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Abstract
Background: Robotic measurement of kinematics is a potential method to detect precise
rehabilitation-induced changes in upper limb movement and cognition post-stroke. To what degree
robot-derived data aligns with other gold-standard upper limb measurement tools has yet to be
described. Such comparisons would be important for translating such tools to research and clinical
practice.
Methods: Using the Kinesiological Instrument for Normal and Altered Reaching Movement
(Kinarm), we compared the relationship between robot-derived values and gold-standard clinical
tests of upper limb performance and cognitive function before and after a rehabilitation
intervention in patients with chronic stroke. The intervention involved 10 sessions of pairing
aerobic exercise with skilled motor and cognitive practice. Participants underwent motor
performance and cognitive function assessments using the Kinarm endpoint robot and standardized
measurement scales at baseline, after the 10 intervention sessions and 30 days later.
Results: Ten participants with chronic upper limb impairment due to stroke (69.4 + 12.9 years old:
7 males, 3 females) completed the intervention sessions. There were no significant improvements
in upper limb recovery when measured using the clinical gold-standard tests. However, robotic
kinematics variables showed significant changes in motor performance at follow-up. There were
no significant changes in cognitive measures pre- and post-rehabilitation intervention.
Conclusion: Rehabilitation-induced changes in upper limb performance and cognitive changes

may be effectively detected and quantified using robotic kinematics measures.
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General Summary
This study investigated the effectiveness of using robotic measurements to detect and quantify changes in
upper limb movement and cognitive function following a rehabilitation intervention for stroke patients. The
research compared robot-derived data from the Kinesiological Instrument for Normal and Altered Reaching
Movement (Kinarm) with gold-standard clinical tests. Ten participants with chronic upper limb impairment
due to stroke underwent 10 sessions of aerobic exercise combined with skilled motor and cognitive practice.
The results showed no significant improvements in upper limb recovery according to the clinical tests, but
the robot-derived kinematics variables demonstrated significant changes in motor performance after the
intervention. However, there were no significant changes in cognitive measures before and after the
rehabilitation intervention. These findings suggest that robotic measurements may detect and quantify
improvements in upper limb performance resulting from rehabilitation, providing valuable insights for

research and clinical practice.
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1 CHAPTER ONE

1.1 OVERVIEW

Stroke incidence has increased significantly globally, making it an important area for
research and intervention. Stroke ranks as the second leading cause of death worldwide, with an
annual mortality rate of about 5.5 million and over 13 million new cases reported [1].

In Canada, stroke ranks third, after cancer and heart disease, as the leading cause of
death[2]. Importantly, stroke results in severe and prolonged physical and cognitive disability,
affecting individuals and their families for their lifetimes. Every year, approximately 62,000
people with stroke receive treatment in Canadian hospitals, with over 400,000 people living with
its effects [3].Stroke has devastating consequences: approximately 66% of people who have a
stroke will be left with some forms of disability [4]. Stroke costs the Canadian economy 3.6 billion
dollars per year in lost wages, long-term disability, and patient-related health care costs [5].

The acute management of stroke involves a complex and time-sensitive process of
evaluation, diagnosis, and treatment [6]. Despite advancements in medical technology and best
practice guidelines, there are still gaps in the stroke management system that result in suboptimal
patient outcomes. Two common treatments for acute ischemic stroke are tissue plasminogen
activator and endovascular thrombectomy [7]. Although effective, only about 10% of patients
receive these treatments. Limited access to facilities that provide tissue plasminogen activator and
endovascular thrombectomy, inability to meet inclusion criteria, and a lack of trained medical

personnel are all factors that impede timely access [8].
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While tissue plasminogen activator and endovascular thrombectomy have been shown to
be effective in improving outcomes, they may not provide complete recovery for all patients [9].
Rehabilitation, on the other hand, can play a crucial role in further improvement of functional
outcomes and quality of life for stroke survivors [10], [11]. Rehabilitation programs should be
individualized to address each patient's specific needs and should be started as soon as possible
after the stroke event [12].

Effective stroke management requires a multidisciplinary approach that includes nurses,
doctors, physical therapists, occupational therapists, psychologists and social workers [13].
Improving access to rehabilitation services, providing individualized treatment plans, and training
healthcare professionals can improve patient outcomes and reduce the associated impairment due
to stroke and its impact on patients and their families [14], [15].

Stroke-related impairments can vary greatly depending on the location and extent of the
brain injury, but they often include physical, cognitive, and emotional difficulties, see Figure 1.1.
Physical/Motor impairments can range from weakness or paralysis on one side of the body, to
difficulty with fine motor skills, balance, and coordination. In severe cases, patients may need help
with basic daily activities such as bathing, dressing, and eating [16]. Sensory impairments are also
one of the most common impairments post-stroke, including loss of sensation in the face or limbs,
difficulty with spatial awareness, or problems with the perception of objects [17], [18]. About
50%-80% of stroke survivors experience sensory abnormalities in tactile sensation (touch) or
proprioception (awareness of body position), which may require sensory-specific training [19]
[20].

Cognitive impairments after a stroke can include memory loss, difficulty with problem-

solving and decision-making, and language and communication difficulties [21], [22]. These can
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significantly impact a person's ability to perform daily tasks, including work, and may also lead to
emotional challenges such as depression, anxiety, and frustration [23], [24]. Emotional
impairments after a stroke can include changes in mood, such as depression and anxiety, and
emotional lability (i.e., sudden and unpredictable changes in mood) [25]. These emotional changes
can be particularly challenging for patients and their loved ones and may require additional support
from mental health professionals.

The most noticeable deficit following a stroke is motor impairment. These impairments are
extremely debilitating because they impair people's ability to perform daily tasks. The severity of
the impairment can vary greatly depending on the extent of the damage in brain areas responsible
for controlling movement and sensation in the arm, hand, and fingers, also an individual's age,
general health, and prior level of physical function [26], [27]. Motor impairments significantly

impact stroke survivors' functional activities, especially regarding the upper limb disability [28].

17



Cognitive Impairment
Attention & memory deficit

Motor Impairment
Facioparesis
Expressive aphasia
Dysphagia

Shoulder pain
Shoulder subluxation
Hemiparesis

Reduced muscle power
Hypertonia

Spasticity

Sensory Impairment
Visuospatial neglect

Receptive aphasia

Impaired skin sensation
Impaired two-point discrimination
Proprioception

Stereognosis

Figure 1.1 Stroke-related impairments. (Original Illustration by MB). The Grey area in the
figure represents the affected side of the body contralateral to the stroke. Examples of the three

main domains of stroke-related impairment, cognitive, motor, and sensory, are provided.

Neuroplasticity is the basic mechanism underlying improvement in functional outcome
after stroke [29]. Therefore, one important goal of rehabilitating stroke patients is the effective use
of neuroplasticity for functional recovery. A key principle of neuroplasticity is providing a high
volume and intensity of task-specific training [30]. Therefore, high-dose intensive training and
repetitive practice of specific functional tasks are important for recovery after stroke [30]. These
requirements make stroke rehabilitation a labor-intensive process. Innovative methods to deliver

and measure the effects of rehabilitation using robotics, are showing great promise [31], [32].
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Robotic technology has advanced significantly in recent years, with new computing
techniques, faster and more potent processors, and more sophisticated electro-mechanical
components [33]. Robotics are now available for functional evaluation and as a therapy tool for
rehabilitation intervention because of these technological breakthroughs. A robot is a
programmable, multi-functional system created to move objects, parts, or specialized devices
according to a set of predetermined movements [34]. The ability to offer high-dosage, high-
intensity training and to quantitatively assess performance is one of the main benefits of adopting
robot technology in rehabilitation interventions [35], [36]. Research into robotic rehabilitation and
its usage, particularly in stroke rehabilitation, has significantly increased over the years [37]-[39].
The use of robotic technology in stroke rehabilitation helps to provide more accurate quantitative
measures of participant performance and monitor, and carefully control, the dosage of therapy
while providing consistent and engaging feedback to help stroke survivors comply with
rehabilitation therapy.

The purpose of this study was to pilot the use of robotic outcome measures within an
existing rehabilitation research intervention study. The first aim was to understand the feasibility
of measuring rehabilitation-induced changes in upper limb movement and cognition using robotics
kinematics in chronic stroke patients. The second aim was to determine the relationships between
robot-derived upper limb performance outcomes and the gold standard clinical outcome measures.

This thesis contains three chapters. Chapter One is a literature review that introduces
important concepts related to the current understanding of stroke and the physiological impact of
the event. Chapter Two examines the feasibility of measuring rehabilitation-induced changes in
upper limb movement and cognition using robotics kinematics in chronic stroke patients and

determining the relationships between robot-derived upper limb performance outcomes and the
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gold standard clinical outcome measures. Lastly, Chapter Three provides an in-depth discussion
of the results expanding upon how these results answered the primary research questions and

addressing potential study limitations and future research directions.
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1.2 STROKE

1.2.1 The Etiology of Stroke

Stroke is a medical emergency that occurs when blood flow is disrupted to the central
nervous system, which results in cell death and is associated with a focal loss of neurological
function and may even cause loss of life [33], [34]. Stroke is classified into two types: ischemic
and hemorrhagic. Ischemic stroke occurs in 80% of cases and is caused by insufficient blood
supply to certain parts of the brain [33]. Hemorrhagic stroke occurs in 20% of cases and is caused
by spontaneous hemorrhage, an uncontrolled leaking of blood into surrounding brain tissue or on
the brain's surface [34], [35].

Stroke can occur for a variety of reasons, both in young adults and older populations [36].
Individuals with a greater number of associated risk factors such as persistent hypertension,
vasculitis, coronary heart disease, obesity, poor cardiorespiratory fitness, cigarette smoking,
diabetes, and other comorbid conditions have a high chance of experiencing a stroke [37], [38].
Some risk factors are modifiable and can be addressed with increased fitness, proper diet and

nutrition, and identifying and treating medical conditions that increase stroke risk [39], [40].

1.2.2  Population Impact of Stroke

Stroke is the second leading cause of death in the world and the leading cause of disability-
adjusted life years [41], [42], a measure used to quantify burden in terms of years lost due to
disease. Recent global estimates show that 101.5 million people experienced a stroke in 2019, and
3.3 million people died [43], which is 6 times higher than the recorded estimate of 16.9 million
people with stroke in 2010 [44]. In Canada, over 800,000 new cases of stroke have been recorded

[45], with Newfoundland and Labrador having the highest rates [46], making the issue particularly
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important for this country and province. These statistics show that there is an urgent need to

address primary and secondary stroke prevention and treatment through research and intervention.

1.2.3 Trajectory of recovery after stroke

According to the Stroke Roundtable Consortium's proposed categorization, the post-stroke
period is commonly divided into several phases. The hyperacute phase refers to the first 24 hours
after a stroke, followed by the acute phase lasting up to 7 days, the early sub-acute phase spanning
the initial 3 months, the late sub-acute phase occurring between months 4 and 6, and finally, the
chronic phase extending beyond 6 months [47], [48]. This distinction is based on the time-
dependent nature of recovery processes following a stroke. Shortly after cerebral ischemia, a series
of mechanisms that enhance plasticity is triggered, resulting in the growth of dendrites, the
sprouting of axons, and the formation of new synaptic connections [49], [50]

The recovery trajectory after a stroke varies depending on the individual's age, the severity
of the stroke, and the location of the brain affected [51]. Recovery can be influenced by various
factors such as capacity for neuroplasticity, the intensity of rehabilitation received, and social
support [52]. The recovery trajectory after a stroke typically follows a pattern, with the most
significant recovery occurring in the first few weeks to months after the stroke. This initial
recovery period is followed by a slower phase of recovery, which can last several years. After this
phase, some individuals may reach a plateau in their recovery, while others may continue to make
progress [47], [53].

Neuroplasticity refers to the brain's ability to adapt and reorganize itself, especially after
injury, and is crucial in recovery after a stroke. Rehabilitation, including physical therapy,

occupational therapy, and speech therapy, can help individuals regain lost function and improve
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their quality of life. Social support, including family and community support, can also aid
recovery. Various challenges associated with stroke recovery include fatigue, depression, and
cognitive impairments. These challenges can affect an individual's ability to participate in

rehabilitation and impact their overall recovery trajectory [54].

1.2.4 Impact of Stroke on the Individual

Stroke can affect four major brain areas (cortical, subcortical, cerebellar, and brainstem),
each with a distinct set of clinical symptoms depending on the level and brain regions affected. A
variety of clinical symptoms and deficits emerge, including language impairments, somatosensory
impairments, cognitive impairments, and motor impairments [55]. Language deficit can impair an
individual’s ability to engage in communication during daily activities [56]. Somatosensory
impairment affects the ability to effectively process sensory information received by sensory
receptors on the skin. It can include a reduced ability to feel touch, discomfort, warmth, position,
or the ability to identify items in your hands [57]. Cognitive impairment and memory loss are
common post-stroke with up to fifty percent of stroke survivors estimated to develop
neurocognitive disorder [58], [59]. These deficits persist in 40% to 60% of stroke patients in the
chronic stage [60], thereby increasing the challenges of motor recovery by making it more difficult

to relearn lost skills.
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1.3 MOTOR IMPAIRMENTS IN STROKE

1.3.1 Motor consequences of stroke

Following a stroke, the high prevalence of motor impairments may be due to its tendency
to damage motor regions of the cortex coordinating movement and function [61], [62]. Motor
impairment frequently affects the upper limb, making it difficult to use hands and fingers and
limiting the ability to perform routine tasks like cooking and cleaning. Motor deficits post-stroke
are characterized by weakness, decreased muscle activation, abnormal muscle co-activation, and
other impairments that reduce movement capacity and alter spatiotemporal coordination of
movements. Spasticity is a condition defined by an abnormal increase in muscular tone or stiffness,
which may interfere with movement or be accompanied by discomfort or pain [63]. As a result of
spasticity, movements are slower and more irregular, with limb reach trajectories that are less

precise and more extraneous.

1.3.2 Motor impairment classification and measurement

The classification of motor impairment in stroke is based on the severity, location, and type
of motor deficit. The National Institutes of Health Stroke Scale is one of the most used measures
for classifying stroke severity. The National Institutes of Health Stroke Scale (NIHSS) measures
the degree of impairment in consciousness, language, neglect, visual field loss, motor function,
ataxia, sensory loss, and dysarthria. A study by Kasner et al. (1999, 2006) found that the NIHSS
is reliable for assessing stroke severity and can predict long-term outcomes [64], [65]. Although
useful, the outcome tool combines all impairments' ratings into one score, so it is difficult to
discern changes in a specific domain, such as the upper extremity. Limb-specific standardized

measures have been developed to measure motor impairment in stroke, including the Fugl-Meyer
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Assessment for both the arm and leg and the Wolf Motor Function Test (WMFT) for the upper
limb.

The Fugl-Meyer Assessment involves asking the patient to attempt to move the affected
limb joint by joint, comparing the quality of movement to the less affected side. It is a commonly
used measure for assessing motor impairment in stroke survivors. Hernandez et al. (2019) reported
strong validity and reliability of the Fugl-Meyer Assessment in measuring motor impairment in
stroke survivors (see Appendix A) [66].

The WMFT is a standardized clinical assessment tool used to evaluate upper extremity motor
function in people who have had a stroke or other neurological conditions. The test consists of 17
tasks designed to assess the upper extremities' speed, strength, and dexterity, such as picking up
small objects, turning a key in a lock, and manipulating objects. The test measures both the time
to complete tasks and the quality of movement. It is frequently used in clinical and research settings
to evaluate treatment outcomes and plan rehabilitation interventions [67]. Beverly et al. (2020)
reported the graded WMFT’s reliability in measuring upper limb function post-stroke (see

Appendix F) [68].

1.4 COGNITIVE IMPAIRMENT IN STROKE

1.4.1 Cognitive impairment and assessment

Cognitive impairment is a common consequence of stroke that can significantly impact a
person's quality of life [69]. The degree and type of cognitive impairment vary depending on the
location and severity of the stroke. The impairments can affect various cognitive domains such as

attention, memory, language, executive function, and visuospatial abilities [70].
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Recent research has shown that cognitive impairment significantly predicts long-term

functional disability, mortality, and quality of life after stroke [71]—[74]. Therefore, it is essential
to identify and treat cognitive impairment in stroke patients to improve their outcomes.
Various approaches to assessing cognitive impairment after stroke include neuropsychological
assessments, cognitive screening tools, and brain imaging [75], [76]. Rehabilitation interventions
such as cognitive training, occupational therapy, speech therapy, and exercise can effectively
improve cognitive function in stroke patients [77]—[80].

Cognitive measurements are essential tools clinicians and researchers use to evaluate
various aspects of an individual's cognitive functioning [81]. The Montreal Cognitive Assessment
(MOCA: see Appendix B) and the Raven's Standard Progressive Matrices Test (Raven’s; see
Appendix C) are commonly used cognitive measurements.

The MOCA is a 30-point test that measures various domains of cognitive function,
including attention, memory, language, visuospatial abilities, and executive functions. It is a
screening tool for mild cognitive impairment and dementia. The test takes approximately 10 to 15
minutes to administer and is more sensitive than other cognitive screening tools in detecting early
cognitive changes [82].

The Raven’s Standard Progressive Matrices Test (Raven’s), on the other hand, is a
nonverbal test of abstract reasoning and problem-solving skills. It consists of 60 items that require
participants to complete a series of matrices by identifying the missing piece that completes the
pattern. The test measures fluid intelligence, which refers to reasoning, solving problems, and
thinking abstractly [52]. The test takes approximately 40 to 60 minutes and has no time limit. The
Raven’s test has been shown to be a reliable and valid measure of fluid intelligence and has been

used extensively in research settings [83].
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The MOCA and Raven's tests are widely used and validated cognitive assessment tools,
but they measure different aspects of cognitive function. The MOCA is a comprehensive test that
assesses multiple domains of cognition, while Raven's test precisely measures abstract reasoning
ability. These tools can be used together or separately to provide a complete picture of an

individual's cognitive function.

1.5 PERFORMANCE ASSESSMENT MEASURES

1.5.1 Characteristics of outcome measures

An outcome measure is used to evaluate a patient's condition. An outcome measure may
offer a score, an explanation of the findings, and occasionally a patient risk classification. An
outcome measure offers baseline information before any intervention is given. The results from
the measures might be used to guide treatment decision-making. The same tool used to evaluate
a patient's condition may be utilized in subsequent assessments after treatment to determine
whether the patient has shown change [84].

Outcome measures used in clinical practice can be classified into two types: (1) measures
based on self-report (subjective) and (2) measures based on performance (usually objective). Self-
report measures are typically collected using a questionnaire. The questionnaires are graded using
a predetermined point system based on the patient's responses. Performance-based measures
require that the patient perform a series of movements or tasks. Performance-based measures can
have scores based on either an objective measurement (e.g., time to complete a task) or a
qualitative assessment that is assigned a score (e.g., normal, or abnormal mechanics for a given
task). Using technology to measure human performance is considered to be more objective and

sensitive compared to observer-reported measures [85]—[88].
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The psychometric properties of an outcome measure are important features to consider.
Psychometric properties are key characteristics of an outcome measure. These properties include
reliability, validity, sensitivity, responsiveness, feasibility, floor and ceiling effects, content and
construct validity, clinical relevance, and utility [84], [89]. Reliability refers to the degree to which
the measure produces consistent results over time and across different raters. Validity is the degree
to which the measure accurately measures what it is intended to measure. Sensitivity is the ability
of the measure to detect change over time [90]. Responsiveness is the ability of the measure to
detect a clinically meaningful change in response to an intervention. An outcome measure should
also be feasible regarding the ease of use and practicality of the measure in a clinical setting. Floor
and ceiling effects refer to the degree to which the measure can detect change at the lower and
upper limits of function. Clinical relevance is the extent to which the measure is meaningful and
relevant to the patient and clinician. Finally, it must be useful to guide clinical decision-making

and improve patient outcomes.

1.6 ROBOTICS IN STROKE REHABILITATION

1.6.1 Importance of rehabilitation interventions in stroke recovery

Rehabilitation interventions play a vital role in the recovery of stroke survivors by
improving their functional outcomes and reducing the burden on caregivers [91]. Rehabilitation
interventions are tailored to the individual's specific impairments and may include physical
therapy, occupational therapy, speech and language therapy, and cognitive rehabilitation. Research
has demonstrated that early intervention in stroke recovery is crucial, and rehabilitation should
begin as soon as possible after a stroke [91]. Evidence suggests that intensive rehabilitation in the

early stages of stroke recovery leads to better outcomes, including improved mobility, reduced
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spasticity, improved cognition, and enhanced activities of daily living [92]. However,
rehabilitation should be continued throughout the recovery process, as the brain can adapt and
rewire even years after a stroke [93].

In addition to traditional rehabilitation interventions, emerging technologies, such as
virtual reality and robotics, show promise in stroke rehabilitation. These technologies can provide
a more engaging and immersive rehabilitation experience, leading to better outcomes [94].
Robotics can be used to deliver high volumes of limb motor practice that would otherwise require
a high degree of costly human effort. Robotics can also help to measure, more sensitively, the
motor and cognitive changes that occur during rehabilitation which can determine whether the

rehabilitation approach is working or not.

1.6.2 The use of robotics in stroke rehabilitation for motor function

Robotic-assisted therapy has been shown to have several benefits in stroke rehabilitation
[95]. Firstly, it allows for repetitive and consistent movements, which are essential for relearning
motor skills. Also, robotics provide real-time feedback, which helps patients improve their
movement accuracy and speed. Secondly, using robotics provides a safe and controlled
environment for patients to practice their movements, which can help prevent secondary injuries.
Finally, robotics allow for individualized therapy, as the devices can be customized to meet each
patient's specific needs [96], [97]. Studies have shown that robotic-assisted therapy could be more
effective, in contrast to traditional rehabilitation methods, in improving motor function and
reducing disability. For example, a systematic review of the effect of robot-aided therapy on
recovery of the hemiparetic arm after stroke found that robotic-assisted therapy was associated

with significant improvements in upper limb function, muscle strength, and activities of daily
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living [98]. Another study found that using robotics in stroke rehabilitation improved motor
function and decreased muscle tone in the upper extremities [99].

The use of robotics in rehabilitation has led to significant improvements in motor
outcomes, including motor strength, coordination, and dexterity [100]-[103]. A study by Susan S.
Conroy et al. 2019 investigated the effectiveness of two robot-assisted interventions on motor
outcomes in stroke patients with chronic upper extremity motor deficits. The study included 45
participants assigned to either 60 minutes of robot therapy or 45 minutes of robot therapy combined
with 15 minutes of therapist-assisted transition-to-task training. The study found that chronic upper
extremity motor deficits were responsive to intensive robot-assisted therapy of 45 or 60 minutes
per session. Individuals with stroke with moderate to severe levels of arm disability can benefit
from high-intensity robot-mediated repetitive task practice with or without real-world task-specific
training [103].

Another study by Hung et al. 2016 compared the efficacy of two robot-assisted
interventions on motor function and quality of life in patients with chronic stroke. The study
included 21 participants who were randomized into either robot therapy combined with task-
specific training or robot therapy combined with impairment-oriented training. The study showed
significant within-group improvements in motor function, muscle power, and quality of life [102].

Rachele Bertani et al., 2017, in a systematic review, assessed the effectiveness of different
robotic devices compared to other interventions for stroke rehabilitation. Compared to
conventional therapy, the review found that robot-assisted rehabilitation improves upper limb
motor function recovery, especially in chronic stroke patients. The primary outcomes measured

were motor function and muscle tone, using the Fugl-Meyer Assessment and modified Ashworth

30



scale. Secondary outcomes were measured using the functional independence measure and motor
activity log for activities of daily living [100].

In summary, these studies suggest that robot-assisted interventions, whether combined with
task-specific or impairment-oriented training, can effectively improve motor function and quality
of life in patients with chronic upper extremity motor deficits due to stroke. Robot-assisted
rehabilitation is also found to be more effective than conventional therapy in improving upper limb
motor function recovery, especially in chronic stroke patients. However, there is limited evidence
regarding the benefits of robotics rehabilitation therapy on cognitive function in stroke patients.
While some studies have suggested potential cognitive benefits, such as improved attention,
memory, and executive functions, however the efficacy of a robotic intervention in improving
cognitive function still needs to be explored [104], [105].

In a pilot study conducted by Aprile et al. 2020, the impact of a technological rehabilitation
intervention on cognitive functions in patients with stroke was explored using three robots and one
sensor-based device for upper limb rehabilitation. The study included 51 patients enrolled within
6 months post-stroke who underwent 30 rehabilitation sessions. The intervention included
motor/cognitive exercises selected to train cognitive functions. The study found that a significant
percentage of impaired patients exhibited cognitive deficits. After the treatment, patients improved
in all the investigated cognitive domains, as measured by selected cognitive assessment scales.
However, the long-term benefits of the improvement were not tracked in this study [104].

Another recent study by Bui et al. 2023 aimed to investigate the relationship between
cognitive and motor performance on a robotic rehabilitation system in individuals with stroke. The
study included 31 participants with a stroke who completed a trajectory-tracking task using the

Haptic Thera Drive rehabilitation robot system. The study found that visuospatial and executive
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function significantly impacted motor performance on the robot-based task, with differences
emerging between different functional groups on various robot-based metrics. The study suggests
that cognitive domains involved in the visuomotor tracking task can significantly predict motor
performance on the robot-based task and that impairment in these domains results in worse motor
performance than subjects with no cognitive impairment. These studies suggest that robotic
interventions have the potential to improve cognitive function in individuals with stroke, further
research is needed to understand better the potential benefits of robotic rehabilitation therapy on
cognitive outcomes in stroke patients and to optimize the use of robotic devices to maximize the
overall efficacy of stroke rehabilitation programs.

The use of robotics in stroke rehabilitation is becoming increasingly important due to key
factors. Firstly, the aging population is increasing, and stroke is more prevalent in older adults. As
a result, the demand for effective stroke rehabilitation methods is growing. Secondly, there is a
need for more trained healthcare professionals, particularly in low-income countries. Robotics can
help address this shortage by providing an automated and standardized rehabilitation process.
Finally, robotics can help reduce healthcare costs by decreasing the length of hospital stays and
the need for multiple healthcare professionals [106].

Using robotics as an outcome measure is a newer approach [107], [108] and data is
emerging suggesting it could be useful to detect therapy-induced changes during stroke
rehabilitation [109]-[111]. However, further research is needed to optimize the use of robotics in
stroke rehabilitation and to determine the most effective ways to incorporate it into clinical

practice.
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1.6.3 Kinematic measures of upper limb behavioral tasks

Kinematic measures of upper limb behavioral tasks include joint angles, movement time,
and movement velocity, which help researchers to understand the subtle aspects of motor behavior
[112]. Kinematics were traditionally measured using motion capture systems. Motion capture
systems usually involve placing reflective markers on the body while multiple cameras around a
room record walking or reaching movements. The technique is challenging because it requires
multiple specially trained personnel, and the participant will usually have to disrobe in order that
the markers can be applied.

Recent studies have shown that kinematic measures, such as movement time, velocity, and
smoothness, can be used to assess upper limb deficits in stroke patients [113], [114]. These
measures have also been shown to be sensitive to changes in upper limb function following
rehabilitation [115], [116]. Furthermore, kinematic measures have been used to identify cognitive
changes in individuals with Parkinson’s disease [117], [118] and traumatic brain injury [119].

Despite the promising findings, several gaps exist in using kinematic measures for upper
limb deficits and cognitive changes. One of the challenges is the need for more standardization in
selecting kinematic measures and protocols across studies [ 120]. Lack of standardization makes it
difficult to compare results across studies and limits the ability to establish clear guidelines for
clinical use.

Another gap in the literature is the limited use of kinematic measures in individuals with
more severe neurological conditions or cognitive impairments [121]. However, some studies have
included individuals with severe impairments [122], and kinematic measures in this population
still need to be explored. This is particularly relevant as these measures may be more challenging

for individuals with severe deficits and require additional technological resources. While some
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measures may be sensitive to certain impairments, others may be less informative. Therefore,
kinematic measures should be tailored to the specific deficits being assessed and the populations

being studied.

1.6.4 Using Robotics to measure motor and cognitive impairment in stroke

Robotics can provide objective and quantitative measures of motor and cognitive
impairments in stroke patients [123]—[125]. A review of hand rehabilitation robotic technology
showed that several robotic devices, including exoskeletons, end-effectors, and robotic arms, have
been used to assess motor functions such as muscle strength, coordination, and range of motion
[126]. For instance, a study by Ortmann et al. (2020) used a robotic exoskeleton to measure hand
grip strength in stroke patients [127]. They found that the robotic device provided more accurate,
reliable, and precise measurements than traditional manual tests.

Despite the promising results of using robotics to measure motor and cognitive
impairments in stroke patients, several gaps in knowledge still exist. Most studies have focused on
using robotics to measure upper limb function, with limited studies on lower limb function and
cognition. Secondly, the optimal robotic devices and protocols for measuring motor and cognitive
functions in stroke patients still need to be clarified. Thirdly, whether robots can sensitively track
meaningful improvements over time is not known. Using robotics to measure motor and cognitive
impairments in stroke patients is a promising area of research that can potentially improve the

assessment and rehabilitation of stroke patients.
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1.6.5 Using the Kinarm to measure motor and cognitive impairment in stroke

The Kinesiological Instrument for Normal and Altered Reaching Movement (Kinarm) is a robotic
device that allows for interactive assessment of sensorimotor and cognitive brain function using
behavioral tasks involving the upper limb using a suite of behavioral tasks called Kinarm Standard
Tests ™ (KSTs) (BKIN Technologies Ltd., Kingston, ON, Canada) [128], [129]. There are two
types of Kinarm robotic devices; the Kinarm Exoskeleton Lab which permits arm flexion and
extension in the horizontal plane to support the upper limb of users (particularly individuals with
severe musculoskeletal dysfunction) while attempting the KSTs, and the other type is the Kinarm
Endpoint Lab, which requires individuals to grasp a handle attached to the end of a robotic arm
[130], [131]. The endpoint bimanual robotic device permits free movement of the upper
extremities in the horizontal plane while seated. The key difference between the two robots is that
the Exoskeleton cradles the arm such that hand grip is not required to operate the machine while
the Endpoint permits more natural movement but requires hand grip. See Figure 1.2 for the
depiction of the two types of Kinarm robotic devices that display the virtual reality system in which
the visual targets appear in the same plane as the arms, and Table 1.1 for a detailed description of

KSTs [132].
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Figure 1.2 Kinarm Exoskeleton (Left side), Kinarm Endpoint (Right side). The images above
depict two types of Kinarm robot devices. On the left is the exoskeleton type, while on the right
side is the endpoint type. © Copyright BKIN Technologies 2023. All Rights Reserved (Received

Permission to use).
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Kinarm Standard Tasks ™

Test Brain Function Duration
Motor
Object Hit Rapid visuomotor skills, spatial skills 2.5 min
Visually Guided Visuomotor skills multi-joint 2 min/arm
Reaching coordination
Ball on Bar Bimanual coordination visuomotor 3.5 min
skills
Arm Posture Perturbation | Goal-directed motor corrections 2 min/arm
Elbow Stretch Assess presence of spasticity and high 5 min/arm
tone
Cognitive
Object Hit & Avoid Rapid motor decisions, Inhibitory 2.5 min

control Spatial attention

Reverse Visually Guided
Reaching

Cognitive control of visuomotor skills,
Inhibitory control attention

3.5 min/arm

Trails A & B Executive function; task switching 2.5 min
Spatial Span Visuospatial working memory 5.5 min
Paired Associated Visuospatial working memory 5 min
Learning

Sensory
Arm Position Matching Somatosensation: position sense 3 min/arm
Arm Movement Matching | Somatosensation: kinesthesia 3 min/arm

Table 1.1 A detailed description of KSTs

The table provides a detailed description of all the Kinarm Standard Tasks, including the ones
used in the study, the name of the tasks, the specific motor function assessed, and any additional

relevant details for each task.
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The Kinarm is a cutting-edge robotic device that has gained attention as a promising tool
for measuring motor and cognitive function in stroke survivors [133]. However, there is a need to
understand further the relevance and application of this robotic device in clinical research,
particularly stroke.

A key consideration in using Kinarm for measuring motor and cognitive impairments in
stroke patients is its feasibility across patients with varying severities of impairment. Several recent
studies have examined the feasibility of using Kinarm in stroke patients with different levels of
impairment. For example, a study by Mochizuki et al. (2019) investigated the feasibility of using
Kinarm Exoskeleton to measure motor function in chronic stroke patients with mild to severe
motor impairments. Seventy individuals over 18 years of age in Canada with stroke were divided
into Spasticity (n=35) and No Spasticity groups (n=35). Upper limb function was characterized
using two tasks using the Kinarm robot: Visually Guided Reaching, in which participants moved
the limb from a central target to 1 of 4 or 1 of 8 outer targets when cued (measuring reaching
function), and Arm Position Matching, in which participants moved the less-affected arm to
mirror-match the position of the affected arm (measuring proprioception), which was passively
moved to 1 of 4 or 1 of 9 different positions. The results showed that Kinarm measures were
feasible in patients with a wide range of motor impairments, indicating its potential as a tool for
assessing motor function in stroke patients with varying levels of severity [ 134]. Similarly, another
study by Lowrey et al. (2022) evaluated the feasibility of quantifying impairments in cognitive-
motor integration following stroke. Fifty-nine participants with subacute stroke (occurs 7 days to
6 months post-stroke) were recruited to perform two tasks using the Kinarm Exoskeleton: Reverse
Visually Guided Reaching and Visually Guided Reaching. Impairments in Reverse Visually

Guided Reaching improved over time, but 71% of participants tested longitudinally were still

38



impaired with the affected arm ~6 months post-stroke and 57% were impaired with the less
affected arm at 6 months. These individuals were not impaired in visually guided reaching.
Individuals with stroke were impaired in reverse reaching tasks, but many did not show similar
impairments in a standard reaching task, highlighting selective impairment in cognitive-motor
integration. The study suggested that Kinarm could detect cognitive impairments across a wide
range of severities, suggesting that it may be a viable tool for assessing cognitive function in stroke
patients with diverse cognitive deficits. These findings collectively suggest that Kinarm is feasible
for use in stroke patients with different severities of impairments. However, further research is
needed to validate its reliability and validity in these populations, especially using the Kinarm
Endpoint, and whether it detects change as a result of an intervention [135].

An essential aspect of assessing the effectiveness of Kinarm as a tool for measuring motor
and cognitive impairments in stroke patients is its sensitivity to change which refers to its ability
to detect meaningful changes in motor and cognitive function over time. Some studies have
reported promising results in detecting motor and cognitive performance changes using the Kinarm
robot in other neurological disorders. For example, a study by Simmatis et al. (2017) explored the
effectiveness of the Kinarm Exoskeleton robot in measuring changes in hand dexterity in patients
with Transient Ischemic Attacks over 1 year of follow-up. They recruited 48 individuals to the
cohort and 28 to the migraine cohort. Individuals in both groups displayed impairments on robotic
tasks within 2 weeks of symptom cessation and approximately 1 year after symptom cessation,
most commonly in tests of cognitive-motor integration. The Transient Ischemic Attack cohort
participants were assessed at 2, 6, 12, and 52 weeks after symptom resolution. Migraineurs were
assessed at 2 and 52 weeks after symptom resolution. The study showed that up to 51.3% of people

in the Transient Ischemic Attack cohort demonstrated an impairment on a given task within 2
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weeks of symptom resolution, and up to 27.3% had an impairment after 1 year. In the migraine
group, these numbers were 37.5% and 31.6%, respectively [136]. Similarly, Andrushko et al.
examined the effectiveness of Kinarm Endpoint in measuring changes in cognitive-motor function
in patients with chronic stroke at a one-time point (24 hrs.) post-rehabilitation. The study found
that Kinarm could detect significant improvements in cognitive function in rehabilitation patients,
suggesting that the device was sensitive to change, however, it is worth noting that participants
had high scores (average of 52) on the Fugl-Meyer Upper Limb Assessment so had very mild
impairment [137]. Longitudinal studies are needed to determine the sensitivity of Kinarm in
detecting changes in motor and cognitive function over time post-rehabilitation and responsiveness
to treatment especially among patients with a wide range of motor impairment [ 138]. Additionally,
research comparing Kinarm outcomes with other established motor and cognitive function
measures would further validate its sensitivity to change and enhance its clinical utility.

Another critical aspect of evaluating the use of Kinarm for measuring motor and cognitive
impairments in stroke patients is its alignment with gold-standard clinical measures. Clinical
measures such as the Fugl-Meyer Assessment and Wolf Motor Function Test to assess motor
function and the Mini-Mental State Examination, Montreal Cognitive Assessment, and Standard
Raven’s Progressive Matrices for cognitive function are commonly used as standard assessments
in stroke research and clinical practice (outcome measures in stroke rehabilitation). While Kinarm
has shown promising results in measuring motor and cognitive impairment in stroke survivors,
limited research has examined its alignment with established clinical measures commonly used in
stroke rehabilitation. A study by Otaka et al. (2015) compared Kinarm Exoskeleton outcomes
with clinical assessment of the upper limb in hemiparetic stroke patients. Fifty-six participants

with a hemiparetic arm due to chronic stroke were recruited. Participants used the paretic and non-
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paretic arms to complete clinical and robotics assessments. They found that the robot-derived
measures could successfully differentiate between the paretic and non-paretic arm performances
and were valid compared to the well-established clinical scales [139].

Despite the promising results from studies investigating the effectiveness of the Kinarm
robot in measuring impairments, there is still a need for further research to establish its
effectiveness compared to traditional clinical assessments and its sensitivity to detect recovery
changes after rehabilitation interventions. Specifically, more studies are needed to fully validate
the use of the Kinarm robot as a reliable and valid tool for assessing upper limb function in clinical
practice and in people with a broad range of impairments. Furthermore, there is much less data
available using the Kinarm Endpoint robot which requires functional grasp yet provides more
natural movement trajectories than the Exoskeleton. Therefore, additional research is necessary to
provide further evidence of the benefits and limitations of using the Kinarm robot in assessing and
treating patients with neurological conditions.

Hence, the primary objective of this research is to investigate and elucidate the extent to
which the Kinarm Endpoint robotic device can accurately detect improvements in motor function
following skill training and exercise-based rehabilitation interventions in individuals with chronic
stroke. This study also aims to ascertain to what degree the Kinarm robotic device outcomes
correlate with established clinical measures widely regarded as gold standards in evaluating stroke

recovery.
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Research Questions

The primary research questions addressed in this thesis are:

1. How feasible is Kinarm to use to measure motor and cognitive impairment in people
with varying severities of stroke?

2. What are the relationships between robot-derived upper limb performance outcomes
and gold-standard tests of the upper limb and cognitive function (Fugl-Meyer

Assessment-Upper Extremity /WMFT /Raven’s)?
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2 CHAPTER TWO

2.1 INTRODUCTION

Stroke is a leading cause of long-term disability, and upper limb impairment is a common
consequence of stroke, significantly affecting an individual's quality of life [ 140]. Rehabilitation
interventions that target upper limb motor function effectively promote recovery after stroke [141].
In recent years, there has been increasing interest in utilizing technology, such as robotics and
virtual reality, to enhance stroke rehabilitation outcomes [142]. Robotics can be used as an
intervention, permitting high volumes of task-specific practice, or as a tool to measure severity of
impairment and the effects of rehabilitation interventions. Robotics mimic real-world
environments in which attention, cognitive processing and sensorimotor ability are required to
complete tasks. Assessing upper limb kinematic function and cognition using robotics and
evaluating the efficacy of motor-cognitive robotics in chronic stroke remains a complex and
evolving area of research.

Kinematic Assessment for Normal Altered Reaching Movement (Kinarm) is a type of
robotic technology used to evaluate motor function and cognitive performance using upper limbs.
The system consists of a robotic actuators, motion-tracking cameras, and virtual reality software
that allows for precise and objective measurements of upper limb function. The Kinarm has been
used in mainly research settings to assess motor deficits and monitor recovery following stroke
[143].

The Kinarm assessment involves a set of tasks designed to evaluate motor, sensory and
cognitive function in form of reaching, proprioceptive and visuospatial processing tasks

respectively. Reaching tasks involve reaching movements of the upper limbs towards targets
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presented on a screen. Visuospatial processing tasks involve perceiving and interpreting visual
information [144].

Visually guided reaching is a fundamental component of the Kinarm assessment and is
widely recognized as one of the most frequently utilized reaching tasks. This task strongly
emphasizes the patient's ability to reach toward targets on a screen. The target's position
continuously varies throughout the task, adding complexity to the patient's reaching movements.
By requiring the patient to adapt and respond to the changing target positions, the visually guided
reaching task effectively evaluates their capacity to control the trajectory of their arm movements.
It assesses their ability to make precise adjustments and corrections in real-time based on the
dynamic visual information provided by the target's varying position. Consequently, the task
provides valuable data and insights into the patient's visual-motor coordination, ability to integrate
visual feedback into motor planning, and overall reaching proficiency. The visually guided
reaching task is pivotal in assessing the patient's reaching abilities and ability to execute accurate
and adaptable movements in response to changing visual stimuli [145].

Another commonly used task is the object hit task, which measures the patient's ability to
control reaching movements to contact a moving target. In this task, the target moves in a
unpredictable pattern and the patient must make adjustments to reach the target [146], [147].

The use of robotics to assess upper limb function in stroke patients, particularly the Kinarm
robot, has increased interest in recent years. Bourke et al. (2016) conducted a study using the
Kinarm Exoskeleton robot, a device that provides maximal external support to the upper limbs, to
evaluate impairments in rapid motor decisions and actions with stroke patients. The study recruited
157 stroke subjects with mild upper limb impairment and 309 control subjects, and most stroke

subjects were assessed within 28 days of their stroke. The authors found that most subjects with
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stroke were impaired when performing the Kinarm motor tasks, particularly those with
visuospatial neglect. The study concluded that many parameters had high inter-rater reliability and
correlated with various clinical measures of impairments and the ability to perform daily activities
[11].

Overall, the study by Bourke et al. (2016) provides evidence for the feasibility of using
robotic assessments to measure stroke-related upper limb function. The study's findings suggest
that the Kinarm Exoskeleton robot can be useful for quantifying impairment in rapid motor
decisions and actions, especially for those with neglect. The high inter-rater reliability and
correlation with clinical measures of impairments and daily activities also suggest that the Kinarm
robot can provide reliable and valid measures of upper limb function in stroke patients.

However, some gaps in the study need to be addressed. One important gap is the lack of
longitudinal measures of impairment. The study by Bourke et al. (2016) only assessed subjects at
a single time point, and studies need to track changes in upper limb function over time.
Longitudinal measures would help to identify the trajectory of recovery and provide valuable
information about the effectiveness of rehabilitation interventions. While the study provides
evidence for the feasibility and validity of robotic assessments, study participants were prescreened
such that they had mild arm impairments. The Kinarm Exoskeleton cradles the arms such that
hand and grip control is not required. The more recent version of the Kinarm, the Endpoint robot,
provides more natural movement with no support to the shoulder or elbow while requiring
functional grasp. The research examining the Kinarm Endpoint robot is much more sparse.

Tyryshkink et al. (2014) demonstrated the potential of the Kinarm Exoskeleton platform
for assessing upper limb motor function following a stroke. The object hit task they developed

required participants to hit virtual balls moving toward them in the workspace with virtual paddles
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attached to each hand. The task difficulty increased over time, making it more challenging as the
participant progressed. The study found that stroke participants performed the task with lower
accuracy than healthy controls, with most stroke participants hitting fewer balls than 95% of
controls. The task was also sensitive to visuospatial neglect, as nearly all participants with this
condition hit fewer balls than healthy controls [148]. Once again, the study took place using the
Kinarm Exoskeleton, proving full support, rather than the Kinarm Endpoint robot, so the validity
of these tests in the more naturalistic Endpoint has not been determined.

Overall, the literature suggests that tasks requiring cognitive and motor ability that mimic
real-world tasks can provide a valuable tool for assessing motor and cognitive function more
ecologically valid than traditional assessments [149], [150]. Robotic platforms, such as the Kinarm
Exoskeleton, have provided a way to objectively quantify sensorimotor impairments. While the
system has been used extensively in research, there still needs to be more investigation regarding
the feasibility of measuring impairments in a range of severities, correlation with other gold
standard measures, and sensitivity to change over time especially using the Kinarm Endpoint. The
current research on the Kinarm system demonstrates its efficacy in evaluating motor and cognitive
impairments among stroke survivors with mild to moderate deficits. However, a critical knowledge
gap exists regarding the potential existence of a severity threshold, commonly referred to as a
"floor effect," beyond which the applicability of the Kinarm system is uncertain. Further
investigation is needed to determine whether there are limitations in utilizing the Kinarm system
for individuals with more severe impairments, thereby establishing the extent of its effectiveness

across a broader range of stroke severity.
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In order to establish the clinical utility of Kinarm, its validity needs to be evaluated by
comparing it to established measures like the Fugl-Meyer Assessment for Upper Extremity, Wolf
Motor Function Test, and Montreal Cognitive Assessment. Additionally, for Kinarm to be
employed as an outcome measure in clinical trials, it is essential to assess its sensitivity in detecting
changes resulting from rehabilitation interventions over time.

The primary objective of this study was to conduct a pilot investigation on the use of robotic
outcome measures in an existing rehabilitation research intervention study, focusing on a
longitudinal assessment of recovery changes following the rehabilitation intervention. The study
aimed to assess the sensitivity of the robotic outcome measures in detecting these changes, with
the goal of determining the feasibility and potential utility of robotics as an outcome measure in
future stroke rehabilitation trials. The findings from this study are expected to provide valuable
insights into the use of robotics in stroke rehabilitation research and guide the development of
future clinical trials using this technology as an outcome measure.

Based on recommendations for pilot and feasibility studies outlined by Thebane et al. (2010)
[151], we considered two key domains of feasibility:

1. Process: The time taken to complete the assessments, training required for administrators and
participants and whether participants having different levels of abilities would be able to
complete the tests (which would inform eligibility criteria).

2. Validity and Responsiveness: Whether the robotic outcomes were correlated with other gold
standard measures before and after the rehabilitation research intervention (validity) and to
what extent there was a change (improvement) in robotic measures after the intervention

(responsiveness).
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Therefore, the primary research questions addressed in this thesis are:

1. How feasible is Kinarm Endpoint robot to use to measure motor and cognitive impairment in
people with varying severities of stroke?

2. What are the relationships between robot-derived upper limb performance outcomes and gold-

standard tests of the upper limb and cognitive function (FMA-UE /WMFT/Raven’s)?
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2.2 METHODS

2.2.1 Participants

Participants with chronic (> 6 months) stroke were recruited from the provincial tertiary
rehabilitation hospital in St. John’s, Newfoundland and Labrador, Canada. They were recruited as
part of an ongoing interventional study with its own specific inclusion/exclusion criteria. The
participants’ clinical characteristics are reported in Table 2.1. Participants were included if they,
1) were between the ages of 40-95, 2) had upper limb movement-related deficits (left or right-hand
dominant) following a first, middle cerebral artery stroke, and 3) were in the chronic phase of
recovery (stroke >6 months). The exclusion criteria were 1) severe motor deficits in the upper limb
such that they would be unable to participate in arm rehabilitation therapy and 2) severe cognitive
and aphasic deficits such that they could not follow directions, and 3) other neurological and
psychological diagnoses. This study and testing procedures were approved by the provincial
Health Research Ethics Board (HREB # 2020.273) in accordance with the Tri-Council Policy
Statement Ethical Conduct for Research Involving Humans, 2014, and the principles outlined in
the Declaration of Helsinki. This study conforms to the Consolidated Standards of Reporting Trials
statement extension for feasibility studies [152]. All participants provided signed informed

consent prior to participation in the study and data collection.

2.2.2 Sample Size Estimation

The sample size for this study was estimated based on feasibility factors. The intended sample size
was between 10 and 15 participants, which is deemed sufficient for research addressing feasibility

challenges in a single group of participants [153].
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2.2.3 Experimental Design

Participants were required to visit the laboratory for three two-hour data collection
sessions, before the intervention (PRE), 24 hours after the last session of the ten-day intervention
(POST) and 30 days later (FOLLOW-UP). After completing the baseline assessment (Table 2.1),
those participants who could grasp the hand enough to hold a robotic device participated in ten
days of exercise rehabilitation intervention paired with skilled arm practice (Table 2.2, Figure 2.1).
An overview of the assessments, sessions and study schematic is provided in Table 2.1, Table 2.2,

and Figure 2.1, respectively.

Table 2.1 - Overview of Assessments

Clinical Assessments Robotic Assessments
Demographics Motor Cognition Motor Cognition
1. Age 1. Wolf Motor 1 . Montreal Cognitive 1. Object Hit 1.0bject Hit &
2. Sex Function Test Assessment Task Avoid Task
3. Stroke Stage
4. Stroke Location 2. Fugl Meyer 2. Raven’s Standard
5. Affected Hand Assessment for Progressive Matrices

Upper Extremity Test of Fluid
Intelligence

The table presents an overview of assessments used in the study, including the assessment
measures employed, such as the Kinarm Robotic Device and Gold-Standard Clinical Measures,

along with the demographics of the study participants.
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Table 2.2 - Overview of Sessions

Sessions 1&2 Sessions 3-12 Sessions 13&14
Eligibility Baseline Intervention 24 Hours Post 30 Days Follow-Up
Criteria Assessments
L. Inclusion | 1. Clinical Ten days (separated by 1. Clinical 1. Clinical
2. Exclusion Assessments | at least 48 hours) of Assessments Assessments
2. Robotic exercise paired with 2. Robotic 2. Robotic
Assessments | skilled motor practice Assessments Assessments
on the Kinarm robot

The table provides an overview of the research study sessions, outlining the different sessions
conducted during the study, including the specific interventions and assessments administered in

each session.
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Pre-Intervention

b

Eligibility Criteria Graded Exercise Test - Clinical Tests - Robotic Tests

10-Intervention Sessions

=s_
+ [ 4|

Aerobic Exercise + Skill Motor Practice

24-Hour Post Intervention 30-Day Followup
(Q_L_J,_ [=T=]
Clinical Tests - Robotic Tests Clinical Tests - Robotic Tests

Figure 2.1- Study Schematic. A schematic representation of the research design, illustrating the
flow of interventions and assessments conducted throughout the study, providing a visual overview
of the study's experimental timeline, and highlighting the sequence and relationship between

various research components. (Original Illustration by MB)
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2.2.4 Clinical Assessments

Participants in the study underwent a series of standardized clinical measures that
examined disease severity, performance-based impairment, and motor recovery according to the
International Classification of Functioning and Disability (ICF) [154], [155].

Hand and arm impairment were assessed using the Fugl-Meyer Assessment for Upper
Extremity (FMA-UE). It is a performance-based stroke impairment index developed by Fugl-
Meyer AR et. al (1975) to assess motor function of the upper extremities (shoulder, elbow,
forearm, wrist, and hand), sensory, and joint function in patients with post-stroke hemiplegia [156],
[157]. The FMA-UE consists of a standardized set of 33 tasks that evaluate motor function,
sensation, range of motion, and joint pain.

The five domains of the FMA-UE include reflex activity, flexor synergy, extensor synergy,
movement coordination, and sensation. The tasks include movements controlled by different
muscle groups in the upper extremity and the ability to perform coordinated movements. Each task
is scored on a 3-point ordinal scale, with higher scores indicating better motor function. The total
possible score is 66 points, and the individual's score on each task is summed to produce a total
score. The assessment typically takes about 45-60 minutes to complete.

A study by Hernandez et al. (2019) evaluated the inter-rater reliability of the FMA-UE and
found high agreement among raters, indicating the tool's reliability for clinical and research use
[66]. Physical therapists and other healthcare professionals widely use the FMA-UE to evaluate
the degree of impairment and recovery in patients with upper limb deficits [158].

Hand and arm function post-stroke in real world tasks was assessed using the Wolf Motor
Function Test (WMFT) - a widely used standardized assessment tool for evaluating upper

extremity motor function in individuals with neurological impairments as shown in Figure 2.2.
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[159]. The WMFT instrument has high interrater reliability, internal consistency, test-retest
reliability, and adequate stability [160]-[162]. It assesses both gross and fine motor abilities and
evaluates functional movements related to activities of daily living.

The procedure for administering the WMFT involves having the patient perform a set of
15 timed functional tasks using their affected arm or hand, as shown in Figure 2.2 These tasks
include opening and closing a door, turning a key in a lock, picking up and manipulating small
objects, and lifting a weighted can. The test is usually completed within 20-30 minutes.

During the test, a trained evaluator scores the patient's performance on each task using a 5-
point ordinal scale that ranges from 0 (no movement) to 5 (normal movement). The evaluator also
records the time taken to complete each task. A task received a zero score if no repetitions were
finished within 120 seconds. Higher rates indicate faster movements and better motor function.
Each task was classified by rate calculation (repetitions/60 seconds) [159], [163].

The WMFT encompasses various measures to evaluate upper extremity function
comprehensively, the overall performance score, and task completion time. These specific
measures include the Functional Ability Scale, which employs a 5-point scale to assess the patient's
level of independence during task completion, ranging from total dependence to complete
independence. Strength is measured using a handheld dynamometer to evaluate the patient's hand
force generation ability. The grasp component evaluates the patient's capability to hold objects of
different sizes and weights, while the release component assesses their ability to release objects in
a controlled manner. Dexterity is evaluated by examining the patient's proficiency in manipulating
small objects, such as picking up pegs or coins. Range of Motion (ROM) assessment involves
gauging the patient's arm or hand movement capability throughout the full range of motion.

Together, these measures comprehensively evaluate upper extremity function in the WMFT.
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Wolf Motor Function Test

Study Participant
Trained Assessor

Figure 2.2- Participant performing functional tasks on the WMFT Card.

This figure depicts a participant engaging in a functional task called Extend elbow (to the
side) as part of the Wolf Motor Function Test. In this task, the participant attempts to reach across
the template's 40-cm line by extending the elbow (to the side). Shoulders should be kept level to
prevent leaning with the trunk. The time elapsed from the starting point to when the thumb crosses

the line is recorded. (Original Illustration by MB)

Cognitive function was assessed using the Montreal Cognitive Assessment (MOCA) [164]
and also Raven’s Standard Progressive Matrices Test [165]. The MOCA is a widely used screening
tool for detecting cognitive impairment. The test is administered one-on-one and takes

approximately 10-15 minutes. The MOCA consists of several tests that assess different cognitive
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domains, including visuospatial abilities, attention, language, memory, and executive function.
Some of the specific tests included in the MOCA are:

1. Visuospatial/executive: Clock Drawing Test, Cube Copy, Trail Making Test

2. Naming: Animal Naming and Phonemic Fluency

3. Attention: Sustained Attention to Response Task (SART) and Digit Span.

4. Language: Sentence Repetition and Verbal Fluency

5. Memory: Short-term memory recall and Delayed Recall.
The MOCA is scored out of 30 points, with a score of 26 or higher generally considered within
the normal range. However, the interpretation of MOCA scores should be based on various factors,
including age, education level, and cultural background, as well as the specific purpose of the
assessment [164].

The Raven’s Standard Progressive Matrices Test has been widely used in research and
clinical settings to assess cognitive ability and potential for academic and occupational success
[52], [166]—[168]. The procedure for administering the Raven's Standard Progressive Matrices test
involves presenting a series of matrices or patterns with a missing piece or pieces. The task is to
select the missing piece from a set of options. The Raven's Standard Progressive Matrices test
consists of 60 items, presented in sets of 12, arranged in increasing order of difficulty, and takes
approximately 40-60 minutes to complete.

A new study led by University College London Queen Square Institute of Neurology and
National Hospital for Neurology and Neurosurgery researchers published in Brain examined 227
patients who had either a brain tumor or a stroke. Using the Raven’s Standard Progressive Matrices
test, they concluded that it is the best-established test of fluid intelligence [169]. The Raven's

Standard Progressive Matrices test does not evaluate upper extremity function or motor skills.
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Rather, it assesses cognitive abilities unrelated to motor function. The Raven's Standard
Progressive Matrices test is a nonverbal measure of cognitive ability that assesses individuals' fluid
intelligence, i.e., their ability to identify abstract patterns and solve problems through
reasoning[ 170]. It does not require verbal or numerical skills and can be used to assess individuals
across ages and educational backgrounds.

The test is usually administered individually, and the examiner provides instructions and
demonstrations before each item. The test-taker is not allowed to use external aids or tools and is
required to solve the problems mentally. The Raven's Standard Progressive Matrices test measures
several specific cognitive abilities, including:

(1) Perceptual speed: The ability to quickly identify and discriminate visual stimuli.

(2) Figural analogy: The ability to identify relationships between visual patterns and use that
information to solve problems.

(3) Spatial visualization: The ability to mentally manipulate objects and visualize their spatial
relationships.

(4) Inductive reasoning: Inferring general rules or principles from specific examples.

(5) Abstract reasoning: The ability to understand and manipulate abstract concepts.

The test provides a score derived by adding up the number of correctly solved items. The
maximum score is 60, and the interpretation of scores can vary depending on the purpose of the
assessment and the characteristics of the population being tested. A score below 30 on the Raven's
Standard Progressive Matrices test generally indicates impaired cognitive function. However, the
interpretation of scores should consider various factors, including age, education level, cultural

background, and the specific purpose of the assessment. The Raven's Standard Progressive
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Matrices test provides a single score compared to normative data to determine the test-takers

relative cognitive ability [171].

Figure 2.3 Raven's Standard Progressive Matrices test (J.C Raven’s 2003).

© Copyright J.C Raven’s Ltd. All Rights Reserved (Received Permission to use)

The figure above displays Raven's Standard Progressive Matrices test, a widely used non-verbal
cognitive assessment tool. This page of the Raven’s test presents a series of patterned designs or
shapes arranged in a particular order, with one pattern that completes the missing piece. Option 6

is the pattern that completes the missing piece in the figure above.
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2.2.5 Robotic Assessments

Skilled arm practice and motor and cognitive assessments were performed using a robotic
device called Kinarm. For this study, the robotic assessment was completed using the Kinarm
Endpoint bimanual robotic device and software version Dexterit-E 3.8.2-8570 (Figure 2.4).

The Kinarm robot is a highly sophisticated and advanced device used to study the motor
and sensory systems of the brain. The validity and reliability of this robot have been tested and
documented in preliminary studies [124], [136], [138], [172]. Validity refers to the extent to which
a measurement tool accurately measures what it is intended to measure [139]. In the case of the
Kinarm robot, the larger Exoskeleton version has been studied the most. The Kinarm Exoskeleton
Robot (not the Endpoint Robot) has been shown to have high validity for assessing motor and
sensory function in both healthy individuals and those with neurological disorders such as stroke,
multiple sclerosis, and cerebral palsy [134], [173]-[175]. The Exoskeleton robot has been
validated against other commonly-used motor and sensory function measures, such as the Fugl-
Meyer Assessment and the Action Research Arm Test. [11], [108]. Reliability refers to the
consistency of the measurements taken by a tool over time and across different evaluators [148].
The Kinarm Exoskeleton robot has been shown to have high reliability in multiple studies. For
example, in one study, different evaluators using the Kinarm robot to assess motor function in
stroke patients achieved high inter-rater reliability, indicating that the robot can produce consistent
results even when used by different evaluators [176].

Participants first attempted to hold onto the handle with their affected hand and then try to
move the robot. Those participants who could not hold, did not proceed. If the participant could
hold the robot, they completed the tasks by moving their arms, held onto the handles linked to the

robot, in the horizontal plane underneath a semitransparent mirror. To support the palm of the
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hands while holding the handle during assessments, the handle had a 7 cm-diameter circular base.
Torque sensors incorporated with the handle accurately assessed users' hand position, movement,
and grasp range. Kinarm Standard Tasks were projected downward onto this mirror screen by the
custom-built screen above, while the direct vision of the participant’s arms was occluded. Upon
holding the robot handle, a white cursor dot appeared on the screen to indicate hand position.
Participants also experienced a force feedback mechanism (like the feeling of hitting a squash ball)
while hitting the target shapes with the robot handles during specific tasks. Setting up and
calibrating a subject in the robotic system took 5 to 10 minutes. Operators received 15 hours of

formal training on utilizing the software, setting up subjects, and operating the device.

Figure 2.4 Kinarm Endpoint Robot (Superior View). (Original Illustration by MB). The above

illustration provides a top-down view of an individual utilizing the Kinarm Endpoint Robot.

A total of two tasks were collected. Object Hit task, a sensorimotor task, and Object Hit &

Avoid task, a visuospatial task, were chosen on the Kinarm Endpoint robot with both hands
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(affected and unaffected). These are described below. The relationships between the clinical and

robotic assessment and the variables used in this study are shown in Table 2.3 below.

Table 2.3 Relationship between the clinical and robotic assessments

Standard Clinical Tests Kinarm Standard Tests/Variables

Motor Performance

1. Wolf Motor Function Test Object Hit Task
2. Fugl Meyer Assessment for - Object Hit-AffectedHand-Speed
Upper Extremity

Cognitive Performance

1. Raven’s Standard Object Hit & Avoid Task

Progressive Matrices Test - Object Hit and Avoid-Distractor-Hit-Total
2. Montreal Cognitive

Assessment

2.2.5.1 Object Hit Task

Object Hit (OH) is a sensorimotor task that assesses rapid visuomotor skills, bi-manual
motor planning, and spatial attention [177]. Participants were instructed to hit the target (red
circles), dropping into the virtual environment with the two visually displayed green paddles as
their hands. Hand motion matched that of the paddle, as shown in Figures 2.5a and 2.5b. As the
task proceeds, the balls fall randomly with an initial slow speed and then at greater speeds (10-50
cm/s), increasing the difficulty. The virtual environment consists of 10 distinct invisible bins at the
top, each 8 cm apart, from which 30 red circles randomly fall. A total of 300 targets were randomly

presented in 2 minutes 30 seconds.
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Object Hit Task

Figure 2.5a Object Hit Task

(Original Illustration by MB). The illustration above showcases the superior (top) view of the
participant's interaction with the robot, depicting their arm movements and positioning while using

the device. (view task here: https://shorturl.at/fjvIP)
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Figure 2.5b Example of subject positioning using adjustable Kinarm electronic chair while

performing Object Hit and Avoid Tasks. (Original Image by MB).

2.2.5.2 Object Hit Task Variables

Although there are multiple variables that can be extracted from the Kinarm tasks, we
focused on only one for the purpose of this study (Table 2.3). Overall Task Score (performed with
both hands) was derived and compared to percentile ranks derived from performance in a large
cohort of healthy controls [136]. It provides a global measure of a subject’s performance.
Specifically, it measures how far from the best performance was the subject’s performance. Task
Scores are always positive; a score of 0 denotes the best performance, and increasing values
represent poorer performance. Task Scores follow the same percentiles as £1SD of a normal
distribution (i.e., 1 = 68.3%, 2 = 95.4%). Task Scores > 1.96 indicated impaired performance on
the task [177].

Also, the other variable, Hand Speed, consists of the Right- and Left-hand speed measured
in meters per second (m/s) maintained throughout the entire task. It is calculated by joint velocities

measured by the Kinarm robot and the length of the arm segments. Hand speed measures of both
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arms are independent, as each measure can be used for analysis separately. We considered only
the OH_AffectedHand Speed. We also looked at the Target Hit Total Variable in this same task,
which is the number of balls hit off the screen in the opposite direction from its original path. The
total number of balls is 300. There is a value of target hits for each hand; however, for the purpose
of this study, we only considered the values recorded for the affected hand; hence the variable is

Target Hit Affected Hand.

2.2.5.3 Object Hit & Avoid Task

Object Hit and Avoid is a visuomotor task that assesses rapid bimanual motor decision-
making, spatial attention, and inhibitory control [147]. Participants were asked to hit two red
targets (e.g., oval and square) and avoid distractions as objects dropped at an increasing rate (from
a single slow 10cm/s stimulus to a maximum of 16 fast 50 cm/s stimuli) shown in Figure 2.6. A
total of 300 stimuli (200 targets and 100 distractors) were randomly presented for two minutes and
thirty seconds. The total number of target hits and distractor hits for each hand served as the

dependent variables (Table 2.3).
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Hit:me Avoid: 0 | A

Object Hit & Avoid Task

Figure 2.6 Object Hit & Avoid Task (Original Illustration by MB). The illustration above
showcases the superior (top) view of the participant's interaction with the robot, depicting
their arm movements and positioning while using the device. Participant is asked to hit only

squares and circles.

2.2.5.4 Object Hit & Avoid Task Variables

Task Scores, Target Hit Total, and Hand speed variable(s), similar to the Object Hit task,
were also measured in this task. The distractor hit total variable, which is the total number of
distractor objects (out of 100) that the subject hit, is reported as the % of total distractors dropped,
higher values indicate lower attention and greater distraction. The distractor hit total variable was

the only assessment variable for change in cognitive performance.
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2.3 FEASIBILITY ASSESSMENT

Feasibility of measuring rehabilitation-induced changes in upper limb movement and cognition
using robotic kinematics in chronic stroke was assessed using a checklist that included logistical
challenges and safety hazards during clinical assessments (difficulty performing the upper-limb
tasks in the assessment, difficulty switching between sitting and standing positions), hand use
during robotic assessments (difficulty in grasping the robotic handle to perform the standard tasks,

difficulty in body position on the robotic chair).

2.4 STATISTICAL ANALYSIS

Aspects of feasibility were reported descriptively. Only participants (n=10) who were able to
complete the Kinarm, FMA-UE, WMFT, and Raven’s were included in longitudinal data analysis.
All statistical analyses were completed using SPSS software (SPSS 27.0; IBM Corporation,
Chicago, IL, USA). Data were tested for normality with the Shapiro-Wilk test with a = .005. A
Spearman’s correlation (Bivariate) was used to compare the associations between the clinical
variables and robotic variables at baseline (Pre-Intervention) and after the intervention (POST,
FOLLOW _UP). To examine responsiveness to change due to the study intervention, a one-way
ANOVA was used to assess whether there was a significant difference in scores over time (PRE,
POST, FOLLOW-UP), and pairwise comparison was used to determine which group differences
were statistically significant (p <0.05). All descriptive statistics are reported as mean (SD) unless

otherwise indicated. The significance level for all tests was p < 0.05.
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2.5 RESULTS

2.5.1 Feasibility of recruitment, attendance, and retention

2.5.1.1 Recruitment

Fifty-eight patients with chronic stroke (>6 months) were contacted to determine their
willingness to participate. Twenty-seven stroke patients did not meet the inclusion criteria (due to
other medical pathologies, spasticity, travel distance, age, and type of stroke). Seven were not
contactable, and six declined to participate (see Flow Chart in Appendix E). Out of eighteen stroke
patients who agreed to participate, ten met the eligibility criteria for the main intervention study.
Eight patients did not meet the eligibility criteria and were excluded from the main intervention
study (Table 2.4). Their data was included in the feasibility assessment. The 10 participants who
proceeded to the intervention (7 males and 3 females; Table 2.4) were aged 53 to 93, and ten
participants completed the 10-day rehabilitation intervention. All 10 participants completed the
assessments immediately after the rehabilitation intervention sessions. Thirty days later, nine

participants (2 females) returned to complete the follow-up assessments.

2.5.2 Demographics and Baseline Characteristics

Considering all 18 participants, including the eight that did not proceed to the intervention, (14
males, 4 females), the right hand was affected in 10 participants and the left hand in eight
participants. Participants are listed in Table 2.4 according to the FMA-UE from most impaired to
least impaired. Four participants could not complete the FMA-UE and eight participants could not
grasp the Kinarm robot handle due to severe spasticity.

On average, the intervention group (n=10) were 64.9 years of age (£12.9), of which 70%

were males and 30% were females with stroke (> 6 months) (Table 2.6). 50% of the participants
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had a stroke to the left middle cerebral artery with the right hand affected, while the other 50% had
a stroke to the right middle cerebral artery with the left hand affected (Table 2.4). On average,
FMA-UE was 47.2 (£12.2), and MOCA was 22.5 (£2.9). None of the participants required

additional assistance from the physical therapist during upper-limb motor assessments.

Table 2.4: Participant Demographics (ALL)

Parttipant Participant | WMFT
(Completed Age Sex S.troke (Hold the Score | FMA-UE | MOCA
intervention?) side/Type | Kinarm Score Score
handle?)
1.NO 63 M RMCA NO - CNC -
2.NO 71 M LMCA NO - CNC -
3.NO 78 M LMCA NO - CNC -
4. NO 49 M LMCA NO - CNC -
5.NO 69 F RMCA NO - 17 -
6. NO 70 M RMCA NO - 21 -
7. YES 53 M |LMCA YES 37 23 16
8. NO 27 M LMCA YES - 32 -
9. YES 76 M RMCA YES 14 39 25
10. YES 55 M LMAC YES 19 39 22
11. YES 68 M LMCA YES 15 45 23
12. YES 69 F RMCA YES 14 46 23
13. YES 71 M RMCA YES 15 48 26
14. YES 53 M |LMCA YES 58 50 25
15. YES 79 F RMCA YES 25 54 23
16. YES 77 M RMCA YES 33 63 20
17.NO 74 M RMCA YES - 64 -
18. YES 93 F LMCA YES 31 65 22
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Participants are in order of upper limb severity, from most severely involved to less severely
involved. Abbreviations: M, Male; F, Female; L, Left; R, Right; FMA-UE, The Fugl-Meyer Upper
Extremity; WMFT; Wolf Motor Function Test; MOCA; Montreal Cognitive Assessment; CNC;

Could Not Complete.

Table 2.5 The attendance rates of participants with chronic stroke in the intervention

S/N Total number of T?tal number of !)iscontin.ued
) | ks et mlsse.d Stroke Stage |intervention
appointments (Yes/No)

1 12 2 Chronic NO

2 14 0 Chronic NO

3 13 1 Chronic NO

4 14 0 Chronic NO

5 14 0 Chronic NO

6 14 0 Chronic NO

7 12 2 Chronic NO

8 11 3 Chronic NO

9 14 0 Chronic NO

10 6 8 Chronic NO

This table presents the attendance rates of participants with chronic stroke who were enrolled in
the study. It provides an overview of the participant's adherence to the intervention or assessment

sessions throughout the study.
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Table 2.6 Participant Demographics (Intervention Group).

Demographic Variable(s) Participants (n=10)
Sex (M/F) 7/3

Age [mean, years] (SD) 64.9(12.9)
FMA-UE [mean] (SD) 47.2(12.2)

MOCA [mean] (SD) 22.5(2.9)

M; Male, F; Female, SD; Standard Deviation, MOCA ; Montreal Cognitive Assessment, FMA-UE;

Fugl Meyer Assessment-Upper Extremity

2.5.3 Feasibility of using the Kinarm

2.5.3.1 Adverse events and safety

For better ergonomic adaptation for participants with relatively more severe motor deficits
(Fugl-Meyer Score Upper Extremity between 15-35), we worked with a local 3D printing company
(Polyunity, St. John’s NL Canada)) to custom-build 3D-printed paddle to extend the supportive
base for the hand on the handle of the robot (Figure 2.7). The hand support worked well to support
the hand and prevent it from slipping off however the torque sensor of the robot showed an error
message. After consultation with Kinarm manufacturer, we were advised to discontinue use of the
additional hand support because of potential damage to the robot. All participants independently
utilized the electric-powered chair of the robot without any assistance from the assessor for

positioning.
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Figure 2.7 3D-Printed Handle. This figure shows the 3D-printed handle designed specifically
for the Kinarm paddle used in the study. The handle, which was custom built using advanced
3D printing technology, offered participants an ergonomic and customized grip. Its design

considers the comfort and stability required during motor tasks using the Kinarm system.

2.5.3.2 Tests administration time

The clinical assessments which included, Raven’s test, Wolf Motor Function Test and Fugl
Meyer Assessment for Upper limb Extremity, each took about 60 mins to complete, while it took
five minutes to complete both Object Hit and Object & Avoid tasks in the Kinarm Endpoint robot.
The Kinarm Endpoint setup involved positioning the participant in the robot's electric-powered
chair. During the assessment, instructions were given to the participant to perform the Object Hit

and Object Hit and Avoid tasks, guiding task-specific goals and performance expectations.
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2.5.3.3 Relationship between clinical outcome measures and robotic measures at baseline

Low, moderate, and high correlations refer to the strength and direction of the relationship between
two variables. A low correlation (<0.30) indicates a weak association between the variables,
meaning that changes in one variable are not consistently related to changes in the other. A
moderate correlation (0.3-0.7) suggests a moderate level of association, where changes in one
variable correspond to some extent with changes in the other. A high correlation (>0.7) signifies a
strong relationship, with changes in one variable reliably and consistently coinciding with changes
in the other. The sign of the correlation (+ or -) indicates the direction of the relationship, whereas
positive correlations indicate that the variables move in the same direction. In contrast, negative
correlations indicate that the variables move in opposite directions. There was a moderate
significant positive correlation between the clinical variable, FMA UE and the Kinarm variable,
OH_AftectedHand Speed (Table 2.7. Spearman’s rank correlation coefficient, rs=0.650, p=0.04)
which are a measure of motor performance. There was no significant association between the
clinical variables Raven’s or MOCA and the Kinarm variable, OHA Distractor Hit Total for
cognitive performance measure. However, there was a moderate significant positive correlation
(Spearman’s rank correlation coefficient, rs=0.689 p=0.04) between the clinical motor
performance measure FMA-UE and the Kinarm cognitive performance measure
OHA Distractor Hit Total. This association likely links the role of arm function in executing

cognitive tasks. (Table 2.8) (Figure 2.8)
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Figure 2.8 A graphical representation showing baseline correlations between clinical and robotic
outcome measures. Data are presented as individual values. a; Fugl-Meyer Assessment for Upper
Extremity (Score total-66) b; Object Hit AffectedHand Speed (in m/s), c¢; Object Hit and
Avoid_Distractor Hit Total (out of 100). All variables are measured at baseline before

rehabilitation intervention.
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Table 2.7 The relationship between clinical outcome measures and robotic measures before

rehabilitation intervention.

Variables at Baseline FMA-UE WMEFT Raven’s MOCA
(n=10) r/pvalue r/p value) r/pvalue r/pvalue
OH_AffectedHand Speed | 0.650/0.04 -0.424/0.91 0.012/0.97  10.037/0.92
OHA Distractor Hit Total |0.689/0.04 0.644/0.06 -0.046/0.91 |-0.266/0.49

Abbreviations: FM-UE, Fugl Meyer Assessment Upper Extremity scale; WMFT, Wolf Motor
Function Test; OH, Object Hit; OHA, Object Hit & Avoid. Bolded text indicates statistically

significant relationship.

2.5.3.4 Change in clinical measures after intervention

The results in Table 2.8 represent changes in the clinical variables before (PRE), after
(POST), and follow-up (FOLLOW-UP) intervention. Pairwise comparison ANOVA demonstrated
that there was no significant change in the clinical variables measuring recovery changes in motor
and cognitive function PRE, POST rehabilitation intervention and at FOLLOW-UP.
2.5.3.5 Change in robotic measures after intervention

Pairwise comparison ANOVA demonstrated that there was a significant decline in the
robotic variable OH_AffectedHand Speed measuring recovery changes in motor performance
from Pre rehabilitation intervention to Follow-up (t=1.438; p=0.004). There was no significant
change in OHA Distractor Hit Total which measured cognitive function using the Kinarm robot

during the study periods (Table 2.8). Figure 2.9 shows the individual data.

74



Table 2.8 shows changes in outcomes from motor and cognition performance measured with

clinical and robotics measurements at PRE, POST, and FOLLOW-UP

Pre vs Pre vs Post vs

Variables at Pre Post Follow-up Post Follow-up | Follow-up

Baseline (n=10) (M+£SD) (M+£SD) (M£SD)

28.66+14.9 | -1.650; -1.250; 0.400;

WMFT 26.03+14.11 [30.9+12.42 3 p=0.146 | p=0.576 p=0.371

0.056; -0.111; -0.056;

Raven’s 2784889 |27.6:837 (284828 | “o'oue | Toer | 20006

OH_AffectedHand 0.813; 1.438; 0.625;
Speed 0.28+0.14 0.24+0.12 ]0.21+0.09 p=0.104 |p=0.004 |p=0211
OHA Distractor H 17.88+10.3 | 0.857; 0.857; 0.000;
it Total 21.78£9.22 121.13£16.64 1 , p=0.109 |p=0.109 |p=1.000

Abbreviations: *, p-value was set at 0.05 significance level; (M = SD), Values from Mean and
Standard Deviation; BL, Baseline Results; PI, 24 hours Post Intervention Results; FU, 30 Days
follow-up results, vs, versus; WMFT, Wolf Motor Function Test. Bolded text indicates statistically

significant (p<0.05),
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Figure 2.9 The figure above is a graphical representation showing individual changes in motor

and cognition performance. Data are presented as individual values. a; Wolf Motor Function Test

(in seconds) b; Object Hit AffectedHand Speed (in m/s), c; Raven’s (out of 60) d; Object Hit and

Avoid Distractor Hit Total (out of 100). All variables are measured at PRE, POST, and

FOLLOW-UP, respectively. *indicates statistically significant decline from PRE to FOLLOW-

UP. ns indicates not statistically significant.
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2.6 DISCUSSION

We undertook this study to examine the feasibility and reliability of using robotics as an
outcome measure in a clinical trial. We report four main findings. First of all, although robotic
assessment was efficient and safe, six out of 18 participants with stroke were unable to grasp the
robot securely enough to be tested. The attempt to build a custom-designed 3D-printed hand
support failed because of system incompatibility. Based on the FMA-UE, those that could not
grasp the robot scored lower than 21. This is preliminary support for the concept that patients must
meet a threshold of function before they can proceed to robotic assessment and that there is a floor-
effect to consider when employing robotics. Secondly, affected hand speed during the robotic test
correlated with FMA-UE but not WMFT, suggesting that robotics align better with tests of
impairment (FMA-UE) than real-world function (WMFT). Third, the distractor hit variable in the
Object Hit and Avoid Task did not correlate with either of the cognitive measures, MOCA (overall
cognition) and Raven’s (fluid intelligence), suggesting that it may not measure cognition
specifically. Finally, robotics was more sensitive than FMA-UE or WMFT in measuring changes

during the treatment, although after this intervention, hand speed worsened rather than improved.

2.6.1 Feasibility of robotic training post-stroke

The Fugl-Meyer scale is widely recognized as a reliable tool for measuring motor recovery
after stroke, demonstrating excellent reliability and construct validity [157]. It is responsive to
changes in motor performance, although limitations such as a ceiling effect (patients scoring high
do not have complete recovery) and disproportionate weighting of the arm exist [157]. Studies
have reported the high reliability of the Fugl-Meyer scale in assessing motor performance in stroke

patients, including inter-rater and test-retest reliability[178], [179]. Platz et. al (2005) also
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validated its use in evaluating arm function in patients with other neurological conditions, such as
multiple sclerosis and traumatic brain injury. The hierarchical properties of the Fugl-Meyer motor
scale support its use as a stagewise and subsection-wise hierarchical assessment, even in very
impaired individuals, enabling a shortened administration method and appropriate scoring for
untested items [180]. However, its predictive ability regarding functional outcomes has not been
directly addressed in the literature. Woodbury et. al (2008) proposed an optimal cut-off point of
approximately 19+2 points on the Fugl-Meyer Assessment for Upper Extremity (FMA-UE) to
differentiate severe and moderate impairment of hand function. Cut-off scores are commonly
employed in prognostic studies to identify patients likely to regain some upper-limb capacity.
Nevertheless, there is a lack of consensus on the specific cut-off scores [181].

In our study, we explored the use of robotic assessment in stroke participants and found it
to be efficient (modest set up and testing time) and safe (no adverse events). However, a significant
proportion of participants (6 out of 18) could not securely grasp the robot for testing. Notably,
those unable to grasp scored below a cut-off of 21 on the Fugl-Meyer Assessment for Upper
Extremity. Additionally, a custom-designed 3D-printed hand support extension intended to
provide ergonomic support and leverage to those unable to use the robot proved effective but had
the potential to damage the robotic actuators. While no specific papers directly address the
relationship between the Fugl-Meyer Assessment score and the inability to grasp the Kinarm
Endpoint robot handle securely, some studies provide information on the Fugl-Meyer
Assessment's association with upper limb capacity and dexterity [181], [182]. Previous studies
examining the validity of the Kinarm, either employed the Exoskeleton [172], [173], which does
not require grasping, or excluded subjects with severe arm impairment. Here we show novel

findings that the Kinarm Endpoint has clear limitations for use in clinical and research
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environments. Wider use among patients with varying degrees of hand impairment could be

facilitated by permitting hand support on the robotic handles.

2.6.2 Object Hit affected hand speed is related to FMA-UE but not with WMFT

We observed that the affected hand speed variable for the object hit task using the Kinarm
Endpoint robot correlated with the FMA-UE, which measures impairment, but not WMFT, which
evaluates functional performance in real world tasks, such as turning a key and picking up objects.
Studies have explored the correlation between robotic and clinical measures, indicating that robotic
assessments are valid and reliable for evaluating motor function in stroke patients and exhibit a
strong association with the WMFT, FMA-UE and other clinical measures [139], [183], [184].

A study by Otaka et al. (2015) on 56 hemiparetic patients with chronic stroke compared
the relationship between robotic and clinical measures in differentiating the paretic arm from the
non-paretic arm. The robotic measures were performed using the Visually Guided Reaching
(VGR) task in the Kinarm Exoskeleton, while clinical measures were administered using FMA-
UE, WMFT, and Motor Assessment Scale. They found that robotic measures of reaching
movement, particularly for the Visually guided reaching task, were valid and significantly
correlated with the Functional Ability Scale of the WMFT and the FMA-UE and could
successfully differentiate between the paretic and non-paretic arms [139]. The Otaka sample are
similar to ours in that they also recruited participants with chronic stroke. However, the previous
study used the Kinarm Exoskeleton, in which grasping is not required and participants place their
hand to shoulder level into the arm support extension of the robot to perform the robotic tasks.
Task choice is an important consideration. Otaka and group used a visually guided reaching task,
in which accuracy was the main outcome, while our study used the Object Hit task, a task that is

more sensitive to speed. The Kinarm standard tasks include five motor, five cognitive and one
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sensory task, using either the Exoskeleton or the Endpoint robots. In order to translate the Kinarm
robotic tool into clinical trials and practice, future research should recruit a large sample of people
with stroke, with wide range of impairment levels, and test all standard tasks in both robots.

The study findings indicate that the robotic task (Object Hit task) used in the research may
better assess impairment-based measures like FMA-UE rather than comprehensive evaluations of
functional abilities like WMFT. Although this task correlates well with impairment-based
measures, additional measures or tasks from the Kinarm robot's standard task list may be needed

to capture real-world functional performance and other motor changes fully [173], [174].

2.6.3 No Relationship between Clinical and Robotic Cognitive Measures

The Montreal Cognitive Assessment (MOCA) is widely recognized as a screening
instrument for cognitive impairment [164]. It evaluates various cognitive domains, including
executive functioning, visuospatial abilities, attention, concentration, working memory, language,
abstract reasoning, memory, and orientation[185]. Similarly, Raven's Standard Progressive
Matrices test has been established as a reliable measure of cognitive functioning and fluid
intelligence, particularly in individuals with motor and speech impairments [69], [171], [186]. The
MOCA and Raven's tests have proven to be valuable and valid traditional clinical measures for
assessing cognitive impairment and attention[185]. Previous studies have examined the relevance
of utilizing MOCA and Raven's test as valid measures of cognitive impairment and fluid
intelligence, respectively, in people with neurological diseases [17], [52], [167], [187], [188].

In a recent study by Wu et al. (2019), the psychometric and clinimetric properties of the
MOCA were explored in stroke survivors undergoing rehabilitative therapy. The MOCA and
Stroke Impact Scale were administered to 65 stroke survivors before and after a 4 to 5-week

therapy period. The study assessed the responsiveness of the MOCA by calculating the effect size
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and standardized response mean (SRM). The minimal clinically important difference (MCID) was
estimated using anchor- and distribution-based methods. Criterion validity was measured using
the Spearman correlation coefficient. The findings indicated that the MOCA demonstrated
satisfactory predictive validity, responsiveness, and minimal clinically important difference in
stroke populations[187]. Another study by Ploughman et al. 2019 used both MOCA and Ravens'
tests to determine the synergistic benefits of combined aerobic and cognitive training on fluid
intelligence and the role of IGF-1 in chronic stroke. These measures were assessed at baseline,
post-training and 3-month follow-up. They found significant improvement in fluid intelligence as
measured by Ravens' in the groups that combined aerobic exercise and physical activity with
cognitive training [52].

Although clinical measures are considered valid for assessing impairments in neurological
diseases, they have inherent limitations. Subjectivity, susceptibility to patient bias, variability
among clinicians, and the inability to capture cognitive nuances challenge their reliability[187],
[189]. Robotic technologies offer promising solutions by objectively capturing precise data and
enabling quantitative assessment of cognitive domains. These technologies have the potential to
bridge the disparity between subjective observations and objective measurements, ultimately
enhancing understanding and accuracy in stroke populations [174], [190]. However, a research
gap exists regarding integrating robotics into cognitive assessment. While the potential benefits of
robotics are recognized, further investigation is necessary to explore how they can be effectively
integrated into cognitive assessments [191].

In our study, we examined the relationship between robotic measures and clinical measures
for cognition in people with stroke; we found no correlation between distraction during the Object

Hit and Avoid task (errors) and the two standard clinical measures we used to assess cognition.
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This is similar to the findings of Simmatis et. al. (2020) which looked at the feasibility of using
robotics to assess various sensorimotor and cognitive functions in people with epilepsy. Forty-six
individuals with epilepsy and 92 control participants were involved in the study. Participants
underwent cognitive screening using MOCA and then performed a battery of 8 robotic behavioral
tasks that tested upper-limb motor and sensory performance and cognition. The study tested the
correlations between participants' total scores on the MOCA and their performance on individual
robotic tasks. The three tasks, Arm position matching, Object Hit and Avoid, and Trail Making
Test, had correlation p-values less than 0.05. However, after multiple comparisons using the
Bonferroni method for adjusting the family-wise error rate, which reduces the a value from 0.05
to 0.05/11 = 0.0045, only the Trail Making Test remained significant with MOCA. Furthermore,
the study identified that many of the study individuals with epilepsy had abnormal motor task
performance while performing the robotic behavioral task. The Object Hit and Avoid task requires
both motor and cognitive abilities, as participants must scan the visual field, avoid distractions,
and accurately hit specific targets. However, due to the task's overlapping motor and cognitive
requirements, it is limited in its ability to differentiate between these two aspects. Instead, the
scores from the Object Hit and Avoid task are more likely to be closely related to functional scores
in tasks such as driving simulation, which were not measured in this study, rather than specific
cognitive domains. This task primarily assesses motor response and visuospatial processing, as
participants must move their hands to hit shapes while dealing with increasing speed within a short
time interval. The distractor hit variable measures the capacity to avoid irrelevant stimuli and
maintain attention on task-relevant objects[174][192]. Our study findings could suggest that the
Object Hit and Avoid task may not specifically measure cognitive abilities while attention is a

cognitive process, it is mediated by complex neural networks involving various brain regions,
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including the prefrontal cortex, parietal cortex, and subcortical structures [ 193], [194]. The specific
cognitive measures used in this study, MOCA and Ravens', may not capture the attentional aspects
that the distractor hit variable the task assesses. Cognitive abilities are multifaceted and involve
diverse cognitive domains, such as memory, executive functions, and language [52]. The Object
Hit and Avoid Task may only comprehensively evaluate some of these cognitive domains, leading

to no correlation with the chosen cognitive measures.

2.6.4 Robotics detected an unexpected slowing of hand speed at follow-up

Our study focused on comparing the sensitivity of robotics measures to traditional clinical
measures, specifically the FMA-UE and the WMFT in measuring changes during and after a
rehabilitation intervention. We were surprised to observe a significant decline in affected hand
speed during the Object Hit task after the study intervention at FOLLOW-UP. Visual inspection
of WMFT scores in Figure 2.8A suggest there was a trend towards worsening of hand function in
individual participants. However, because the WMFT relies on observer scoring, it is likely less
sensitive that robotics which can measure performance in small units such as milliseconds.

Krebs et al. (2014) examined the responsiveness of robotic assessments and clinical
measures in individuals with stroke. The study involved 90 stroke survivors who underwent an
assessment of motor function using clinical scales and robotic devices to measure arm movement
7, 14, 21, 30, and 90 days after their stroke event at 2 clinical sites. They found that robotic
measures demonstrated higher sensitivity and responsiveness in capturing motor recovery changes
compared to clinical measures. In contrast, Logan et al. (2017) compared the effectiveness of
robotics and the FMA-UE and other clinical measures in assessing motor recovery in individuals
with traumatic brain injury. The study involved 23 subjects with first-time traumatic brain injury

in the subacute and chronic phase, and their data was matched with 275 to 497 healthy control
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subjects. They reported that both the robotics measures and the FMA-UE showed similar
sensitivity and responsiveness in measuring motor and cognitive performance changes. Although
there are variations in the specific populations and interventions across these studies, our findings
are consistent with previous research suggesting that robotics measures are generally more
sensitive in capturing recovering (or declining) changes compared to traditional clinical measures
such as the FMA-UE or WMFT[126], [195].

The observed decline in motor performance at 30day follow-up is surprising and worth
discussing. In Figure 2.9, showing individual motor and cognitive data, there is stability in scores
from PRE to POST with an observable decline at Follow-Up. This post-intervention decline may
be because of the short intervention (15 session) and likely short-lived effects. Alternately,
participants experienced a high degree of social interaction and coaching during the intervention
which was halted once the intervention ceased. The attention of the investigators during the study
intervention could have created a Hawthorne Effect that wore off over time. Notably there was a
statistically significant decline in affected hand speed scores from PRE to Follow Up but not from
POST to Follow Up which was interesting. Regardless, the robotic assessment detected this
unexpected finding when the other standard clinical test (WMFT) did not. There is a limited
number of published papers specifically examining the sensitivity of robotics measures compared
to clinical assessments. Our findings add to an emerging body of research examining the sensitivity
and responsivity of robotic outcome measurement in various neurological conditions[172], [190],

[190], [191].
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2.6.5 Limitations

One limitation of our study is that we could only complete longitudinal assessments on
those participants who could use the Kinarm Endpoint robot. Some participants who initially met
our inclusion criteria were later excluded due to hand spasticity and inability to use the Kinarm
robotic device. This exclusion may limit the generalizability of our sensitivity/responsivity
findings to stroke patients with only mild to moderate motor deficits who could use the Kinarm
robotic device. Additionally, we observed a floor effect with the Kinarm robotic device, as
participants scoring below 21 on the FMA-UE assessment could not use the device. This limited
our study's range of motor deficits, making it difficult to include all stroke participants with severe
motor deficits. The device manufacturer should consider adaptive modifications to permit grasping
of the robot handle even among people with weak grip.

Another limitation is the small sample size. The study included a limited number of
participants, which may not represent the broader population of individuals with chronic stroke.
This small sample size may limit the generalizability of our findings, as well as the statistical
power to detect significant changes in upper limb movement and cognition following
rehabilitation. Additionally, the study was conducted at a single center, which may limit the
external validity of the findings to other clinical settings. Further studies with larger sample sizes
and conducted at multiple centers are necessary to confirm the feasibility of using robotic
kinematics to measure rehabilitation-induced changes in upper limb movement and cognition in

individuals with chronic stroke.
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2.7 CONCLUSION

The use of the Kinarm Endpoint robot for robotic assessment proved to be efficient and safe,
although certain stroke participants encountered difficulty in securely grasping the robot during
testing. This underscores the necessity for adaptive grip support to accommodate individuals with
severe hand weakness. Regarding the data obtained from the Object Hit task, particularly the
Affected Hand Speed, it exhibited a correlation with impairments in the hand and arm (FMA-UE).
However, no correlation was found with everyday hand function (WMFT), suggesting that the task
might not effectively measure functional abilities in daily life. Analysis of the Object Hit and
Avoid Task revealed no significant correlations with cognitive measures. This implies that the task
primarily focuses on motor aspects, such as hand-eye coordination and response speed, rather than
specifically assessing cognitive functions. An unexpected decline in affected hand speed over time
was identified through robotics during the object hit and avoid task. This discovery provides
evidence supporting the sensitivity of the robotic tool in capturing changes in motor performance
over a period of time. In conclusion, although the robotic assessment displayed promise in
evaluating motor impairments, further enhancements are required to address grip support for
individuals with severe hand weakness. The Object Hit and Avoid task is more suitable for
assessing motor abilities rather than cognitive functions, and the robotic tool demonstrates

sensitivity in detecting changes in motor performance over time.
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3 CHAPTER THREE

The aftermath of stroke often results in a wide range of physical and cognitive deficits,
which can significantly impact the quality of life of the affected individuals [196]. Therefore, it is
essential to accurately assess stroke patients' motor and cognitive changes to tailor rehabilitation
programs and improve their functional outcomes. Traditionally, clinical assessments such as the
Fugl-Meyer Assessment and the Modified Rankin Scale have been used to measure motor and
cognitive changes in stroke patients, respectively [197][198]. However, these assessments have
several limitations, such as the inability to capture subtle changes in stroke patients' motor and
cognitive abilities and the reliance on subjective ratings by clinicians[199]. Recent advancements
in robotics technology have enabled the development of objective and quantitative assessments of
motor and cognitive function in stroke patients [200]. These assessments have shown promise in
accurately measuring the functional outcomes of stroke rehabilitation programs. The primary
purpose of this pilot study was to evaluate the feasibility of measuring motor and cognitive changes
in chronic stroke patients using robotics assessments against traditional clinical assessments. We
hypothesized that robotics assessments would provide more objective and accurate motor and
cognitive function measures than traditional clinical assessments. This chapter will focus on

aspects of the study not previously discussed in other chapters.

3.1 DISCUSSION OF RESULTS

3.1.1 Robotics as a measurement method or as a therapy:

The Kinarm robot is a sophisticated robotic device used to assess motor function and

rehabilitation progress in individuals with stroke. The robot can measure a range of movement
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parameters, such as speed, accuracy, and precision, with high precision and reliability. However,
the robot was also used as a therapeutic tool in this study. Participants completed aerobic exercise
paired with a motor learning task on the Kinarm system. Although the assessment task and the
therapeutic tasks were different, there were some common elements such as learning to interact
with the virtual reality environment and the joint angles required to manipulate the endpoint
effectors. It is possible that participants simply learned to use the robot better; which may not be
related to ‘recovery’ of lost movement per se. Ideally, the robotic outcome assessment should take

place on a different platform to remove the effects of practice.

3.1.2 The robotic interface was enjoyable and engaging for participants:

Although the study did not involve obtaining feedback from participants on the
acceptability of the Kinarm device, anecdotal evidence gathered over the approximately 150
sessions of robotic training and assessments supports that participants with stroke enjoyed using
the platform. Several participants felt that the robotic training was helpful to them and requested
to continue the robotic training after the study was completed. Future work examining the
feasibility and acceptability of the robotic platform should engage with patient users to gather their

perspectives.

3.1.3 Exoskeleton versus Endpoint Kinarm Robot:

The current study employed the Endpoint version of Kinarm robot. Of the two systems,
Endpoint is considered the ‘second’ and least expensive version of the Kinarm. However, the
Endpoint provides more naturalistic movement of the arms than the Exoskeleton version. In the
Endpoint, the arms are oriented near the waist in a “sawing wood” position, whereas in the

Exoskeleton, the elbows are raised laterally to shoulder height, which will likely become
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uncomfortable with repeated movement practice and could create shoulder pain. Future work

should compare the effects of robotic training in the two configurations on musculoskeletal pain.

3.1.4 Kinarm Standard Tests:

If one were to complete the entire suite of Kinarm Standard Tests for sensory, motor and
cognitive functions, testing would take more than 60min, which is not practical within a clinical
trial and would likely be fatiguing for participants. The study outlined in this thesis examined two
specific tests but, at this time, it is not clear which of the Kinarm Standard Tests are the most
suitable as a outcomes for clinical trials. Future work should undertake a head-to-head comparison

of the Kinarm Standard Tests, helping to prioritize those that are most sensitive and reliable.

3.2 LIMITATIONS

The current study has limitations, which have been previously acknowledged. One
limitation pertains to the inability to utilize the Kinarm robot in individuals with severe motor
impairments due to stroke severity, particularly spasticity in the affected arm(s). Moreover, three
additional limitations are worth noting: sample size, sample population, result generalization, the
limited scope of assessment, learning time, and purchasing costs.

Firstly, the sample size of this study was small, consisting of only ten participants, and
lacked a control group. This limited sample size adversely affected the study's statistical power
and hindered the ability to draw robust conclusions regarding the effectiveness of the Kinarm robot
in stroke rehabilitation.

Secondly, the sample population may introduce limitations. Individuals with severe motor
impairments or cognitive deficits may not be suitable candidates for the Kinarm robot, as they may

need help to adhere to the instructions or successfully complete the required tasks. Consequently,
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this could result in a biased sample that may not represent the broader stroke rehabilitation
population.

Thirdly, the Kinarm robot's assessment capabilities may have a restricted scope. Although
the robot excels in measuring specific movements, it may not be as suitable for evaluating other
aspects of rehabilitation, such as balance or gait. Consequently, the use of the Kinarm robot may
need to be supplemented with additional measures to obtain a comprehensive evaluation of
rehabilitation progress.

Another potential limitation lies in the generalizability of the findings. The Kinarm robot
is a specialized tool typically employed in research and clinical settings, and its availability and
feasibility may vary across different rehabilitation programs and populations. Thus, caution must
be exercised when generalizing the results to contexts beyond those utilizing the Kinarm robot.

Additionally, a learning curve associated with using the Kinarm robot may impact the study
outcomes. Participants may require an adjustment period to acclimate to the robot and develop
proficiency in its use, potentially influencing the measurements' reliability.

Finally, the cost of the Kinarm robot may pose a limiting factor for certain rehabilitation
programs or research studies. The high financial investment required to acquire the device may
hinder its widespread adoption, particularly in resource-limited settings.

Despite these limitations, this study has provided promising evidence for the potential of
the Kinarm robot as a valuable tool for measuring rehabilitation-induced changes in the stroke
population. However, further research is necessary to address these limitations and provide a more
comprehensive understanding of the role and effectiveness of the Kinarm robot in stroke

rehabilitation.
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3.3 RECOMMENDATION

Based on the research conducted in this study, several key observations, and recommendations
regarding the Kinarm robotic system have been identified. The focus of the study was primarily on
participants' performance during the completion of the Kinarm Standard Test and the Serial Reaction Time
Task, both of which were carried out using the Kinarm platform while participating in the rehabilitation
intervention. We observed that despite the participants' extensive practice with the Kinarm system, their
performance on the tasks did not show the expected improvement. This raises the question of why
participants did not perform better despite the ample practice. Could it be that participants intentionally
compromised speed to achieve better accuracy? Additionally, exploring participants' enjoyment of using
the Kinarm system and their comprehension of its operation would provide valuable insights, as we noticed
that all participants were excited each time of their study visits to use the Kinarm robotic device and overall
gave us great user experience feedback. All participants understood the instructions for using the device
and performed the assigned tasks with no difficulty.

Furthermore, although the Kinarm robot is a 2D virtual reality/Augmented device, which is a
common technology amongst gamers in the younger populations, we noticed that the older participants we
recruited into the study did not have much trouble understanding the use of the system effectively as we
provided the information on how to use the device comprehensively. Another important consideration is
the difference in arm positioning between the Exoskeleton and Endpoint models of the Kinarm system. The
Endpoint model we used in our study has a movement pattern that is presumed to be more natural, which
could benefit individuals experiencing post-stroke shoulder pain, unlike the Exoskeleton model that
requires the arm to be abducted to shoulder height while some arm movement tasks, which may pose
difficulties for individuals with post-stroke shoulder pain.

Another observation was time constraints associated with completing assessments using the Kinarm
system. Completing all the KSTs would take approximately two hours, so it is advisable to develop an

evidence-based algorithm that guides the selection of the most suitable KST for a specific impairment. Such

91



an algorithm would enable researchers and clinicians to choose the optimal test based on their specific
requirements and time limitations. Also based on our observations, participants with moderate or severe
upper limb impairments that could not grasp the paddle encountered a limitation with the Kinarm Endpoint
system. The custom 3D hand extension we designed proved incompatible, risking damage to the torque
sensor. To address this, we recommend incorporating an improved handle and extension for the paddle,
providing better support, preventing hand slippage, and eliminating elbow dragging on the table surface. In
order to further enhance the usability and effectiveness of the Kinarm system, especially for individuals
with moderate or severe upper limb impairments, we propose exploring potential improvements in the
handhold design of the Endpoint model. Developing and implementing a more effective handhold design
can reduce hand slippage and minimize the risk of elbow dragging, significantly enhancing overall usability

and effectiveness. This would ultimately offer greater utility for patients with these specific impairments.

3.4 FUTURE RESEARCH

Throughout this study, it became clear that some areas require additional research. Future
research on the role of the Kinarm Robot in stroke rehabilitation could explore several areas,
including: (1) Long-term outcomes: Studies could investigate the long-term effects of Kinarm
Robot-assisted therapy on stroke patients. This could include assessing the durability of functional
gains achieved with the Kinarm Robot and the impact of therapy on quality of life and participation
in daily activities. (2) Individualized therapy: Research could explore ways to tailor Kinarm Robot-
assisted therapy to individual patient needs. This could include developing personalized therapy
protocols based on patient-specific impairments or using machine learning algorithms to adapt the
therapy to the patient's progress over time. (3) Comparison to other interventions: Studies could
compare the effectiveness of Kinarm Robot-assisted therapy to other forms of stroke rehabilitation,

such as traditional physical therapy or virtual reality-based interventions. This could help identify
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which interventions are most effective for different patient populations and which therapy
components are most important for achieving functional gains. (4) Mechanisms of action:
Research could investigate the underlying neural mechanisms by Kinarm Robot-assisted therapy
that leads to functional improvements in stroke patients. This could include using neuroimaging
techniques to study changes in brain activity or connectivity following therapy. (5) Cost-
effectiveness: Finally, studies could assess the cost-effectiveness of Kinarm Robot-assisted
therapy compared to other forms of stroke rehabilitation. This could include analyzing the direct
costs of therapy and the potential cost savings associated with improved functional outcomes and

reduced healthcare utilization.

3.5 CONCLUSION

Our study findings suggest that using the Kinarm robotic assessment in individuals with
chronic stroke could be feasible and may be capable of effectively identifying a broad range of
upper-limb motor and cognitive impairments. Furthermore, we may have observed that the Kinarm
robot might complement existing clinical rating scales by providing valuable insights into
evaluating disability resulting from stroke. The results of our study may suggest that the Kinarm
robot might be a sensitive, reliable, and practical tool that could potentially surpass standard
clinical assessments in detecting changes induced by rehabilitation in chronic stroke patients.

Consistent with prior research, our study confirms the efficacy of the Kinarm robot in
detecting motor impairments and monitoring alterations in motor performance among patients with
neurological disorders. By offering precise and quantitative measurements of critical movement
parameters, including speed, accuracy, and real-time feedback, the Kinarm robot enables a

comprehensive assessment and continuous monitoring of rehabilitation progress. Moreover, the
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controlled and standardized testing environment of the Kinarm robot minimizes the influence of
confounding variables such as fatigue and motivation.

The objective and quantitative measurements provided by the Kinarm robot hold
substantial promise in aiding clinicians to identify specific deficits and tailor treatment
interventions accordingly. Our study highlights the potential of the Kinarm robot as a valuable tool
for assessing and monitoring the rehabilitation progress of individuals with chronic neurological
disorders. Additionally, it offers valuable insights into the effectiveness of various treatment
interventions. These findings contribute significantly to the growing body of evidence supporting
the integration of the Kinarm robot into clinical practice, ultimately leading to improved quality
of care and rehabilitation outcomes for individuals with chronic stroke and other neurological

conditions.
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LIST OF APPENDICES

Appendix A: Fugl Meyer Assessment-Upper Extremity score sheet

Subject ID:

Date: Completed By (initials):

Fugl-Meyer (Upper Extremity Motor Impairment) (Enter to REDCap)

Test the wrist and hand function independently of the arm. During the wrist tests (items 7a-e), support
under the elbow may be provided to decrease demand at the shoulder; however, the subject should
be activating the elbow flexors during the elbow at 90 degree tests and activating the elbow extensors
during the elbow at 0 degree tests. In contrast, assistance can be provided to the arm at the elbow
and just proximal to the wrist in order to position the arm during the hand tests (items 8a-g).

Item

I. Reflex Activity

Instructions

- Patient is sitting. "Relax your arm as |
support it and test your reflexes.”

- Attempt to elicit the biceps (or finger flexor)
and triceps reflexes. Can tap over assessor's
finger if you like.

- Test reflexes on unaffected side first.

- Test affected side.

Scoring

Maximum possible score = 4
(0) No reflex activity can be
elicited.

(2) Reflex activity can be
elicited (visual or palpatable).
ltems to be scored are:

1. Biceps or finger flex 2

2. Triceps 12

Il. Flexor synergy

- Patient is sitting. The starting position should
be arm at side, shoulder neutral, elbow
extended in comfortable position. Have
patient perform movement with unaffected
side first. “Raise your hand toward your ear,
bring your elbow up to shoulder height, and
keep your thumb pointed up toward the
ceiling, like you are answering the telephone,
like this”

End position: The starting position should be

that of full extensor synergy. If the patient

cannot actively achieve the starting position,
the limb may be passively placed extended
towards opposite knee in shoulder
adduction/internal rotation, elbow extension,
and forearm pronation.

Maximum possible score =12

- (0) Cannot be performed at all (for
scapular movements, no scapular
movement visualized or palpated).
(1) Performed partly (any degree less
than non-affected side).
(2) Equal or greater than non-affected
side

Items to be scored are:

3. Scapular retraction /2
4. Scapula elevation /2
5. Shoulder abduction (at least 90°)___ /2
6. Shoulder extenal rotation /2
7. Elbow flexion 12
8. Forearm supination 2

lll. Extensor synergy

Patient is sitting. Start position (can passively place):
Shoulder girdle fully elevated and retracted with shoulder
abducted = 90. Shoulder ext rotation, elbow flexion, and
forearm supination to touch same ear with thumb up.
Fingers flexed or extended. Knees should be apart. “Raise
your hand toward your ear, bring your elbow up to shoulder
height, and keep your thumb pointed up toward the ceiling.
Then fully straighten your elbow while reaching across your
body toward your opposite knee, turning your palm down,
like this. End position: Shoulder adduction across midline
and elbow extension to 0. Shoulder internal rotation and
forearm pronation must be sufficient to touch contralateral
knee with entire palmar surface of hand. Fingers can be
flexed or extended.

Maximum possible score = 6
- (0) Cannot be performed at all
(1) Performed partly (less than non-
affected side).
(2) Equal to or greater than non-
affected side

Iltems to be scored are:

9. Shoulder adduction/int rotation____ /2
10. Elbow extension 12

11. Forearm pronation f2 (note

#11 can be 2 only if #9 and #10 are 2)
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Subiject ID:

Date:

Completed By (initials):

IV. Movement
combining synergies
The patient is asked to
perform 3 separate
movements (a, b, c)

a. Hand to lumbar spine:

Seated toward front of chair before performing
the task, hand on lap. “Place the back of your
hand to your low back, like this". End position:
Shoulder extension and internal rotation, and
elbow flexion to touch lumbar spine with
dorsum of hand, and 21 interphalangeal (IP)
joint must pass the line created when
connecting lumbar spinous processes.

Maximum possible score =2
(0) No IP joint passes frontal
plane defined by ASIS
(1) at least 1 IP joint) passes
ASIS
(2) Dorsal hand actively
reached lumbar spine with at
least 1 IP joint passing line
connecting lumbar spinous
processes; full elbow extension
is not required to score a 2).

2

b. Shoulder flexion to 90°, elbow extended,
midposition between supination/pronation
Start: Shoulder neutral, elbow extended to 0°,
forearm neutral. “Fully straighten your elbow at
your side and point your thumb forward. Keep
your elbow straight and raise your arm up to
shoulder height. Do not bend your elbow as you
are moving, like this.” End position: Shoulder
flexed to 90°, elbow extended to 0°, forearm
neutral. May assist to starting position, but
subject must be able to maintain
shoulder/elbow extension in 0°to begin task.

Maximum possible score =2

(0) subject cannot achieve the
starting position, or deviation from
starting position occurs at onset of
shoulder flexion (eg, abduction or
elbow flexion) or no shoulder
flexion occurs.

(1) while actively maintaining
starting position, shoulder flexion
does not reach 90°, or any
deviation from starting position
occurs following the onset of
shoulder flexion.

(2) actively maintains starting
position, and shoulder flexes to
90°, with elbow extended.

2

c. Pronation/supination of forearm, elbow at

90°, shoulder at 0°:
Start shoulder neutral, elbow flexed to 90,
forearm in resting position. "Place your arm
at your side in the shape of an “L”, like this
(demonstrate), and without moving the rest
of your arm, turn your palm up and down as
far as you can go, like this". End position:
Shoulder neutral, elbow flexed to 90, forearm
completed supination-pronation cycle. Elbow
flexion must be actively achieved and
maintained. Elbow flexion to 90 may be
approximate; allow up to 10 degrees
deviation

Maximum possible score =2
(0) subject cannot achieve the
starting position, or deviation from
starting position occurs at the
onset of pronation or supination,
or no pronation or supination
OCCUrs.

(1) while actively maintaining
position, any degree of supination
or pronation that is less than
unaffected side, or any deviation
from starting position occurs after
the onset of pronation or
supination.

(2) achieves and maintains
starting position, and pronation
and supination is equal to or
greater than the unaffected side.

2
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Subject ID:

Date: Completed By (initials):

V. Movement out of
synergy

The patient is asked to
perform three separate
movements (5a, 5b, 5¢c).

5a. Shoulder abduction to 90°, elbow
extended, and forearm neutral:

Start with shoulder neutral, elbow extended to
0, forearm neutral. “Rest your arm at your side,
fully straighten your elbow, bring your arm out
toward the side to shoulder height, keeping
your palm facing the floor, like this". End
position: shoulder abducted to 90, elbow
extended to O, forearm neutral. May assist to
starting position, but subject must be able to
maintain shoulder/elbow extension in 0°to
begin task

Maximum possible score = 2
(0) subject cannot achieve
starting position, or deviation
from starting position occurs at
onset of abduction, or no
shoulder abduction occurs.

(1) while actively maintaining
starting position, abduction
does not reach 90, or any
deviation from starting position
occurs following the onset of
abduction

(2) actively maintains starting

position, and shoulder abducts
to 90 (no elbow flexion)

2

5b. Shoulder flexion from 90°-180°, elbow at
0°, and forearm in mid-position:

Start with shoulder flexed to 90, elbow
extended to 0, forearm neutral. “Hold your arm
straight out in front of your body, straighten
your elbow, point your thumb up toward the
ceiling. Bring your arm up as far as you can,
like this”. End position: shoulder flexed to 180,
elbow extended to 0, forearm neutral. May
assist to starting position, but subject must be
able to maintain shoulder in 90°of flexion to
begin task

Maximum possible score = 2
(0) subject cannot maintain the
starting position, or deviation
from starting position occurs at
onset of shoulder flexion > 90,
or no shoulder flexion >80
occurs.

(1) while actively maintaining
starting position, shoulder
flexion does not reach 180, or
any deviation from starting
position occurs following the
onset of shoulder flexion > 90.

(2) actively maintains starting
position, and shoulder flexes
from 90 to 180.

2
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Subject ID:

Date:

Completed By (initials):

V. Movement out of
synergy

The patient is asked to
perform three separate
movements (5a, 5b, 5c).

5c. Pronation/supination of forearm, elbow
at 0°, and shoulder at 30°-90° of flexion:
Start: Shoulder flexed between 30-90, elbow
extended to 0, forearm in resting position.
“Straighten your arm in front of your body, keep
your elbow straight and turn your palm up and
down as far as you can go, like this”. End
position: Shoulder flexed between 30-90, elbow
extended to 0, forearm completed pronation-
supination cycle. May assist to starting position
by stretching elbow to extended position, but
subject must be able to maintain shoulder
flexion 30-90 with elbow extended to 0°to begin
task. Do not allow shoulder joint rotation to
compensate for pronation/supination.

Maximum possible score = 2
(0) subject cannot maintain the
starting position, or deviation
from starting position occurs at
the onset of
pronation/supination, or no
pronation or supination occurs
(1) while maintaining starting
position, any degree of
pronation or supination is less
than the unaffected side, or
deviation from starting position
occurs following the onset of
pronation or supination
(2) maintains starting position,
and pronation and supination is
equal to or greater than the
unaffected side.

/2
Maximum possible score = 2
- This item is only included if the patient (0) Atleast 2 of the 3 phasic
achieves a maximum score on all previous rheﬂexest'l.slre markedly
upper extremity items (6/6), otherwise score yperactive.
VI. Normal Reflexes 0 (1) One reflex is markedly
(sitting) , ; TR : hyperactive
- The examiner shall elicit biceps, triceps and
finger flexors and note if the reflexes are @ a“_S reflexes are present,
hyperactive or not. none is hyperactive
2

VII. Wrist

During the wrist tests,
support under the elbow
may be provided to
decrease demand at the
shoulder; however, the
patient should be
activating the elbow
flexors during the elbow at
90 degree tests and
activating the elbow
extensors during the
elbow at 0 degree tests.
The patient is asked to
perform five separate
movements (7a, 7b, 7c,
7d, 7e).

7a. Wrist stability, elbow at 90°, forearm
pronation and shoulder at 0°:

Start with shoulder neutral, elbow flexed to 90,
forearm pronated, wrist in resting position.
“Place your arm at your side in the shape of an
“L", palm facing down; without moving the rest
of your arm, extend and hold your wrist
upwards, like this”. End position: wrist extended
2 15° past neutral plane and maintained against
force applied by assessor. Only when 15° is
achieved, then assess applies force to across
metacarpals against wrist extension (3+ to 5
strength). May assist subject in maintaining
starting position by supporting the proximal
forearm. Do not support wrist.

Maximum possible score =2

- (0) subject cannot achieve the
starting position even with
support provided to the
proximal forearm or deviation
from starting position occurs at
the onset of wrist extension, or
cannot achieve wrist extension
to 15°.
(1) achieves 15° wrist
extension but with attempt to
take resistance, subject
deviates from starting position,
or subject cannot maintain 15°
wrist extension.
(2) Position15° can be
maintained with some (slight)
resistance.

2
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Subject ID:

Date: Completed By (initials):

VII. Wrist

During the wrist tests,
support under the elbow
may be provided to
decrease demand at the
shoulder; however, the
patient should be
activating the elbow
flexors during the elbow at
90 degree tests and
activating the elbow
extensors during the
elbow at 0 degree tests.
The patient is asked to
perform five separate
movements (7a, 7b, 7c,
7d, 7e).

Tb. Wrist flexion/extension, elbow at 90°,
forearm pronation and shoulder at 0°:
Same start as above. "Without moving the rest
of your arm, extend your wrist all the way up
and down, like this”. May assist subject in
maintaining starting position by supporting the
proximal forearm. Do not support wrist.

1 complete flexion/extension cycle is required
to score a 2. Fingers may be somewhat flexed
during wrist extension.

Maximum possible score =2

- (0) subject cannot achieve the
starting position even with
support provided to the
proximal forearm or deviation
from starting position occurs at
the onset of wrist movement,
or no wrist movement occurs.

- (1) any degree of wrist
movement that is less than
subject’s passive wrist range of
motion in flexion or extension,
or deviation from starting
position occurs following the
onset of wrist movement.

- (2) maintains starting position,
and wrist flexion and extension
is equal to passive range of
motion during 1 full
flex/extension cycle.

2

Tc. Wrist stability, elbow at 0°, and shoulder
at 30° flexion:

Start with shoulder flexed between 30°-90°,
slight abduction permitted, elbow extended to 0,
forearm pronated, and wrist in resting position.
“Straighten your arm in front of your body; keep
your elbow straight, extend and hold your wrist
upwards, like this". Only when 15° wrist
extension is achieved, assessor applies force to
dorsal hand across metacarpals against
extension. May assist subject in maintaining
starting position by supporting the proximal
forearm. Do not support wrist. Elbow extension
must be actively maintained by subject.

Maximum possible score =2

- (0) subject cannot achieve the
starting position even with
support provided to the
proximal forearm or deviation
from starting position occurs at
the onset of wrist extension, or
cannot achieve wrist extension
o 15°.

- (1) with attempt to take
resistance, subject deviates
from starting position, or
subject cannot maintain 15°
wrist extension.

- (2) maintains starting position
while wrist is extended to 15°
and resistance is taken.

2
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Subject ID:

Date:

Completed By (initials):

VII. Wrist

During the wrist tests,
support under the elbow
may be provided to
decrease demand at the
shoulder; however, the
patient should be
activating the elbow
flexors during the elbow at
90 degree tests and
activating the elbow
extensors during the
elbow at 0 degree tests.
The patient is asked to
perform five separate
movements (7a, 7b, 7c,
7d, 7e).

7d. Wrist flexion/extension, elbow at 0°, and
shoulder at 30° flexion:

Same start as above. “Straighten your arm in
front of your body; keep your elbow straight,
bend your wrist all the way up and down, like
this”. Do not allow shoulder joint rotation to
compensate for pronation/supination. May
assist subject in maintaining starting position by
supporting the proximal forearm. Do not
support wrist.

Maximum possible score = 2

- (0) subject cannot achieve the
starting position even with
support provided to the
proximal forearm or deviation
from starting position occurs at
the onset of wrist movement,
or no wrist movement occurs

- (1) any degree of wrist
movement that is less than
subject’s passive wrist range of
motion in flexion or extension,
or deviation from starting
position occurs following the
onset of wrist movement.

- (2) maintains starting position,
and wrist flexion and extension
is equal to passive range of
motion during 1 full
flexion/extension cycle.

2

7e. Circumduction:

Same start as above. “Straighten your arm in
front of your body; keep your elbow straight,
move your wrist in a circle, like this. May assist
subject in maintaining starting position by
supporting the proximal forearm. Do not
support wrist. Elbow extension must be actively
maintained by subject. Do not allow forearm,
elbow or shoulder movements to compensate
for wrist movements.

Maximum possible score = 2

- (0) subject cannot achieve the
starting position even with
support provided to the
proximal forearm or deviation
from starting position occurs at
the onset of wrist movement,
or no circumduction is possible
(no movement at the more
proximal joints, movement
must be combination of wrist
flexion/extension and
ulnar/radial deviation)

- (1) maintains starting position,
any degree of wrist
circumduction that is less than
the unaffected side (is jerky or
incomplete), or deviation from
starting position occurs
following the onset of wrist
movement.

- (2) maintains starting position,
and wrist circumduction is
equal to the unaffected side,
complete and is performed
smoothly.

2
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Subject ID:

Date:

Completed By (initials):

VIil. Hand

Subject must sufficiently
extend fingers enough to
achieve grasp when
object is directly in

front of their hand.

If necessary, the assessor
may stretch the hand into
a pre-grasp position, allow
1 second of rest prior to
initiating movement or
presenting object to
subject. Assessor may
support forearm in 90°
elbow flexion, however,
MAY NOT support the
wrist. Do not mistake tone
related movements for
volitional movements.

8a. Finger mass flexion:

&
e o=
- Start with shoulder approximately neutral,

elbow flexed at 90°, forearm and
wrist/ffingers in resting position. “Make a

Maximum possible score =2
(0) No MCP or IP flexion
(1) any degree of MCP or IP
flexion in any finger that < 90°
(2) MCP and IP flexion equal
or greater to non-affected side

strong fist, like this”. 2
8b. Finger mass extension: Maximum possible score = 2
(0) No MCP or IP extension
= ‘r (1) any degree of MCP or IP
hir el extension in any finger that
- Start with shoulder approximately neutral, does not reach 0°
elbow flexed at 90°, forearm and wrist in (2) MCP and IP extension
comfortable position, fingers fully extended equal or greater to non-
so that MCP’s and IP's of digits 1-5in affected side.
0°."Open your hand as much as you can, like
this”. 12

8c. Grasp |: Hook/Claw

- Shoulder approximately neutral, elbow flexed
at 90, forearm and wrist/fingers in resting
position. “Make your hand look like a hook or
claw; don't let me pull your fingers straight,
like this". MCP's extended to 0 with PIP's
and DIP's of digits 2-5 actively flexed at least
45°. Apply resistance (4/5 force) to subject's
fingers in a pulling motion, only after the
subject actively achieves the correct joint
position

Maximum possible score =2
(0) Starting position cannot be
attained.

(1) maintains starting position,
but grasp cannot withstand
resistance

(2) maintains starting position,
and holds grasp against great
resistance

2

8d. Grasp ll: Thumb Adduction

== —

Start with shoulder approximately neutral,
elbow flexed at 90, forearm, wrist and fingers in
resting position, thumb abducted sufficiently to
admit a piece of paper to be grasped between
thumb and 2" metacarpal with 1st CMC, MCP
and IP extended to 0. Hold this paper between
your thumb and index finger keeping them both
straight; don't let me pull it away, like this”.
Assessor applies resistance with a sudden tug
(4/5 force) of a single sheet of paper in the
direction away from subject. Subject should be
warned of sudden movement.

Maximum possible score =2
(0) subject cannot achieve the
starting position or cannot
grasp paper
(1) maintains starting position,
and grasps paper but cannot
withstand resistance
(2) maintains starting position
and paper is held against great
resistance

2
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Date: Completed By (initials):

8e. Grasp llI: Pincer

Start with shoulder approximately
neutral, elbow flexed at 90,
forearm and wrist in resting
position, thumb and index finger
extended and non-opposed
sufficiently to admit placement of
pencil. “Take the pencil from me with the
pads of your thumb and index finger; don't
let me pull it away, like this”". Assessor
presents pencil in a vertical manner and
applies resistance (4/5 force) with a sudden
tug of the pencil in the direction away from
subject. Ensure subject uses ONLY pads of
digits 1-2. Do not allow digits 3-5 to assist
holding the pencil.

Maximum possible score =2

- (0) subject cannot achieve
starting position or cannot
grasp pencil

- (1) maintains starting position
and pencil is kept in place but
not against resistance

- (2) maintains starting position
and pencil is held against great
resistance.

2

8f. Grasp IV: Cylinder

[

- Start with shoulder approximately neutral,
elbow flexed at 90, forearm and wrist in
resting position, thumb and index finger
extended sufficiently to admit placement of
can. “Take the can from me with your thumb
and index fingers wrapped around it; don't let
me pull it away, like this". Use a Campbell
soup can. Assessor presents can to
subject’s finger tips and once grasped,
assessor applies resistance (4/5 force) with
a sudden tug of the can in an upward
direction. Subject should be warned of
sudden movement.

Maximum possible score =2

- (0) subject cannot achieve
starting position or cannot
grasp can

- (1) maintains starting position
and can is kept in place but not
against resistance

- (2) maintains starting position
and can is held against great
resistance

NOTE: the hand must open and
close on the can; it is not
acceptable to have the patient
grasp top of the can.

2

8g. Grasp V:

5 - Start with shoulder approximately
{fi}‘} neutral, elbow flexed at 90,
L forearm and wrist in resting

position, thumb and fingers abducted with
MCP’s extended, IP’s 2-5 extended
sufficiently to admit placement of tennis ball.
“Take this tennis ball from my hand with your
fingers; don't let me pull it out of your hand,
like this. Assessor presents tennis ball on
their open palm to subject's finger tips and
once grasped, assessor applies resistance
with a sudden tug (4/5 force) of the ball in an
anti- palmar direction. Subject should be
warned of sudden movement. Do not
mistake flexor tone for active grasping.

30. Maximum possible score =2

- (0) subject cannot achieve

starting position or cannot

grasp ball volitionally

(1) maintains starting position

and ball is kept in place but not

against resistance

- (2) maintains starting position
and ball is held against great
resistance

2
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Subject ID:

Date: Completed By (initials):

IX. Coordination and
speed - Sitting: Finger
to nose (5 repetitions in
rapid succession)

Start with elbow extended, hand on ipsilateral
knee. “While keeping your eyes closed (or
blindfolded), bring your finger (or 1st knuckle)
from your knee to your nose as rapidly as
possible 5 times, like this. Start when | say
‘Go'." Begin timing with stop watch when
subject’s hand leaves knee and stop timing
when hand reaches nose for 5th time. For
efficiency, the maximum time allowed for
stroke-affected side performance will be equal
to the time taken on the unaffected side plus 6
seconds. If more time is needed, tell subject to
stop, and score 0 for speed task. Do not allow
forward flexion of head or trunk to compensate
for arm flexion toward nose. If subject cannot
assume the starting position, or cannot
complete hand to nose task 5 times, then score
0 for speed subtest. Score dysmetria and
tremor separately, even if subject does

not complete 5 hand to nose cycles. For tremor
subtest, resting tremor alone does not
contribute to scoring. In order to score tremor
attributable to stroke effects, and not other
processes such as essential tremor, features of
tremor are only scored when greater than
anything seen in the non-stroke hand.Tremor
and dysmetria scores are 2's when tremor and
dysmetria are absent during movement,and are
considered absent if unable to move arm.

31. Maximum tremor score =2
(0) Marked tremor which
substantially interferes with
coordination
(1) Slight tremor which mildly
interferes with coordination
(2) No tremor

2

32. Maximum dysmetria =2
(0) Pronounced or
unsystematic dysmetria
(1) Slight or systematic
dysmetria (same error of size
and direction)
(2) No dysmetria (finger tip or
MCP lands within 1 cm to nose
tip)

2

33. Maximum speed score =2
(0) — Activity is more than 6
seconds longer than
unaffected hand
(1) — 2-5 seconds longer than
unaffected side
(2) — less than 2 seconds
difference

12

Total Fugl-Meyer Upper Extremity Motor Score: /66

See SAFE Score on Next Page.

Version: May 3, 2021
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Appendix B: Montreal Cognitive Assessment sheet

NAME :
MONTREAL COGNITIVE ASSESSMENT (MOCA) Education : Date of birth :
Sex: DATE :
VISUOSPATIAL / EXECUTIVE Copy Draw CLOCK (Ten past eleven)
cube (3 points)
End L .
Begin
[ 1|01 [ ] [ 1|/
Contour Numbers Hands
_/3
LA Read list of words, subject FACE | VELVET | CHURCH | DAISY | RED
must repeat them. Do 2 trials. ol No
Do a recall after 5 minutes. Ist tria )
2nd trial points
ATTENTION Read list of digits (1digit/ sec.). Subject has to repeat them in the forward order [ ] 21854
Subject has to repeat them in the backward order [ ] 742 _/ 2
Read list of letters. The subject must tap with his hand at each letter A. No pointsif 2 2 errors
[ ] FBACMNAAJKLBAFAKDEAAAJAMOFAAB | /1
Serial 7 subtraction starting at 100 [ 193 [ 186 [ 179 [ 172 [ 165
4 or 5 correct subtractions: 3 pts, 2 or 3 correct: 2 pts, 1 correct: 1 pt, o correct: 0 pt _/3
m Repeat : | only know that John is the one to help today. [ ]
The cat always hid under the couch when dogs were in the room. [ ] _/2
Fluency / Name maximum number of words in one minute that begin with the letter F [ ] (N 2 11 words) N
LU LT (o] B Similarity between e.g. banana - orange = fruit [ ] train-bicycle [ ] watch - ruler _ /2
DELAYED RECALL Has to recall words FACE VELVET | CHURCH | DAISY RED Points for /5
UNCUED —
WITH NO CUE [ ] [ ] [ ] [ ] [ ] recall only
Cat
Optional i
Multiple choice cue
OR ATIO [ ]pate [ IMmonth [ 1vear [ ]pay [ 1Place [ Icity _ /6
© Z.Nasreddine MD Version November 7, 2004 Normal = 26 /30 TOTAL _/30
www.mocatest.org Add1pointii<12yredu
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Appendix C: Raven’s Progressive Matrices Score Sheet

Standard Progressive Matrices
J.C. Raven
Sets A, B, C, D, E

Participant Code:
Date:
Assessor:
Time Test Begun: Time Test Ended: Total Time:
A B C D E__
1 1 1 1 1
2 " 2 2 2 2
3 3 3 3 3
4 4 4 4 4
5 " 5 5 5 5
6 6 6 6 6
7 7 7 7 7
8 ‘] 8 8 8 8
9 9 9 9 9
10 10 10 10 10
11 1N 11 11 11
12 12 12 12 12
i

Total Score:

Percentile:
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Appendix D: Kinarm Task Sheet

KINARM SHEET - STT visit: [ ]

Participant Number: Study: Date:

*Gender: [ ] Male [ _]Female [ _]other *Date of Birth: *Age:
*Height (cm) *Weight (kg)

*Handedness [ _ ] Left [ _]Right *Affectedarm [ _ ] Left [ _JRight [ _]Nil

*Degree of arm mobility _[ ] Mild [ _]Moderate [_]Severe [_]No report

Pathology
Stroke [ Multiple Sclerosis [
Concussion [ Movement disorder [
Cerebral palsy [_1] Traumatic Brain Injury [ 1
Healthy Control [ 1 Fetal alcohol spectrum disorder [
KINARM Tasks
Object hit [ 1
Ball on bar [ ] STT Reverse []
. STT Retention []
Spatial span [=
STT Recognition
Trail making [_] & (]
STT Recognition Reverse [ ]
Object hit & avoid [_]
Visually guided reaching adult [

Arm position matchin,
po e[ ] Reversed visually guided reaching adult [ ]
STT Practice [_] er:

*d-  dominant hand
*é non-dominant hand

Time started:
Time ended:

Comments:

Researcher initials Date completed
Version 2: 16 July 2021
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PRIML STUDY
KINARM SHEET

KINARM- Serial Targeting Task

Recovery and Performance Laboratory
Room 400; 100 Forest Rd.

DAY 1 | Date:
Task Pre-Test | Block 1 | Block2 | Block 3 | Block 4
STT

DAY 2 | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY 3  |Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY 4 | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY S | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY6 | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

Version 1: 15 July 2021
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PRIML STUDY
KINARM SHEET

Recovery and Performance Laboratory
Room 400; 100 Forest Rd.
St. John's NL

DAY7  |Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY S8  |Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY 9 | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

DAY 10 | Date:
Task Block 1 | Block 2 Block 3 Block 4
STT

24HR POST | Date:
Task Retention Block
STT

30 DAYS FOLLOW UP | Date:
Task Retention Block
STT

*Please note: Participant would only take this task with their affected limb
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Appendix E: Study recruitment flowchart diagram

Contacted for eligibility (n=58)

Excluded (n=40)

- Declined to participate (n=6)

> | - Unable to contact (n=7)

- did not receive a call back (n=10)

e e . - unable to reach through telephone or
Pre-rehabilitation intervention e-mail (n=12)

- Not meeting inclusion criteria (n=8)
- type of stroke (n=2)

- severe hemiparesis d (n=4)
Completed Rehabilitation intervention (n=10) - Aphasia (n=2)

- Received allocated intervention (n=8)
- Did not receive allocated intervention (n=0)

- Discontinued from study intervention (n=0)

h 4

Post-intervention assessment (n=10)

Lost to follow-up (n=1)
- Research Lab underwent renovation

Follow-up assessment after 30 days (n=9)

Appendix D: Study recruitment flow diagram
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Appendix F: Wolf Motor Function Test

WOLF MOTOR FUNCTION TEST
DATA COLLECTION FORM

Subject’s Name: Date:
Test (check one): Pre-treatment Post-treatment Follow-up
Arm tested (check one): More-affected Less-affected
Task Time Functional Ability Comment
1.  Forearm to table (side) 012345
2. Forearm to box (side) 012345
3. Extend elbow (side) 012345
4.  Extend elbow 012345
(weight)
5. Hand to table (front) 012345
6. Hand to box (front) 012345
7. Weight to box Ibs.
8. Reach and retrieve 012345
9. Lift can 012345
10. Lift pencil 012345
11. Lift paper clip 012345
12. Stack checkers 012345
13. Flip cards 012345
14. Grip strength kgs.
15. Turn key in lock 012345
16. Fold towel 012345
17. Lift basket 012345
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Appendix G: HREB Ethics approval letter

HREB - Approval of Ethics Renewal

Lofl

HREB - Approval of Ethics Renewal

administrator@hrea.ca

Sent:Friday, December 09, 2022 1:06 PM

To: Ploughman Michelle(Principal Investigator) [mploughm@mun.ca]

Cc: Boyd Lara(Co-Principal Investigator) [lara.boyd@ubc.cal; Hreaadministrator

Researcher Portal File #: 20210906
Dear Dr. Michelle Ploughman:

This e-mail serves as notification that your ethics renewal for study HREB # 2020.273 — Optimizing
the timing of priming exercise to boost motor learning and enhance motor and cognitive recovery
from stroke - CPSR Exercise — has been approved. Please log in to the Researcher Portal to view
the approved event.

Ethics approval for this project has been granted for a period of twelve months effective from
November 25, 2022 to November 25, 2023.

Please note, it is the responsibility of the Principal Investigator (Pl) to ensure that the Ethics
Renewal form is submitted prior to the renewal date each year. Though the Research Ethics Office
makes every effort to remind the PI of this responsibility, the Pl may not receive a reminder. The
Ethics Renewal form can be found on the Researcher Portal as an “Event”.

The ethics renewal will be reported to the Health Research Ethics Board at their meeting dated
December 15, 2022.

Thank you,
Research Ethics Office

(e) info@hrea.ca
(t) 709-777-6974
(f) 709-777-8776
(w) www.hrea.ca
Office Hours: 8:30 a.m. — 4:30 p.m. (NL TIME) Monday-Friday

This email is intended as a private communication for the sole use of the primary addressee and those individuals
copied in the original message. If you are not an intended recipient of this message you are hereby notified that
copying, forwarding or other dissemination or distribution of this communication by any means is prohibited. If you
believe that you have received this message in error please notify the original sender immediately.

12/12/2022,11:11 AM

https://owa.med.mun.ca/owa/?ae=Item&t=IPM.Note&id=RgAAAACH...
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