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Terminology

1. Tele-rehabilitation: Telerehabilitation delivers medical or rehabilitative treatment to individuals
with rehabilitation needs via telecommunication or the internet.

2. iManus: The iManus platform is an innovative, mobile, and user-friendly platform, utilizing a
sensorized smart glove for telerehabilitation purposes. Designed for physiotherapists and
occupational therapists, it provides a comprehensive collection of supervised rehabilitation
exercises. With iManus, professionals can remotely monitor and treat patients, specifically
those facing acute or chronic distal upper limb limitations resulting from neurological diseases.
By providing remote access to therapy, consistent use of the iManus can promote active
engagement of the hand, which could serve as a preventative measure against complications
arising from disuse.

3. Hemiplegia: Hemiplegia is a symptom characterized by one-sided paralysis. Hemiplegia can
occur on either the right or left side of the body. It appears because of brain or spinal cord
injuries or diseases. Hemiplegia can be temporary or permanent, depending on the reason.

4. Synchronous: therapy sessions being conducted simultaneously under therapist supervision.

5. Asynchronous: the patient does the therapy sessions without direct supervision by a therapist.

6. Tactile Robotics, a company based in Winnipeg, built the iManus telerehabilitation platform in
collaboration — and shares the intellectual property of this innovation — with Dr. Amine
Choukou, Associate Professor at the University of Manitoba's College of Rehabilitation
Sciences. The iManus technology has been disclosed in Maddahi, A.; Choukou, M.-A.; Nassiri,
A.M.; Maddahi, Y. A remote training and practicing apparatus and system for upper-limb
rehabilitation. United States Patent, US 63/178,735, 2021.

Keywords

Telerehabilitation, e-Health, at-home hand rehabilitation, remote physical therapy,

telemonitoring, non-supervised therapy, hand exoskeleton.
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Abstract

Background: Patients with stroke often experience weakened upper limbs, making daily
tasks difficult. Although rehabilitation devices are available, patients often relapse after discharge
due to insufficient practice. We present a home-based hand telerehabilitation intervention using
the iManus platform comprising a sensorized glove that captures hand movement range of motion

values and a mobile app for the patients, alongside a therapist portal for monitoring patient
progress.

Objective: This research aimed to examine the feasibility, safety, and effectiveness of a
home-based telerehabilitation intervention, in improving hand function for individuals with mild
stroke. Additionally, a qualitative approach was used to explore users' experiences, perceived

benefits, and challenges associated with using the platform in a home setting.

Methods: In this single-case study, we delivered a hand telerehabilitation intervention to a
chronic stroke patient with impaired hand function using the iManus platform. The intervention
consisted of 40 home sessions over eight weeks. We assessed feasibility through user adherence
and feedback obtained using a System Usability Scale (SUS) and a semi-structured interview with
the participant and an informal caregiver. Safety was evaluated by monitoring pain levels using
the Visual Analog Scale (VAS), while efficacy was determined through observing the changes in
range of motion using the iManus platform and clinical outcomes measures, namely the Fugl-

Meyer Assessment (FMA) and Jebsen Taylor Hand Function Test (JTHFT).

Results: The participant completed all 40 assigned sessions, with each averaging 20 minutes.
Usability scored 77.5 out of 100 on the SUS. User feedback from the interviews revealed improved
mobility and control over therapy as benefits, while also indicating room for improvement in the
intervention's adaptability and functionality. During the intervention, the participant noted no pain
increase, and the telerehabilitation platform recorded range of motion improvements for all finger
and wrist joints, excluding wrist extension. The FMA scores were 43 at TO, 53 at T1, and 56 at T2,

while the JTHFT scores were 223 at TO, 188 at T1, and 240 at T2.

Conclusion: This single case study demonstrated the feasibility, safety, and efficacy of a
home-based hand intervention for stroke survivors. The participant demonstrated improved hand
functions, adherence to the program, and reported satisfaction with the intervention. However,

these results are preliminary and require further validation in a larger scale study.
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I. Introduction

According to the World Health Organization (WHO), stroke is the third most significant cause
of mortality in developed nations, with roughly 15 million stroke occurrences [1]. One-third of
stroke victims die, and another one-third suffer lifelong impairment due to the incident [2]. Stroke
can cause a wide variety of functional deficits, including language, cognition, sensory, and motor
capabilities, depending on the site of the brain damage [3]. After a stroke, a patient's ability to
execute daily tasks is impacted by motor impairment. For most patients, recovery of upper-limb
motor function is slower than the recovery of lower-limb motor function [2]. In addition, the upper

limb is required for most everyday tasks, stressing the need for good upper limb rehabilitation.

A series of rehabilitation techniques have been developed and refined in recent decades to
improve the effectiveness of upper limb rehabilitation among stroke patients [4]. These techniques
include task-oriented motor training and constraint-induced movement therapy. Each of these
treatments has a lot of theoretical advocates, and each has clinically been proven to be successful;
for example, CIMT improves mobility on the affected side, according to several studies [5,1]. In
their everyday lives, CIMT participants reported "significant to very significant" improvements in
the functional use of their affected arm; gains in upper extremity function have been documented
after constraint-induced treatment at all stages after the onset of stroke [6]. However, sixty percent
of stroke patients still have difficulty utilizing their damaged upper limbs after completing a course
of standard therapy [7]. As a result, developing innovative rehabilitation procedures capable of

assisting patients in reaching a better level of recovery has become critical.

The Canadian Best Practice Recommendations encourage individuals to be challenged to
learn the necessary motor skills by performing novel activities repeatedly and intensely [8]. Active
and passive upper limb motions seem to aid recovery by influencing somatosensory input, motor
planning, soft tissue characteristics, and spasticity [9, 10, 11]. However, because these
comprehensive techniques typically need a therapist to work individually with patients, they are
often slow, lengthy, and expensive. Due to a lack of resources, rehabilitation treatment may be
insufficient in duration and intensity, resulting in poor functional return [12]. Furthermore, with
the incidence of stroke expected to rise significantly over the next 20 years [8], so will the demand

for therapy.

Technology offers solutions to challenges in upper limb rehabilitation, addressing limited
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resources and ensuring access to care in underserved communities [13]. Remote rehabilitation
through telerehabilitation systems enables stroke patients to continue their recovery at home,
eliminating the need for frequent visits to outpatient clinics. Consequently, there's a push towards

cost-effective smart platforms with diverse programming to enhance practice opportunities.

Innovations in telerehabilitation have led to the development of home-based rehabilitation
services. This approach not only allows patients to train in a familiar environment but also
promotes active, concentrated training with continuous access to a range of tools. Devices like
hand telerehabilitation systems, which provide performance feedback, increasing the effectiveness
and adherence to these treatments [14]. Moreover, telerehabilitation platforms offer therapists
remote patient monitoring capabilities, potentially easing the burden on healthcare systems facing
challenges from an aging demographic and the rise of chronic conditions such as stroke [13].
Advancements in rehabilitation robotics could present opportunities for intensive, safe training for
those with motor impairments post-neurological injuries. These devices focus on high-intensity,
repetitive, and interactive training, bringing about precise therapy quantification and patient
progress tracking [15, 16]. The future holds promise for the integration of these telerehabilitation

technologies [17], enabling self-directed training without constant therapist oversight.

1. Rationale for the study

It is critical to recognize that the recovery of function in the upper limbs, particularly the hand,
in patients who have suffered a stroke is complicated and necessitates an active effort. To limit the
decline of autonomy acquired with in-hospital rehabilitation, treatment should begin as early as
possible, continue throughout time, and be carried out regularly for the patient [18, 19]. If the gains
obtained during rigorous rehabilitation treatment in a hospital environment are not sustained by
frequent daily exercise applying the activities learnt, they tend to regress at home [20, 21, 22]. At-

home robotic devices could be beneficial if deemed easy, safe, and economically appropriate.

However, a common issue with those technologies is that they are complex to use and
expensive [23, 24]. Most devices are designed for in-hospital use with professional supervision
and are too complicated for patients to operate independently at home. Due to the decline of
autonomy in patients who have a stroke and technologies being complex to use it has become

critical to create a simple and effective novel telerehabilitation intervention capable of monitoring
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patients and assisting therapists to achieve the highest recovery possible. This research describes
at-home hand rehabilitation intervention based on a novel portable platform: iManus [25], an
innovative telerehabilitation platform consisting of a glove and two separate software applications
for therapists and patients. iManus is intended to monitor and train individuals with upper
extremity dysfunctions by providing a built-in flexible training program, visual feedback from the
platform and real-time feedback from therapists. The software associated with the glove allows us
to measure the range of motion (ROM) of the hand (wrist, fingers). iManus also provides therapists
with the option of synchronous (therapist supervision) and asynchronous (no therapist supervision)

therapy sessions, and both have specific benefits to the patient and therapist.

2. Purpose of the study

Purpose of this Study: This research aimed to examine the feasibility, safety, and effectiveness
of a home-based telerehabilitation intervention, in improving hand function for individuals with
mild stroke. Additionally, a qualitative approach was used to explore users' experiences, perceived

benefits, and challenges associated with using the platform in a home setting.

3. Objectives of the study

1. Assess the feasibility of the hand telerehabilitation intervention by:
1.1.  Monitoring participant engagement and successful completion.
1.2.  Administering the System Usability Scale questionnaire to gauge the
intervention's usability.
1.3.  Conducting semi-structured interviews with both the participant and caregiver to
gather feedback on the intervention's process and impact.
2. Determine the safety of the intervention by using the Visual Analog Scale to monitor any
changes in participants' pain levels during the intervention.
3. Evaluate the effectiveness of the telerehabilitation intervention in improving hand
function by:
3.1.  Analyzing variations in Range of Motion (ROM).
3.2.  Employing standardized clinical tests, including the Fugl-Meyer Assessment

(FMA) and Jebsen-Taylor Hand Function Test (JTHFT).
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II. Background

Stroke patients often face significant challenges in regaining full functionality of their limbs,
particularly their hands. Despite the numerous physiotherapy interventions available, many
patients do not regain optimal hand use. Stroke patients without access to therapy are even more
likely to underutilize their affected hands compared to those with access. Understanding the

underlying reasons and potential solutions becomes imperative.

Over the past decade, there has been a substantial increase in the number of randomized
controlled trials (RCTs) focusing on physiotherapy interventions for stroke. The research on
"Stroke Interventions" has grown fourfold, with a significant 30 out of 53 interventions
demonstrating strong evidence of positive effects on various outcomes. This growth indicates not
only the rising number of interventions deemed as having 'strong evidence' but also the varied

outcomes that these findings significantly impact.

In the realm of neurological rehabilitation, there's a diverse range of treatment techniques
rooted in different philosophical backgrounds. While some techniques are backed by robust
research, others lean more heavily on anecdotal evidence [26]. This discrepancy in evidence
highlights the crucial need to identify the most effective interventions and fully grasp their nuances
when applied in telerehabilitation. Given the profound impact on the quality of life when stroke
patients do not use their affected hand and rely solely on one, it's imperative to ensure that

telerehabilitation delivers the best possible therapeutic intervention for hand recovery.

Below is a brief overview of the definition of stroke and some of the physiotherapy evidence-

based approaches used in stroke rehabilitation.

1. Stroke

According to the WHO, cerebrovascular attack, also known as acute stroke, is an attack on
the brain with "rapidly developing clinical signs of focal or global disturbance to cerebral function,
with symptoms lasting 24 hours or longer, or leading to death. There is no apparent cause other
than the vascular origin, including cerebral infarction, intracerebral hemorrhage, and subarachnoid
hemorrhage". Ischemic strokes account for 85% of all acute strokes. Hemorrhagic stroke accounts

for about 15% of all strokes [27].
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Ischemic stroke can be divided into three main types [27].

e Thrombotic blood clots emerge in a significant brain artery or small blood vessels deep

inside the brain.

e Embolic - When a blood clot formed elsewhere in the body travels through the bloodstream

to the brain and blocks blood flow.

e Systemic hypoperfusion - when the heart fails to deliver enough blood to the brain. There
are multiple causes of systemic hypoperfusion, such as low blood pressure, loss of blood

volume or heart failure.

A hemorrhagic stroke develops when a blood vessel supplies the brain bursts and bleeds.
When an artery bleeds in the brain, the cells and tissues in the brain do not get oxygen or nutrients.
As a result, pressure builds up in the surrounding tissues and irritation and swelling occur, leading

to further brain damage. There are two types of hemorrhagic stroke [28].

e Subarachnoid hemorrhagic stroke is bleeding that happens in the space surrounding the

brain (between the brain's surface and the arachnoid tissues that surrounds the brain).

e Intracerebral hemorrhagic stroke: Internal bleeding from a blood artery in the brain. The

most common cause of intracerebral hemorrhagic stroke is high blood pressure.

2. Clinical presentation and patterns of stroke

After a cerebrovascular attack, performing ADLs is compromised with clear limitations in the
hand and, elbow, shoulder [2] and suffering impaired arm function after stroke is one of the most
detrimental consequences to social and work-related participation. In addition, movement and
sensation impairment result from stroke damage to the sensory-motor cortex, subcortical areas or

cerebellum. Damage to these areas can present the following symptoms:

e Loss of motor control makes spontaneous movement generation difficult or prevents

fingers, hands, and arms coordination.

e Impairment in sensory and proprioception that affects awareness and position of the limb.

Page 15 of 60



e Non-use of a limb after a stroke causes several changes in the skeletal and neurological
systems, including [29]: Shortening of muscles (contracture) and weakening of muscles

(paresis).
e Spasticity (abnormal increase in muscle tone or stiffness of muscle).
e Shoulder subluxation (partial or incomplete dislocation).
e Pain is usually the result of shoulder subluxation or changes in the musculoskeletal system.

Activities that require coordination with the upper limb and fine finger movements are notably
harder for stroke patients [30]. Over time, the increased reliance on the unaffected limb, coupled
with the neglect of the paretic limb, leads to learned non-use. Also, stroke can harm mood and
cognitive capacity, limiting functional capabilities [29]. Subsequently, social engagement tends to

decline due to the lack of meaningful activities.

3. Neuroplasticity

Neuroplasticity is the anatomical and functional changes in the brain that provide adaptability
to learning, memory, the environment, and rehabilitation after brain trauma. It is a dynamic process
that involves changes in the number of brain nuclei and structures, as well as multiple functions
and interactions [31,32,33]. Although spontaneous remodeling changes occur following brain
damage caused by stroke, these changes are insufficient to generate a noticeable functional
recovery [34]. Rehabilitation can increase dynamic processes in the nervous system in healthy and
injured brains to facilitate adaptation to new experiences [35, 36]. Based on neuroplasticity
research, it is crucial to establish an effective rehabilitation and therapy technique for ischemic
stroke-related brain damage. Through the stimulation of neuroplasticity, such as through increases
in neuronal activity and the potentiation of postsynaptic excitation, as well as improvements in
dendritic spine formation and axonal myelination following ischemic stroke [37], exercise is a
beneficial and practical rehabilitation technique for increasing cognitive and motor functional
recovery. Several human and animal studies [38, 39, 40, 41] have demonstrated that rehabilitation
training after a stroke result in considerable functional recovery. In an exploratory trial on chronic
stroke, physical training substantially impacted mobility. Some patients had apparent cognitive

gains accompanied by brain activity changes that most likely represented neural plasticity [42].
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The expression of neuroplasticity-relevant genes, such as protein kinase C (PKC), N-methyl-D-
aspartate (NMDA) 2A receptor, the neurotrophic tyrosine kinase receptor 2 (NTRK 2), and
microtubule-associated protein (MAP) 1b, was significantly altered in rats exposed to both forced

arm use and voluntary exercise to improve functional recovery after photothrombotic stroke [43].

Microstimulation and functional mapping experiments have demonstrated that stroke
recovery can result in surviving brain regions adopting the functional responsibilities of damaged
brain structures [44]. For example, neuronal rearrangement in the peri-infarct cortex plays a role
in the recovery of motor function following a stroke which is started by cellular responses to
degeneration [45]. As neurons in the ischemic area die, their axons and synapses degrade
extensively across brain regions, triggering regenerative responses that facilitate forming new
connections between surviving neurons. This process's new connections have a vast range of

possible patterns and benefits [46].

Behavioral events following a stroke stimulate neuronal reconfiguration by altering the
activity of regenerated circuits. Skilled forelimb reaching training helps neurons send new
connections to the denervated forelimb area in the spinal cord. These new connections help motor
map reorganization and exercise-induced task-specific recovery in the secondary motor area [47].
The Mol Neurobiology reconfiguration of task-specific multiregional brains may be related to the
use-dependent plasticity generated by recurrent motor training paired with brain stimulation.
During trained extensor movements, brain activity is significantly reduced in certain regions,
including the contralesionally premotor cortex, the contralesionally cingulate motor cortex, and
the ipsilesional sensorimotor cortex, and this is associated with functional improvements in the
affected hands [48]. The motor performance (efficacy, velocity, and success) of monkeys treated
with subthreshold electrical stimulation and rehabilitative training may be enhanced for several
months. Cortical mapping has shown the widespread formation of new hand representations in the

peri-ischemic motor cortex [49].

Age may influence the functional reorganization induced by exercise after an ischemic stroke.
After an ischemic stroke, the infarct volumes of older mice are more significant than young mice.
Task-specific rehabilitative training may enhance motor function. Growth of the rostral forelimb
region is observed in young mice, suggesting that rearrangement of the motor cortex may be

constrained by brain damage or ageing [50].
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Consequently, elderly survivors or patients with more severe brain injuries may benefit more
from combination therapy than exercise training alone. Exercise-mediated post-stroke recovery
can contribute to surviving brain regions assuming the functional responsibilities of injured brain
parts by boosting axonal regeneration and activating new connections between surviving neurons.
In addition, the remodeling of brain function is linked with the rise in the number of newborn
neurons, dendritic arborization, and axonal development. The effects of exercise training may be
accompanied by changes in axonal projections and the creation of new neural circuits from the

same areas to other locations.

4. Task-Oriented Training

A task-oriented training is an activity-centered approach that involves repeated training of a
task with a focus on functional performance toward the practical completion of the task, thereby
increasing the exercise training effects through the environment, task analysis, feedback, and
repeated training [51]. Functional tasks help organize motor behavior by putting the reflex loops
back into a network of neural CNS patterns. On the other hand, occupational performance lets
people interact with different environmental systems built around people and their environments.
A patient's behavior is altered following a human or environmental system change. Based on this
theory, as the patient tries to reach a functional goal, the approach works best when given a
practical task instead of training in the typical movement pattern. This provides the patient with a

chance to try to solve problems on their own.

In addition, the patient engages in a range of task-oriented activities as a result of effective
therapy that incorporates various functional activities. In the task-oriented approach as a
therapeutically valuable intervention for patients, the functional execution of tasks related to
everyday living is more beneficial than the practice of tasks designed for a clinical context.
Consequently, the therapy aims to improve motor capabilities when patients actively use the

afflicted upper limb [52].
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5. Rehabilitation robots

Several therapeutic robots for neurorehabilitation are undergoing clinical testing and
development. Only devices for treatment of the upper extremities exceed 120 in number [23]. The
various technical solutions vary according to actuators, sensors, and control strategies. The purpose
of the devices is to facilitate movement during physical therapy. There are two primary groups of
robots in terms of their mechanical structure: end-effector-based and exoskeleton-based robots.
Both forms offer intensive, high-repetition treatment. However, they interact differently with the
user. End-effectors are typically connected to the human arm at a single, distal position. The
movement of the end-effector modifies the arm's position at this connecting point. It also indirectly
adjusts the position of other limb segments (such as the upper arm) and generates interaction
torques in each limb segment that are not entirely controlled by the device [53]. In stroke patients,
movement may cause pathologic compensatory motions that might be harmful. Multiple end-
effector devices integrated at specific limb segments are combined in modular systems to avoid
this compensatory motion [54]. Exoskeletons are arm-encircling orthoses that resemble the
skeleton. The device segments are aligned with the anatomical segments of the human arm at
several attachment points. The device's rotating axes closely resemble the rotational axis of the
human arm. Exoskeletons require more sophisticated control and compensating algorithms than
end-effectors. However, they allow for more natural arm motions. Each segment of the arm's

position may be accurately specified, and each joint can be controlled individually [54].

The benefits of robots extend beyond rigorous, high-repetition training in a motivating
environment. Robots can enhance learning tactics that are not possible with conventional types of
therapy. Error amplification is an example of a successful learning approach performed with
robots. Error amplification is based on the notion of amplifying trajectory mistakes throughout a
movement, often haptically by the robot or graphically via the display. This amplification may
convey the inaccuracy to the performer's notice. The effectiveness of error amplification depends
on the individual's skill level [55]. It aids in learning the spatial components of trajectories [56]
and appears particularly useful for stroke patients with mild impairment. Beneficial for more
seriously damaged people is not haptic amplification of an error but rather haptic guiding through
a movement. As a form of "proprioceptive observation," this passive movement alone can teach

movement and cause brain changes [57, 58].
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In addition to offering novel therapy alternatives, robots may enhance understanding of motor
control rehabilitation mechanisms and time course. Motor control deficits following a stroke are
not fully patient-specific. Typical patterns of impairments (e.g., pathological synergies) are
recognized across participants and are part of the rehabilitation process [59]. Sensor-equipped
robots can expose these patterns in more detail and with better precision than clinical testing or
motion-capture systems. The latter offer kinematic data (such as location, velocity, and
acceleration) regarding a movement. Additionally, robots with haptic sensors may capture kinetic

data, such as forces or torques [60].

An example is the duration of the recovery process. It is generally considered that the
complete recovery of motor control, i.e., the ability to carry out a movement in a similar manner
as before damage, occurs in the first 3—6 months following a stroke [61]. Developments beyond
this sensitive time may be nearly fully mediated by compensation, learning alternate movement
patterns that differ from those utilized before the injury (such as using the trunk for arm-reaching
motions). The study of robot motions recently showed that real recovery (i.e., motor control) and
compensatory movements are already separated in the early stages of stroke. After just five weeks
of intervention, the real recovery of arm motor function appears to plateau [62]. Beyond this point,
functional improvement is dominated by compensatory and strength gains. Applying machine
learning and analyzing data collected during robotic treatment on large groups of patients will alter
our knowledge of the elements that influence recovery after stroke. It may show how gender affects
stroke recovery. This is significant since nothing is known about gender variations in long-term
healing. There will be new ways to improve neurorehabilitation therapies. Individualized
rehabilitation therapy will be administered based on the phase, documented deficiencies, and level

of impairment. The objective is to enhance performance in both the early and late chronic phases.

6. COVID-19 and stroke telerehabilitation

The COVID-19 pandemic has accelerated the adoption of telehealth, particularly in the field
of rehabilitation for stroke patients [63]. Given the necessity of maintaining health services and
people's growing comfort with videoconferencing technologies, telehealth has become an essential
tool. Telerehabilitation refers to the remote provision of rehabilitation services, from consultations

and assessments to therapeutic programs, through various digital means, such as real-time
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videoconferencing or email-based communication [64]. In some research contexts, it has been

supplemented by sensors, wearable devices, and interactive gaming strategies [65].

The pandemic's constraints have curtailed traditional access to rehabilitation services in
hospitals and communities, highlighting the importance of telerehabilitation as an alternative to
support care and prevent disease spread [68]. It allowed for the adaptation of existing face-to-face
programs to remote delivery via modern technologies. While the majority of stroke patients who
have used telerehabilitation services have expressed satisfaction, this area of healthcare is still
evolving and must address various challenges, complexities, and compromises [66]. The transition
from conventional to online or hybrid models must be handled with care, considering factors such
as quality maintenance, inclusive access, and continuous data collection to assess various
performance metrics. It is also necessary to reflect on telerehabilitation's financial, ecological, and

societal impacts [66].

Evidence from studies like the 2020 Cochrane Review has shown that telerehabilitation's
effectiveness is on par with traditional care, although some trials have raised questions about the
quality of evidence [68]. Despite the potential of telerehabilitation to enhance therapy accessibility,
the "digital divide" still presents risks of exclusion for certain population groups, including those
from disadvantaged backgrounds, the elderly, and people with disabilities or connectivity issues
[69, 70,71]. Nevertheless, telerehabilitation can facilitate treatment access in various global
healthcare scenarios where physical travel may be burdensome or unfeasible [71]. This approach
offers stroke patients more choices and control over their treatment, and it can connect them with

skilled healthcare providers worldwide.

The perceived cost-effectiveness of telerehabilitation, attributed to reduced travel and
transportation expenses, needs to be studied more rigorously [72]. While travel time may decrease,
inefficiencies can arise due to missed appointments and technological glitches. Investment in
equipment, software, and technical support, along with ongoing maintenance costs, must also be
factored in [73]. Moreover, despite technological advancements, barriers remain in achieving a
seamless telerehabilitation experience. Regulatory frameworks, policies, and reimbursement
methods must continue to evolve, ensuring alignment across providers and data privacy [73].
Establishing reliable and consistent reimbursement strategies is vital for the long-term

sustainability of telerehabilitation services, solidifying their place in the healthcare landscape.
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[II. Proposed technology to support at-home hand telerehabilitation

iManus is a novel hand telerehabilitation platform consisting of a glove for the patient to wear
and two software applications for both the therapists and the patients [25]. iManus is intended to
train and monitor individuals with upper extremity dysfunctions by providing a built-in flexible
training program and visual and real-time feedback to encourage correct motion, active and
repetitive, and task-specific exercise. The sensors built into the gloves will allow us to calculate

the ROM changes of the participants hands throughout the intervention.

1. Hardware

The iManus hand rehabilitation platform, designed by Tactile Robotics Ltd in Canada, was
devised through a partnership with academic professionals from the University of Manitoba. This
innovative device was created to supervise rehabilitation exercises of the distal upper limb. The
system comprises a sensorized smart glove that enables the remote monitoring of upper limb
rehabilitation tasks, negating the need for in-person clinic visits. Available in three sizes, the glove
is made from flexible plastic. The smart glove is embedded with flex sensors that keep track of the
hand's ROM. They record movements of the MCP joint — its flexion and extension — as well as all
the wrist joint movements, including flexion, extension, ulnar and radial deviation. Flex sensors
were chosen for the iManus platform due to several reasons. First, they provide highly accurate
measurements of finger joint angles. Second, their lightweight nature and ease of handling cause
minimal interference with natural hand movement when incorporated into a wearable device.
Lastly, they remove the necessity for extra mechanical components, thus simplifying the design

and reducing potential failure points.

2. Range of motion

The iManus device is strategically equipped with sensors, precisely located under the
metacarpophalangeal (MCP) joints and extended to the wrist joint, to meticulously detect the
movements of the MCP and wrist joints. It identifies the bending and straightening actions at the
MCP and wrist joints, thereby collecting essential data on hand flexion and extension movements,

crucial for accurately monitoring the Range of Motion (ROM) in the hand. During operation, the

Page 22 of 60



sensors are sensitive to changes in finger position, capturing the nuanced changes in joint angles
as individuals flex or extend during sessions. It then transforms these changes into analyzable data,
providing invaluable insights into the hand position throughout any therapeutic activity that the
therapist has recommended to the patient. To test the reliability of the iManus a preliminary
statistical analysis was performed, revealing a constant upward trend in the iManus device's range
of motion (ROM) readings as the participant executed various degrees of flexion, from minimal to
maximal. This analysis utilized data obtained from a healthy hand serving as a control, where the
participant performed a series of flexion movements. The device's capacity to consistently record
ROM values was evaluated for each finger's metacarpophalangeal (MCP) joint and phase through
30 repetitions, confirming the reliability of the iManus device in accurately detecting and recording
hand movements. Although this testing was conducted with a single healthy participant during the
pretesting phase, before actual testing with a stroke patient, the results (Figure 1) substantiate the
device's ability to reliably differentiate between minimal and maximal ROM movements,
suggesting its potential utility as a tool for overseeing and directing rehabilitation exercises.
However, it's necessary to note the iManus device's limitations. Its sensors may not fully
encompass the ROM of the proximal interphalangeal and distal interphalangeal joints, located
respectively in the middle and end sections of each finger. This exclusion results in a less
comprehensive assessment of hand movements. Despite such limitations, the iManus device still
affords valuable insights into hand ROM by focusing on MCP joint movements, facilitating the
tracking of finger flexion and extension during various activities and rehabilitation exercises, and

providing a foundational understanding of hand functionality in therapeutic contexts.
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RELIABILITY OF IMANUS PLATFORM IN MEASURING FINGER JOINT ROM AT
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Figure 1 Results support that the hand telerehabilitation platform reliably records ROM®, suggesting its
potential as a tool for monitoring and guiding rehabilitation exercises

3. Therapist interface

The therapist's interface is an integral feature of the hand telerehabilitation platform (HTP),
facilitating effective communication between therapists and patients. This web portal offers
various tools relevant to hand rehabilitation, including therapy assessment forms and diagnostic
tools that allow therapists to maintain comprehensive records of patient conditions. Featuring
distinct sections, the interface provides a space for therapists to view their list of patients and a
calendar displaying individual session schedules. A standout feature of the HTP therapist interface
is the ability to assign exercises directly to patients. This portal offers a library of 100 exercises
focused on the distal upper extremity, encompassing stretches, strength training, and functional
activities geared toward stimulating patient engagement and focus. In the event that the existing
library of exercises does not align with a patient's unique needs, the interface provides the
flexibility for therapists to augment additional exercises, enhancing customization and
personalization (Error! Reference source not found.). This ensures that therapists have the

freedom to tailor therapy exercises to the individual requirements of each patient.

Therapists can prescribe specific repetitions, sets, and rest times for each exercise (Error!
Reference source not found.) Furthermore, the interface includes a 3D hand model that emulates

the patient's distal upper extremity during the assigned exercises. As the therapist hovers the mouse
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over the model, the corresponding ROM for each finger is displayed. This feature allows the
therapist to review the 3D model's video, comparing it with the patient's movements to ensure the
exercises are performed correctly. Communication between therapists and patients within the
iManus platform is versatile and tailored to fit varying needs and preferences. The platform offers
therapists two distinct options for conducting therapy sessions, each with its unique features, to

support effective hand telerehabilitation.

The first option is a synchronous mode, where therapists are present and actively supervise
the patient during the therapy session. This mode utilizes a live webcam feature, allowing real-
time observation, guidance, and interaction between therapists and patients. The immediate
connection facilitates corrections, encouragement, and personalized feedback, creating an
experience akin to in-person therapy but through a digital medium.

The second option caters to a more flexible approach through an asynchronous mode. In this
setup, therapists do not have to be physically present during the therapy session. Instead, they can
review a recorded video of the patient performing the exercises at a later time. This video is
complemented by detailed data showing the range of motion values for the exercises performed
by the patient. This asynchronous approach enables the therapist to analyze performance,
adherence to prescribed exercises, and progress, even without real-time supervision. It also
provides the patient with the autonomy to perform exercises at their convenience, while still
ensuring that professional oversight and feedback are available. These two modes in the iManus
platform provide a versatile and adaptable structure for hand telerehabilitation. Whether preferring
real-time engagement or the flexibility of review and analysis after the session, therapists and
patients can collaboratively choose the mode that best aligns with their professional judgment and

the specific needs of each patient.
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Figure 2 iManus library of exercises
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Figure 3 iManus therapist interface for exercise modification in terms of number of sets and repetitions
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4. User interface

The iManus patient application, available for download on both IOS and Android platforms,
facilitates communication between the therapist and the patient. Patients are provided a unique
code by their therapist to log into the application. Upon successful sign-in, the user interface
displays a start button that can't be pressed until the application recognizes that the patient wore
the smart glove. The application showcases videos of the assigned activities, detailing the number
of repetitions, sets, and rest periods between sets. For each exercise, the patient is provided with
four options: pause, discard the exercise, proceed to the next exercise, or end the session. This
variety of choices affords patients a degree of autonomy, allowing them to take a pause if they feel
fatigued. Feedback is generated on the success of the action, as well as the quality of each
repetition's execution. In instances of discomfort or pain during an exercise, the patient has the
option to discard the exercise and communicate their concerns to the therapist via the in-app chat
box (Figure 4), or through the webcam, if the therapist is present. A significant design aspect of
the system is its simplicity and ease of use, reducing the necessity for extensive training for health

practitioners and patients.

Patient File

You can assign trainings to your patient in this page as well as to communicate with them

Birth Year

& Patient Profile e -_——

3" Assigned Trainings

iManus allows the participant and
therapist to communicate with each other

@ Finger Lumbncals w

Figure 4 Chat box feature connecting the patient with the therapist
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IV. Methods

1. The Participant

The present study included a female participant with a mild case of chronic stroke who utilized
the iManus platform as a telerehabilitation tool at home for eight weeks. The choice of a chronic
stroke patient over an acute one was guided by the stabilized neuroplasticity, safety considerations,
and a consistent baseline functional level in chronic cases, which facilitated a clearer evaluation
of the iManus platform [30]. Recruitment for the study was conducted through a convenience
sampling method from a previous study in which I actively participated. The previous study
focused on the rehabilitation of stroke survivors using a virtual reality device. The participant met

the inclusion and exclusion criteria:

1.1 Inclusion criteria
e Age over 18 and 80.
e Patient in the chronic phase of stroke (more than six months after the onset of acute injury).

e Hemiplegic upper extremity dysfunction secondary to a unilateral ischemic or hemorrhagic

brain lesion.
e Arm spasticity > 2 in the Modified Ashworth Scale [74].
e Able to flex the shoulder and extend the elbow.
e Subject with impaired hand opening but capable of partial movements.

e Absence of severe cognitive impairment as defined by Mini-Mental State Examination >
23 [75]. Able to follow instructions as prescribed by Mississippi Aphasia Screening Test >
45.16 [76].

e Also, the participant must have the ability to give their consent, understand the platforms

instructions, and perform the exercises.
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1.2 Exclusion criteria
e [fthe participant has any contraindications to intensive hand training
e Upper limb pain
¢ Bilateral paresis
e Poor skin condition over the hand

¢ Individuals who have visual or hearing impairment do not allow the possibility to interact

with the hand training platform.

2. Initial Assessment

The therapist and patient initially met at the participant's home for an assessment of the hand
condition. A comprehensive hand evaluation was conducted to determine the participant's
functional status, which led to a personalized treatment plan. Following this, an educational session
took place where both the patient and caregiver were instructed on how to use the platform
correctly. The topics covered included turning the platform on and off, troubleshooting in the event
of malfunctions, donning and doffing the smart glove, and charging it as necessary. It is important
to note that involvement from informal caregivers played a crucial role throughout all stages of
education. Furthermore, before concluding the session with the therapist, a brief practice session
occurred to ensure that both caregiver and participant were proficient in operating iManus

effectively.

3. Intervention

In this feasibility study, we designed and implemented a treatment plan that was both
personalized and adaptive to the participant's unique needs and preferences. This plan was
proposed to a participant suffering from chronic stroke and spanned a duration of two months. The
intervention involved telerehabilitation sessions conducted five times a week, with each session
recommended to be 30 minutes long (Table 1). Additionally, for each session, participants were
assigned five exercises to aid in their rehabilitation process. Our methodology for selecting

exercises adhered to standard practices in stroke rehabilitation, with an emphasis on the re-
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acquisition of functional skills and meaningful movements [77]. Specifically, the approach was
rooted in task-oriented arm training, a strategy backed by significant evidence for improving post-
stroke hand performance [78, 79]. The chosen exercises were designed to cover a comprehensive
range of movements. In our approach, we prioritized participant autonomy and engagement by
involving them actively in the exercise selection process. The participant also had a significant
role in deciding their exercise schedule. This collaborative method was aimed at fostering a sense
of autonomy and promoting adherence, potentially leading to enhanced outcomes. To further
facilitate this, the participant was offered a choice between synchronous and asynchronous training
sessions via the iManus platform. To ensure a transparent process, we shared in-depth information

about each exercise, including the number of repetitions, sets, and rest intervals.

The participant opted for asynchronous sessions, offering them the flexibility to manage their
rehabilitation schedule. The treatment plan was designed to be dynamic, with adjustments made
based on several factors. These included participant feedback, therapist observations from
recorded outcome measures, and ROM values derived from the device. The therapist conducted
intentional and systematic adjustments to the training program by utilizing remote access to the
therapist portal specifically designed for therapist utilization. The therapist would regularly access
this portal on a daily basis in order to carefully examine potential messages received from the
participant. Additionally, the therapist would use the interface to remotely monitor the participant
advancement, adherence to the training program, and the duration of their training sessions. During
the course of these monitoring activities, it was not necessary for the participant to be
simultaneously present online. The therapist conducted a retrospective evaluation of session
results, assuring diligent monitoring of the participant's advancement. Nevertheless, it is important
to acknowledge that this specific approach did not attempt to include external motivational
incentives in order to enhance the participant's adherence to the intervention. Outcome measures
including the Fugl Meyer upper extremity scale, Jebsen-Taylor Hand Function test and the Visual
Analog Scale were recorded three times during the study - before, in the middle, and after the
intervention. The System Usability Scale and the semi-structured interview were conducted after
the study had ended. To facilitate communication and address any concerns or technical issues,
the participant was provided access to a technical help desk and an in-app chat to contact the
therapist. Moreover, the therapist made weekly calls to check on the participant's safety and

address any emerging issues. This study provides critical insights into the acceptability and
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practicality of using this intervention in real-world settings. This study shows how the intervention
can adjust to suit various lifestyles and commitments. However, it also points out some challenges.
These include the need for the participant to stay motivated during asynchronous training and the

delay in receiving feedback from the therapist.

Table 1 Recommended intervention plan

40 5 30 minutes ~

4. Data collection

Patients' data, including the ROM taken during the session and chat logs between the therapist
and the participant were all uploaded to a secure server for the therapist to check and analyze at
any time on the therapist's portal. Further, any technical issues encountered during the use of the
iManus platform, and the solutions implemented to resolve these problems were documented for
future reference and improvements. As part of the final evaluation, individual semi-structured
interviews were conducted with the patient and the caregiver to explore their experience with the
telerehabilitation service provided. All interviews were completed using a semi-structured

interview guide, including open and closed questions (Table 2).

Outcome measures

4.1 Feasibility
4.1.1. Program completion data

That included the number of sessions the participant performed and the average time in minutes

the participant spent exercising for each session.

4.1.2. The System Usability Scale
The System Usability Scale (SUS) offers a "quick and dirty" but trustworthy method for

testing usability. It comprises a 10-item questionnaire with five possible responses, strongly agree

to disagree, given to respondents Strongly. It enables the researchers to assess a wide range of
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goods and services, including hardware, software, mobile devices, websites, and applications. John
Brooke originally designed it in 1986. The advantages of a SUS have been cited in more than 1300
journals and publications, making it an industry standard. In addition, the use of SUS has numerous
advantages, including that it is a relatively straightforward scale when giving participants
dependable outcomes; even with a small sample size, it is reliable because it can distinguish

between useable systems and those that are not [80].

4.1.3. Semi-structed interviews.

To comprehensively understand the participant's experience with the telerehabilitation
program, two semi-structured interviews were conducted post-intervention with the patient and
their caregiver [81]. Employing an interview guide (Table 2), informed by the User Experience
and Acceptance Models [82, 83], ensured pivotal topics were addressed. This format allowed for
a thorough exploration of specific topics while adhering to the broader research objectives. Our
primary analysis followed an inductive approach [84], embracing the study's exploratory nature.
This approach highlighted emergence of themes and patterns directly from the data, rather than
testing predefined hypotheses as in a deductive approach. The analysis process of the interview
data was systematic and multi-staged. It began with the transcription of the recorded conversations,
followed by coding the data to identify significant concepts. These codes were then grouped into
themes, which were interpreted to extract meaningful insights. Techniques such as data reduction
and summarization were employed to condense the findings, highlighting key patterns and their
implications. To ensure the credibility and objectivity of the analysis, several measures were taken.
The main researcher, who was responsible for the intervention, did not conduct the interviews,
reducing the potential for bias. Furthermore, the identified themes were reviewed by the
interviewer to ensure that the interpretations were aligned with the participants' intended meanings
[85]. This process of cross-checking served as a form of validation, enhancing the trustworthiness

of the analysis.
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Table 2 Semi-structured interview guide

How did the intervention fit into your daily routine?

Did the intervention support your rehabilitation process? Please provide details.

If you could continue with the intervention, would you? Why or why not?

Has the intervention made any impact on your quality of life?

Would you find it difficult to describe this intervention to others? If so, which aspects do you
think would be challenging both for you to articulate and for others to comprehend?

What benefits did you notice from participating in the intervention?

Were there any challenges you faced during the intervention at your home?

What potential difficulties might others experience with such interventions?

Based on your experience, what modifications or improvements should be considered for the
intervention?

4.2 Safety
4.2.1. The Visual Analog Scale

The Visual Analog Scale (VAS) is a widely used measurement instrument in healthcare
research to evaluate subjective experiences such as pain, exhaustion, and overall well-being. It is
typically represented as a 10-centimeter line, with one end labeled "no feeling" and the other end
labeled "maximum feeling." Participants are asked to indicate the point on the line that corresponds
to their current level of sensation. The scores are obtained by measuring the distance (in
millimeters) from the "no feeling" end to the participant's mark. This measurement method is a

dependable and accurate way of evaluating subjective phenomena [86].

4.3 Efficacy evaluation
4.3.1. Range of motion changes

In the process of assessing the efficacy of the novel telerehabilitation platform, we utilized a
quantitative approach to identify any potential changes in ROM from the start to the end of the
study. Our primary focus was on ROM values collected from the seated full flexion exercise for
the fingers and the active ROM wrist flexion-extension and wrist ulnar-radial deviation active

ROM for the wrist joint. The choice to focus on the seated full flexion exercise of the fingers was
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driven by its frequent repetition throughout the intervention phase. This exercise's recurring
presence in the intervention program enabled us to gather ample data, which added a significant
degree of reliability to our findings. Furthermore, we undertook an examination of the active ROM
associated with wrist flexion-extension as well as wrist ulnar-radial exercises. The selection of
these particular exercises originated from our observation that the active ROM for flexion-
extension lacks a component of ulnar and radial deviation. To address this gap and ensure a
comprehensive evaluation of wrist joint movement, we included the wrist ulnar and radial
deviation exercise ROM values. This addition enabled a more holistic understanding of the full
range of wrist joint movements facilitated by the novel telerehabilitation platform under

evaluation.

4.3.2. Fugl-Meyer Assessment for Upper Extremity

The Fugl-Meyer Assessment for Upper Extremity (FMA-UE) is a widely recognized tool,
most used to assess motor impairment in patients who have suffered a hemiplegic stroke [87]. Its
high inter-rater reliability and proven validity make it a reliable choice in stroke rehabilitation
research and clinical settings. In essence, the FMA-UE evaluation involves 33 distinct items. Each
item represents a specific task that the patient is asked to perform. The patient's performance is
then scored on a 3-point scale: '0' if the task cannot be performed at all, '1' if the task is only
partially performed, and '2' if the task is completely performed. The total score is calculated by
adding up the scores of all the individual tasks, providing a quantitative measure of the patient's
motor function. A higher score represents better motor function; thus, the FMA-UE score serves
as an effective metric of the patient's recovery progress, or the effectiveness of a given

rehabilitation intervention.

4.3.3. The Jebsen-Taylor Hand Function Test

The Jebsen-Taylor Hand Function Test (JTHFT) is employed to evaluate the functionality of
the hand in performing tasks that mirror activities of daily living (ADLs). This tool has
demonstrated reliability and validity in assessing patients with post-stroke hemiparesis. The
JTHFT measures the time taken to complete seven different tasks, each of which simulates a

specific functional activity related to hand function [88]. These tasks include writing a short
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sentence, turning over 3x5 inch cards, picking up small objects and placing them in a can,
simulated feeding, stacking checkers, picking up large, lightweight objects, and picking up large,
heavy objects. The time taken for each task is recorded, and lower times indicate better hand
function. Each individual task is timed separately, and these times are then summed up to give an

overall performance time.
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V. Results

1. Feasibility

1.1. Program completion

The participant demonstrated a high level of adherence to the 8-week home-based program,
completing all the assigned 40 sessions. This reflects a strong commitment to the program. On
average, each session lasted for approximately 20 minutes. Over the course of the 8-week
intervention, the participant performed a series of nine different exercises, totaling 180 repetitions.
(Figure 5). The most frequently performed exercises were the Ball Squeeze and Seated Full
Flexion, each with 35 repetitions. Given that they completed 40 sessions, the total estimated
training time for hand-functional training was 800 minutes (40 sessions x 20 minutes per session)

(Figure 6). The participant preferred the asynchronous training method.

LIST OF EXERCISES AND FREQUANCY OF THE ASSIGNED TO THE PARTICIPANT
Wrist extension

stretch
20

Ball Squeeze
35

Wrist radial and ulnar
deviation AROM
20

Wrist flexion stretch

22 Seated full flexion

35

Seated wrist flexion,

extension . . Thumb opposition
16 Tracing spirals  Tpumpy stretch 14
4

14

Figure 5 List of exercises and frequency of the assigned to the participant
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Figure 6 Telerehabilitation Session Durations

1.2. System Usability Scale

The participant reported a SUS score of 77.5 out of 100 for this score indicates good to
excellent usability with a strong likelihood that the platform will be accepted intended field [80].

Table 3 SUS responses by the participant

IS):; :zlg:z Sx;neg:v

I think that I would like to use this platform
frequently.

I found the iManus platform unnecessarily
complex.

I thought the platform was easy to use. 4
I think that I would need the support of a

technical person to be able to use this 4
system.

I found the various fimctions in this system
were well integrated.

1 thought there was too much
inconsistency i this system.

I would imagine that most people would <
learn to use this system very quickly.

I found the system very cumbersome to

use. v

I felt very confident using the system. 4
I needed to leam a lot of things before I )

could get going with this system.
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1.3. Semi structured interview responses

The results derived from interviews with the participant and caregiver offered insights into
the benefits and drawbacks of the iManus platform. These insights were categorized based on the

aspects of improvement and challenges reported by the participant and the caregiver.
1.3.1. Perceived benefits.

The participant and caregiver identified several benefits of using the iManus platform. These
included enhanced mobility and the sense of control and accountability over therapy.
e Mobility
The participant and caregiver observed an increase in the participant's mobility. The
participant stated, "I feel like I'm more aware of my hand now...using iManus helped me move my
hand more in some way." The caregiver added, "I know there have been improvements in her
progress... Overall, I believe it's a great tool that made her move her affected hand more and has

some clear benefits."
e Sense of control and accountability over therapy

The iManus platform has been observed to increase the participant's sense of control in
scheduling their therapy sessions. This was made possible as the participant could conveniently
use the platform at their own home. This flexibility provided the participant with greater control
over their rehabilitation sessions, as noted by the participant: "Yes, I believe the iManus improved
the quality of my life. I mean, it's like getting physio, but at home." The caregiver also noticed the
convenience offered by the iManus platform, stating: "it's really convenient because you just need
to sit down for 10 minutes at a time. You don't have to go anywhere or get in the car. That's what
makes it so great." In addition to facilitating a sense of control, the iManus platform was also
highlighted by the caregiver for promoting a sense of accountability and commitment in the
participant. As the caregiver stated: "Well, it certainly set up a schedule that needed to be kept.
The data being sent through the device keeps a person honest, and there's a sense of commitment
and accountability. I think accountability is a significant challenge for many stroke patients."

These insights are purely based on the statements from the participant and the caregiver.

1.3.2.Perceived barriers

In addition to the reported benefits, the participant and caregiver emphasized certain aspects
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of the iManus platform that could be improved or posed challenges in its current form. These

included: Device Adaptability and Functionality and Ease of Use and Design Suggestions
e Device Adaptability and Functionality

Some aspects of the iManus platform's design presented minor challenges to the
participant. The size of the device, particularly the length of the finger components, imposed
limitations on the range of exercises they could engage in. The participant shared, "I had some
exercises in mind that [ wanted to perform, but I felt that I couldn't do them because the fingers
are too long." Moreover, there were instances where manual intervention from the caregiver was
needed to reattach components of the device. The caregiver noted, "These little clips, they keep

popping off... I had to assist her in reattaching them."
e [Ease of Use and Design Suggestions

Both the participant and the caregiver consistently reported difficulties when putting on and
adjusting the glove. The participant suggested that a design closer to a fabric glove could enhance
usability. The participant shared, "I wish that the design was more like a fabric glove so I can
easily wear it and do more exercises with it on." In addition, the participant reported in therapist
notes that she felt discomfort during sustained full flexion movements of the thumb, describing it
as "tightness coming from the thumb". This issue was resolved during the mid-study assessment
home visit in which the attachment of the thumb component on the iManus device was adjusted.
The caregiver echoed this sentiment, proposing that the design could be further enhanced to
simplify the process of wearing and removing the device. As stated by the caregiver, "When it
comes to the actual hand device, it needs to be improved to the point where you can easily slip it

on and off without any hassle."

2. Safety

2.1. Visual Analog scale
The Visual Analog Scale (VAS) was employed to assess our participant's pain levels at three
set intervals: before the intervention, immediately after, and midway through the program.
Analysis of the gathered data revealed that the utilization of the platform did not result in any
increase in reported pain levels by the participant. Throughout the study, the therapist consistently

encouraged the participant to communicate any adverse effects experienced, such as pain or
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edema, resulting from the use of the iManus device. Notably, no instances of pain were reported

by the participant, further affirming the absence of adverse effects associated with the intervention.

Table 4 VAS scores to assess pain levels before, during and after the intervention

Visual Analog scale TO T1 T2

Score 0 0 0

3. Efficacy evaluation
3.1. Range of motion changes

The ROM values establishes a notable increase in all fingers (Figure 7, Figure 8). This is
evident from the measurements taken during the initial and final sessions when these exercises
were performed. The Ring Finger MCP Flexion ROM rose from an initial 54.76 degrees to 70
degrees in the final session (~ 29% increase). The Middle Finger MCP Flexion ROM increased
from 64 to 74 degrees (~ 15% increase), and the Index Finger MCP Flexion ROM grew from 50
to 57 degrees (~ 14% increase). The Thumb Finger MCP Flexion ROM, although displaying a
smaller degree of change, still showed an improvement, increasing from 29 degrees to 32 degrees
(~ 10% increase). reveals a mixed pattern of results for the wrist exercises. The Wrist Flexion
ROM presented a slight improvement, increasing from 63 to 65 degrees (~ 3% increase). However,
the Wrist Extension ROM showed a slight decrease, moving from 35 to 32 degrees (~ 8%
decrease). The Wrist Radial Deviation ROM displayed an increase from 7 to 10 degrees (~ 42%
increase), and the Wrist Ulnar Deviation ROM also improved, rising from 21 to 24 degrees (~ 14%
increase). The listed percentages represent the relative change in ROM for each finger when

compared with the first session and last session of the selected exercises.
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Figure 7 Range of motion values of the AROM of Wrist flexion and extension
exercise + Wrist AROM radial and ulnar deviation

First and last ROM Values for Wrist Flexion/Extension and
Radial/Ulnar Deviation Exercises
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Figure 8 Range of motion values of the AROM of Wrist flexion and extension
exercise + Wrist AROM radial and ulnar deviation
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3.2. Fugl Meyer Assessment

Table 5 Fugl Meyer Assessment of the Upper Extremity at TO, T1, and T2

T0 Tl ‘ T2
1. Upper extremity 27/36 31/36 31/36
2. Wrist 6/10 6/10 8/10
3. Hand 7/14 11/14 11/14
4. Coordination / Speed 3/6 5/6 6/6

Total 1-4 (motor function) 43 53 56

5. Sensation 8/12 10/12 10/12
6. Passive Joint Motion 12/24 14/24 16/24
7. Joint pain 24/24 24/24 24/24

Table 5 details the scores from the Fugl Meyer Assessment of the upper extremity for a
participant at three different time points: TO, T1, and T2. When considering motor function, the
scores for the Upper extremity, Wrist, Hand, and Coordination/Speed all increased from TO to T2.
Specifically, the Upper extremity score increased from 27/36 at TO to 31/36 at both T1 and T2.
The Wrist and Hand scores also increased over this period, with final scores of 8/10 and 11/14 at
T2, respectively. In the Coordination/Speed category, the participant achieved the maximum score
of 6/6 at T2. Sensory perception, as indicated by the Sensation category, showed an increased score
at T1 compared to T0. Passive joint motion also increased over time, with scores rising from 12/24
at TO to 16/24 at T2. The participant reported no joint pain at any of the assessed time points, with
consistent scores of 24/24 in the Joint pain category. The data from the Fugl Meyer Assessment

suggests an increase in motor function, sensory perception, and joint mobility from TO to T2.

3.3. Jebsen-Taylor Hand Function Test (JTHFT)

As displayed in Table 6, JTHFT results indicate an overall change in the task completion

times across three different stages. Between TO and T1, reductions in completion times were
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observed for all tasks except for "Stacking checkers". However, from T1 to T2, an increase in task

completion times was noted across all tasks, indicating a slight regression in performance.

Table 6 Jebsen Hand Function Test at TO, T1, and T2

Task TO T1 T2
Writing a sentence 35 25 27
Turning over cards 16 15 19
Small common object 34 32 38
Stacking checkers 30 31 36
Simulated feeding 55 42 57
Large light object 25 20 29
Large heavy object 28 23 34
Total score 223 188 240

Page 43 of 60



VI. Discussion

In this feasibility study, we aimed to evaluate a telerchabilitation intervention for hand to
assess its safety and efficacy in improving hand function for individuals after a mild stroke. We
used a novel platform (iManus) that integrates a smart glove and corresponding software to
monitor hand range of motion (ROM) and allows patients to perform rehabilitation exercises at
home. During an eight-week intervention with a female participant with a chronic stroke, 40
sessions of hand exercises were performed asynchronously, and outcomes (FMA, JTHFT, VAS)
were measured at three different intervals: before, in the middle, and after the intervention. The
study also measured changes in range of motion and at after the intervention ended a SUS
questionnaire, and a semi-structured interview were done to gather more detailed data about the

usability of the intervention and their experience with asynchronous hand training.

The results suggest that the intervention is feasible and the iManus could be used in a larger
scale [80]. This was demonstrated by the consistent adherence to the intervention for about 100
minutes per week. Hand function also improved over the course of the training. Interviews with
the participant and caregiver depicted what they experienced during the intervention and added

further detail to our understanding.

The high adherence to the intervention shows that the participant actively engaged, indicating
the feasibility of the intervention [89]. The exact reason for this high treatment adherence is
complex, with multiple factors likely at play. The treatment plan adapted to the participant's needs,
notably when the participant found a particular exercise that was assigned to improve fine hand
motor movements in the hand (tracing spirals) too difficult. As a result, the therapist changed the
exercise to an easier one that better suited the participant's abilities. This recognized the
participant's feedback and allowed them to participate actively in their treatment. This adaptability
may have further encouraged the participant to adhere to the intervention [90]. The availability of
numerous exercises in the platform's library, as well as the ability to add exercises that the therapist
could not find in the current library, confirms that each stroke patient has unique abilities and
different needs [91]. This flexibility fills the gap that exists in some marketed home rehabilitation
equipment where users are limited in exercise choices and cannot fully accommodate patients'

specific abilities [92].
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The participant in this study consistently adhered to the 8-week home-based intervention,
completing all the assigned 40 sessions, each lasting an average of 20 minutes. Thus, the exercise
duration totaled approximately 800 minutes or about 100 minutes per week (20 minutes per day
for 5 days). This suggests that the participant was self-motivated to engage in the exercises without
any external motivators, such as scheduled appointments with the therapist for remote supervision.
This duration is comparable to or exceeds adherence found in recent studies of home-based,
asynchronous upper limb therapy after stroke [93, 94, 95]. The provision of shorter therapy
durations, such as 20 minutes, has been shown to enhance accessibility and reduce the sense of
overwhelm in telerehabilitation [96]. While existing research points to the potential for more
significant functional improvements with higher intensity training [20], the importance of
acknowledging the value of a 20-minute session, though brief, should not be understated. These
shorter sessions are preferable to no training and have proven to be effective. It must be noted,
however, that the referenced 20 minutes pertains solely to the actual training time, excluding
activities such as the donning and doffing of the Smart Glove or calibration procedures. These
findings contribute to a broader understanding of the flexibility and adaptability inherent in
telerehabilitation interventions and provide insights that may guide future research and clinical

practice in this domain.

Our approach aimed to remove the restriction to specific training times, making therapy more
accessible and allowing for seamless integration into the participant's daily life. This user-centered
approach, valued by both the participant and caregiver, prioritized the individual's routine by
emphasizing shorter, more manageable sessions. The adaptation of therapy to daily life reduced
the burden and contributed to a model of telerehabilitation that underscores flexibility and the
individual's unique needs. Furthermore, the heightened mobility noted by both the participant and
caregiver could have played a role in the participant's perception of substantial improvement
during the intervention. This perception likely promoted a greater commitment to their therapeutic
journey and may have been one of the factors that contributed to the participant's sustained
adherence to the intervention [97].

In this study, we introduced a unique approach to measure the changes in ROM. Data showed
a noticeable improvement in the ROM across all fingers, indicating the effectiveness of the
intervention. Significant gains in the ROM of the Ring and Middle Finger could aid in performing

intricate tasks that require careful hand control. The thumb plays a significant role in hand function,
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contributing approximately 40-50% of the entire functionality. Its ability to oppose the other
fingers is a major factor in this contribution [98]. Given the crucial role of the thumb in activities
such as writing and object manipulation [99,100], even a slight improvement in its ROM can have
a significant effect. When interpreting the slight decrease observed in Wrist Extension ROM, it's
vital to consider them in the context of the participant's recovery journey, which is distinct and
unique. The slight decrease in Wrist Extension ROM might not necessarily signal a setback. This
alteration could reflect an adjustment where the participant has started to prioritize Wrist Flexion,
a movement often integral to daily tasks [101]. Stroke rehabilitation research indicates that such
adaptations are common. Post-stroke, individuals often develop compensatory techniques, such as
increased wrist flexion, to mitigate impairments in hand functionality. Additionally, this alteration
might suggest the emergence of what's known as flexor synergy patterns, a phenomenon often
observed during stroke recovery. This synergy typically combines wrist flexion with finger
extension, simplifying the act of grasping and releasing objects [102]. While these synergy patterns
might initially assist in achieving functional movement, it's important to acknowledge the potential
trade-off. Studies suggest that an over-reliance on these patterns could limit the restoration of
independent joint movements and hinder the return to normal movement patterns in the long run
[102].

Remotely monitored hand training at home, as implemented in our study, has successfully
demonstrated the feasibility of intervening asynchronously. In the present study, the approach
facilitated practice without reliance on therapist availability, which could potentially enable an
increase in the dose of training in comparison to supervised treatments in clinical settings. The
participant was guided to follow the assigned exercises, with particular emphasis on frequency and
repetition. This intentional limitation of daily exercises was a strategic measure, rationalized to
prevent potential fatigue-related complications. However, future research may consider exploring
a more flexible exercise intensity, which could encourage an increased dose of training without
compromising the participant's well-being.

Our intervention is novel in that it combines a unique platform and methodology. A
comprehensive search of the existing literature did not reveal any studies employing both these
specific elements (hand telerehabilitation exoskeleton, asynchronous training) together. However,
a study utilizing a comparable platform [103] evaluated the usability of the device for synchronous

remote rehabilitation therapy and reported it to be acceptable and showing potential for broader
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acceptance. Two groups of acute-phase stroke patients were compared: one employing a wearable
device along with conventional physical therapy (experimental group) and the other using
conventional therapy alone (control group). While no significant differences were found between
the groups before the intervention, post-intervention results revealed that the experimental group
experienced significantly greater improvements in hand strength, hand function, and daily living
activities performance. These findings emphasize the potential efficacy of the platform utilized in

our study.

In the research conducted by Nijenhuis, Sharon et al. (2015) [13], the team investigated the
feasibility and potential advantages of a home-based, technology-assisted training system for arm
and hand rehabilitation in chronic stroke patients. This involved using an arm and hand orthosis,
combined with a user interface that was remotely monitored, all set within an engaging gaming
context. The study administered this setup to 24 patients over six weeks. It's important to note that
the iManus platform used in this study exclusively targets the distal upper extremity (hand) and
doesn't assist in movements, unlike the platform used in Nijenhuis study that address both proximal
(arm) and distal upper extremities. Nevertheless, their methodology bears resemblance to our
approach. Both studies embrace an asynchronous style of training, allowing for self-administered
practice without dependence on real-time therapist supervision. In Nijenhuis's research, the
findings highlighted the system's feasibility, reflected by an average usability score of 69% and a
training duration of 105 minutes weekly. In our study, we observed comparable results, with a
usability score of 77.5% and an average training duration of 100 minutes per week. Building on
Nijenhuis's results, participants showed improvements in upper extremity function and overall
quality of life, as evidenced by specific clinical measures like the Fugl-Meyer score. These
outcomes suggest that asynchronous training in stroke telerehabilitation can be effective. The
positive results in both studies emphasize the potential benefits of remote, self-administered

rehabilitation in enhancing hand function and patient adherence.

A review by Coupar et al. (2012) examined if home-based upper limb therapy could enhance
performance in daily activities and upper limb function compared to traditional care. The review
investigated four different research projects that examined in-home rehabilitation for the upper
limb following a stroke [ 104]. Their findings showed that these home-based programs were neither
more effective nor less effective than similar programs conducted in hospital settings for

improving hand motor function. Unlike our study, where the therapist only visited the participant
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only to record the research outcome measures and allowed them to choose their own training
schedule, all the studies included in Coupar's review involved remote supervision at scheduled
times. In those cases, the patients had training sessions that were planned and practiced for about
five hours or more each week. In the context of this study the participant's experience was closely
monitored for any adverse effects. Notably, there was no reported increase in pain levels as
assessed by the visual analog scale. This absence of pain increase suggests that the intervention
employed in this study can be considered safe. Usability of the system score indicates good to
excellent usability with a strong likelihood that the platform will be accepted and used in the
intended field [80], but the platform might need improvements, which will be considered for the
final version of the platform. The tested prototype of the iManus platform demonstrated some
minor design limitations. The participant noted a specific issue concerning the size and length of
the finger components. This feedback highlighted a discrepancy in size and length, suggesting that
the glove used might not have adequately accounted for variations in hand size and finger length.
Interestingly the participant reported this discrepancy primarily due to their wish for the glove to
be more compatible with activities of daily living not due to any problem with performing the
exercises assigned, this signifies an opportunity for enhancement in the glove's measurements
taken for each participant. The participant and caregiver recommended a design modification for
the smart glove, suggesting enhanced convenience if it resembled a traditional fabric glove. The
spasticity level of our participant, as measured on the Ashworth Scale, was notably low, enabling
her to independently put on and remove the glove. Yet, it's crucial to highlight that many stroke
patients experience a paretic hand with symptoms of high muscle tone and stiffness, commonly
known as spasticity [105, 106]. This prevalent symptom could introduce challenges in the
widespread use of this intervention, complicating the act of donning and doffing the hand
exoskeletons for stroke survivors. The idea of redesigning the smart glove to mirror the comfort
of wearing a traditional fabric glove necessitates thorough research and assessment. While such a
design may enhance the user experience, the glove's primary function of collecting accurate data

to guide therapists in their clinical decisions must remain uncompromised.
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VII. Limitations

Based on our preliminary feasibility study focused on a single participant, I recommend
conducting a randomized controlled trial for stronger validation. In such study, I suggest dividing
participants into two groups: one receiving telerehabilitation using the intervention method we
used, and the other undergoing conventional therapy at an outpatient clinic. The focus should
ideally be on chronic mild stroke patients. A crucial aspect to explore further would be the cost-
effectiveness of each approach. I acknowledge that our current study did not delve into cost
analyses, which represents a limitation. Our findings can act as an initial step, guiding more

thorough research in the future.

VIII. Conclusion

In this study, we evaluated the feasibility, safety and clinical efficacy of a hand
telerchabilitation intervention. The results we gathered suggest that post-stroke patients with mild
symptoms can benefit from this asynchronous home-based intervention. A significant outcome
was the participant's high adherence and the absence of increased pain, coupled with an
improvement in hand and wrist range of motion. While the Fugl-Meyer Assessment highlighted
promising progress, the Jebsen Hand Taylor Test presented varied results. Supported by an
excellent System Usability Scale score, the platform shows promising signs of acceptance in the
telerehabilitation field. Through interviews with both the participant and the caregiver, we were
able to get their perspective on the intervention. They highlighted key benefits, particularly
enhanced mobility and increased sense of control over therapy. Additionally, the participant
recommended design enhancements aimed at improving adaptability and user experience.
Nevertheless, no significant issues were faced that hindered the intervention's progress.
Satisfaction was expressed by both the participant and the caregiver towards the implemented

method of rehabilitation.
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