after KINVIS were
examined in a patient with sensory ataxia resulting from
thalamic hemorrhage. Because kinesthetic perception plays
a crucial role in motor execution and learning,"'>9) we hy-
pothesized that KINVIS may effectively reduce upper limb
sensory ataxia.

CASE

A 59-year-old, right-handed, male stroke patient partici-
pated in this study. The patient had displayed sensory ataxia
for 5 months in his paretic right hand as a result of severe
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Fig. 1. Computed tomography image of the patient 14 days
after stroke onset showing left thalamic hemorrhage.

proprioceptive deficits following a thalamic hemorrhage.
His only neurological disease was stroke. The location of
the brain lesion and the patient’s clinical characteristics are
shown in Fig. 1 and Table 1, respectively. The patient had
severe deep sensory loss and mild superficial sensory loss.
The sensory subscore on the Stroke Impairment Assessment
Set (SIAS) for the upper limb was 0 for position sense and 2
for touch sense. During the two-point discrimination test on
the pulp of the index finger, the patient failed to distinguish
the points even at a separation distance of 20 mm.

The patient provided prior written informed consent to
participate in the study in accordance with the Declaration
of Helsinki. The present study was approved by the local
Ethics Committee of the Ibaraki Prefectural University of
Health Sciences (approval number: €202). Written informed
consent was also obtained from the patient for publication of
this case report.

INTERVENTION

The patient was seated in a comfortable chair with his
paretic right forearm on a table. Before the intervention,
we filmed the participant executing hand flexion—extension
movements (3-s flexion and 3-s extension) with the non-
paretic left hand. During the intervention (KiNvis Therapy
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Table 1. Patient characteristics

Characteristic Value
Age (years) 59
Sex Male
Time since stroke (months) 5
Diagnosis Cerebral hemorrhage
Lesion location Left thalamus
Motor function
Brunnstrom stage (I-VI)
UE v
Finger v
LE 111
SIAS finger-function test (0-5) 3
FMA UE (0-66) 29
ARAT (0-57) 20
MAS finger flexor (0—4) 1
Sensory function
SIAS UE touch (0-3) 2
SIAS UE position (0-3) 0
Two-point discrimination >20 mm

UE, upper extremity; LE, lower extremity; SIAS, Stroke
Impairment Assessment Set; FMA, Fugl-Meyer Assess-
ment; ARAT, Action Research Arm Test; MAS, Modified
Ashworth Scale.

System™; Inter Reha, Tokyo, Japan), the patient remained
fully relaxed and was instructed to keep his both hands
still. A computer display showing the mirror image of the
patient’s left hand was positioned over the right forearm. The
position and size of the image were appropriately adjusted so
that the paretic hand mimicked the feeling that an artificial
hand belonged to the patient’s own body. KINVIS was per-
formed for 20 min by repeatedly showing the 6-s video of
the hand flexion—extension movement. The kinematics and
muscle activity during hand flexion—extension movements
and corticomotor excitability using transcranial magnetic
stimulation (TMS) were evaluated before and after the 20-
min intervention.

OUTCOME MEASUREMENT

Transcranial Magnetic Stimulation

A Magstim 200% stimulator (Magstim, Whitland, UK)
connected to a figure-of-eight coil was used to elicit motor-
evoked potentials (MEP) from the paretic and non-paretic
first dorsal interosseous muscle (FDI), the paretic flexor
digitorum superficialis muscle (FDS), and the paretic ex-
tensor digitorum muscle (ED). The handle of the coil was

positioned pointing backward and laterally at an angle of
45° from the midline to induce an anteromedial-directed
current in the brain to trans-synaptically activate pyramidal
neurons.'”!® Hot spots in each hemisphere that elicited
the most consistent MEP amplitude from the contralateral
FDI muscles were determined by moving the coil in 1-cm
increments around the hand motor area. After determina-
tion of the hot spots, test stimuli were administered at least
five times. The test stimulus intensities were set at 50% and
60% of the maximum stimulator output (MSO). The interval
between the previous and subsequent stimuli was set to at
least 8 s. To determine whether corticomotor excitability was
changed by KINVIS, MEP amplitudes of the hand muscles
in the resting condition were measured before and after the
intervention. The location and intensity of the stimulation
were the same before and after the intervention. Trials in
which the root mean square of the electromyograph (EMG)
activity exceeded 0.01 mV within 100 ms prior to TMS were
rejected.!”

Electromyography

The skin at the electrode site was swabbed with alcohol and
prepared using abrasive skin-prepping gel. Surface Ag—AgCl
electrodes were placed over the paretic FDS, paretic ED, and
bilateral first dorsal FDI. The positions of the electrodes
were maintained throughout the experiment, including be-
fore and after the intervention. EMG signals were amplified
(Neuropack MEB2300; Nihon Kohden, Saitama, Japan) at a
gain of 1000 or 2000 and band-pass filtered at 5-5000 Hz.
All signals were stored on a laboratory computer for offline
analysis. The sampling frequency was set at 10 kHz during
the TMS experiment and 2 kHz during the hand motor task.

Motor Task with Kinematic and EMG Analysis
The patient put his paretic hand in a neutral position and
performed the 6-s hand flexion—extension movement task
(3-s flexion and 3-s extension) with the paretic hand four
times. To focus on the kinematic analysis of hand movements,
the experimenter fixed the patient’s distal forearm during the
motor task. Reflective markers were placed on the patient’s
index fingertip, distal interphalangeal joint, proximal inter-
phalangeal (PIP) joint, metacarpophalangeal (MP) joint, and
radial styloid process. The positions of the reflective mark-
ers were maintained throughout the experiment, including
before and after the intervention. Hand flexion—extension
movements were captured from above using a digital video
camera (EX-FH100, 30 frames/s; Casio, Tokyo, Japan). The
recorded images were digitized to obtain coordinates for
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the five reflective markers using a motion analysis system
(Frame DIAS V; DKH, Tokyo, Japan). Two-dimensional
(2D) coordinates for each marker were processed using a
fourth-order, zero-lag, low-pass, Butterworth filter with a
cut-off frequency of 6 Hz. The changes in flexion angles of
the PIP and MP joints were calculated from the 2D coor-
dinate data based on the reflective markers. For each hand
flexion—extension movement, the flexion—extension angle
ranges for the PIP and MP joints were calculated and aver-
aged. Additionally, we used the indices of the total trajectory
length and its rectangular area, which are often used to as-
sess tremor of the trajectory of the hand movement and sway
of the center of pressure in ataxic patients,’? >3 to determine
whether the extent of tremor of the trajectory of the fingertip
during hand flexion and extension movement was different
before and after the intervention.

Joint kinematic analysis during paretic hand movement
in the motor task was performed simultaneously with EMG
recordings. The EMG activity of the paretic FDI, FDS, and
ED muscles were band-pass filtered (zero-lag Butterworth
filter, 20—500 Hz), and EMG recordings were then full-wave
rectified and smoothed using a fourth-order, zero-lag, low-
pass filter (cut-off frequency: 6 Hz). The maximum value of
the average muscle activity for | s during flexion—extension
movement was calculated for each hand. The maximum
value of four movements were averaged for each muscle. To
further investigate the mechanism of kinematic changes re-
sulting from the intervention, we calculated the co-contrac-
tion index?¥ between FDS and ED, which are the agonist and
antagonist muscles of hand flexion—extension movements.
This index is an indicator related to the coordination of a pair
of agonist—antagonist muscles and is calculated as follows:

Co-contraction Index=EMGS/EMGL x (EMGS + EMGL)

where EMGS is the level of activity in the less active
muscle, and EMGL is the level of activity in the more ac-
tive muscle. The mean value of the co-contraction index at
+ 500 ms of each maximum flexion and extension angle was
calculated. Then, the mean values of the co-contraction index
for the four flexion—extension movements were calculated.

Questionnaire Regarding Body Ownership and
lllusory Sensation

Following the KINVIS intervention, the patient was asked
to rate the sense of body ownership and illusory sensation
during KINVIS using a 7-point Likert scale (-3, strongly
disagree; 0, neither agree nor disagree; +3, strongly agree).

RESULTS

Body Ownership and lllusory Sensation

The patient rated his sense of body ownership during
KINVIS as +2 (agree) and the subjective illusory sensation
during KINVIS as +2 (agree).

Paretic Hand Kinematics

The MP and PIP joint angles during hand flexion—exten-
sion movements are shown in Fig. 2 The average flexion—ex-
tension angle ranges for PIP and MP joint movement were
slightly increased following KINVIS (Table 2). The trajec-
tories of the index fingertip during hand flexion—extension
movements completed before and after KINVIS are shown
in Fig. 3 Prior to KINVIS, we observed prominent tremor in
the fingertip trajectory during hand flexion—extension move-
ments typical of the sensory ataxia with severe propriocep-
tive deficits present in this patient. The total trajectory length
and the rectangular area bounding the trajectory of the index
fingertip decreased after KINVIS (Table 2).

Muscle Activity in the Paretic Hand

Figure 2 shows the activities of the FDI, FDS, and ED
muscles and the co-contraction index between FDS and
ED muscles in the paretic hand during hand flexion—exten-
sion movements. Activation of the paretic FDI, FDS, and
ED muscles increased after KINVIS (Table 2). The co-
contraction index between FDS and ED muscles tended to
be higher during the extension phase before the intervention
but decreased after the intervention. Conversely, the co-
contraction index during the finger flexion phase increased
after the intervention (Table 2).

Corticomotor Excitability

To examine corticomotor excitability before and after
KINVIS, the amplitude of TMS-induced MEP was mea-
sured at two stimulation intensities (50% and 60% MSO).
After KINVIS, the MEP amplitude for the FDI, FDS, and
ED muscles in the paretic hand increased at both stimulus
intensities (Fig. 4). Conversely, KINVIS did not consistently
affect the MEP amplitude of the non-paretic FDI muscle.

DISCUSSION

The results showed that, despite the patient’s severe loss of
kinesthetic perception, KINVIS intervention elicited virtual
kinesthetic perception. In addition, tremor of the fingertip
trajectory, the total trajectory length, and the rectangular

Copyright © 2020 The Japanese Association of Rehabilitation Medicine
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Fig. 2. Flexion angles of the metacarpophalangeal (MP) joint and the proximal interphalangeal (PIP) joint are shown before
(left) and after (right) kinesthetic illusion induced by visual stimulus intervention. Also shown are electromyography (EMG)
recordings of the activities of the extensor digitorum muscle (ED), the flexor digitorum superficialis muscle (FDS), and the
first dorsal interosseous muscle (FDI) during hand flexion—extension movements (black lines, raw EMG; white lines, recti-
fied and smoothed EMG). The co-contraction index between FDS and ED is also given.

area bounding the trajectory during hand flexion—extension allel with these kinematic changes, increased hand muscle
movements decreased following KINVIS, despite slight activity and temporal changes in co-contraction between
increases in range of motion of the MP and PIP joints. In par- finger flexor and extensor muscles were observed during

Copyright © 2020 The Japanese Association of Rehabilitation Medicine
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Table 2. Kinematic and EMG activity changes during hand flexion—extension movements before

and after KINVIS intervention

Pre Post

Range of flexion—extension angle (°) MP joint 349 40.2
PIP joint 85.2 90.9

Total trajectory length (cm) 280.0 252.5
Rectangular area (cm?) 139.2 108.6
Maximum average EMG activity (uV) Paretic FDI 40.0 61.7
Paretic FDS 8.0 11.6

Paretic ED 25.6 32.6

Co-contraction index Flexion phase 36.1 78.4
Extension phase 61.7 36.1

Pre Post

Fig. 3. The trajectory of the index fingertip during hand flex-
ion—extension movements before and after KINVIS.

hand flexion—extension movements. These results suggested
that KINVIS intervention may contribute to a reduction of
ataxic symptoms associated with sensory loss, which may
be related to changes in the level or coordination of muscle
activity of the hand muscles.

Few effective treatments are available for sensory ataxia
associated with loss of kinesthetic perception. Therapeutic
interventions targeting sensory perception and balance
were reported to improve dynamic balance in patients
with chronic neuropathy or multiple sclerosis with sensory
ataxia.”) Caronni et al.” observed an effect of standard in-
patient rehabilitation on sensory ataxia in patients with
peripheral neuropathy, reporting significant improvements
in walking ability and dynamic balance. Although no previ-
ous study has demonstrated improvements in sensory ataxia
symptoms per se, the present results suggest that providing
KINVIS instead of peripheral sensory input, which may be
severely impaired, is a novel, potentially useful intervention
for sensory ataxia. A previous study examining the effects
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Fig. 4. Amplitude of the motor-evoked potential (MEP) at
two stimulus intensities [50% and 60% of maximum stimu-
lation output (MSO)] recorded for the paretic and non-paretic
FDI muscles and the paretic ED and FDS muscles before and

after KINVIS.

of KINVIS on paretic upper limb motor function in stroke
patients indicated an increase in muscle activity during hand
movement after the intervention.'” The results obtained here
were consistent with those of this previous study. However,
the previous study did not report the presence or absence of
sensory impairment in stroke patients. Therefore, this is the
first study to show that KINVIS intervention may be effec-
tive in improving motor function in patients with sensory
deficits.

We speculated that changes in muscle coordination
between hand muscles may be related to the mechanism
underlying these kinematic changes in hand flexion—exten-

Copyright © 2020 The Japanese Association of Rehabilitation Medicine
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sion movements. In the current study, we calculated the
co-contraction index between FDS and ED, which are the
agonist and antagonist muscles during hand flexion—exten-
sion movements, as a measure of hand muscle coordination.
We found that the co-contraction index between FDS and ED
was higher in the finger extension phase before the interven-
tion, whereas it was higher in the flexion phase after the in-
tervention. We were unable to determine whether the change
in the temporal pattern of the co-contraction index after the
intervention was the result of EMG activity approaching a
normal pattern. However, because KINVIS intervention
resulted in parallel changes in both the kinematics during
finger flexion—extension movements and the temporal pat-
tern of the co-contraction index of the agonist and antagonist
muscles of these movements, the changes in temporal pattern
of the co-contraction may have had some positive effect on
the kinematic changes.

However, we cannot exclude the possibility that the
kinematic changes in finger flexion—extension movements
may have been caused not only by changes in muscle co-
ordination but also by an increase in muscle activity itself.
We found that the muscle activity in the paretic hand during
hand flexion—extension movements increased after KINVIS,
as reported previously.'" In parallel with these increases
in muscle activity in the paretic hand muscles, we showed
that MEP amplitudes in the paretic hand increased after the
intervention, whereas there were no consistent changes in
MEP amplitudes in the non-paretic hand. Therefore, KIN-
VIS may have selectively increased corticomotor excitability
in the damaged hemisphere, resulting in increased muscle
activity during paretic hand movements. KINVIS-induced
neurophysiological changes in normal individuals include
increased frontoparietal network activity!® and increased
corticomotor excitability as measured using TMS.'?"19 How-
ever, it was unclear whether KINVIS increased corticomotor
excitability in stroke patients. This is the first report showing
that KINVIS could increase corticomotor excitability as well
as muscle activity in a stroke patient. Further investigations
are needed to determine whether the increases in cortico-
motor excitability and muscle activity are associated with
improvements in hand kinematics in patients with sensory
ataxia.

KINVIS has inherent advantages over other methods used
to induce kinesthetic illusion, such as tendon vibration and
mirror visual feedback (MVF). Tendon vibration induces a
kinesthetic illusion by increasing la-afferent activity.?>2%)
This technique requires intact afferent transmission that
activates the somatosensory cortex, which is not activated

during KINVIS.!9 KINVIS does not require intact input
from the paretic hand, making it more appropriate for use in
cases of sensory ataxia associated with severe proprioceptive
deficits.

MVF also induces a kinesthetic illusion and increases
corticomotor excitability in healthy patients.”’-?® Further,
it reportedly increased excitability of the affected primary
motor cortex (M1) in stroke patients after a single 30-min
session.?? However, movement of the unaffected hand is
required for MVF. Movement of the unaffected hand may
increase M1 excitability in the unaffected hemisphere. In
theory, this may inhibit increased M1 excitability in the af-
fected hemisphere due to interhemispheric inhibition.>” The
KINVIS system in the present study used a pre-recorded
mirror image video of the non-paretic hand, allowing the
generation of a kinesthetic illusion in the paretic hand with-
out simultaneous movement of the non-paretic hand. Further,
it selectively increased M1 excitability in the affected hemi-
sphere. Therefore, KINVIS may circumvent potential issues
arising from interhemispheric inhibition. Further studies are
required to verify differences in neurophysiological effects
between different kinesthetic illusion techniques, including
comparison of the strength of interhemispheric inhibition
between MVF and KINVIS.

The present case study had several limitations. First,
although the patient in this study presented with sensory
ataxia caused by a severe proprioceptive deficit, we cannot
completely exclude a potential effect of cerebellar ataxia
resulting from dentate—rubro—thalamic tract injuries. Sec-
ond, we did not assess the changes in sensory function
associated with the intervention. Indeed, previous studies
examining the effects of KINVIS in stroke patients also did
not investigate the changes in sensory function associated
with the intervention.'*3) Consequently, we cannot exclude
the possibility that improvement in hand movement was af-
fected by changes in sensory function. This is an important
issue that is closely related to the mechanisms underlying the
effects of KINVIS, and further studies regarding this issue
are required.

In this feasibility study, KINVIS therapy resulted in ki-
nematic improvement of hand movements in a patient with
sensory ataxia following stroke. Our results indicated that
KINVIS is a new potentially useful intervention for sensory
ataxia caused by severe kinesthetic deficits that currently
have few effective treatment options. Future studies with
larger sample sizes using not only kinematic data but also
indexes of muscle coordination, brain activity, and sensory
and motor function are needed to determine whether KIN-
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VIS interventions are effective in ameliorating symptoms of
sensory ataxia and to clarify the underlying mechanisms.
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