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ABSTRACT

Background: Central cervical cord injury presents with sensory deficits in the hand. Literature has shown that
humans can detect the friction that occurs when manipulating objects, and can perform finger muscle activity in
response to this friction. However, to date, there is no established approach that can improve dexterity in people
with hand sensory-motor impairments after central cervical cord injury. Therefore, we conducted rehabilitation
using a tactile-discriminating, sensory-feedback compensation system device and investigated the efficacy of this
intervention.

Methods and findings: This case study had an interventional design. The patient complained of sensory-motor
dysfunction of the hand after a central cervical cord injury. The study duration included 2 weeks of pre- and
post-intervention evaluation and 6 weeks of rehabilitation performed at hospital B. Pegboard task, building block
stacking task, and material identification task were performed every 10 minutes in each session. The left hand
was evaluated for sensory and motor function and learnability. Additionally, electroencephalogram measurements
showed that deep sensation, sense of agency, left hand numbness, and motor frequency improved post intervention.
Furthermore, there was a reorganization of the sensory-motor domain. However, it was difficult to statistically
determine the efficacy of the rehabilitation approach as our study was limited to a single patient. Prospective studies
with a larger sample size are necessary to determine the efficacy of the rehabilitation approach statistically and
definitively.

Conclusion: This suggests that a rehabilitation approach using this device can be effective for patients with sensory-
motor dysfunction of the hand following central cervical spinal cord injury.
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Abbreviations: ADL: Activities of Daily Living; AOU: Amount of Use; EEG: Electroencephalogram; FMA: Fugl-
Meyer Assessment; MAL-14: Motor Activity Log-14; MCID: Minimal Clinically Important Difference; MMT: Manual
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STEF: Simple Test for Evaluating hand Function

INTRODUCTION for detecting sensory information within the hand that occurs

i ) L ) during motor execution and for reflexively regulating motion
Central cervical spinal cord injury (hereafter referred to as cervical )
. ) ) i [2]. However, if afferent pathways of the central nervous system
cord injury) is the most common type of incomplete cervical cord
. . S are blocked or attenuated by feedback from the somatosensory
injury that presents with sensory deficits in the hands [1]. The

. . ' . system due to some effect, reflexive muscle coordination using
sensory features of the hand, including fingers, are responsible
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somatosensory information cannot be performed. Thus, it results
in more variation in force during motion when grasping the object
with the hand and the inability to grasp the object sufficiently
[3]. This is called sensory-motor dysfunction of the hand, and
this disorder can occur regardless of the pathway from the dorsal
root of the spinal cord to the cerebral cortex, the afferent pathway
of the central nervous system [4,5]. Therefore, sensory-motor
dysfunction of the hand is more prone to occur in central nervous
system diseases, such as stroke [4], in which cerebral lesions present
disorders of the sensory-motor domain, and in orthopedic diseases,
such as cervical cord injury [6], in which compression of the spinal
cord causes neurological deterioration of the afferent pathways,
including the posterior cord and dorsal horn.

In the past, approaches combining realtime feedback, such as
visual, electrical, and auditory feedback, have been used for the
rehabilitation of individuals with impaired hand dexterity after
central neural damage, with reports of functional reorganization
of the sensorimotor cortex in the brain and improvement of gross
motor function [7,8]. One possible reason for the effectiveness of
these methods is the possibility that the information matching
between motor intention and sensory feedback of the treated
limb could be synchronously processed in the brain. Synchronous
information processing implies that motor intention and sensory
feedback are processed in the brain within 250 milliseconds (0.25
s) without any discrepancy, generating a “sense of agency” that the
participant is the one performing the movement [9]. This sense of
agency [9], has been reported to increase activity in the premotor
cortex and corticospinal tracts and establish motor learning,
thereby improving upper limb performance [10].

However, when manipulating an object, humans need to visually
confirm the coordinates of the object and perform hand muscle
activities corresponding to dynamic friction by detecting friction
that occurs on continuously touching the object with the hand
(hereafter, dynamic friction) via sensory receptors in the fingertips
[11]. Therefore, as feedback, approaches that use visual, electrical,
or auditory stimuli for performing skillful movements may be
insufficient, as they cannot detect the dynamic friction that occurs
when touching an object.

Previously, Kitai et al. [12] reported an approach using a system that
provides real-time feedback of vibration information generated on
touching an object with the hand, in addition to the synchronous
matching of visual information with hand movements, to stroke
patients that, along with cervical cord injury, are prone to exhibit
sensory-motor dysfunction in the hand. The authors reported
that the neural activity of the sensory processing function in
both sensory-motor areas increased as well as the sense of agency
during hand movements improved. Thus, compensatory and real-
time feedback of visual and vibration information during hand
movements can reorganize the sensory-motor cortex and facilitate
motor learning for hand dexterity movements in a patient who’s
sensory and motor areas were damaged by stroke.

On the other hand, cervical cord injury, although a central
nervous system injury, is a condition in which sensory feedback
stimuli associated with movement are likely to be input into the
brain as noise due to damage to sensory relay points rather than to
the sensory-motor function integration site in the cerebral cortex
[5]. The input of sensory information into the brain that does not
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match the actual motion induces abnormal perception in the brain
[13], and the mismatch between the motor intention and sensory
feedback reduces the sense of agency. Therefore, it is difficult for
motor learning to be established. Dahlgren et al. [14] reported that
after the injury of the cervical cord, the sensory-motor dysfunction
in the hand can affect Activities of Daily Living (ADL) even
after years of its onset. Therefore, to improve the sensory-motor
dysfunction of the hand after cervical cord injury, it is important
not only to match the sensory feedback with the motor intention
in the brain, but also to ensure that the sensory feedback input is
appropriate. However, an effective approach for improving skillful
movements of the hand, which satisfies these conditions, has not
been designed. A universally-accepted, effective rehabilitation
approach could potentially help patients suffering from cervical
cord injury complications recover their ADL.

Therefore, we aimed to test and validate the effectiveness of the
real-time and compensatory approaches for transmitting vibration
information by touching the hands of a patient with sensory-motor
dysfunction caused by damage to the sensory relay point after
cervical cord injury.

The results of this study suggested that a sensory compensatory
approach for patients with sensory-motor dysfunction in the
hand after cervical cord injury may improve hand ADL function
and dexterity movements by enabling appropriate sensory input.
This study may represent a new contribution to the field of
neurorehabilitation.

CASE PRESENTATION

A 59year-old lefthanded man was involved in a rear-end collision
by a car approximately 6 months ago; he was urgently transported to
hospital A with a diagnosis of cervical cord injury (Figures 1A and
1B). Magnetic resonance imaging revealed that the anteroposterior
diameter of the spinal canal was highly reduced at the C5/C6
and C6/C7 levels. Clinical findings were marked numbness in
both C6 regions, muscle weakness below both wrist joints, and
hypersensitivity to cold sensation. Therefore, he underwent C2
domeplasty and C3-7 vertebroplasty at hospital A. Approximately
one month after the onset of cervical cord injury, he was transferred
to the convalescent ward of hospital B for rehabilitation, where
physical and occupational therapy was provided for approximately
2 hours a day, over 5-6 weeks. The approach during hospitalization
included upper limb muscle strengthening training, joint range-of-

Figure 1: Cervical spine MRI shows left nerve root compression at

levels A: C5/6 and B: C6/7.




Kitai K, et al.

motion training around the scapula, application of hot packs on
the forearms and hands, and dominant hand exchange exercises.
As a result, Manual Muscle Testing (MMT) of both hand joints in
all directions was >4, and hand function improved sufficiently to
allow the patient to return to work in the steel industry. However,
the lefthand side still had extremely strong numbness on the
Numerical Rating Scale (NRS) (0: not at all and 10: extremely
strong) [12] at 8/10, and the hand dexterity remained impaired.
In addition, the hypersensitivity to cold persisted on the lefthand
side.

Approximately 4 months after the cervical cord injury, the patient
was discharged from the hospital, following which an occupational
therapist performed the same approach as that performed during
hospitalization, twice a week for 20 minutes each at hospital B's
outpatient rehabilitation program. After approximately 6 months,
the patient requested an approach to manage sensory-motor
dysfunction of the hand; hence, when he visited our hospital
for outpatient rehabilitation, a physical therapist at hospital
B performed an exercise task using the Yubi-Recorder on the
numb left hand twice a week for 30 minutes. Motor function was
confirmed, and the patient could perform the research task prior
to the measurement. We also confirmed that the patient did not
have issues with respect to cognitive function, communication, or
sudden seizures (poor general condition) such as epilepsy.

The study was conducted with approval from the Kyoto Tachibana
ethics review committee (approval No: 20-33). The patient was
provided with a written consent form explaining the purpose,
content, and procedures of the study. After answering their
questions and obtaining their consent, a copy of the form was
handed to them.

Intervention and evaluation methods

The hand captures the dynamic friction generated during object
manipulation with tactile receptors and performs fine control of
muscles in response to dynamic friction. To address these issues,
Tanaka et al. [15] developed the Yubi-Recorder, a system device that
detects minute changes in the dynamic friction generated when
the hand touches the object as vibration information and provides
feedback as vibration information in real-time. It is capable of
sensing unevenness, flatness, curvature, and roughness, and can
capture tactile stimuli from any object shape, making it suitable
for multi-directional motion. The sensor that detects vibration is
attached to the distal interphalangeal joint of the index finger, and
by modulating the information from the sensor to the frequency that
humans perceive, tactile stimuli can be synchronously presented to
their own body through the sensor as vibration stimuli.

The approach consisted of a 10 minute task in which the patient
was asked to stack square blocks with his left hand with a base scale
of 3 cm, as used in a building block stacking task; a 10-minute
task in which the patient was asked to discriminate five sandpaper
pieces using the ventral part of the left index finger (a material
identification task); and a 10 minute task in which the patient
was asked to insert a steel peg (25 mm long and 3 mm diameter)
into a board (pegboard task) with two rows of 25 holes arranged
vertically with the left hand (peg manipulation exercise). The site
of transducer attachment used during the approach was the left
acromion or left temporal bone, which is used in the vibratory
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perception test. For the vibrator attachment selection method,
sandpaper was used, referring to the method of Kitai et al. [12].
In this study, five types of sandpaper with different coarseness
were applied to the left acromion or left temporal bone, and the
area where the coarseness of the sandpaper could be distinguished
was defined as the area where the sensory compensation could be
performed. The intervention period was 6 weeks, and the approach
was performed five times each week.

To test the impact of the Yubi-Recorder approach, the left-hand
side was compared before and after the intervention in terms
of sensory and motor feature assessment, learnability, and
Electroencephalogram (EEG) measurements (evaluation A). At the
end of each week, peg tests were performed to assess the motor
function of the left hand over time (evaluation B).

For the sensory function evaluation, two deep sensory tests of the
hand were conducted: the position and motor sense tests. In the
position sense test, the examiner moved the patient's healthy hand,
and the patient was asked to mimic the action with the affected
hand. In a motor sense test, with the patient’s eyes closed, the
examiner moved the affected thumb in a motion, and the patient
was asked to verbally answer the direction in which he moved it.
Each test was performed five times and the number of correct
answers was used to make a judgment. NRS [12] and PCS [16]
were administered to evaluate numbness; for PCS, all responses
with pain in the questionnaire were converted into numbness.
The patient was asked to rate these states: numbness stuck in the
head (rumination), feeling helpless to do anything about numbness
(helplessness), and thinking that numbness was stronger than the
actual numbness (magnification).

Motor function assessment of the upper extremities, including the
hands, was performed by Fugl-Meyer Assessment (FMA) [17], a
Simple Test for Evaluating hand Function (STEF) [18], and peg test
[19]. In addition, grasp force measurement was performed using a
GFD50-A grasp force meter (Tech Gihan Co., Ltd., Kyoto, Japan) to
measure time and acceleration during hand dexterity movements.
The FMA is a comprehensive test to evaluate upper limb motor
functions such as single joints, compound joints, object grasping,
and upper limb coordination and movement speed. STEF consists
of 10 subtests, each involving grasping and moving objects of
varying sizes and shapes, measuring the time required for a series of
motions, and scoring 1-10 points depending on the time required
to perform the task. The peg test is performed by inserting a 25
mm long, 3 mm diameter steel pin into the board with two vertical
lines of 25 holes within 30 seconds. Grasping force measurement is
an evaluation that uses a gripping force meter to measure the time
and acceleration of the gripping force meter as it moves, which can
be divided into three components of X, Y, and Z axes. To unify the
moving distance of the grasping force meter, two pieces of paper
of 53.7 cm width and 25.4 cm length were placed side by side,
referring to the Box and Block test [20], a hand dexterity evaluation
technique. Subsequently, a 15.2 cm high partition was placed
between the two sheets of paper, where the midpoint of the left
and right papers was marked, and the grasp force meter was set to
move from the left to the right midpoint. The grasp force meter
was set to be evaluated with weights of 5 g, 10 g, 17.8 g, 31.2 g, and
62.4 g. The patient performed each task three times on each side,
and the time and acceleration were recorded. In the evaluation of
time, the mean value and standard deviation were calculated for
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each task that was performed three times each, and the final values
were then obtained from the sum of the two. For the evaluation
of acceleration, the values were measured separately in the three
axes of X, Y, and Z, and the mean and standard deviation of the
combined values were obtained by multiplying the values by the
coefficient transmitted to the hand for each frequency (hereafter,
three-axis composite value). The obtained data were entered into
the following formula.

a= \/ax2 +ay’ +az’

For each task that was executed thrice, the average time required
for the grasping task and the average triaxial composite were
computed. The mean and standard deviation were computed from
the sum of the two. It requires that the grasp force meter be moved
rapidly to reduce the execution time of the task. However, when
the grasp force meter is moved rapidly, acceleration increases in the
gripper force meter and hand, and the three-axis composite value
becomes large. To perform the task immediately, it is necessary
to control the increased acceleration within the finger abdomen
so that the hand does not drop the grasp force meter. Hence, the
shorter the average grasping force task time, the more smoothly the
upper limb moves while controlling the acceleration generated by
the grasp force meter and the hand within the finger abdomen.

We administered Motor Activity Log-14 (MAL-14) [21], which is
useful to assess the ADL that require dexterity, and the quality of
life assessment tool can determine the amount of hand use and
the quality of movement. For each question item of MAL-14, we
also assessed the relationship between behavior change and sense
of agency by referring to the NRS motor initiative [12].

For neurophysiological evaluation, EEG measurements were
performed using active electrodes (g.tec medical engineering
GmbH, Austria) and a bio-signal measurement device, Livo (Tec
Gihan, Co., Ltd., Kyoto, Japan). The patient first performed the
peg task without the Yubi-Recorder attached to his lefthand side
(no Yubi-Recorder condition). Subsequently, the patient performed
the peg task with the Yubi-Recorder attached to his left hand (with
Yubi-Recorder condition), and measurements were recorded during
the performance of the task in each condition. We measured EEGs
at 17 sites (Fpz, Fz, Cz, Pz, Oz, F3, F4, C3, C4, P3, P4, F7, F§,
T7, T8, Al and A2) using both earlobes as reference electrodes,
which is based on an International 10-20 method. The bandpass
filter was set at 0.5 Hz-60 Hz and sampling frequency at 1000 Hz.
Data measured by EEG devices were spatially analyzed using exact
Low Resolution Brain Electromagnetic Tomography (eLORETA)
analysis, a three-dimensional imaging method for neural activity
in the brain [22]. In this analysis, EEG data is computed as x-,
y-, and zdirections in the brain region divided into 6239 voxels
using a linear transformation, and then transformed into a three-
dimensional image using a non-linear transformation to correct for
curved anatomy. Therefore, the neural activity region for each task
state is computed as the cranial neural activity value (uA/mm?) at
each voxel and can be expressed as the Brodmann area. In addition,
the immediacy of Yubi-Recorder and comparisons between pre-and
post-intervention conditions allowed identification of differences
in the brain activity values obtained for each task condition using
the statisticc LORETA SnPM 26 (multiple paired ttest with

nonparametric randomization) [23] in the same analysis program.
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Study protocols included single-week pre-intervention evaluations
(evaluation A), followed by 6-week interventions plus longitudinal
evaluations (evaluation B). Subsequently, the study was completed
with a single-week post-intervention evaluation (evaluation A).

RESULTS

A sensory feature evaluation showed an improvement in the
lefthand position sense. Numbness of the left hand showed
improvement, and PCS improved in terms of rumination,
helplessness, and magnification (Table 1).

In the motor function, the FMA of the left upper extremity
improved in relation to the reflex action of the shoulder/elbow/
forearm, wrist, and fingers, and the coordination/speed.

In STEF, the left hand improved to the same score as the initial
evaluation of the right (Table 1). In the peg test, the left hand
showed improvement (Figure 2). In the left-hand grasping force
measurement, task performance time was reduced in the final
task compared to the initial task; three-axis composite value did
not change significantly between the initial and final evaluations,
but the standard deviation was larger in the final evaluation

(Figures 3A and 3B).

MAL-14 had an improvement in the Amount of Use (AOU) and
Quality of Movement (QOM); the MAL-14 sense of agency NRS

improved in the learnability assessment.

Table 1: Physical therapy assessment.

Initial evaluation Final evaluation

Position sense

(times) 1/5 55
Mo?or sense 5/5 5/5
(times)
Numbness (NRS) 8/10 5/10
Total: 43/52 Total: 40/52
Rumination: 20/20  Rumination: 19/20
PCS (Point)
Helplessness: 16/20  Helplessness: 15/20
Magnification: 7/12  Magnification: 6/12
Total: 54/66 Total: 61/66
Shoulder/elbow/ Shoulder/elbow/
forearm: 31/36 forearm: 35/36
FMA (Point) Wrist: 9/10 Wrist: 9/10
Fingers: 10/14 Fingers: 11/14
Coordination/speed: Coordination/speed:
4/6 6/6
STEF (Point) Right: 84,/100 Right: 90/100
MAL-14 Left: 70/100 Left: 84/100
AQU (Point) 45/56 50/56
QOM (Point) 44/56 42/56
Agseir;;(el\?és) 80/140 101/140

Note: NRS: Numerical Rating Scale; PCS: Pain Catastrophizing
Scale; FMA: Fugl-Meyer Assessment; STEF: Simple Test for
Evaluating hand Function; MAL-14: Motor Activity Log-14; AOU:
Amount of Use; QOM: Quality of Movement.
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On EEG, in the no Yubi-Recorder condition, there was increased ~ enhanced in the right primary somatosensory cortex, both superior
neural activity in the right primary and secondary visual cortices.  and inferior parietal lobes, and the right primary motor cortex
In contrast, in the Yubi-Recorder condition, neural activity was (Figure 4 and Table 2).
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Figure 3: Grasping force measurement. A: Time required for grasp force task; B: three-axis composite value. Note: % Unit: m/s%.
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Figure 4: Neurally active regions with enhanced activity. Gray: condition without Yubi-Recorder and Black: with Yubi-Recorder.
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Figure 5: Neurally active regions with enhanced activity. Gray: Pre-intervention and Black: Post-intervention.

Table 2: Most neural active sites and Montreal Neurological Institute (MNI) coordinates for each condition.

Task Conditions Brodmann Area Neural activity values
X y z Brain lobe (LA/mm?)

Peg manipulation practice (left hand)

Condition without Yubi-Recorder (Glay) vs. Condition with Yubi-Recorder (Black)

Glay 30 95 O Right posterior cephalic lobe Secondary visual cortex 18 2.46

Black 25 55 70 Right superior parietal lobe Somatosensory association 7 2.03

cortex

Pre-intervention

(Glay)<Post-intervention

(Black)

Black 25 55 170 Right superior parietal lobe Somatosensory association 7 2.4

cortex

To investigate the pre- and post-intervention effects, cranial neural
activity during peg test performance with the lefthand side was
assessed at the initial and final evaluations, and identification was
performed based on differences in neural activity values. Results
showed that compared to the initial assessment, the final assessment
increased neural activity in the right primary somatosensory cortex,
both superior and inferior parietal lobes, and the right primary
motor cortex (Figure 5 and Table 2).

DISCUSSION

The patient suffered from a cervical cord injury approximately
6 months ago due to a traffic accident and underwent C3-7
vertebroplasty. However, numbness on the left-hand side persisted,
which caused a suspicious motor dysfunction. Therefore, to
improve the sensory-motor dysfunction of the left hand, the
Yubi-Recorder approach was used. The Yubi-Recorder is a system
device that provides feedback vibration information in real-time,
in addition to synchronously matching visual information. The
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effects of this approach were evaluated in terms of brain function,
sensory function, upper limb motor function, and learning ability.

With respect to sensory function, it improved in the lefthand
position. On appropriately providing the motion-related sensory
feedback, the sensorimotor cortex was reorganized and the depth
senses were able to detect motion errors induced by motion
prediction and post-movement feedback [24]. Therefore, this
considered the use of the Yubi-Recorder to detect motor errors
that occurred between motor prediction and actual motion and
to reorganize the sensory-motor domain based on EEG results.
The results of the EEG and position sense tests indicated that
during depth sense testing, the patient was able to keep track of
the hand movement information. In addition, numbness in the
left hand improved. To perform movements efficiently, humans
have the ability to block out unnecessary information once sensory
information is provided as input [24]. Therefore, it was considered
that the real-time input of dynamic frictional information necessary
for movement suppressed the sensory input of numbness, which is
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unnecessary information for movement, and improved the NRS
of numbness. PCS results showed improvement in catastrophic
thinking. Numbness has been reported to be elicited by a temporal
mismatch in information matching regarding motor intention
and sensory feedback [25]. Before the intervention, the patient
had a reduced sense of agency on the lefrhand side, suggesting
that sensory-motor discrepancy contributed to the numbness
caused by organic changes in afferent conduction pathways due to
stroke, owing to its chronic nature. EEG results showed that neural
activity in the right primary somatosensory cortex was increased
immediately after exercise and that the approach using the Yubi-
Recorder temporally matched motor intent and tactile information,
which generated a sense of agency and improved numbness due to
the cognitive aspect of exercise.

For the motor function assessment, the Minimal Clinically
Important Difference (MCID) in central nervous system disease
for FMA was 4.75-7.25 [26], and exceeding MCID was considered
to indicate that the treatment was effective. The case showed an
improvement of 7, indicating that the intervention was effective.
The case showed an improvement in arm/elbow/forearm and
in coordination/speed which were close to the highest and best
scores. The EEG results showed increased neural activity in both
superior and inferior parietal lobes, and right primary motor
cortex [27], which are important parts of motor image formation
during left-hand dexterity movements and increased activity in the
sensorimotor cortex, which was considered to have improved motor
function at the upper extremity as a whole. However, although in
this case FMA was improved, the reduction in the gripped item
remained unchanged at 3 before and after the intervention. The
reason why the scores for the grasping item did not change was that
the Yubi-Recorder is a system device that provides real-time feedback
of vibration information generated when touching an object with
a hand [15]; but, it has been reported that this does not lead to
improved muscle strength of the hand [12]. Therefore, the patient
also required a separate intervention for the hand muscle strength
to improve the grasping motion. In addition, in the lefthand side
peg test, STEF improved, indicating improvement in left-hand side
motor feature, object-carrying ability, and dexterity. The grasping
force measurement showed improvement in task execution speed,
which was attributed to an increase in acceleration and blurring
range of the three-axis composite value. Deep sensing has the
feature of capturing pressure changes associated with joint motion
and fine motor control of the hand [28]; this could also improve
depth sensation in the left hand, which enabled the control of
dynamic friction generated in the finger pad and the ability to
transport and manipulate the object rapidly.

MAL-14 showed an AOU improvement, an improvement over
MCID in central nervous system disease of 0.5[29], and an increased
frequency of lefthand side use in the learnability evaluation. It is
known that when abnormal perception occurs, learned non-use
results from the unpleasant effect and interhemispheric inhibition
from the healthy motor cortex [30]. The patient was also considered
to have learned non-use due to abnormal perception caused by
numbness. Since behavioral change is attributed to motor learning
[31], it has been considered a necessity to improve the learned
disuse. The sense of agency at the cognitive level, besides the sense
of agency at the sensory level, in which motor prediction and
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sensory feedback coincide temporally, is also considered important
[32]. Based on the evaluation of the sense of agency using MAL-
14, we consider that the patient’s sense of agency at the cognitive
level, in addition to agency sense at the sense level, improved that
resulted in a better behavioral index, AOU. On the other hand,
MCID in central nervous system disease for QOM, which should
be over 1.1 decreased [33]. The patient stated, "My fear of touching
things has decreased, and I am able to perform a variety of tasks,
but numbness intensifies when I touch cold objects, but I'm able
to do so." Roughness perception and warm and cold perceptions
are important in recognizing the material quality of an object
with a hand [34], and we consider that the hypersensitivity to cold
perception has been due to the lack of increased QOM scores.

The peg test was performed in EEG to evaluate the immediacy
of using the Yubi-Recorder system on the lefthand side, and the
identification was based on the difference in brain neural activity
values during the task in both conditions. The results showed that
the peg test without the Yubi-Recorder increased the neural activity
in the right primary and secondary visual cortices. It has been
reported that individuals with sensory-motor dysfunction in hand
can perform movements as a means of visual compensation [35].
The primary visual cortex receives directional information directly
from the lateral geniculate nucleus, which sends information to
the visual association cortex [36]. A secondary visual cortex is an
area associated with spatial attention, an action to direct attention
to a specific location, and that information is sent to the superior
parietal lobule and primary motor cortex [37]. The function of
these visual areas enables humans to grasp the relationship between
the hand and object in space and to move the hand in the direction
of the object. The participant said, "I have difficulty manipulating
objects because my hand is numb." It was considered that he
was performing the motor task by understanding the positional
relationship between his hand and the object by compensating
for the right visual cortex because he had difficulty detecting
the dynamic friction generated between the hand and the object
due to abnormal sensation. However, besides visual information,
recognizing touch sensation is important when manipulating an
object with a hand, and the appropriate motor action is selected by
continuing to recognize this sensation [38]. In other words, object
manipulation, which relies on vision, lacks sensory information to
track intra-body information. Therefore, it is impossible to detect
dynamic friction that occurs between the hand and within the
object, and the motor output of the hand is easily over-or under-
actuated. Therefore, it is considered that the patient also lacked
the ability to monitor the information inside the body, despite the
mild motor dysfunction of the hand, resulting in lower scores on
the skillful movement task compared to those of the right.

In the condition with the Yubi-Recorder, neural activity in the right
primary somatosensory cortex, both superior and inferior parietal
lobes, and the right primary motor cortex increased. Sensory
transmission from the primary somatosensory cortex to the parietal
association cortex integrates multisensory information, including
visual and somatosensory information, and clarifies perception
[39,40]. The perceived information is then sent to the primary
motor cortex to enable smooth hand movements [41]. Thus, at
the end of the evaluation, the sensory processing pathways in both
parietal lobes processed the information necessary to manipulate
the object, and the right primary motor cortex could be used for
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motor control.

To investigate the effects of the intervention, cranial neural activity
during peg test performance with the lefthand side was assessed
at initial and final evaluations, and identification was based on
differences in neural activity values. The results showed that the
final assessment increased neural activity in the right primary
somatosensory cortex, both superior and inferior parietal lobes,
and the right primary motor cortex. Such findings suggest that the
Yubi-Recorder approach can be applied to restructure the sensory-
motor areas and improve the motor control function when the left
hand performed a skillful motion.

This study had some limitations. Primarily, the study was
conducted using FMA and MAL-14 MCID to separate the effects
of tactile discrimination feedback with the Yubi-Recorder from
those obtained with sustained movement. Results of the evaluation
suggested improvements in the motor function and utilization of
the left hand. Prospective studies, conducted in an A (baseline
period)-B (treatment period)-A (baseline period) intervention
design will be required to improve the accuracy of determining
interventional effects using a Yubi-Recorder. This method would
allow for an in-depth examination of the interventional effects
and establish it as a novel rehabilitation technique. Additionally,
the brain activation patterns recorded by EEG may not directly
reflect the cognitive and motor stimulation associated with the
intended intervention. To compensate for the limitations of this
study, a stratified randomized trial with a large sample needs to
be conducted to demonstrate and statistically determine the
effects of the intervention. Positive outcomes of such prospective
studies are expected to help improve the ADL and quality of life
of patients with cervical cord injury. The findings of our study
significantly contribute to the evolving evidence-based medicine
for neurorehabilitation therapy worldwide.

CONCLUSION

This study suggests that an approach using the Yubi-Recorder, a
system device that synchronously matches visual information and
provides feedback vibration information to patients with sensory-
motor dysfunction in the hand after cervical cord injury, improves
deep sensations and the ability to control the dynamic friction
produced by the left hand. Brain processing increased neural
activity in both parietal sensory processing pathways and in the
right primary motor cortex. The results also suggested that the
left hand may improve sense of agency, catastrophic thinking, and
extent of left-hand use.

ACKNOWLEDGMENT

We would like to express our sincere gratitude to our male
participant who understood the purpose of this study and was
willing to work together with us. Thank you very much.

FUNDING

This study was supported by JSPS KAKENHI Grant Number
22H03445.

CONFLICT OF INTERESTS

The authors declare no conflict of interest.

Int ] Phys Med Rehabil, Vol.10 Iss.6 No: 1000649

OPEN aACCESS Freely available online

REFERENCES

1. Divi SN, Schroeder GD, Mangan JJ, Tadley M, Ramey WL,
Badhiwala JH, et al. Management of acute traumatic central
cord syndrome: A narrative review. Global Spine J. 2019;9(1_

suppl):89S-97S.

2. Winges SA. Somatosensory feedback refines the perception of
hand shape with respect to external constraints. Neuroscience.

2015;293:1-1.

3. Nowak DA, Hermsdorfer ]. Selective deficits of grip force control
during object manipulation in patients with reduced sensibility

of the grasping digits. Neurosci Res. 2003;47(1):65-72.
4. Ingemanson ML, Rowe JR, Chan V, Riley ], Wolbrecht ET,

Reinkensmeyer DJ, et al. Neural correlates of passive position
finger sense after stroke. Neurorehabil Neural Repair.

2019;33(9):740-50.
5. Liao CC, Reed JL, Qi HX, Sawyer EK, Kaas JH. Second-order

spinal cord pathway contributes to cortical responses after long
recoveries from dorsal column injury in squirrel monkeys. Proc

Natl Acad Sci U S A. 2018;115(16):4258-63.

6. Gad P, Lee S, Terrafranca N, Zhong H, Turner A, Gerasimenko
Y, Edgerton VR. Non-invasive activation of cervical spinal
networks after severe paralysis. ] Neurotrauma. 2018;35(18):2145-

58.
7. Hu XL, Tong RK, Ho NS, Xue JJ, Rong W, Li LS. Wrist

rehabilitation electromyography-driven

robot after stroke.

assisted by an

neuromuscular electrical stimulation

Neurorehabil Neural Repair. 2015;29(8):767-76.

8. Gygax MJ, Schneider P, Newman CJ. Mirror Therapy in children
with hemiplegia: a pilot study. Dev Med Child Neurol. 2011;
53(5): 413-476.

9. David N, Newen A, Vogeley K. The “sense of agency” and its
underlying cognitive and neural mechanisms. Conscious Cogn.

2008;17(2):523-34.

10. Sharma N, Cohen LG. Recovery of motor function after stroke.

Dev Psychobiol. 2012;54(3):254-62.

11. Sarlegna FR, Sainburg RL. The roles of vision and proprioception
in the planning of reaching movements. Progress in motor

control. 2009:317-35.
12. Kitai K, Odagiri M, Yamauchi R, Kodama T. Evaluation of

intervention effectiveness of sensory compensatory training with
tactile discrimination feedback on sensorimotor dysfunction of

the hand after stroke. Brain Sci. 2021;11(10):1314.

13. Foell ], Bekrater-Bodmann R, McCabe CS, Flor H. Sensorimotor
incongruence and body perception: An experimental
investigation. Front Hum Neurosci. 2013;7:310.

14. Dahlgren A, Karlsson AK, Lundgren-Nilsson A, Friden J,
Claesson L. Activity performance and upper extremity function
in cervical spinal cord injury patients according to the Klein-

Bell ADL Scale. Spinal Cord. 2007;45(7):475-84.

15. Tanaka Y, Ueda Y, Sano A. Roughness evaluation by wearable
tactile sensor utilizing human active sensing. Mech Eng ].

2016;3(2):15-00460.


https://journals.sagepub.com/doi/full/10.1177/2192568219830943
https://journals.sagepub.com/doi/full/10.1177/2192568219830943
https://www.sciencedirect.com/science/article/abs/pii/S0306452215001992
https://www.sciencedirect.com/science/article/abs/pii/S0306452215001992
https://www.sciencedirect.com/science/article/abs/pii/S0168010203001822
https://www.sciencedirect.com/science/article/abs/pii/S0168010203001822
https://www.sciencedirect.com/science/article/abs/pii/S0168010203001822
https://journals.sagepub.com/doi/full/10.1177/1545968319862556
https://journals.sagepub.com/doi/full/10.1177/1545968319862556
https://www.pnas.org/doi/abs/10.1073/pnas.1718826115
https://www.pnas.org/doi/abs/10.1073/pnas.1718826115
https://www.pnas.org/doi/abs/10.1073/pnas.1718826115
https://www.liebertpub.com/doi/abs/10.1089/neu.2017.5461
https://www.liebertpub.com/doi/abs/10.1089/neu.2017.5461
https://journals.sagepub.com/doi/full/10.1177/1545968314565510
https://journals.sagepub.com/doi/full/10.1177/1545968314565510
https://journals.sagepub.com/doi/full/10.1177/1545968314565510
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1469-8749.2011.03924.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1469-8749.2011.03924.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1469-8749.2011.03924.x
https://www.sciencedirect.com/science/article/abs/pii/S1053810008000354
https://www.sciencedirect.com/science/article/abs/pii/S1053810008000354
https://onlinelibrary.wiley.com/doi/abs/10.1002/dev.20508
https://link.springer.com/chapter/10.1007/978-0-387-77064-2_16
https://link.springer.com/chapter/10.1007/978-0-387-77064-2_16
https://scholar.google.com/scholar?cluster=11927482096156693392&hl=en&as_sdt=0,5
https://scholar.google.com/scholar?cluster=11927482096156693392&hl=en&as_sdt=0,5
https://scholar.google.com/scholar?cluster=11927482096156693392&hl=en&as_sdt=0,5
https://scholar.google.com/scholar?cluster=11927482096156693392&hl=en&as_sdt=0,5
https://www.frontiersin.org/articles/10.3389/fnhum.2013.00310/full
https://www.frontiersin.org/articles/10.3389/fnhum.2013.00310/full
https://www.frontiersin.org/articles/10.3389/fnhum.2013.00310/full
https://www.nature.com/articles/3101993
https://www.nature.com/articles/3101993
https://www.nature.com/articles/3101993
https://www.jstage.jst.go.jp/article/mej/3/2/3_15-00460/_article/-char/ja/
https://www.jstage.jst.go.jp/article/mej/3/2/3_15-00460/_article/-char/ja/

Kitai K, et al.

16. Sullivan M]J, Bishop SR, Pivik J. The pain catastrophizing
scale: Development and validation. Psychological assessment.

1995;7(4):524.

17.Hernandez ED, Galeano CP, Barbosa NE, Forero SM, Nordin
A, Sunnerhagen KS, et al. Intra-and inter-rater reliability of Fugl-
Meyer assessment of upper extremity in stroke. ] Rehabil Med.

2019;51(9):652-9.

18. Kaneko T, Muraki T. Development and standardization of the
hand function test. Bull Allied Med Sci Kobe. 1990;6:49-54.

19.Irie K, Iseki H, Okamoto K, Nishimura S, Kagechika K.
Introduction of the Purdue Pegboard Test for fine assessment
of severity of cervical myelopathy before and after surgery. ]

Phys Ther Sci. 2020;32(3):2104.
20.da Silva ES, Santos GL, Catai AM, Borstad A, Furtado NP,

Aniceto IA, et al. Effect of aerobic exercise prior to modified
constraintinduced movement therapy outcomes in individuals
with chronic hemiparesis: A study protocol for a randomized

clinical trial. BMC Neurol. 2019;19(1):1-2.

21. Uswatte G, Taub E, Morris D, Vignolo M, McCulloch
K. Reliability and validity of the upperextremity Motor
Activity Log-14 for measuring realworld arm use. Stroke.

2005;36(11):2493-6.

22. Lancaster JL, Rainey LH, Summerlin JL, Freitas CS, Fox PT,
Evans AC, et al. Automated labeling of the human brain:
A preliminary report on the development and evaluation
of a forward-transform method. Human Brain Mapp.

1997;5(4):238-42.

23. Pascual-Marqui RD. Instantaneous and lagged measurements
of linear and nonlinear dependence between groups of
multivariate time series: frequency decomposition. Method.

2007;1-18.

24. Yamashita T, Pala A, Pedrido L, Kremer Y, Welker E, Petersen
CC. Membrane potential dynamics of neocortical projection
neurons driving target-specific signals. Neuron. 2013;80(6):1477-

90.

25.Katayama O, Osumi M, Kodama T, Morioka S. Dysesthesia
symptoms produced by sensorimotor incongruence in healthy
volunteers: An electroencephalogram study. ] Pain Res.

2016;9:1197.

26. Page S]J, Fulk GD, Boyne P. Clinically important differences for
the upper-extremity Fugl-Meyer Scale in people with minimal
to moderate impairment due to chronic stroke. Physical Ther.

2012;92(6):791-8.
27. Kodama T, Nakano H, Katayama O, Murata S. The association
between brain activity and motor imagery during motor illusion

induction by vibratory stimulation. Restor Neurol Neurosci.

2017;35(6):683-92.
28.Ingemanson ML, Rowe JR, Chan V, Wolbrecht ET,

Reinkensmeyer DJ, Cramer SC. Somatosensory system
integrity explains differences in treatment response after stroke.

Int ] Phys Med Rehabil, Vol.10 Iss.6 No: 1000649

OPEN aACCESS Freely available online

Neurology. 2019;92(10):e1098-108.

29.van der Lee JH, Wagenaar RC, Lankhorst GJ, Vogelaar TW,
Devill¢ WL, Bouter LM. Forced use of the upper extremity in
chronic stroke patients: Results from a single-blind randomized

clinical trial. Stroke. 1999;30(11):2369-75.
30. Punt DT, Cooper L, Hey M, Johnson MI. Neglect-like symptoms

in complex regional pain syndrome: Learned nonuse by another

name’. Pain. 2013;154(2):200-3.

31. Cano-De-La-Cuerda R, Molero-Sanchez A, CarrataléTejada M,
Alguacil-Diego IM, Molina-Rueda F, Miangolarra-Page JC, et
al. Theories and control models and motor learning: Clinical
applications in neurorehabilitation. Neurologia. 2015;30(1):32-
41.

32.Synofzik M, Vosgerau G, Newen A. Beyond the comparator
model: a multifactorial two-step account of agency. Conscious

Cogniti. 2008;17(1):219-39.

33.Lang CE, Edwards DF, Birkenmeier RL, Dromerick AW.
Estimating minimal clinically important differences of upper-

extremity measures early after stroke. Arch Phys Med Rehabil.
2008;89(9):1693-700.

34. Shirado H, Maeno T. Modeling of human texture perception
for tactile displays and sensors. InFirst Joint Eurohaptics
Conference and Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator Systems. World Hapt Conf.
2005;629-630. IEEE.

35. Bernard-Espina ], Beraneck M, Maier MA, Tagliabue M.
Multisensory integration in stroke patients: A theoretical
approach to reinterpret upperlimb proprioceptive deficits and
visual compensation. Front Neurosci. 2021;15:646698.

36.Ling S, Pratte MS, Tong F. Attention alters orientation
processing in the human lateral geniculate nucleus. Nature

Neurosci. 2015;18(4):496-8.
37. Parhizi B, Daliri MR, Behroozi M. Decoding the different states

of visual attention using functional and effective connectivity

features in fMRI data. Cogn Neurodyn. 2018;12(2):157-70.

38. Dandu B, Kuling 1A, Visell Y. Proprioceptive localization of
the fingers: Coarse, biased, and context-sensitive. IEEE Trans

Haptics. 2019;13(2):259-69.
39. Saradjian AH, Teasdale N, Blouin ], Mouchnino L. Independent

early and late sensory processes for proprioceptive integration

when planning a step. Cereb Cortex. 2019;29(6):2353-65.

40. Ismail MA, Shimada S. Activity of the inferior parietal cortex is
modulated by visual feedback delay in the robot hand illusion.
Sci Rep. 2019;9(1):1-7.

41. Schaffelhofer S, Scherberger H. Object vision to hand action

in macaque parietal, premotor, and motor cortices. Elife.

2016;5:¢15278.


https://psycnet.apa.org/doiLanding?doi=10.1037%2F1040-3590.7.4.524
https://psycnet.apa.org/doiLanding?doi=10.1037%2F1040-3590.7.4.524
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-2590
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-2590
http://www.lib.kobe-u.ac.jp/repository/80070332.pdf
http://www.lib.kobe-u.ac.jp/repository/80070332.pdf
https://www.jstage.jst.go.jp/article/jpts/32/3/32_jpts-2019-232/_article/-char/ja/
https://www.jstage.jst.go.jp/article/jpts/32/3/32_jpts-2019-232/_article/-char/ja/
https://link.springer.com/article/10.1186/s12883-019-1421-4
https://link.springer.com/article/10.1186/s12883-019-1421-4
https://link.springer.com/article/10.1186/s12883-019-1421-4
https://link.springer.com/article/10.1186/s12883-019-1421-4
https://www.ahajournals.org/doi/full/10.1161/01.STR.0000185928.90848.2e
https://www.ahajournals.org/doi/full/10.1161/01.STR.0000185928.90848.2e
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0193(1997)5:4%3C238::AID-HBM6%3E3.0.CO;2-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0193(1997)5:4%3C238::AID-HBM6%3E3.0.CO;2-4
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0193(1997)5:4%3C238::AID-HBM6%3E3.0.CO;2-4
https://arxiv.org/abs/0711.1455
https://arxiv.org/abs/0711.1455
https://arxiv.org/abs/0711.1455
https://www.sciencedirect.com/science/article/pii/S0896627313010325
https://www.sciencedirect.com/science/article/pii/S0896627313010325
https://go.gale.com/ps/i.do?id=GALE%7CA503296656&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=11787090&p=AONE&sw=w&userGroupName=anon%7E86ff5139
https://go.gale.com/ps/i.do?id=GALE%7CA503296656&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=11787090&p=AONE&sw=w&userGroupName=anon%7E86ff5139
https://go.gale.com/ps/i.do?id=GALE%7CA503296656&sid=googleScholar&v=2.1&it=r&linkaccess=abs&issn=11787090&p=AONE&sw=w&userGroupName=anon%7E86ff5139
https://academic.oup.com/ptj/article-abstract/92/6/791/2735128
https://academic.oup.com/ptj/article-abstract/92/6/791/2735128
https://academic.oup.com/ptj/article-abstract/92/6/791/2735128
https://content.iospress.com/articles/restorative-neurology-and-neuroscience/rnn170771
https://content.iospress.com/articles/restorative-neurology-and-neuroscience/rnn170771
https://content.iospress.com/articles/restorative-neurology-and-neuroscience/rnn170771
https://n.neurology.org/content/92/10/e1098.abstract
https://n.neurology.org/content/92/10/e1098.abstract
https://www.ahajournals.org/doi/full/10.1161/01.STR.30.11.2369
https://www.ahajournals.org/doi/full/10.1161/01.STR.30.11.2369
https://www.ahajournals.org/doi/full/10.1161/01.STR.30.11.2369
https://journals.lww.com/pain/Fulltext/2013/02000/Neglect_like_symptoms_in_complex_regional_pain.7.aspx
https://journals.lww.com/pain/Fulltext/2013/02000/Neglect_like_symptoms_in_complex_regional_pain.7.aspx
https://journals.lww.com/pain/Fulltext/2013/02000/Neglect_like_symptoms_in_complex_regional_pain.7.aspx
https://www.sciencedirect.com/science/article/pii/S2173580814001424v
https://www.sciencedirect.com/science/article/pii/S2173580814001424v
https://www.sciencedirect.com/science/article/abs/pii/S1053810007000268
https://www.sciencedirect.com/science/article/abs/pii/S1053810007000268
https://www.sciencedirect.com/science/article/abs/pii/S000399930800405X
https://www.sciencedirect.com/science/article/abs/pii/S000399930800405X
https://ieeexplore.ieee.org/abstract/document/1407034
https://ieeexplore.ieee.org/abstract/document/1407034
https://ieeexplore.ieee.org/abstract/document/1407034
https://ieeexplore.ieee.org/abstract/document/1407034
https://www.frontiersin.org/articles/10.3389/fnins.2021.646698/full
https://www.frontiersin.org/articles/10.3389/fnins.2021.646698/full
https://www.frontiersin.org/articles/10.3389/fnins.2021.646698/full
https://www.nature.com/articles/nn.3967
https://www.nature.com/articles/nn.3967
https://link.springer.com/article/10.1007/s11571-017-9461-1
https://link.springer.com/article/10.1007/s11571-017-9461-1
https://link.springer.com/article/10.1007/s11571-017-9461-1
https://ieeexplore.ieee.org/abstract/document/8642330/
https://ieeexplore.ieee.org/abstract/document/8642330/
https://academic.oup.com/cercor/article/29/6/2353/4994602?login=false
https://academic.oup.com/cercor/article/29/6/2353/4994602?login=false
https://academic.oup.com/cercor/article/29/6/2353/4994602?login=false
https://www.nature.com/articles/s41598-019-46527-8
https://www.nature.com/articles/s41598-019-46527-8
https://elifesciences.org/articles/15278
https://elifesciences.org/articles/15278

	Corresponding Author
	ABSTRACT

