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Chapter

Clinical Usefulness of Real-time 
Sensory Compensation Feedback 
Training on Sensorimotor 
Dysfunction After Stroke
Takayuki Kodama and Ken Kitai

Abstract

The sensory dysfunction after the stroke also greatly affects motor function. In 
particular, it is known that the presence of sensory dysfunction in the fingers causes 
loss of somatosensory muscle reflex control and excessive muscle output when 
grasping objects. These are called sensorimotor dysfunction and have been shown to 
have a significant impact on prognosis. One element to improve this dysfunction is to 
reconstruct the “Sense of Agency (SOA) subject feeling” and it has become clear that 
SOA is enhanced by matching the collation information related to motor intention 
and sensory feedback in time. In order to reconstruct the SOA associated with the 
movement of the fingers of patients with sensorimotor dysfunction, it is important 
to match motor intentions while using visual information as compensation for tactile 
sensory information. Furthermore, considering the functional characteristics of the 
fingers, it is also important to adjust the fine muscle output from feedback informa-
tion synchronously discriminating and recognizing somatosensory information 
generated by resistance, friction, etc., when an object is actively touched. This chapter 
outlines the importance of rehabilitation of sensory feedback for poststroke senso-
rimotor dysfunction and investigates the usefulness of intervention with a real-time 
sensory compensation feedback system that can input tactile sensory information via 
vibratory stimulation (deep sensation) to other body parts where sensory function is 
preserved.

Keywords: stroke, rehabilitation, sensorimotor dysfunction, neurofeedback, sensory 
feedback, sense of agency, EEG

1. Introduction

Stroke is one of the main diseases that cause sequelae disorders [1], typically 
including chronic sensory and motor dysfunction in the body [2]. These disorders are 
often not isolated but occur in combination with poststroke sensorimotor impairment 
(PSI). PSI in the hand, in particular, has a significant impact on functional disabil-
ity, behavior, lifestyle [3], and quality of life (QOL) [4]. PSI limits the scope of the 
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exercises and activities an individual can perform and is a factor in the degree of reli-
ance on caregivers. One approach to this is neurorehabilitation. Neurorehabilitation 
is a concept or intervention approach that seeks to improve disability through 
interdisciplinary interventions that include physiotherapy. For successful rehabilita-
tion of patients with different symptoms, it is important to identify the causative 
mechanisms of the disability and implement an individually optimized approach [5]. 
For this reason, it is important to input sensory feedback information properly in rela-
tion to motor images and intentions, without any time lag [6]. As a result, the sense 
of agency (SOA), which is one of the elements of body awareness, —'it is you your-
self who moves your hand,’—increases and motor learning advances [7]. Since the 
primary motor cortex (M1) and coordinated activities in the parietal cortex area are 
involved in the SOA [8], enhancing the SOA may improve hand function by activating 
the nervous system for motor control centered in the corticospinal tract. However, 
there are no established treatments for PSI of the hand based on these perspectives, 
and improving hand dexterity remains a difficult task. This paper summarizes the 
impact of hand PSI on the body and mind and the approaches taken to date; further, 
the effectiveness of an intervention using a real-time feedback system for tactile 
perception discrimination as a new approach is discussed.

2. Concept of sensory disturbance as a sequela of stroke

Stroke is a general term for a disease in which the function of the brain is impaired 
due to abnormalities in the blood vessels in the brain. Blood clots form in the brain, 
blocking blood flow, clogging arteries, breaking blood vessels, and causing bleeding. 
If the myriad arteries in the brain rupture, the lack of oxygen leads to the sudden 
death of brain cells. Most strokes (87%) are ischemic infarctions [9]. Stroke is the 
second leading cause of death worldwide and the third leading cause of residual dis-
ability due to its severe impact on the brain and a large number of cases. The incidence 
of stroke increases with age, doubling after 55 years of age. However, in an alarming 
trend, between 1990 and 2016, strokes among people aged 20–54 years increased 
from 12.9% to 18.6% of all cases worldwide. Nevertheless, age-standardized cause 
mortality decreased by 36.2% in the same period [10]. All this means that while the 
rates of lives saved are increasing due to developments in medical care, the number 
of people with poststroke sequelae are also increasing. Additionally, it means that the 
socioeconomic burden of stroke patients with sequelae is increasing over time [11]. 
Therefore, despite advances in stroke management, poststroke care has a significant 
impact on families, the health system, and the economy. Thus, improvements in 
preclinical and clinical care may support not only the primary treatment of stroke 
but also successful recovery, rehabilitation, and prevention of sequelae. Therefore, 
stroke management systems need to include physiotherapy approaches in addition to 
existing primary care, as well as postdischarge occupational therapy and follow-up at 
poststroke care facilities.

One of the most serious sequelae after a stroke is hemiplegia, which consists of 
motor and sensory paralysis. Hemiplegia is a typical neurologically altered condition 
that can lead to physical and mental disability and affect daily living and quality of 
life. Therefore, 25–50% of stroke survivors require some form of assistance after 
discharge from the hospital. It is estimated that only 14% can recover sufficiently 
to perform activities of daily living [12]. While it is well known that motor paralysis 
affects motor function, sensory dysfunction of the upper extremities is also impaired 
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in approximately 50–80% of adults after stroke, significantly limiting their ability to 
use the upper extremities [13–15]. This is poststroke sensorimotor impairment (PSI). 
Since these impairments not only interfere with sensory input but also diminish the 
use of the paralyzed upper extremity, PSI patients receive less sensorimotor informa-
tion in daily life and are also more susceptible to factors such as vision, attention, and 
active awareness of working with objects [16]. Since they are constantly in this state, 
their attribution strategy can change, possibly resulting in misattribution even in the 
performance of the unparalyzed upper limb [17]. These factors make an approach to 
PSI, especially of the upper extremities, an important factor in constructing reha-
bilitation programs that improve the physical function and living ability of stroke 
patients.

3. Post-stroke sensorimotor impairment (PSI)

To date, most studies on upper limb motor function and recovery after stroke have 
been discussed in terms of brain plasticity. With normal brain function, upper limb 
movements the brain functional areas that govern them have a contralateral relation-
ship, but after stroke this contralateral dominance pattern changes within a few weeks 
and the left-right difference decreases [18]. The poststroke period is characterized by 
activity in both hemispheres, and increased neural activity in the entire motor-related 
area has been reported [19]. In patients with right hemiplegia, brain activity associated 
with movement of the right upper extremity showed increased mobilization of the 
left dorsal premotor cortex (PM) and bilateral supplementary motor areas (SMA), in 
addition to shifting to the right hemisphere motor-related region (Figure 1). Moreover, 
the probability of mobilization of bilateral neural activity in many motor-related areas 
increases with the severity of paralysis [20], and the grip strength of the paralyzed hand 
is associated with the size of the motor-related cortical map being mobilized.

Accurate movement execution requires preparation, execution, and monitoring 
mechanisms based on network neural activity centered in the frontal lobe, parietal 
lobe, basal ganglia, and cerebellum, as well as motor-related areas [21]. Preparation 
and execution are performed by activation of the motor-related area systems, such as 
SMA and PM, to generate the preparatory potentials and preactivation of peripheral 
muscles necessary for purposeful exercise. The monitoring mechanism is the detec-
tion of sensory errors by the cerebellum and basal ganglia from the actual sensory 
input (feedback model) and the sensory information (forward model) predicted in 
advance. That error information is transmitted to the primary sensory cortex (S1), 
SMA, and PM. M1 receives the motor plans from the SMA and PM and generates the 
efference copy information, which is the basis of the forward model, and it constantly 
transmits to the parietal association area for comparison with the sensory feedback 
information. The sensorimotor integrative loop for enaction is the series of steps 
that must work properly to enable synaptic movement (Figure 2) [21]. This enables 
purposeful movements. The breakdown of these loops provokes unintentional 
involuntary movements. Therefore, while motor-related areas are strongly involved in 
muscle exertion in gross motor activities, such as grip strength, somatosensory areas 
are more active in the performance of skillful fine motor movements with the hands. 
In fact, by inputting the somatosensory information of the hand, the somatosensory 
area accurately represents the shape of the hand in the brain, integrates the necessary 
motor commands, and performs the selective activation of the muscles necessary for 
activities such as manipulating objects [22].
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Figure 2. 
Schematic diagram of the sensorimotor integrative loop for enacting (A) and the biological brain basis (B) [21]. 
The blue arrows indicate the flow of sensory feedback information, and the red arrows indicate the flow of 
forward information such as motor command, motor plan, and efference copy. In particular, the efference copy 
is an important element for comparing and predicting the kinaesthetic (forward model) and somatosensory 
(feedback model) consequences.

Figure 1. 
In patients with post-stroke right hemiparesis, grasping movements of the paralyzed hand (right hand) showed 
a lateral shift of the motor cortex to the right hemisphere and increased neuromobilization of the left dorsal 
premotor cortex and bilateral supplementary motor cortex [19].
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This suggests that if sensory information from the hands is not inputted into the 
brain, the selective activation of muscles needed for skillful movements may not 
occur, thereby causing problems in using the hands for movements such as using tools 
or buttoning a shirt. PSI of the hand caused by this sensory dysfunction has been 
reported to result from damage to the central nervous system’s afferent pathways, 
such as the somatosensory area [23]. When these symptoms appear, the ability to 
perform the activities of daily living is greatly reduced and daily life becomes difficult 
[24]. Doyle et al. [13] reviewed 13 reports of various treatment interventions for 
upper extremity sensory impairment in 467 participants. They found that only two 
studies examined each specific intervention. and in many cases, there was insufficient 
evidence to support or refute their effectiveness in improving participants’ functional 
status and participation. Therefore, they indicated the need for more appropriately 
designed and better-reported sensory rehabilitation studies. To solve these problems, 
it is necessary to grasp the sequence of the information processing mechanisms 
between the hand and the brain for somatosensory information to be connected to 
movement, from a neurological perspective, and put the elements required for that 
into the conditions of the intervention technique.

4. Effects of sensorimotor disorders on the hand

4.1 Neurological functioning of the hand

When manipulating an object, humans have a variety of inputs from tactile 
afferents in the hand to the brain, including the time course, magnitude, direction, 
and spatial distribution of contact forces, the shape of the contact surface (texture, 
roughness, softness, etc.), and friction between the contact surface and the fingers 
[25, 26]. To skillfully capture such tactile information, Meissner bodies, Merkel 
cells, Ruffini endings, and Pacinian corpuscles are located in the finger pads. These 
tactile afferents classify mechanical stimuli from the viewpoints of adaptation and 
receptive fields (Figure 3A); however, FA-II (40–400 Hz), which is predominantly 
Pacinian corpuscles, is sensitive to dynamic skin deformations at relatively high 
frequencies, and SA-II, which is mainly Ruffini corpuscles, is most readily excited 
by low-frequency skin deformation and can respond to sustained deformations [27]. 
FA-II and SA-II afferent nerves innervate the hand with a low and almost uniform 
density, ending deeper in the dermis and subcutaneous fibrous tissue. Hundreds of 
FA-II afferent nerves, distributed throughout the hand, increase neural excitation 
when the hand contacts or breaks contact with an object. SA-II afferent nerves, in 
contrast, respond to remotely applied lateral stretching of the skin and are sensitive 
to tangential shear strain to the skin that occurs during object manipulation [28, 29]. 
These sensory receptors are capable of discriminating differences in roughness and 
friction in detail (Figure 3B).

Therefore, it is possible to input information in response to various friction 
coefficients generated between the hand and the object due to the difference in 
spatial frequency characteristic information that can be captured. When humans 
manipulate an object, they need to hold the object statically and react and control 
the sharp friction generated in the finger pad. In particular, the function of the 
Pacinian corpuscle, which corresponds to the spatial frequency range from the 
micro to macro levels, plays an important role in hand control. It is a vibration that 
creates these spatial frequencies. Vibrations caused by friction are transmitted to 



Stroke - Management Pearls

6

tactile receptors in the finger pad, and signals from the tactile receptors i.e., feedback 
information corresponding to hand movements, are inputs to the brain [30]. By 
detecting friction information generated when the hand touches the object through 
this process, the brain controls the force of the fingertip to avoid slipping, and this 
brain control system makes it possible to manipulate the object without dropping 
it [31]. Therefore, when considering rehabilitation for PSI after a stroke, it is neces-
sary to compensate for the inputting of the frictional information sensed by the hand 
as somatosensory information, which is controlled in the brain and converted into 
execution of movement. This is thought to be important for the reorganization of 
sensorimotor functioning.

4.2 Problems caused by PSI in the hand

It is known that a decreased sense of belonging for one’s own hand due to PSI 
induces a symptom called learned nonuse, in which the affected hand does not partici-
pate in the activities of daily living, independent of the degree of motor dysfunction 
[32]. This greatly reduces the abilities involved in the activities of daily living [33]. 
Despite good movement ability, survivors of sensory loss learn not to use their hands 
to perform tasks [34]. Thus, Carey et al. [35] reported that the somatosensory impair-
ment status poststroke while hospitalized was associated with more loss of participa-
tion in activities in the absence of concomitant paralysis, compared with survivors 
without somatosensory loss. This predictive association was confirmed in a longitu-
dinal cohort (N = 268) study of stroke survivors with mild disabilities. Additionally, 

Figure 3. 
Tactile innervation of the fingers (A) and sensorimotor control points in an object manipulation task (B) [26]. A: 
The inside of the human hand is equipped with four functionally district types of tactile afferents. B: Finger-object 
contact corresponds to a discrete sensory event characterized by the involvement of specific afferent nerves.
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PSI has a significant impact on quality of life [36]. All of this suggests that in patients 
with neurological disease who lose one or more senses the impact on their motor 
function may be serious, even if their muscle strength is not affected. After a stroke 
recovery of movement depends on the degree of sensory impairment [37]. Against 
this background, rehabilitation aimed at restructuring motor function may decrease 
the outcome of functional recovery in stroke patients unless it encompasses interven-
tion for sensory impairment. Historically, however, clinicians and researchers have 
prioritized the motor sequelae of stroke and ignored somatosensory impairment [38]. 
This may be because symptoms arising from sensory disorders are more varied and 
often rely on the patient’s subjective information, in contrast to motor dysfunctions, 
which can be objectively measured.

If sensory feedback information continues to be properly inputted through 
the body, top-down control that allows for quick and continuous movement can 
be achieved. When humans perform exercises and movements, the brain extracts 
and integrates sensory information on the body position that accompanies them. 
Concurrently, the body’s future sensory state is estimated from motor commands 
based on higher-order top-down forward information such as memories, intentions, 
and intentions regarding previous experience and skills. These brain processing 
systems enable the activation of a predictive mechanism, called the internal forward 
model, that suppresses predicted sensory feedback [37, 39]. This top-down control, 
based on motor imagery and SOA, is largely the function of M1, an output mecha-
nism to the corticospinal tract [40]. By utilizing this top-down control, humans can 
continually minimize the displacement of slip, when the hand contacts an object, 
without relying on sensory feedback information. Additionally, top-down control is 
constructed by continuous synchronous and sensitive feedback of friction informa-
tion, e.g., vibration stimulus information inputs from the sensory receptors of the 
fingers to the brain, which is generated when the hand touches an object. Therefore, 
in rehabilitation, it is important to have an approach that enables continuous feedback 
of hand-touch friction information in a synchronous and precise manner. However, 
since it is difficult for PSI patients to precisely grasp sensory information from their 
hands, it is crucial to construct an approach theory that provides them with compen-
satory input stimuli and enhances their learning efficiency.

4.3 PSI of the hand and transformation of body awareness

Body awareness is self-body recognition and is the brain’s systemic basis for motor 
development. This ability enables humans to recognize differences between themselves 
and others, as well as between themselves and the outside world, and to adapt their bod-
ies to their environment. It has been reported that body awareness causes schizophrenic-
like symptoms, such as hands that feel alien, like someone else’s hands, or that someone is 
inserting such thoughts [41]. Gallagher et al. [41] have shown that it is important to have 
a “minimal self” to activate body awareness. The minimal self is the “immediate aware-
ness of oneself as a body” through daily exercise and life experience. There is no need 
for oneself to be aware of that here. This allows for the identification of two separate 
modalities: the sense of ownership (SOO), which states that one’s body is oneself, and the 
SOA, which states that one is the one running one’s body.

SOO is explained by a phenomenon called the rubber hand illusion [42]. This phe-
nomenon is an illusion in which an inanimate rubber hand feels like one’s own hand. 
The illusion is induced by blocking the visual information of the rubber hand and the 
patient’s actual hand and stimulating tactile information to the skin synchronously 
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(misalignment is within a few hundred milliseconds). This suggests that human 
body recognition can be altered by a specific stimulus presentation, which is a vital 
discovery for the study of human body awareness. The sensation of possessing a 
rubber hand is accompanied by a change in hand position sense (proprioception), 
therefore, when patients are asked to indicate the location of their (invisible) hand, 
they indicate that it is near the rubber hand. This is known as intrinsic receptive drift 
and is the most widely used objective measure of the rubber hand illusion, suggesting 
a close relationship between intrinsic receptivity and a sense of body ownership [43]. 
This sense of physical ownership is generated by the integrated processing of somato-
sensory and visual information within the parietal lobe [44], and it has been reported 
that alterations in the sense of body ownership, for example, tend to produce illusions 
and phantom limb pain in limb amputees [45].

In contrast, an SOA is a basis for the creation of cooperative neural network activ-
ity in the prefrontal cortex [46] and, in addition to M1 [8], the insular cortex (espe-
cially the anterior regions), lower parietal lobe regions (supramarginal and angular 
gyri), anterior cingulate gyrus of the cortical midline structure, supplementary motor 
cortex, posterior cingulate gyrus, and precuneus of the cortical midline structure 
are involved in the formation and the establishment [47]. The comparative matching 
of motor intention and sensory feedback information is generated by synchronous 
processing in the brain [7], and the sense of subjectivity diminishes with a temporal 
lag (Figure 4) [48]. Previous studies have also shown that an SOA is created if the 
misalignment is within 500 ms [49].

The following four explanatory models and concepts can be used to explain the SOA:

1. Time axis of the predictive and postdictive processes.

2. Axis of awareness of the explicit and implicit levels.

Figure 4. 
The forward and feedback comparators [43]. Agreement in the forward comparator provides motor subjectivity to 
the movement.
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3. Directed axes called internal cue and external cue.

4. A learning perspective that the sense of subjectivity is continually being re-
newed.

Point (1) is a perspective that includes a forecasting model. In general, an SOA 
is only a part of the self-consciousness associated with the act and is a feeling that 
can only be experienced after the act, but it can be modified by the postprocess, 
such as rewards obtained as a result of the act. Point (2) is a view of the hierarchy 
of conscious (conscious) and subconscious (unconscious) processes. Point (3) is 
that the SOA is supposed to be established based on various internal and external 
cues. Internal cues include intentions, objectives, plans, goals, predictive signals, 
priming, beliefs, knowledge, effort, and expectations of reward, while external cues 
include the effects of the action, contextual information, and rewards. The optimal 
SOA is based on the availability and reliability of each. The last point (4) is taken in 
terms of larger dynamics but is meant to be taken from the perspective of learning, 
where mechanisms such as these are not innate and fixed, but constantly updating as 
humans survive and adapt to their environment.

Furthermore, Synofzik et al. [50] state that an SOA exists hierarchically, with 
sensory and cognitive levels. An SOA generated by the temporal matching of infor-
mation on movement intention and sensory feedback, as described above, is the 
feeling of agency (FOA) at the sensory level. Meanwhile, judgment of agency (JOA) 
is generated at the cognitive level when conceptual reasoning about discrimination of 
action types is processed and the status of SOA is made conscious in a form that can 
be verbalized. Therefore, it has been reported that even if the one executing a move-
ment is the person himself or herself and if the actual sensory outcome deviates from 
the prediction, it may induce a decreased sense of body ownership and abnormal 
perceptions, such as numbness [51, 52].

Regarding alterations in body awareness in patients with PSI, it has been reported 
that SOA reduction is likely to induce involuntary movements [53], impair motor 
conversion [54], and reduce motivation and performance [55] during congruent 
movements. In PSI, the inputted sensory information is attenuated, resulting in, for 
example, inattention or indifference to the affected hand. Working to reorganize body 
awareness through neurorehabilitation may lead to active use of the affected hand 
and build a foundation for conscious and active movement in daily life.

5. Rehabilitation for PSI

5.1 Standard rehabilitation approach to PSI

Goal-oriented sensory input training after stroke hemiplegia [56] includes real-
time feedback approaches to electrical, visual, and auditory stimulation, and more 
recently, robot-aided rehabilitation.

It has long been reported that real-time electrical stimulation of finger extensor 
muscles in response to voluntary movements produces excitation in the contralateral 
M1 and S1 regions and that electrical stimulation has the potential to improve hand 
motor function [57]. This approach is still being utilized today, with a 2019 study [58] 
describing the case of a 76-year-old male patient with hemiplegia for 8 years who 
underwent integrated volitional control electrical stimulator (IVES) treatment of the 



Stroke - Management Pearls

10

right flexor pollicis brevis, abductor pollicis brevis, and ulnar carpal extensor mus-
cles. Upper limb function improved in a short period. This means that even those who 
have reached a plateau after a stroke may experience functional recovery of the upper 
extremity. Such functional improvements enhance active muscle control, suggesting 
that hand function is unlikely to improve if passive muscle contraction stimulation 
does not reach the electrical threshold for muscle contraction trigger stimulation [59]. 
Furthermore, it has been reported that electrical stimulation is effective in patients 
with mild to moderate paralysis who can actively move their hands, but less effective 
in patients with severe paralysis who cannot move their hands [60]. Electrical stimu-
lation also allows patients with severe sensory dysfunction of the hand to perform 
movements, such as grasping cylinders and holding objects, but is less effective for 
skillful movements such as those performed while constantly moving the finger-
tips [61].

For visual stimuli, there is an approach to feedback visual information called mir-
ror therapy [62]. Mirror therapy is an approach in which a mirror image of the healthy 
hand is presented in a mirror to create the illusion that the affected hand is moving as 
desired and to create the neural basis in the brain for the expression of motor execu-
tion. Mirror therapy has been reported to improve motor function in chronic stroke 
patients with mild sensory impairment and mild to moderate motor impairment [63]. 
Neural activity activated by this approach occurs in the primary motor cortex, 
precuneus, and posterior cingulate cortex, and these regions form a potential neural 
correlative network [64]. This means that for those who have developed discrepan-
cies between different senses, such as visual and proprioceptive, mirror therapy may 
contribute to output coordination between motor output and sensory input. However, 
it has been noted that mirror therapy is effective only when the patient believes that 
“the hand in the mirror (the healthy limb) is his or her actual hand (the affected 
limb)” [65]. One possible reason for this is that in mirror therapy, the movement of 
the affected limb is not the result of movement due to active motor intention for the 
affected limb. It has been reported that a discrepancy between active motor imagery 
or intention and passive sensory information can induce abnormal perceptions, such 
as numbness [52], which may further degrade body awareness.

For auditory stimuli, auditory feedback is real-time phonological feedback on 
congruent movements, which promotes plastic changes in M1 and auditory-sensorim-
otor circuits and facilitates motor learning. Auditory feedback also involves M1 and 
auditory and integrative auditory-sensorimotor circuits [66]. However, the effects 
of auditory feedback on the motor learning process and the combination with other 
modalities, such as visual and tactile feedback, have not yet been studied in detail, so 
intensive experimental work will be required in the future [67].

Regarding robot-aided rehabilitation, robotic devices could help automate repeti-
tive poststroke training in a controlled manner and increase treatment compliance 
by introducing them to patients [68]. The use of robotic devices allows patients to 
actively engage and thus perform advanced repetitive motor training, which may 
facilitate the reorganization of cranial nerve function and improve poststroke 
recovery [69]. Additionally, changes in patients can be assessed in terms of kinematic 
parameters, e.g., position and velocity, to capture the quantitative changes in inter-
vention effectiveness [70]. At this point, however, the actual effectiveness of robotic 
training after stroke is still under debate. A review of randomized controlled trials 
reported that patients who received robot-assisted arm training after stroke had 
improved arm motor function but were not more likely to have improved activities of 
daily living compared to patients who received standard rehabilitation therapy [71].
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5.2 Proposed new rehabilitation technique for PSI

Early intervention, task-oriented training, and intensity of repetition have been 
identified as determinants of motor function recovery [72]. Many rehabilitation 
approaches have been developed for PSI of the hand, and some effectiveness has been 
reported in restoring gross motor control of the hand (see 5.1. Standard Rehabilitation 
Approaches for PSI). However, since the hand is a part where tactile information 
inputs are due to minute friction from the finger pad, fine muscle adjustments are 
made to make it possible to manipulate an object without dropping it. It is often 
not possible to obtain fine adjustment strength using the muscles of the hands by 
simply providing strong or weak electrical or auditory feedback in response to hand 
movements. Additionally, an object can be grasped and controlled by synchronously 
matching visual information with hand movements, but visual information is used 
initially to define the kinematic plan of the reaching movement in the external coordi-
nate system, and then the sensory receptors are used to coordinate the hand’s motor 
output [73]. Therefore, the reliance on visual information lacks sensory information 
to monitor information inside the body, resulting in excessive hand motor output and 
uncontrolled dynamic friction.

What is important in rehabilitation for the functional reorganization of PSI is to 
restructure the body’s awareness, to sense body ownership without being conscious 
of it, and, in other words, to be able to actively work on the paralyzed limb. So how do 
we develop a strategy for transformative body awareness restructuring?

As we have discussed, top-down control is responsible for predictive motor 
control and enables skillful movements with the hands. Since this control is built 
by the establishment of motor learning, it is important to establish motor learn-
ing to restore hand-motor function. Motor learning is the process of constructing 
and memorizing a new motor program and mastering that program and it enables 
behavior to adapt to the environment [74]. This neural basis is formed against a 
background of neuroplasticity in the brain’s sensorimotor system centered on M1 
and S1 [75]. The establishment of this motor learning is also closely related to the 
establishment of FOA and JOA in SOA. Improvement of SOA has the potential to 
increase neural excitation in PM, M1, and the corticospinal tracts and improve hand 
dexterity movements.

A necessary part of motor learning to enhance SOA is to work in situations 
where motor intention and sensory feedback are as temporally congruent as possible 
[76, 77]. Furthermore, regarding the stimulation of feedback in actual training, not 
only is the quantity an important factor in motor learning [37] but also the quality of 
feedback optimized for the body’s condition and the envisaged movements [6, 78, 79]; 
it is important to take a comprehensive view and approach to these issues. The result 
is top-down control without sensory feedback stimulation [80, 81].

Based on these theories, to reconstruct body awareness associated with hand 
movements, in addition to synchronous matching of visual information at the 
expense of sensory information, a compensatory function that detects the dynamic 
friction that occurs when the hand touches an object in real-time is needed. 
Therefore, Kitai et al. [82] devised and verified an approach for sensory compensa-
tion by vibrational stimuli for vibration information (deep sensations). The deep 
senses are excellent at detecting pressure changes and mechanical forces associated 
with joint movement and transmitting them to the brain. This allows for motion 
control [83]. We will present a study that examined whether these concepts play a role 
in PSI and the impact they have on the neurological function of stroke patients.
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6.  Sensory compensatory training with tactile discrimination feedback 
training

6.1 Experiment

When the brain controls the body’s movement, intrinsic receptors in muscles con-
tribute greatly to its realization. The significant contribution of proprioceptive sensa-
tion to motor control is evidenced by a study [84] that reported that patients with 
proprioceptive disorders are unable to move their fingers well. In particular, PSI of the 
hand causes loss of reflexive control of muscles using somatosensory cues, resulting 
in variable muscle output when grasping an object with the hand [85]. Therefore, 
improving this dysfunction requires an increase in the SOA generated by temporally 
matching the information on motor intention and sensory feedback. This enables the 
hand to actively touch an object based on its functional characteristics, and real-time 
feedback information, based on recognition and discrimination of precise changes in 
sensory information caused by resistance and friction at the time of touch, enables 
fine adjustment of muscle output. In this study, we used the Yubi-Recorder (Tech 
Giken Co., Ltd., Kyoto, Japan), a real-time feedback system that enables compensa-
tory input of tactile sensory information by vibrational stimulation (deep sensation) 
to other body parts with preserved sensory function, and verified the effectiveness of 
this approach.

6.1.1 Method

6.1.1.1 Participant

The participant was a 52-year-old right-handed man who had a right putaminal 
hemorrhage approximately 4 years ago and a right corona radiata infarct approxi-
mately 1 year later. The left hand was numb on a level of 11 on the Numerical Rating 
Scale (NRS) (0: not at all, 10: extremely strongly), with 10 indicating extremely 
strong numbness. There was also a loss of somatosensory and warm/pain sensation in 
the left upper and lower extremities. Motor paralysis was Brunnstrom stage III in the 
left upper extremity and IV in the left fingers. In the left-handed dexterity task, the 
patient needed the ability to carry small objects but had difficulty controlling object 
manipulation due to hand ataxia. The SOA of the left hand was decreased to 2/10, and 
sensorimotor dysfunction of the left hand was suspected due to the patient’s com-
plaint of “not being able to feel my hand.”

6.1.1.2 Experimental procedures

To evaluate the immediate effects of training with the Yubi-Recorder on PSI in the 
left hand, we first performed a peg task with and without the Yubi-Recorder and then 
analyzed neural activity by EEG immediately after the task in both conditions. Next, 
to evaluate the intervention effect of training with the Yubi-Recorder, exercise tasks 
using the Yubi-Recorder were performed five times a week for 30 minutes/session for 
6 weeks, and EEG activity were compared and analyzed after the first and last train-
ing sessions. The Yubi-Recorder is a device that can measure vibration information 
by detecting the vibrations that occur in the skin when the hand touches an object. 
Figure 5 shows an example of a person wearing the Yubi-Recorder and performing 
an exercise task. The Yubi-Recorder system is capable of sensing information on the 



13

Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor…
DOI: http://dx.doi.org/10.5772/intechopen.111668

unevenness, flatness, curvature, and roughness of an object and can capture tactile 
stimuli from any shape, thus accommodating the multidirectional motion that is 
characteristic of fingers. The sensor is wound around the distal interphalangeal joint 
of the index finger, and the output from the sensor is modulated to a frequency that 
is perceived by humans, enabling the presentation of vibration information via a 
transducer. In this study, the device was attached to the distal interphalangeal joint 
of the index finger, tactile information on the ventral skin of the index finger was 
detected as vibration by a tactile sensor, and the tactile stimulus was synchronously 
presented to the user’s own body, through a transducer, as a vibratory stimulus. The 
site of attachment of the transducer was the left acromion or the left temporal bone 
used in the vibratory sensory examination. The method used to select the vibrator 
attachment was to apply five different types of sandpaper to the left acromion or left 
temporal bone, and the area where the roughness of the sandpaper could be identified 
was determined to be the area where sensory compensation could be performed. The 
motor tasks were to insert a steel pin with the left hand (hereafter referred to as the 
peg task) to stack square blocks with a base length of 3 cm used in the course cube test 
with the left hand and to discriminate five sandpaper pieces using the ventral part of 
the left index finger; each task for 10 minutes (30 minutes total).

6.1.1.3 EEG analysis

EEG measurements were derived from 15 sites in accordance with the 
International 10–20 method. The measured data were spatially analyzed using exact 
low-resolution brain electromagnetic tomography (eLORETA) analysis, a three-
dimensional method of imaging neural activity in the brain. The EEG data was then 
calculated as brain activity values (μV/mm2) for each task condition on each voxel 

Figure 5 
shows an example of a person wearing the Yubi-Recorder and performing an exercise task. A sensor attached to the 
left index finger senses friction information on the object, which is transmitted to a small speaker-like oscillator on 
the face (the mapping of the finger and face in the brain are adjacent) and fed back as compensatory deep sensory 
information.
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in a brain region divided into 6239 voxels and expressed as Brodmann area (BA) or 
Montreal Neurological Institute (MNI) coordinates [86]. An eLORETA-based SnPM 
analysis was used to compare the Yubi-Recorder results before and after the interven-
tion [87].

6.1.2 Results

The immediate effect was high neural activity in the non-Yubi-Recorder condition, 
mainly in the left orbitofrontal cortex, left dorsal anterior cingulate cortex, left dor-
solateral prefrontal cortex, and left supplementary motor cortex (Figure 6A). In the 
Yubi-Recorder condition, high neural activity was observed, mainly in the bilateral 
primary somatosensory cortices and the bilateral superior parietal and inferior 
parietal lobes (angular and supramarginal gyri) (Figure 6B).

Regarding the effect of a 6-week intervention with the Yubi-Recorder, higher neu-
ral activity was observed in the final session compared to the first session, mainly in 
the areas of both primary somatosensory cortices, both superior parietal lobes, both 
inferior parietal lobes (angular and superior marginal gyri), and the primary motor 
areas (Figure 7). The peg test showed an improvement in the left mean from 1.5 ± 0.5 
to 3.0 ± 1.0, and the learnability assessment showed an improvement in the NRS of 
the SOA of the left hand from 2/10 to 5/10. A motor activity log, consisting of quality 
of movement items, also showed improvement.

6.1.3 Discussion

In this study, in addition to synchronous matching of visual information with 
hand skillful movement tasks, an approach using a system device, the Yubi-Recorder, 
which feeds vibration information back in real time, was used to improve hand PSI. 
The effects of this approach were investigated.

EEG verification of immediate effects showed increased neural activity in regions 
of the left frontal lobe responsible for cognitive and motor functions in the Yubi-
Recorder nonwearing condition. It has been shown that a compensatory increase in 
neural activity in the healthy motor cortex area inhibits the recovery of function in 

Figure 6. 
Brain regions with immediate increased neural activity in the Yubi-Recorder non-attached condition (A) and 
attached condition (B) [85].
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the affected hand (interhemispheric inhibition [88]. Conversely, learned nonuse is 
said to progress if the patient fails to perform the intended movement even when 
using the affected limb [32]. The decreased SOA in this case also suggests that infor-
mation collation on motor intent and sensory feedback did not match temporally and 
that the patient may have learned that the intended movement failed, suggesting that 
the left hand was not used. In contrast, the Yubi-Recorder resulted in increased neural 
activity in both sensorimotor cortices. Information flowing from the primary somato-
sensory cortex is integrated with auditory and visual information in the superior and 
inferior parietal lobes and stored as comprehensive cognitive information [89, 90]. 
The information needed for movement is then sent to the primary motor cortex, 
and hand-motor control is performed in the same region [91]. Thus, compensatory 
sensory input by the Yubi-Recorder may have immediately activated the sensorimotor 
areas and enhanced motor control of the left hand by making full use of these areas.

The results of the 6-week intervention were increased neural activity in the bilat-
eral sensory and parietal association cortices and the primary motor cortex. Based 
on these findings, we hypothesized that 6 weeks of training with the Yubi-Recorder 
in this study improved peg-test performance by enabling top-down control using the 
sensorimotor domain during skillful movements. The motor activity log results also 
showed an improvement in the frequency of left-hand use and quality of movement 
in daily life. Motor learning is believed to produce behavioral change [92], and it is 
thought that the improvement in SOA in the present case also improved the frequency 
of left-hand use and the quality of movement in daily life.

These results indicate that training with the Yubi-Recorder can help reorganize 
top-down control and body awareness by cooperatively engaging the frontal lobe, 
where motor-related areas reside, and the parietal lobe, which is responsible for 

Figure 7. 
Brain regions with increased neural activity after 6 weeks of Yubi-Recorder training [85].
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perceiving and integrating sensory information. This may serve as a rehabilitation 
tool for sensorimotor dysfunctions, such as PSI. This has shown the possibility of 
rehabilitation for sensorimotor dysfunctions, such as PSI.

7. Conclusion

Hands are an indispensable part of human daily life. In particular, to restore the 
most important function of the hand, “touch,” it is necessary to understand that 
tactile perception between the hand and the object is produced by a very different 
principle, whether the tactile perception between the hand and the object is active or 
passive. In other words, we should always keep in mind that in active tactile percep-
tion, exploration takes place in the process of sensory reception, and that as stimuli, 
the motion command information for exploration is as important for the establish-
ment of active tactile perception as the sensory reception information.

In the rehabilitation of hand PSI, which is the theme of this article, it is also out-
lined that it is of utmost importance to identify the causative mechanism of disability 
and implement an individually optimized approach. As an example, we showed the 
possibility of activating the sensorimotor domain and reorganizing body awareness 
by utilizing a device that provides real-time feedback on the vibrations that occur 
in the skin when an object is touched by a hand. We believe that the ideas described 
herein will be useful for therapists seeking to improve sensorimotor disorders 
worldwide.

This article presents several theories of brain function reorganization and motor 
learning in poststroke PSI patients based on neuroscientific evidence and presents an 
overview of effectiveness of sensory compensatory training with tactile discrimina-
tion feedback training. For this reason, it is important to understand the symptoms 
of PSI and the current gold-standard treatment. The development of a standardized 
approach is also essential to reduce treatment disparities among therapists. To extend 
the effectiveness of the standard approach to the fullest, it is necessary to consider 
appropriate feedback tailored to the patient’s symptoms, such as those presented in 
this article.
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