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ABSTRACT

More than 80% of stroke survivors worldwide suffer from permanent upper limb
motor deficits. Restoration of upper limb motor functions in conventional
rehabilitation remains challenging; the main difficulties are as follows: 1) lack of
intensive, repetitive practice in manually delivered treatment; 2) lack of coordination
management of upper limb motor tasks, particularly those involving the distal joints,
e.g., the wrist and the hand; and 3) lack of understanding of the optimal joint
supportive scheme in task-oriented upper limb training. More effective training
strategies are necessary for upper limb rehabilitation following stroke. Robots have
proved to be valuable assistants in labour-demanding post-stroke rehabilitation, with
a controllable mechanical design and repeatable dynamic support in physical training.
A series of rehabilitation robots for multi-joint practices were successfully designed in
our previous works. In this work, we proposed a device-assisted multi-joint
coordinated strategy for post-stroke upper limb training. The objectives of the study
were as follows:

1) To evaluate the rehabilitation effectiveness of multi-joint coordinated upper
limb practice assisted by an electromyography (EMG)-driven neuromuscular
electric stimulation (NMES)-robot for stroke survivors in both the subacute
and chronic stages.

2) To compare different joint supportive schemes using NMES-robots and
identify the optimized scheme for upper limb rehabilitation.

The objectives were achieved through three independent clinical trials using



common clinical assessments, namely, the Fugl-Meyer Assessment (FMA), Modified
Ashworth Scales (MAS), Action Research Arm Test (ARAT), and Functional
Independence Measurement (FIM), and cross-session EMG evaluations to trace the
recovery progress of individual muscle activities (i.e. EMG activation level) and
muscular coordination (i.e. Co-contraction Index, CI) between a pair of muscles.

The first clinical randomized controlled trial (RCT) was conducted to investigate
the clinical effects and rehabilitation effectiveness of the new training strategy in the
subacute stroke period. Subjects were randomly assigned to two groups and received
either 20 sessions of NMES-robot-assisted training (NMES-robot group, n=14) or
time-matched conventional treatments (control group, n=10). Significant
improvements were achieved in FMA (full score and shoulder/elbow), ARAT, and
FIM for both groups [P<0.001, effect sizes (EFs)>0.279], whereas significant
improvements in FMA (wrist/hand) and MAS (wrist) after treatment were only
observed in the NMES-robot group (P<0.05, EFs>0.145), with the outcomes
maintained for 3 months. In the NMES-robot group, Cls of the muscle pairs of biceps
brachii and flexor carpi radialis (BIC&FCR) and biceps brachii and triceps brachii
(BIC&TRI) were significantly reduced and the EMG activation level of the FCR
decreased significantly. The result indicated comparable proximal motor
improvements in both groups and better distal motor outcomes and more effective
release of muscle spasticity across the whole upper limb in the NMES-robot group.

The second part of the work was a clinical trial with a single-group design.

Recruited chronic stroke patients (n=17) received 20 sessions of NMES-robot-assisted



multi-joint coordinated upper limb training. Significant improvements were observed
in FMA (full score and shoulder/elbow), ARAT, and FIM (P<0.05, EFs>0.157) and
maintained for 3 months. Cls of the FCR&TRI and BIC&TRI muscle pairs and EMG
activation levels of the FCR and BIC significantly decreased. The results indicated
that the new training strategy was effective for upper limb recovery in the chronic
stroke, with the long sustainability of the motor outcomes.

In the third trial, another clinical RCT was conducted to investigate the training
effects of different joint supportive schemes. The recruited chronic subjects were
randomly assigned to receive task-oriented multi-joint practices with NMES-robotic
support either to the finger-palm (hand group, n=15) or to the wrist-elbow (sleeve
group, n=15). Significant improvements in FMA (full score and shoulder/elbow) and
ARAT (P<0.05, EFs>0.147) were observed in both groups, whereas significant
improvements in FMA (wrist/hand) and MAS (finger, wrist, and elbow) (P<0.05,
EFs>0.149) were only observed in the hand group. These results indicated that the
distal supportive scheme was more effective in distal motor recovery and whole arm
spasticity control than the proximal supportive one under the same training strategy.

In conclusion, NME-robot-assisted multi-joint coordinated training was able to
achieve significant motor outcomes and effective muscle spasticity control in the
entire upper limb, especially at the distal segments, i.e., the wrist and the fingers, in
both subacute and chronic stroke patients. Moreover, the distal supportive scheme
proved more effective than the proximal supportive scheme in multi-joint coordinated

upper limb training.
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CHAPTER 1

INTRODUCTION

1.1 Stroke

Stroke or cerebrovascular disorder is a public health issue associated with high
rates of mortality and morbidity throughout the world [1]. A stroke episode occurs
when the blood flow to part of the brain is interrupted or reduced, either due to an
obstruction of blood supply or a rupture of the blood vessels or abnormal vascular
structures [2]. Most strokes (80%) are classified as ischemic strokes, otherwise known
as thrombotic or embolic strokes, which are caused by the narrowing or obstruction of
the brain artery, significantly diminishing the flow of blood. Another type of stroke is
the haemorrhagic stroke, which occurs when a blood vessel leaks or ruptures. There is
also a milder form of stroke called transient ischemic attack (TIA), whereby the blood
flow to the brain is disrupted transiently, without irreversible damage being inflicted.
Regardless of type, stroke manifests as lack of oxygen and nutrients to the brain, as a
result of which cells die in a matter of minutes (Figure 1-1). Furthermore, according
to the brain area where the stroke lesion occurs, the condition manifests neurologically
in different ways; for instance, hemiplegia (damage of the middle cerebral artery
distribution area), cross sputum (damage of midbrain and pons), and quadriplegia
(brain stem injury). Of these, the stroke manifestation with the greatest prevalence is
hemiplegia with unilateral motor deficits that are the outcome of lesions in the middle

cerebral region supplied by arterial blood.
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Figure 1-1. Overview of the various types of stroke according to onset pathogenesis

and area of occurrence. Adapted from [3].

According to the World Health Report issued by the World Health Organization
(WHO), stroke is the health condition with the second or third highest mortality rate
in the majority of countries [4]. At the same time, the number of post-stroke patients
has been increasing fast in the last ten years, as more and more stroke victims survive
and as the general population ages [3, 5]. In Hong Kong, during the period 2008-2012,
the number of stroke patients increased by over 24,000, as disclosed in the Hospital
Authority Statistical Report (Table 1) [6]. The total number of stroke survivors in Hong
Kong reached 300,000 by 2014 [7], while at the global level, this number exceeded 33
million [3], This massively increased the stroke-associated burden on the families of
the patients or on society, with expenditure related to stroke care reaching around

$73.7 billion in 2010 [8].
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Table 1-1. Statistical figures revealing the mortality rate associated with stroke in

Hong Kong (Hospital Authority Statistical Report of Hong Kong 2012-2013) Adapted

from [6]

1.1.1 Post-Stroke Upper Limb Impairment

A proportion of 75-90% of irreversible impairment is attributed to stroke, which

is thus a major determinant of acquired adult disability [9]. Epidemiological studies

reported that 80% of survivors of acute phase stroke started walking again on their

own following rehabilitation therapy in the early post-stroke period [10, 11]; on the

other hand, only 11.6% of stroke survivors demonstrated near-to-normal functional

recovery when measured six months after the stroke episode, and 38% exhibited

dexterity function to a certain extent [12, 13]. However, moderate to severe upper limb

motor disabilities, primarily manifesting as irreversible motor impairment alongside



muscle weakness, spasticity or contraction and disrupted coordination of muscles,
affect most stroke patients [14-16], having a significant impact on their functional
independence and capability of undertaking activities of daily living (ADL) [17]. The
dominant clinical perspective is that, compared to the lower limbs, the upper limbs
recover motor function incompletely and less fast [18, 19]. Hence, stroke rehabilitation
has always been geared towards the development of efficient clinical therapeutic
strategies to achieve better neurological results for recovery of function in the upper

limbs [20-22].

1.1.2 Post-Stroke Motor Recovery

Spontaneous and learning-dependent processes that occur at the same time are
usually necessary to regain motor functions; these processes involve restoring the
functionality of damaged neural tissue (restitution), restructuring of partly spared
neural pathways to relearn lost functions (substitution), and attenuating the
discrepancy between the capabilities possessed by patients and the environmental
demands confronting them (compensation) [11, 23, 24]. Spontaneous recovery is
defined as the self-generated neurological improvement with body functions, e.g.
strength, attention and synergy, which is only determined by the passage of time. In
large part, spontaneous recovery occurs in the initial days and weeks post-stroke,
plateauing within six months [11]. Regarding the learning-based processes, one
suggestion has been that severely impaired patients with poor prognosis following the

initial weeks after stroke should be encouraged to make compensatory or substitutive



movements to make them more capable of undertaking activities. Meanwhile, repair

of neurological functions by post-stroke interventions may be prioritized in patients

with a more positive prognosis [25].
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Hours: medical

Hours-days: early mobilisation

Days-weeks: restoring impairments in order to regain activities

Days-months: task-oriented practice with adaptive learning and compensation strategies

Days-months: specific rehabilitation interventions (including physical fitness) to improve

extended activities of daily living and social interaction

Weeks-months: environmental adaptations and services at home

Months-years: maintenance of physical condition and
monitoring quality of life

1-2. Presumptive recovery pattern post-stroke with intervention timing

delineated by Langhorne et al. according to a systematic review of 178 clinical trial

reports,

reviews and associated protocols. Adapted from [11].

To maximize stroke survivors’ functional independence through the use of various

therapeutic strategies is the purpose of stroke rehabilitation. Both neurological

recovery and functional or adaptive recovery are considered to be affected by

rehabilitation and can take place at the same as they are interconnected [26]. The

greatest

which i

proportion of recovery typically occurs in the initial six months after stroke,

s known as the subacute phase, while only 5% of stroke survivors showed

5



continued recovery at one year after stroke (Figure 1-2) [27]. According to some
research, the affected upper extremity can improve functionally to a significant degree
through physical activities of high intensity, even after six months from a stroke, which
is known as the chronic phase [23, 28, 29]. The fast-paced development of neuro-
biochemistry and molecular biology has recently led to a shift in motor recovery
research towards modifications at synaptic/cellular level with molecular mechanisms.
Nevertheless, there is a great deal of complexity attached to movement control after
stroke and the characteristics and determinants of the movement recovery source have
only partially been elucidated by the theories proposed [30-32]. The summary of
clinical experience and past theoretical premises constitute the basis of widely applied

manual-delivered rehabilitation strategies in a hospital or clinical context [11].

Stages | Characteristics

Flaccid paralysis is present. Phasic stretch reflexes are absent or hypoactive. Active movement cannot

] be elicited reflexively with a facilitatory stimulus or volitionally.
Spasticity is present and is felt as a resistance to passive movement. No voluntary movement is

2 present but a facilitatory stimulus will elicit the limb synergies reflexively. These limb synergies consist
of stereotypical flexor and extensor movements.

3 Spasticity is marked. The synergistic movements can be elicited voluntarily but are not obligatory.
Spasticity decreases. Synergy patterns can be reversed if movement takes place in the weaker synergy

4 first. Movement combining antagonistic synergies can be performed when the prime movers are the

strong components of the synergy.

Spasticity wanes, but is evident with rapid movement and at the extremes of range. Synergy patterns
5 can be revised even if the movement takes place in the strongest synergy first. Movements that utilize
the weak components of both synergies acting as prime movers can be performed.

Coordination and patterns of movement can be near normal. Spasticity as demonstrated by

6 resistance to passive movement is no longer present. Abnormal patterns of movement with faulty
timing emerge when rapid or complex actions are requested.

Normal. A “normal” variety of rapid, age appropriate complex movement patterns are possible with

7 normal timing, coordination, strength and endurance. There is no evidence of functional impairment
compared with the normal side. There is a “normal” sensory-perceptual motor system.

Table 1-2. Gowland’s Brunnstrom stages of motor recovery after stroke. Adapted from

[33].



In the aftermath of the Second World War, Signe Brunnstrom defined the post-
stroke recovery process stages, which became known as the Brunnstrom staging
approach and continues to be the main basis for the description of this process [34]. In
1993, Gowland and co-workers further refined this approach [33], identifying seven
stages of the recovery process (Table 1-2). The overall purpose of this approach is to
highlight the synergistic motion pattern post-stroke and how important early
rehabilitation is for accomplishing movement autonomy. Another premise of this
approach is that the process of recovery may stop at any stage but will never skip any
one of them in the sequence. Among the standardized clinical evaluations of post-
stroke functionality and recovery progress that have been significantly influenced by
the Brunnstrom staging are the Fugl-Meyer Assessments (FMA) of voluntary physical
performance [35] and the Action Research Arm Test (ARAT) of upper limb function
and dexterity [36]. The present Stroke Rehabilitation Clinician Handbook and national
physiotherapy guidelines for stroke level identification according to functional

performance strongly advocate the associated clinical evaluation.

1.1.3 Assessments for Post-Stroke Recovery in the Upper Extremities

An essential condition for stroke rehabilitation is the stroke rehabilitation
evaluation, which is intended to assess the aims of individual rehabilitation plans and
estimate the likelihood of future recovery. Motor recovery in the upper extremities is

usually assessed via the following clinical tests:



1) Mini-Mental State Examination (MMSE)

Prior to upper limb treatment, the Mini-Mental State Examination (MMSE),
otherwise known as the Folstein test, is conducted to determine how severe and
advanced cognitive impairment is, despite the fact that it does not undertake
function evaluation or the task performance capability of the patient [37].
Consisting of a questionnaire with 30 items, the MMSE is an efficient approach
for recording a patient’s response following cerebrovascular system injury, a close
correlation existing between that response and the therapist-patient interaction for

the subsequent rehabilitation treatment [38].

2) Upper Extremity Fugl-Meyer Assessment (FMA-UE)

Proven to be highly consistent, responsive and accurate [39], the Fugl-Meyer
Assessment (FMA) scale is a popular index for clinically evaluating motor
function post-stroke [40]. The motor scale portion of FMA for upper limbs has the
highest score of 66, which indicates that the paretic upper limb has attained
complete moto-sensory recovery [41]. This scale consists of two sub-scales,
namely, FMA-shoulder/elbow (42/66) and FMA-wrist/hand (24/66), which
enable comparison of the functional recovery in the proximal and distal portions
of the upper extremity. As previously mentioned, Brunnstrom staging approach
was the basis for the development of the FMA-UE items, in keeping with a
hierarchical scoring system determined by how challenging task performance was

for patients.



3) Action Research Arm Test (ARAT)

Upper limb function and finger movement dexterity are measured based on
the index called the Action Research Arm Test (ARAT), which comprises 19 items
that evaluate four function aspects, namely, grasp, grip, pinch and gross
movement. Every item is given a value of between 0, denoting lack of movement,
to 3, denoting normal task performance, with impairment being more severe the

lower the score is.

4) Modifies Ashworth Scale (MAS)

Spastic paralysis is engendered by a stroke over the process of recovery, as
defined by Brunnstrom staging approach. A rapid and straightforward tool for
evaluation of treatment efficiency, the Modified Ashworth Scale (MAS)
undertakes measurement of resistance during passive soft-tissue stretching and
creates a hierarchical scoring system, in which post-stroke spasticity increases the

higher the score is [42].

5 Functional Independence Measurement (FIM)

In addition to assessing patients’ post-stroke functional status, the Functional
Independence Measure (FIM) also monitors alterations in patients’ functional
status from the start of stroke care until discharge and follow-up [43]. It is useful
for gathering consistent data to compare training results over the rehabilitation
continuum. It consists of 18 items, each of which is given a score of between 0 and
7. Patient autonomy in task performance related to a particular item is considered

to be greater the higher the score achieved by that item is.
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1.2 Upper Limb Rehabilitation After Stroke
1.2.1 Post-Stroke Neuroplasticity

Ample evidentiary support has been recently generated for the plasticity of the
brain, even in adult individuals. Thus, numerous stroke rehabilitation treatments for

motor recovery are based on post-stroke neuroplasticity.

Neuroplasticity refers to the capability of neurons and neuron aggregates to adapt
their environment or use patterns, taking the form of either transient functional
plasticity, such as alterations in synapse working efficiency and effectiveness [44], or
durable structural modifications, such as restructuring and reactivation of nerve
connections and neuronal structures [45]. Impulse conduction mediated by nerve
fibres constitutes the basis of sensory input as well as the motor output of signals, and
synapses are the major connections between nerve fibres. Owing to the possibility of
removal (synaptic pruning) [46] or recreation (Synaptogenesis) [47] of separate
synaptic links according to the status and activities of the neurons bearing them, post-
stroke neurological and structural recovery is crucially dependent on synaptic
plasticity. The recovery process alongside behavioural experience post-stroke has a
major impact on the reduction or increase in the number of synapses and on the
increase or decline in the effectiveness of synaptic transmission. Several aspects frame
the correlation between the theory of neuroplasticity and physical practice in the

context of stroke rehabilitation:

1) The central nervous system of adult humans exhibits great capability for

damage recovery and adaptation [48]. The research that has been conducted
10



2

3)

in the past one hundred years has yielded ample proof for the contribution of
neuroplasticity in the neural process during the early stroke, accomplished via
spontaneous as well as rehabilitation process [49]. Early rehabilitation plans
post-stroke are underpinned from a neural perspective by the mediation of

alternative networks.

Damage to the neuron axon causes extension of its stump to the target issues
or neuron cells for the creation of new synapses. Conversely, normal axons in
the proximity of the injured region grow and extend to the target neurons. The
structure and functions of neurons have been demonstrated to be changed by
behavioural experience not only in damaged brains but also in healthy brains
[50]. Earlier research has also highlighted that rehabilitation protocol and
neuroplasticity were correlated in a ‘dose-response’ manner [51, 52], meaning
that the growth of axons can be enhanced by high-intensity training,

improving motor recovery after stroke.

Neuroplasticity is also associated with the activation of spared pathway
residual arising during the human developmental process from cortex damage.
Under normal conditions, the pathway is inactive, not being of great
significance or even working for a particular function. This passive pathway
is uncovered and takes on the primary function when the central nervous
system sustains damage and the foremost neural pathway is obstructed. Recent
research undertaken on human subjects revealed that passive pathway

activation post-stroke depended significantly on task-based practices with
11



functional activities [53-55].

1.2.2 Efficient Training Standards for Upper Limb Motor Recovery
On the basis of the findings of systematic reviews of numerous clinical
randomized controlled trials and neurological reports, a number of standards for
efficient upper extremity rehabilitation training have been delineated to improve motor
recovery and functional autonomy in everyday tasks as much as possible.
1) Early rehabilitation alongside voluntary effort:
There is ample evidentiary support for the widespread belief that
rehabilitation should be commenced immediately following the stroke event [56].
A close correlation was found to exist between successful rehabilitation and self-
motivation and engagement [11], while, by comparison to ongoing passive
movement training, voluntary effort from the residual neuromuscular pathways
has been proven to enhance performance [57, 58]. Furthermore, optimization of
neural plasticity and motor responsiveness can be achieved through early physical

rehabilitation alongside voluntary effort, maximizing motor results [59, 60].

2) Intensive training with precise repetition:

No ideal physical practice intensity has been specified by post-stroke
rehabilitation standards, but a number of systematic reviews found that repeated
practice of the impaired limbs at high-intensity level contributed significantly to
successful motor rehabilitation post-stroke [29, 60]. Furthermore, cortical

mapping studies based on functional MRI (fMRI) and PET [61, 62] and
12



neurological tests such as transcranial magnetic stimulation (TMS) [63, 64]

revealed that training programs triggered modifications in cortical motor networks.

3) Coordinated motor control across multiple joints by task-oriented practice:

Coordinated movements in the context of particular training activities can help
quicker achievement of motor autonomy in terms of functional daily tasks [65]. A
number of systematic reviews provided evidence in support of this notion,
highlighting that effective motor improvements could be transformed into
relevant limb functions if movements from more than one joint were coordinated
[16, 66] in task-oriented practice, particularly distal joints, such as the wrist and
fingers [67]. Moreover, there is good compatibility between coordinated motor
control and the recovery process based on Brunnstrom staging approach, focusing
on transformations of muscle synergies in different parts of the upper extremities

after stroke.

1.2.3 Conventional Therapeutic Treatments

Various rehabilitation therapies have been proposed for enhancing motor function

in stroke survivors with impairment of the upper extremity, such as the Bobath

approach [32] and constraint-induced movement therapy [68]. An overview of the

main methods adopted in conventional stroke management was provided by Zorowitz

and co-workers [69] (Table 1-3). The methods have been proven to be similar in their

outcomes [70]. Furthermore, more than one method is usually employed in

13



conventional stroke rehabilitation of the upper extremity in clinical practice. It is rare
for acute hospitalization for stroke to last long [19] and it excludes intensive
rehabilitation due to the resource constraints, even in developed countries. Stroke
patients survived the acute episode were either transferred to a rehabilitation

hospital/unit or discharged back home.

Author/type Theory

Bobath (NDT) Suppress synergistic movement
Facilitate normal movement

Taub (CIMT) Suppress normal use of the unaffected limb
Facilitate intensive use of the affected limb

Knott, Voss (PNF) Suppress normal movement
Facilitate defined mass movement

Rood Modify movement with cutaneous sensory
stimulation

Others Range of motion/strengthening

Compensatory strategies

Mobility/activity of daily living training

Table 1-3. Overview of the main methods of conventional rehabilitation treatments

Two representative and widely used therapeutic methods are as follows:

Bobath approach, also known as the neuro-developmental treatments (NDT), is
one of the major manual-delivered therapies in conventional stroke rehabilitation [32].
It aims to re-educate patient’s affect limbs with normal movements and emphasizes
on a hierarchical level of motor control. The concepts by Bobath describe the recovery
of movement from a stroke as a predictable sequence that mimics the normal
developmental sequence of maturing infants. According to the ‘neuro-developmental’

theoretical statements, the recovery of movement would initiate in the proximal (i.e.,

14



elbow, shoulder and shoulder girdles) and gradually generated to more distal segments
(i.e., finger, palm and wrist) [71], and the training on the proximal segments would
encourage the return of distal motor control [32, 72]. Besides, Bobath approach
separates repetitive practices apart from task-oriented training, with a suggestion of
‘facilitating the components of normal movement will automatically lead to
improvement in functional tasks’. The concepts may either be due to the previous
hierarchical model of motor control [73] or refer to the considerable pressure to
provide rehabilitation in less resource cost [11]. Coordinated upper limb practices
among different joints, especially the involvement of the distal joints (e.g., the wrist
and fingers) was found more effective to translate the motor improvements into
meaningful limb functions than single joint practice [67]. Nonetheless, David G. has
pointed out that in the complex motor training, more than one single operator, either a
therapist or nurse, should be involved to provide the complex treatment in manual-
delivered practice [11]. The multi-joint training mode is in high-costly and not that
feasible for the conventional rehabilitation treatments in current hospitals due to the
resource constraints. The cooperative work among the trainer team as well as between
trainers and the patient is also a great challenge with the requirement of high intensity
and precise repetition in the training. That is why rare works have been done to
investigate the training effects and effectiveness of the multi-joint coordinated
physical training.

Classical constraint-induced movement therapy (CIMT) and its modified protocol

(mCIMT) adopt representative intensive training strategy in conventional

15



rehabilitation and aim for post-stroke upper limb motor independence. The key feature
Is to restrict unaffected or less affected upper limbs and maximize the use of the
affected side. The studies on its clinical effectiveness implied the training outcomes is
strongly related to the intensity of CIMT, demanding a high cost of resource[74].
Besides, selection criteria for CIMT research have excluded patients with a moderate

or more severe stroke[75].

1.2.4 Device-Assisted Therapeutic Interventions
1.2.4.1 Rehabilitation Robots

Robots could not merely provide consistent physical training with high-intensity
and precise repetitions over a long duration [76], but also facilitate movement control
on multiple UE joints through the application of electrical motors in different numbers
and with varying sizes and mechanical structures [77]. Moreover, to determine
improvement or degradation in functionality during training, patients’ performance
could be quantitatively measured with robotic devices through real-time monitoring

or offline data processing.

According to types of movement, there are three categories of rehabilitation
robots that have been created in the last ten years, namely, robots with continuous
passive motion (CPM), robots with active-assisted movement, and robots with

challenge-based movement.:
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1) Robots with CPM take full control of the motions in patients’ paretic upper
extremities and the patients do not have to perform any voluntary effort of
their own. Although these types of robots demonstrated efficiency in
attenuating muscle spasticity after stroke, the effect was not maintained for

long [78].

2) Volpe [79] and Tong [80], who were in two separate research groups, reported
the involvement of voluntary motor efforts of the paretic limbs in stroke
patients receiving active-assisted robotic training. External mechanical
assistance from the robotic devices was provided only in cases where patients
could not carry out a particular movement on their own and compensate for
the muscle weakness in the affected upper extremity. The study outcomes
revealed that, compared to the results of CPM intervention, voluntary

involvement with robot assistance led to improved motor rehabilitation.

3 A robotic rehabilitation system based on robot resistance as the
challenging control in challenge-focused movement mode was created by
Fasoli et al. [81] who argued that, compared to neuro-developmental
approaches, enhanced motor recovery could be achieved through repetitive
practice of hand and finger motion against resistive loads, as reflected in the

clinical scores obtained. This was confirmed by other studies as well [82, 83]

In recent years, various rehabilitation robotic systems have been developed for

specific training purposes and applied to different upper limb segments [35, 79, 84-
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87]. The three types of movements discussed before can be achieved with the majority
of these systems. Furthermore, one or multiple randomized controlled trials were
conducted to assess systems like the MIT-MANUS (designed and built at the
Massachusetts Institute of Technology; Interactive Motion Technologies, Inc,
Cambridge, MA), the ARM Guide (Assisted Rehabilitation and Measurement guide),
the MIME (Mirror-Image Motion Enabler), the InMotion Shoulder-Elbow Robot, and
the BiManu-Track. The MIT-MANUS permits reaching motions in the horizontal
plane in case of upper extremity impairment caused by stroke, while its impedance
control property allows free shoulder and elbow joint movements with two degrees of
freedom (DoF) in perturbed circumstances [83, 88]. Taking the shape of a trombone,
the ARM Guide helps the training as well as the assessment of the reaching ability of
the upper extremity in a linear direction [89]. Meanwhile, bilateral movement of the
shoulder and elbow with three degrees of movement is allowed by the MIME robot,
with the paretic limb being guided by the non-paretic one [90, 91]. The InMotion
Shoulder-Elbow Robot, which is the commercial version of MIT-MANUS, enables
training of the shoulder and elbow in a horizontal plane with two degrees of freedom
and support for the forearm [92]. The Bi-Manu-Track permits practice not only of
bilateral elbow pronation and supination but also of wrist flexion and extension in a
mirror or parallel manner for the purposes of training the motions of the distal part of
the upper limb [93]. Such robots were proven in clinical research to enhance

functionality in the proximal part of the upper limb following post-stroke
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rehabilitation training, but they failed to improve the functionality of the distal part of

the upper limb.

A number of robotic systems initially intended for the hand can be used for
training after stroke as well. One such system is the Hand Wrist Assistive
Rehabilitation Device (HWARD) system [94] and the HapticKnob system [95], which
can respectively enable the hand grasping/opening and wrist extension/flexion
movement and the hand grasping and forearm pronation/supination movement.
Furthermore, hand motor functions were improved after rehabilitation training with
hand/wrist robotic assistance. According to Takahashi and Lambercy, who designed
the robots, the restricted improvement of functionality in the proximal joints could be
explained in terms of the fact that the robotic systems are used primarily in hand/wrist

practices, rather than the entire upper extremity.

The use of robots permits the sharing of a considerable proportion of repetitive
manual work between therapists, while customization of upper extremity movements
in keeping with the requirements of each patient is possible. As regards the training
results of robot-assisted treatment, however, the outcomes obtained by previous
studies have lacked consistency. Nevertheless, the majority of studies indicated that
by comparison to standard therapy delivered manually, training with robotic systems
led to either similar or better improvements [96-99]. Meanwhile, CPM robots with
support provided to large and proximal joints did not achieve the favourable outcomes

achieved by standard manual treatment on the entire upper extremity [79, 100].
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With regard to the long-term outcomes of the use of robotic devices in
rehabilitation training, the findings obtained by earlier studies are inconsistent as well.
For example, Bovolenta et al. reported that the marked improvements in the motor
function of the upper limb observed in their study immediately after training with
robotic assistance largely disappeared within three months after therapy [98]. On the
other hand, a different study by Housman and colleagues reported that training with
robotic assistance led to a major motor recovery in the upper limb and its effects were
maintained for six months or more after therapy [81]. The various rehabilitation effects
induced by robots are not only due to discrepancies in the control design of these
devices but also to the different ways in which upper limb joints are mechanically
supported during training. As reported by Krebs and colleagues, robotic assistance was
applied on a single wrist joint but the treatment achieved additional motor
improvements in the elbow-shoulder segments, while the elbow-shoulder parts were
restricted to move in the training [101]. Similar motor improvements in the proximal
joints relative to the target distal joints were also reported by Hu and colleagues when
using electromyography (EMG)-driven robots to assist respective physical practices
at the fingers and the wrist, with the effects achieved in both the proximal and the
distal joints lasting for three months following therapy completion [102, 103]. The
competitive proximal-distal joint interaction in post-stroke physical rehabilitation and
the compensatory muscular activities in the proximal joints in response to the distal
joint movement were the reasons for proximal joint improvement when training was

focused on the distal joints [104]. It must be noted that, during physical training,
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muscular synergies in the upper limb could be disrupted by mechanical strategies of
support. Additionally, previous research has not paid sufficient attention to the

different rehabilitation effects of various strategies for joint support.

1.2.4.2 Neuromuscular Electrical Stimulation (NMES)

Neuromuscular electrical stimulation (NMES) is a technique that can generate
limb movements by applying safe levels of electrical current to activate the damaged
or disabled neuromuscular system [105], typically by using surface electrodes. When
a sufficiently strong external electric field is applied to a nerve via a pair of electrodes,
depolarization of the axon will occur. And if the depolarization with sufficient intensity
reaches the threshold, an action potential will fire on the axon membrane and
propagate bidirectionally. The number of nerve fibres activated during applied
stimulation will be related to the amount of phase charge delivered with each pulse
[106]. Depolarization of motor axons or terminal motor nerve branches leads to the
electrical activation of motor units. Direct muscle stimulation could retard muscle
atrophy and it has been reported that denervated motor neurons in the lower extremity

muscles could be restored through surface electrode-based NMES therapy [107].

The training effects triggered by NMES have been elucidated in terms of two
mechanisms [108, 109]. One mechanism is that NMES enhances muscle strength in a
comparable way to the voluntary physical activity. Therefore, NMES strengthening
strategies must comply with standard strengthening protocols, which require few

repetitions with high external loads and highly intense muscle contraction. The other
21



mechanism purports that reversal of voluntary recruitment sequence with the selective
strengthening of type Il muscle fibres is the reason why muscles strengthen after
NMES training. Muscles can be made stronger on the whole through selective
enhancement of type Il muscle fibres, as the specific force of these fibres is greater
than that of type I fibres. In the context of stroke rehabilitation training, muscles are
strengthened and prevented from atrophying based primarily on the second
mechanism [105, 110]. This is because that the type 11 glycolytic fibres will convert to
type | oxidative fibres over weeks to months, depending on the intensity and frequency

of stimulation.

The principle underpinning the mechanism of NMES-based therapeutic effects of
rehabilitation after stroke is that recurrent sensorimotor experiences are triggered by a
cyclic electrical stimulation on the muscles, modulating the plasticity of the central
nervous system when the paralyzed or paretic muscle contracts [111]. NMES induces
transmission of afferent inputs along sensory pathways originating from both muscular
and noncontractile structures. Functional MRI studies have demonstrated that NMES
in the periphery can activate both sensory and motor areas of the brain with facilitated

motor relearning [112].

Evidence-based review of stroke rehabilitation concurs that NMES can serve as
effective auxiliary therapy. This review encompassed 49 RCTs published up to 2015
and focusing on NMES-based upper extremity training after stroke [70]. There is

strong evidence that NMES treatment improves upper extremity function in acute
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stroke (<6months post onset) and chronic stroke (>6 months post onset), either on its
own or alongside conventional therapeutic treatment. Improvement of functionality is
achieved by NMES through limiting the “learned disuse”, which is deemed a major
obstacle to successful recovery as it causes patients to progressively get used in their

daily activities post-stroke, relinquishing the use of particular muscles [113].

1.2.4.3 Electromyography(EMG)-driven NMES-Robotic System

The neuroplasticity theory of sensorimotor integration argues that brain
restructuring draws on both voluntary motor efferent and afferent sensor experiences
[114]. It is advisable for post-stroke physical training to include voluntary effort [70]
which should be induced immediately in the movements of the paretic upper extremity
[115]. Among the wide range of signals employed to highlight voluntary effort in
rehabilitation training are limb torque, trajectory and electromyography (EMG) [79,
116, 117]. In our previous studies, a series of voluntary intention-driven rehabilitation
robotic systems [118-121], e.g. the PolyJbot (Figure 1-3) and the Robotic Hand
Training system (Figure 1-4), have been designed for different joints motor functions

by using residual EMG as a bio-indicator from the paretic muscles.

EMG is the electricity generated in muscles under the control of the nervous
system. Its detection can be done at the surface of the skin in a manner that is not
invasive, with the amplitude in millivolt. Numerous orthotic and prosthetic devices for
aiding paralysis incorporate EMG signals as markers of voluntary effort [122-125].

The EMG-driven control strategy has been one of the rapidly expanding techniques

23



for maximizing the involvement of voluntary efforts during the training process [57,
79]. Earlier studies reported that, compared to CPM robots, EMG-based robots not

only helped stroke patients to undertake a voluntary effort task but also led to improved

motor results [126].

PolyJbot
Overview

,)}

Figure 1-3. The PolyJbot rehabilitation training system. Adapted from [127].
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Figure 1-4. The Robotic hand rehabilitation training System: a system driven by
electromyography (EMG), developed on the basis of a PolyJbot prototype. Adapted

from [128].

Hu et al. proposed a wrist rehabilitation system incorporating NMES alongside
the EMG-driven robot [116, 142, 143], with EMG driving both the robot and NMES
[102, 129, 130], where both NMES and robot were driven by EMG (i.e., EMG-driven
NMES-robot) (Figure 1-5). In this way, the limitations of each method on its own were
mitigated. As illustrated by previous studies, a robot is incapable of direct activation
of the target muscles or of efficient minimization of compensatory contractions of
other muscles or muscle groups. Meanwhile, using NMES alone could hardly achieve
the desired accuracy in kinematics, such as speed and trajectories, as in the robot-
assisted training. The related clinical trials suggested that the integration of NMES and
robot could strengthen the benefits of both methods. The use of NMES-robot could
the respective advantage of each technique diminished excessive muscular activity at
the elbow and led to a longer sustainability of the motor improvements compared to

those by pure-robot [131].
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Figure 1-5. (a) The experimental setup of the integrated NMES-robot system; (b)

Configuration of NMES and EMG electrodes. Adapted from [132].

Development of the EMG-based NMES-robot training system has been focused

on making this system compatible with various physical training objectives at the
elbow, wrist and fingers, with wearable and portable exoskeleton designs. One such
design is the so-called Rehabilitation Sleeve, which consists of two mechanical
modules, i.e. the wrist module and the elbow module, as shown in Figure 1-6. These
modules can be worn either separately or jointly in one training session for the upper

extremity. To make sure that they could be used by patients with various ergonomic
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parameters, such as limb length and pronation angles away from the wrist neutral
position, the modules were designed mechanically separate, since joints are stiff and
muscles are spastic after a stroke [133]. Hence, stroke survivors can wear the new
EMG-based NMES-robot device without difficulty, enabling the affected arm to carry

out coordinated movements engaging multiple joints.

Rehabilitation Sleeve

7 Elbow Module

1 1. At

Figure 1-6. Developed EMG-driven integrated NMES-robotic training system with

wearable and portable design, named the Rehabilitation Sleeve, which integrated the

novel bracing system in the exoskeleton orthosis. Adapted from [134]
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1.3 Objectives of the study
1.3.1 Research Gaps

At present, conventional therapeutic treatments for post-stroke upper limb
rehabilitation in clinical practice are mainly manual-delivered. Nevertheless, the
training effects of such treatments are falling short of clinical professionals’
expectations [134-136] with numerous stroke patients leaving the hospital with
dysfunctional upper limbs despite having received standard rehabilitation therapy in

time [137].

Post-stroke rehabilitation requires continuous long-term treatments [138].
Enhanced functionality in the impaired upper limb is significantly aided by repetitive
[28] and high-intensity practice [29], even in cases of chronic stroke where recovery
usually plateaus [23]. Nevertheless, conventional manual therapies could hardly
provide adequate or intensive practice in a consistent and precise manner for patients
with upper limb impairments due to the lack of sufficient resources, which is an issue
even in developed countries [139]. Furthermore, most manually treatments are time-
consuming and labour-demanding, leading to tiredness at the side of physiotherapists,
which makes the motion discontinuous, inaccurate, unstable and non-repetitive.
Moreover, the therapist’s experience and professional competence determine the
motion control details such as movement track, speed and range of motion (ROM)
[140]. For this reason, comprehensive characterizations of conventional treatment are
infrequent and details are ignored by some studies when evaluating efficacy and

outcomes [136]. Besides, there is also a considerable pressure to provide rehabilitation
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in less-costly settings, despite the evidence that comprehensive intensive training may

be superior to less-intense programs [19].

Furthermore, daily activities could be simulated through multi-joint practice
alongside task-based training, which has been demonstrated to successful to achieve
the conversion of motor improvements into meaningful limb functions [65]. However,
it is difficult to manage the movements of different joints (e.g. fingers, wrist, and
elbow joints) of the entire upper limb at the same time in conventional physical
training adopting “one-to-one” manual-delivered therapies. Therefore, a pair of
therapist-patient unit usually starts the training on the larger and more proximal joints,
improving motor outcomes in the proximal segments rather than in the distal during
the early rehabilitation after stroke. Under such circumstance, the finger, wrist and
elbow flexors are frequently contracted following initial treatment, since the distal
upper extremity has been kept in a rest position for a long time. The use of distal
muscles is ignored in the instructions during the early stroke, and the muscle function
is gradually replaced by the compensatory movement from the proximal muscles.
Hence, the abnormal synergistic motion pattern, known as the ‘learned non-use’, is
negatively reinforced during the chronic period, with compensatory movements being

extended to this period [141].

Another reason for therapists’ priority to treat in the proximal upper limb rather
than that in the distal joint was due to the ‘neuro-developmental’ hypothesis [142],
Some early related studies believed that a proximal to distal gradient of motor deficits

would appear in patients after stroke [115, 143]. Current studies have challenged these
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concepts, arguing that their scientific foundation is not robust enough [144-146].
Recent researches reported that the recovery process after a stroke is not monotonous
with a specific training sequence [11]. Pineiro et al. discovered that the severity of
motor deficits after stroke, indeed, is only related to the degree of corticospinal system
damage [147]; while two other studies on the upper limb motor control reported that
the segments in the entire upper extremity are similarly affected after stroke, without
the gradient supposed in previous literature [148, 149]. Meanwhile, insufficient
research has been conducted to determine how efficient various joint-supportive
strategies were for upper extremity training after stroke, since standard treatments
delivered manually cannot afford a motor control with the same training intensity on
both proximal and distal joints. Thus, it is still unclear whether the enhanced joint-
supportive strategy in task-based upper extremity training should be applied to the

distal joints or the proximal ones.

The major difficulties in conventional stroke rehabilitation to achieve effective
motor improvement and functional independence in the upper limb training could be
summarized as follows:

1) Lack of intensive, repetitive practice in manually-delivered treatments;

2) Lack of coordinated management of upper limb motor tasks, particularly
difficult to engage the distal joint movements, e.g., at the wrist and the
fingers.

3) Lack of understanding of the optimal joint-supportive scheme in task-

oriented training with multi-joint upper limb practices
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1.3.2 Research Objectives
In this work, we designed to propose a more effective training strategy for upper
limb rehabilitation after stroke, that is, the device-assisted multi-joint coordinated

training.

Robots are valuable assistants in the labour-demanding post-stroke rehabilitation
with controllable mechanical design and repeatable dynamic support in the physical
training. Meanwhile, NMES could direct prompt and enhance the desired muscle
contractions thus to improve motor coordination. A series of rehabilitation robots for
multi-joint practices have been successfully designed in our previous works. Among
them, an EMG-driven NMES-robotic hybrid system was adopted in this study where
both NMES and robots were driven by voluntary evoked electromyography (EMG)
from patients’ paretic upper limbs. The robots could assist a stroke survivor to conduct
upper limb tasks simulating daily tasks, e.g. coordinated arm reaching, hand grasping
and releasing, with respective mechanical support to the elbow, wrist and fingers.
There is evidence that voluntary effort was successfully engaged during training by
the EMG-driven control strategy underlying such robots [57, 79]. The use of an
NMES-robot system also allows a single trainer to instruct the multi-joint coordinated

upper limb treatments with less labour work.

The objectives of the study are:
1) To evaluate the rehabilitation effectiveness of multi-joint coordinated upper
limb practice assisted by an EMG-driven NMES-robot for stroke survivors in

both the subacute and chronic stages.
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2) To compare different joint supportive schemes using NMES-robots and

identify the optimized scheme for upper limb rehabilitation.

1.3.3 Clinical Trials

The training effects and effectiveness are evaluated through three independent
clinical trials with the common clinical assessments, i.e. MMSE, FMA, ARAT, MAS
and FIM as specified in section 1.4. In addition, a session-by-session EMG evaluation
approach is applied in this study. EMG parameters were evaluated before each training
session in order to trace the recovery progress of target muscles (i.e. the normalized
EMG activation level) and the evolution of the muscle coordination (i.e. the
normalized co-contraction index, Cl between a pair of muscles) during the course of

training.

The first study was aimed to investigate the training effects of the multi-joint
coordinated upper limb training with assistance from an EMG-driven NMES-robot
sleeve in subacute stroke patients, as well as to compare the effects with those achieved
by conventional manual therapies. The study was a clinical randomized controlled trial

with a 3-month follow-up.

The second study was aimed to investigate the training effects of the NMES-
robot-assisted multi-joint coordinated upper limb training in chronic stroke patients.

The study was a clinical trial with the single-group design.

In the third study, we hypothesized that different mechanical supportive strategies
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to the joints in upper extremity might lead to distinguished recovery efficiency. The
aim of this work was to investigate the training effectiveness of the multi-joint
coordinated upper limb with robotic support to the distal (finger-palm) and to the
proximal (wrist-elbow) segments in the task-oriented practices, and also to compare
the training effects of the two supportive schemes. The study was also a clinical

randomized controlled trial with a 3-month follow-up.
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CHAPTER 2

EARLY STROKE REHABILITATION WITH MULTI-JOINT
COORDINATED UPPER LIMB TRAINING ASSISTED BY
AN EMG-DRIVEN NMES-ROBOTIC SLEEVE

2.1 Introduction

Less than 25% of stroke survivors experiencing upper extremity paralysis (UE)
achieve near-to-normal motor recovery after survival from acute stroke episode,
greatly affecting their daily living [10, 12]. Most motor recovery is believed to
occur within the initial several days to weeks and plateaued within 6 months
after stroke, i.e. in the subacute period [150]. Physical practice in this period
can optimize the recovery progress by both spontaneous and learning-
dependent processes, and result in maximized motor outcomes [151,
152]. Besides, the motor achievements from the subacute period are
easier to be transferred into daily activities when compared with the
treatments administrated in the chronic period (i.e., over 6 months after
stroke) [153, 154]. One of the major reasons is that patients with newly
acquired stroke have not been used to the learned non-use pattern by using
intact limbs only for daily activities as observed in the chronic stroke
commonly. Physical practice with high-intensity and precise repetition have been
proven to speed up the motor restoration process in the early strokes [150,
155]. Besides, the involvement of voluntary effort from the residual

neuromuscular pathways has been convinced to show better improvements with
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higher efficiency when compared with the CPM trainings [57, 156].
Furthermore, management of coordination among different joints is more
effective to translate the motor improvements into meaningful limb functions

than repetitive practice with single joint [67].

However, conventional rehabilitation treatments for subacute stroke during
hospitalization are usually 'one-to-one' manual-conducted by human therapists,
usually time-consuming and labor-demanding [22]. As specified in 1.3.1,
current medical and healthcare system could hardly provide adequate
repetitive and intensive rehabilitation treatments to persons with subacute stroke
due to the shortage of professional manpower in the physical therapy industry
[157]. It is always a difficulty for human therapists to instruct the coordinated
upper limb motions with both proximal (i.e., the shoulder and the elbow) and

distal joints (i.e., the wrist and the fingers) together in the clinical practice [158].

In our previous works, a series of exoskeletal robotics that adopt EMG-
driven strategy for physical training at different UE joints have been designed [102,
118-121]. Residual electromyography (EMG) from the paretic muscles was used as
markers of voluntary effort to control the robots to provide assistive torques for
desired motions [102]. It has been found that that robot alone could not directly
activate the desired muscles or muscle groups and could hardly limit the
compensatory contraction in the other non-target muscles. However, the voluntary

practice could improve the motor functions of the limb with longer
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sustainability [79, 118]. Meanwhile, another prevalently used technique in stroke
rehabilitation, the neuromuscular electrical stimulation (NMES), could apply
programmed electrical currents directly to the paretic UE muscles, thereby generate
limb movements [159]. The NMES could not only effectively prevent muscle
atrophy and improve muscle strength, but also precisely stimulate the target
muscles, as reported in systematic reviews [159, 160]. Based on other research,
when the paralyzed or paretic muscle contracts, NEMS was also found to evoke
sensorimotor feedback to the brain, and modulate the plasticity of the central
nervous system [161]. Despite its advantages in stroke rehabilitation, the problem for
using NMES alone is its kinematic inaccuracies, such as motion speed and
trajectories. Hence, in the subsequent work, we integrated the NMES into the EMG-

driven robots (i.e., the EMG-driven, NMES-robotic system) [102, 162-167].

In this study, we hypothesized that device-assisted post-stroke multi-joint
coordinated training in the subacute stroke period could achieve the initiation of
voluntary effort in the paretic arm and could enhance the muscular coordination
across joints. An EMG-driven NMES-Robotic sleeve was adopted in this work to
support the multi-joint coordinated training in stroke patients’ paretic upper limbs.
The training effectiveness was investigated through a randomized controlled trial
in comparison with the conventional upper limb physical rehabilitation in hospital

on persons with subacute stroke.
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2.2 Methodology
2.2.1 EMG-Driven NMES-Robotic Sleeve

Figure 2-1 illustrates the EMG-driven NMES-Robot sleeve selected for the
purposes of the present study. This sleeve enables four-stage performance of
consecutive and iterative movements, namely, elbow extension, coordinated wrist
extension and hand opening, wrist flexion, and elbow flexion. The movements permit
simulation of multiple joint synchronization in movements of arm reaching and
withdrawing in the context of everyday tasks. 180° elbow extension and 45< wrist
extension constituted both the initial and final movement cycle positions. Furthermore,
for the elbow joint and wrist, the maximum range of motion (ROM) was respectively
established from 30<in flexion to 180<in extension and from 60<in flexion to 45<in
extension. Application of the elbow and wrist ROMs on stroke patients in earlier
studies [102, 119, 161] enabled assessment of how feasible they were. A bracing
system that could adjust pressure application on skin to reduce device movement as the
limb was moved repetitively was used for fixation of a patient’s paretic arm in a solid
exoskeleton orthosis [168]. The two autonomous servo motors MX 106 and ROBOTIS,
with 8.4 Nm maximum stall torque regulated the motion of the mechanical exoskeleton
for the elbow and wrist [161]. The implementation of the system involved the use of a
hanging mechanism to lift the system-mounted paretic upper limb horizontally (Figure
2-1). During the early subacute phase, muscle weakness was more prevalent among
stroke patients compared to spasticity like in the chronic phase, and shoulder muscle
atrophy was a major cause of the inability of the majority of patients to even lift their

paretic limbs without assistance. The patients with subacute stroke were aided by the
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hanging mechanism to undertake the upper extremity activities using the system in the
study. Throughout the movement stages, patients were visually guided by following a
cursor moving on a computer screen at the same angular velocity for wrist and elbow

motion.

Experimental Setup

Hanging System

S P@lnterface

Control Box

Figure 2-1. The training setup in a session assisted with the electromyography (EMG)-
driven neuromuscular electrical stimulation (NMES)-robot sleeve, the visual feedback

interface, and the hanging system.
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Application of four-channel NMES was done on biceps brachii (BIC) and triceps
brachii (TRI) when the elbow was flexed and extended, respectively, on flexor carpi
radialis (FCR) when the wrist was flexed, and on the extensor carpi ulnaris (ECU)
and extensor digitorum (ED) when the wrist was extended and the corresponding
hand was open. A single channel surface NMES is sufficient for recruitment of both
ECU and ED due to their anatomical proximity, with narrow muscle bellies on the
dorsal forearm side [169]. Thus, for NMES as well as EMG detection, the two
muscles were considered a muscle union (ECU-ED). BIC, TRI, FCR and ECU-ED
enabled detection of the EMG, which controlled motor and NMES function. Figure 2-
2 presents the manner in which the EMG and NMES electrodes were configured on
each target muscle. The arrangement was also used in the earlier NMES-robot system
to restore wrist function [170]. In order to minimize the stimulation artefact as the
EMG was recorded, the positioning of the two pairs of EMG electrodes and NMES
electrodes was done at right angles to one another on the target muscles [77].
Meanwhile, the shared zone of the muscle bellies was where the EMG and NMES
electrodes were positioned for ECU-ED. Given that the majority of stroke survivors
had trouble with opening and not with closing the hand [11, 22], and finger muscle
tone could be more speedily improved by NMES on finger flexors, the movement of

hand closing was not provided NMES or robotic assistance [22].
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Dorsal
Side

Reference

ECU-ED

EMG electrodes

Figure 2-2. The electrode configuration on the target muscles, i.e. the biceps brachii
(BIC), the triceps brachii (TRI), flexor carpi radialis (FCR), and the muscle union of
the extensor carpi ulnaris and extensor digitorum (ECU-ED). The reference electrode
was attached on the olecranon. The figure also illustrates the standard configuration
of the electromyography electrodes and neuromuscular electrical stimulation (NMES)

electrodes on a target muscle.
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The target muscles emitted EMG signals that controlled robot and NMES module support,
enabling patients to undertake activities involving phasic and consecutive movement of multiple joints.
The present study employed EMG-induced control, meaning that, in every movement stage, after the
EMG activation level of a driving muscle went beyond a pre-established limit (thrice the SD beyond
the EMG baseline in the rest according to standard detection of elective EMG initiation in a muscle
under contraction) [171], the motion of the associated joint motor maintained a fixed 107 velocity
(flexion or extension in ROMs), which wias a joint angular velocity that stroke patients in earlier studies
found suitable [102, 170]. The voluntary EMG level beyond the triggering limit activated constant
NMES as well, which was transmitted in 80-V square-wave pulses at 40 Hz stimulation frequency and
100ps individual pulse width to the driving muscle in the associated movement stage. After the driving
muscle-derived EMG signals triggered the joint motors and NMES, patients did not have to make
voluntary effort and the limb could carry out the remaining movement in the stage with assistance from
the training system. Amplification of every EMG signal was performed with 1,000 gain (INA 333
amplifier, Texas Instruments Inc.), with filtering of band-pass from 10 to 500 Hz and sampling with
1,000 Hz for digitising purposes. The EMG activation levels were attained by full-wave rectifying and
movement-averaging with 100 ms window of the EMG signals in the context of induction for motion

activation.
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2.2.2 Participants

2.2.2.1 Subject Recruitment

The Human Subjects Ethics Subcommittee of Hong Kong Polytechnic University

and the Cluster Clinical Research Ethics Committee of the Join Chinese University

of Hong Kong-New Territories East granted approval for the research.

The stroke inpatients at the teaching hospital were subjected to screening and

participants were selected from among those with motor impairments of the upper

extremity who met the inclusion criteria below:

1

2

3

4

6)

Unique unilateral brain lesion caused by stroke that occurred within four months;

Standard medical care and stable condition maintenance;

Capacity for comprehending the research aims and procedure and for complying
with basic orders, based on evaluation through the Mini-Mental State Examination

(MMSE > 21) [172]:

Upper extremity motor dysfunction varying from severe to moderate, according to
the Fugl-Meyer Assessment (15 < FMA < 45, with 66 highest score possible for

upper extremity) [173];

Elbow, wrist and finger spasticity of less than 3, according to the Modified
Ashworth Scale (MAS) ranging from 0 (no muscle tone increase) to 4 (rigidity in

the affected area);

Passive ROM from 45<extension to 60° flexion and from 30 flexion to 180

extension for wrist and elbow, respectively;

Age range 18-78 years old [175, 176];
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8 Identifiable voluntary EMG from target muscles, (i.e., above three times SD of
EMG at resting status), which is consistent with muscle power evaluation > 1 in

clinical diagnosis;

90 Medical condition stability to allow for more than one session of physical training

Patients who failed those criteria or those who were pregnant, suffered from

severe aphasia or had a pacemaker implant were not included in the study.

The Randomized controlled trial conducted over a period of two years with

three-month follow-up (3MFU) was the research design chosen for the study. The

inclusion criteria were followed by a collaborative clinician to undertake the

screening of post-stroke inpatients 7-10 days prior to training commencement. The

training plan was explained to prospective participants, while those who were

selected were asked to provide written consent prior to randomization, agreeing to

take part in the training, which could involve the multi-joint coordinated training

based on NMES-robot assistance or the traditional intervention. A computer-based

random number generator that had the same 0.5 probability to issue the number “1”

(experimental group) or “2” (control group) (Matlab 2015, Mathworks, Inc.) was

used to arbitrarily divide the participants into two groups. Owing to training device

availability, with a single set for each side, and the participants’ duration of

hospitalization, the participants were recruited in a more or less successive manner.

Recruitment stopped when both sides of the robotic sleeves were engaged. The

clinician who screened the patients also had to consider whether the device would be

available for left or right hemiplegia in the training based on NMES-robot assistance.

The flowchart of Consolidated Standards of Reporting Trials is illustrated in Figure

2-3 as it pertains to the training plan.
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Screened (n=78) Not meeting eligibility criteria (n=>54)
Unstable clinical symptoms

Secondary stroke

Cognitive problem

Severe motor impairment (full FMA<15)
No detectable EMG in a driving muscle

(<3 SD of the baseline)

Randomization (n=24)

Allocated to the NMES-
robot Group (n=14)

Allocated to the Control
Group (n=10)

Complete the Pre-training
Assessment (n=14)

Complete the Pre-training
Assessment (n=10)

Drop-out (n=0)

Complete the Treatment
(n=14)

Complete the Treatment
(n=10)

Complete the Post-training
Assessment (n=14)

Complete the Post-training
Assessment (n=10)

Complete the 3-Month
Follow-up (n=14)

Complete the 3-Month
Follow-up (n=10)

Figure 2-3. The Consolidated Standards of Reporting Trials flowchart of the

experimental design.
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2.2.2.2 Training Protocol

The participants in the experimental NMES-robot group underwent multi-joint
coordinated upper extremity training with NMES-robot assistance over the course of
20 sessions, with one session every weekday. Every session required the participants
to perform iterative limb movements with device support, namely, to extend their
elbow and wrist, to open their hand and to flex their wrist and elbow. To prevent the
muscles becoming fatigued, the participants were allowed to rest for 10 minutes after
20-minute practice. A balance was established between the training loads among the
two groups and the session duration and frequency for upper extremity training.
Thus, the duration of one training session for the experimental group was taken out
of standard upper extremity training performed by human practitioners from the
collaborative hospital (60 minutes Monday-Friday), involving muscle stretching,
passive/assistive ROM and occupational treatments like feeding/eating and grooming
practices. The device-assisted training was provided to the NMES-robot group for 40
minutes in a separate therapy room before being taken back for the remaining
standard physical treatment. Owing to tiredness, the majority of NMES-robot group
participants only performed muscle stretching and passive ROM for 10-15 minutes
after the device-assisted training. Meanwhile, only standard upper extremity training
was administered to the control group participants for 60 minutes in the common

therapy room.
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2.2.3 Evaluation of the Training Effects
2.2.3.1 Conventional Clinical Assessments

Several evaluation instruments were employed to functionally assess the paretic
upper extremities of the participants. Thus, the FMA helps to measure sensorimotor
functions according to performance in cases of post-stroke hemiplegia, and is based
on a 0-66 complete score range, with 0-42 range for shoulder/elbow and 0-24 range
for wrist/hand [173]. The Action Research Arm Test (ARAT) enables measurement
of the capability of the hand for handling items of varying size, weight and form
[177]. The Functional Independent Measurement (FIM) helps to assess activities of
daily living (ADL) [178]. Last but not least, the MAS facilitates assessment of
elbow, wrist and finger spasticity after stroke [174]. The performance of each of
these evaluations was undertaken by an evaluator prior to training commencement,
immediately upon completion of the 20 sessions, and at three months post-training.
Furthermore, the evaluator had no knowledge about the training structure and
communication between the participants and evaluator regarding the training was not

permitted.

2.2.3.2 Session-by-Session Evaluation by EMG

Prior to the actual device-assisted training, the participants in the experimental
group started every session with performance of a bare-arm assessment task. In
keeping with earlier research on robot-assisted upper extremity training in cases of
chronic stroke [102], the purpose of this task was to replicate the movement of the
upper extremity during everyday activities, such as hand grasping and arm
reaching/withdrawal, and determine how the motor function of the upper extremity
was rehabilitated over the training sessions with no device support. The trainer’s

46
order to the participant and the sponge release by the assessed extremity at the



intended location were respectively the beginning and end points of EMG recording
in every assessment task. There was awareness that initial lack of muscle strength
could prevent participants with subacute stroke from using their affected extremity to
perform the tasks without assistance in the first few sessions. Hence, a time
restriction of 10 seconds was established, whereby participants were permitted to use
their unaffected hand to support their affected extremity in task performance if the
affected extremity could not perform the task independently within 10 seconds.
Analysis was limited to the EMG signals occurring within the 10 seconds. From the
initial session, none of the participants in the experimental group had trouble
gripping the sponge and move their affected extremity horizontally. However,
opening the hand to let go of the sponge and lifting the entire upper extremity
vertically did present challenges to the participants. Hence, voluntary effort of finger
extension was demanded from the participants, but effective hand release of the
sponge was not. The time restriction of 10 seconds was primarily used in the case of
the vertical tasks in the initial sessions, and during that interval, the participants had
to make voluntary effort for task accomplishment by employing every strategy of
muscle coordination in the affected upper extremity to enable recording of muscular
patterns for a specific movement. It was observed that participants became frustrated
by tiredness and lack of success in the case of longer attempt intervals, diminishing
muscle exertion. By the final training session, no participant in the experimental
group required the use of the unaffected extremity to perform the assessment tasks

with the affected extremity anymore.
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2.2.3.3 EMG Parameters

Two EMG parameters were used for quantitative cross-session monitoring of the
muscle activation and coordination pattern changes during the evaluation in this work: (1)
normalized EMG activation level of each muscle; and (2) normalized co- contraction
index (CI) between the muscle pairs. The processing methods of the normalized EMG
activation level was calculated as follows, i.e.,

=~ 1

EMG = — [ EMG;(t)dt, (Eq. 2.1) [118, 119]

where EMG was the EMG activation level of muscle i, EMG;(t) was the EMG linear
envelope with respect to the maximal value recorded during the bare-arm evaluation
tasks and maximum voluntary contractions in each session, and T was the length of
the signal as did in previous works [118, 119]. In this work, the EMG activation levels
in a session for an individual participant were further normalized with respect to the
maximal EMG activation level of the participant recorded across the training sessions.
This operation would show the tendency of the EMG activation level of a participant
across the training session with the normalized values vary from 0 to 1, in order to
minimize the variations among different participants as researchers encountered

previously [118, 119].
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The CI between a pair of muscles could be expressed as:

Cl = [ Ay (D, (Eq. 2.2) [118, 119]

where Ajj (t) represented the overlapping activity, i.e., Minimum[EMG;(t), EMG;j(t)],
of the EMG linear envelopes for muscle i and j, and T was the length of the signal,
EMG;j(t) are the EMG envelopes as in Eq. 2.1 [118, 119]. An increase of the Cl values
would represent an enlarged co-contraction phase of a muscle pair, and a decrease
would suggest a separation in the co-contraction phase of the two muscles within the
same joint or across multi joints. Similar normalization on the CI values in a session
with respect to the maximal CI value across the sessions for individual participants
was conducted as we did for the EMG activation levels. Monitoring the varying
patterns of the EMG parameters across the 20 training sessions would provide a better

understanding of the recovery progress of the affected upper limb functions.

2.2.4 Statistical Analysis

The Independent t-test was conducted to make sure that the two research groups
were the same at baseline, indicating that the difference was statistically insignificant
(P>0.05) on every clinical evaluation, namely, pre-assessments on FMA, MAS,
ARAT and FIM scores [179]. The potential inter-group baseline discrepancy was
attenuated even more by employing the pre-assessment as a covariate in two-way
analysis of covariance (ANCOVA) regarding the inter-group differences in terms of
independent factors and the time point on the clinical evaluations conducted before

and after training and at 3MFU [179]. Meanwhile, the differences within the two
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groups were investigated via one-way analysis of variance (ANOVA) at various time
points with the Bonferroni post-hoc tests. One-way ANOVA also permitted
examination of the EMG parameters, namely, EMG levels and CI values, throughout
all training sessions to determine how rehabilitation progressed in the experimental
group over the entire training program. The FMA and MAS clinical scores
constituted the primary research outcomes, whilst secondary outcomes were given by
the rest of the clinical scores and the EMG parameters. The reason for choosing
FMA and MAS as primary outcomes was that, by contrast to the other scores, they
were respectively indicative of multi-joint voluntary task-specified motor functions
in the entire upper extremity and muscle spasticity difference between upper
extremity joints. The results were statistically significant at 0.05, 0.01 and 0.001

levels.

2.3 Experiment Results

A number of 54 out of the 78 stroke inpatients who were subjected to screening
in this study failed the inclusion criteria in one or more respects, such as not
exhibiting stable clinical symptoms for ongoing and long-term physical training,
having secondary stroke, exhibiting cognition deficits or aggravated motor
dysfunction (full FMA<15), and lack of EMG detection in a driving muscle ( less
than thrice the SD of the baseline). Thus, the final research sample comprised 24
participants who met the inclusion criteria and who were distributed arbitrarily into
two groups, namely, the NMES-robot group and the control group, consisting of 14

and 10 participants, respectively. Table 2-1 provides the participants’ demographic
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characteristics post-randomization.

Multi-Joint Training in Subacute Stroke

Characteristics NMES-robot group
Control (n=10)
(n=14)

Age (years) 54.6+11.3 64.6+3.43
Gender (female/male) 5/9 4/6
Lesion side (left/right) 11/3 9/1

Stroke Types

7P 9/5 6/4

(hemorrhagic/ischemic)

Time after Stroke - '
: 25/148 14/142
(Min/Max days)

Table 2-1. Demographic data of the subacute participants after the randomization.

2.3.1 Motor improvement by clinical assessments

The FMA, ARAT, FIM and MAS clinical scores for the two groups are shown in Figure
2-4. These assessments were carried out before training commencement (pre-training
assessment), immediately upon completion (post-training assessment) of training and at 3-
month follow-up (3MFU). The means and 95% confidence interval of every clinical
assessment alongside the two-way ANCOVA probabilities and anticipated effect sizes (EFs)
pertaining to session and group, as well as the one-way ANOVA probabilities with EFs for
session-related assessment within groups are provided in Table 2-2. Meanwhile, the
probabilities and EFs for comparison between groups regarding assessment after training and

at 3MFU by one-way ANCOVA, with baseline effect adjustment, are outlined in Table 2-3.
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Figure 2-4. Overview of the results in clinical assessments.
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Figure 2-4. Overview of the results in clinical assessments.

The clinical scores [evaluated before the first and after the 20th training session, as well as the
3-month follow-up (3MFU)] of the participants in both neuromuscular electrical stimulation
(NMES)-robot and control groups: (A) Fugl-Meyer Assessment (FMA) full scores, (B) FMA
shoulder/elbow scores, (C) FMA wrist/hand scores, (D) Action Research Arm Test (ARAT)
scores, (E) Functional Independence Measurement (FIM), and (F) Modified Ashworth Scale
(MAS) scores at the elbow, the wrist, and the fingers, presented as mean value with 2-time SE
(error bar) in each evaluation session. The solid lines are for the NMES-robot group, and the
dashed lines are for the control group. The significant inter-group difference is indicated by

(P < 0.05, one-way analysis of covariance), and “#” is used to indicate the significant

intragroup difference (P < 0.05, one-way analysis of variance with Bonferroni post hoc tests).
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I-way ANCOVA

PRE POST IMEU l-way ANOVA
Assessment P (Partial[Th)
Mean Value (95% Confidence Interval) P(Partial[ h*)  Session  Group S*G
FMA Full 223 436 425 .
0.001%%(0.475)
(N-Robot)  (165-28.1) (379-494) (36.7-483) 0.000%44 000pL [ pO3L4L
FMA Total 203 30.1 309 (0.615) (0.282)  (0.160)
, 0.031% (0.227)
(Control) (142-264)  (240-362) (243-370)
FMA-SE 136 241 223
. 0.000%*(0360)
(N-Robot)  (10.1-17.0)  (20.6-27.5) (189-257) 0.000%%  0000*%  0.029°
FMA-SE 11.6 173 17.4 (0.401)  (0.112) (0.047)
0.030° (0.229)
(Control) (8.2-15.0) (13.9-207)  (14.0-208)
FMA-WH 87 196 202
0.0005F(0.435)
(N-Robot)  (53-12.1)  (162-229)  (16.8-23.6) 0.000% 000044 000148
FMA-WH 8.7 12.8 13.5 (0.551) (0.311)  (D.184)
0.176 (0.021)
(Control) (438-12.6) (8.9-16.7) (9.6-17.4)
ARAT 157 292 332 0,002 (0268)
(N-Robot)  (8.8-226)  (223-36.1) (263401) 00004 0284 0912
ARAT 12.0 242 26.6 (0.279)  (0D.018)  (0.003)
0.030° (0.229)
(Control) (4.0-20.0) (16.2-322 (18.6-34.6)
FIM 447 56.6 61.6
X i ) 0.001%* (0311)
(N-Robot)  (38.8-506) (50.7-62.5)  (55.7-67.5) 0.000%% 0117 0418
FIM 4473 62.1 64.6 0.542 0.037 0.027
) 0.000 (0.603) (0542) (0037 (0.027)
(Control) (39.3493) (57.1-67.1)  (59.6-69.6)
MAS-elbow 0.8 03 0.6 _
0362 (0.051)
(N-Robot) (0.3-1.3) (-0.2-0.8) (0.1-1.0) 0051 000042 (001824
MAS-elbow 03 0.8 1.2 (D.087)  (0.204) (0.201)
, . 0.005%(0322)
(Control) (-0.1-0.7) (0.5-1.2) (0.8-1.5)
MAS-wrist 07 0.1 03 0.048° (0.145)
{N-Robot) (0.3-1.0) (-0.2-0.4) (0.0-0.7) ' T 0119 0.000444 ppQAss
MAS-wrist 03 0.8 1.1 (0.064)  (0232)  (0241)
, 0.009% (0.292)
(Control) (-0.1-0.6) (04-1.1) (0.7-14)
MAS-finger 0.5 03 02 i _
i 0354 (0.052) i
(N-Robot) (0.2-0.9) (0.1-06)  (-0.1-0.5) 0425  0.000%% 0005
MAS-finger 0.4 0.7 1.1 (0.026)  (0.176)  (0.152)
, } 0.025° (0.240)
(Control) (0.1-0.7) (04-1.1) (0.8-1.4)

Table 2-2. Statistical results of the clinical scores in subacute study (1)

The mean and 95% confidence intervals for each measurement of the clinical assessments,

and the probabilities with the estimated effect sizes of the statistical analyses. Differences with

statistical significance are marked with superscripts beside the P values (“#” for one-way

ANOVA intragroup tests, “A” for two-way ANCOVA tests on the group and session effects

with the pre-assessment as the covariate). Significant levels are indicated as, 1 superscript

for<0.05, 2 superscripts for<<0.01, and 3 superscripts for<<0.001.
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Assessment

l-way ANCOVA on the Post- and 3MFU assessments between the groups

Post pe P (Partial %)

3MFU_pe P (Partial 4

FMA

Full Score 0000 (0.478) 0.005% (0.319)
Shoulder/Elbow 0.037° (0.190) 0.040° (0.186)
Wrist/Hand 0.000% (0.538) 0.005™(0.322)
ARAT 0.417 (0.032) 0.455 (0.027)
M 0.123 (0.109) 0.160 (0.088)
MAS

Elbow 0.003% (0.359) 0.0047 (0.334)
Wrist 0.001** (0.430) 0.002* (0.367)
Finger 0.074 (0.144) 0.000% (0.507)

Table 2-3. Statistical results of the clinical scores in subacute study (2)

The statistical probabilities and the estimated effect sizes of the one-way analysis of
covariance (ANCOVA) on the respective post-assessment and 3-month follow-up (3MFU)
between the groups, by taking the pre-assessment as the covariate. Differences with statistical
significance are marked with ‘** beside the P values. Significant levels are indicated as, * for

<0.05, ** for <0.01, *** for <0.001.

The extent to which the three assessment sessions varied in terms of FMA scores is
indicated in Figure 2-4 (A-C). The factors of group and session differed significantly with
regard to the FMA complete score and the FMA sub-scores for shoulder/elbow and
wrist/hand (two-way ANCOVA, P<0.05, Table 2-2). Statistical significance was also
noted for the interplay between the factors of group and session in relation to the three
FMA scores (P<0.05, Table 2-2), with the highest and lowest significance being
associated with the FMA wrist/hand (P=0.001, EFs=0.184) and the FMA shoulder/elbow
(P=0.029, EFs=0.047), respectively (see Table 2-2). There was a significant increase in
the FMA complete score at post-training assessment for both the experimental and control
groups (Figure 2-4A), which was sustained at 3MFU assessment compared to pre-training
assessment (P<0.05, one-way ANOVA with post-hoc tests), as indicated in Table 2-2.
More specifically, at post-training assessment and 3MFU assessment, a significantly
higher increase in the FMA complete score was exhibited by the experimental group
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compared to the control group (one-way ANCOVA, P<0.01, Table 2-3). Meanwhile,
there was no significant difference in the FMA shoulder/elbow and wrist/hand scores and
the FMA complete score (Figure 2-4 B&C), although greater significance was exhibited
by the FMA wrist/hand scores, with larger EFs in the group-session interplay (two-way
ANCOVA, Table 2-2) as well as between groups at the post-training assessment and
3MFU assessment (two-way ANCOVA, Table 2-3). However, the control group did not
display a significant increase in the FMA wrist/hand score at post-training assessment
(P>0.05, one-way ANOVA), as shown in Table 2-2.

The ARAT scores obtained in the three assessment sessions for the experimental
and control groups are provided in Figure 2-4D. Although the assessment time points
were found to differ significantly (P<0.001, EFs=0.279, two-way ANCOVA, Table
2-2), the groups were not associated with any significant difference. Both groups
exhibited a significant increase in the ARAT scores post-training (P<0.05, one-way
ANOVA with Bonferroni post-hoc tests), which was sustained by 3MFU (P<0.05,
one-way ANOVA with Bonferroni post-hoc tests).

Figure 2-4 (E) provides the Functional Independence Measurement scores that
the two research groups obtained. Although the assessment time points were found to
differ significantly (P<0.001, EFs=0.542, two-way ANCOVA, Table 2-2), the factor
of groups was not associated with any significant difference. Furthermore, both the
experimental and control groups exhibited significantly higher FIM scores at
assessment after training and at 3MFU than at assessment before training (P<0.001,
one-way ANOVA with Bonferroni post-hoc test).

The differences in MAS scores obtained for the experimental and control groups at
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fingers, wrist and elbow in pre-training, post-training and 3MFU assessments are shown
in Figure 2-4 (F). Two-way ANCOVA revealed significant variation between groups
(P<0.001, EFs>0.176, Table 2-2) and the elbow, wrist and fingers were all associated with
significant interplay between the group and evaluation time point factors (P<0.01,
EFs>0.152, Table 2-2). The control group displayed significantly high MAS scores at the
elbow, wrist and fingers at assessment after training, which stayed high at 3MFU
assessment (P<0.05, one-way ANOVA with Bonferroni post-hoc tests, Table 2-2). On the
other hand, the experimental group exhibited significantly reduced MAS scores, which
stayed low at 3MFU assessment as well (one-way ANOVA, P=0.048, EFs=0.145, Table
2-2). By contrast, the MAS scores for elbow and fingers did not differ significantly in the
case of the experimental group (P>0.05, one-way ANOVA, Table 2-2). Furthermore,
when the MAS scores were compared between groups, the experimental group was found
to have significantly lower MAS scores at elbow and wrist at assessment after training
(P<0.01, EFs>0.359, one-way ANCOVA, Table 2-3), and at elbow, wrist and fingers at

3MFU assessment (P<0.01, EFs>0.334, one-way ANCOVA, Table 2-3).
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2.3.2 Muscular variation by EMG Parameters

The manner in which the EMG parameters, namely, the EMG activation level
and CI, behaved in the case of the experimental group throughout the training
program is illustrated in Figure 2-5. It can be noted that the FCR was associated with
significantly diminished EMG activation levels (Figure 2-5A, P<0.05, one-way
ANOVA with Bonferroni post-hoc tests). The increase in the EMG activation levels
that occurred in the initial couple of sessions reached its highest point about the third
session, followed by a reduction in levels in the next 17 sessions, reaching a state of
little or no change in the final five sessions. On the other hand, BIC, TRI and ECU-
ED did not exhibit any fluctuations of significance. The manner in which the CI
values behaved in various pairs of muscles in one or more than one joint is shown in
Figure 2-5B. Thus, there was a significant decrease in the CI values of the pairs of
muscles FCR&BIC and BIC&TRI throughout the training program (P<0.05, one-
way ANOVA with Bonferroni post-hoc test). In the case of both these pairs, the CI
values reached the highest point in the first eight training sessions before declining
constantly in the next sessions and stabilizing in the final three training sessions. By

contrast, the other pairs of muscles did not reveal CI value alterations of significance.
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Figure 2-5. The variation of electromyography (EMG) parameters across the 20 sessions.

(A) the changes of the normalized EMG activation levels with significant decline observed in the
flexor carpi radialis (FCR) muscle (P<0.05, one-way analysis of variance (ANOVA) with
Bonferroni post hoc tests); (B) the significant decline of the normalized co-contraction Indexes
(CI) values observed in the BIC&TRI and FCR&BIC muscle pairs (P<0.05, one-way ANOVA
with Bonferroni post hoc tests). The values are presented as the mean value with 2-time SE (error

bar) in each session (from our published work [130]).
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2.4 Discussion
2.4.1 Functional Independence with Early Distal Motor Recovery

The present study has demonstrated that traditional recovery therapy and training
involving coordination of multiple joints with NMES-robot assistance could both be
effective in improving motor function in the paretic upper extremities in the early
stage post-stroke. According to the ARAT and FIM scores, the two types of
interventions yielded similar early effects, with the ARAT scores showing
improvement especially in the hand, while the FIM scores indicated enhanced ADL
autonomy. Furthermore, training involving coordination of multiple joints with
NMES-robot assistance led to a rise in the ARAT scores, suggesting voluntary motor
improvement in the fingers post-training, despite the fact that none of the tasks
employed in this study targeted the finger joints particularly. However, in an earlier
study [102], it was observed that training with NMES-robot assistance based on an
intensive single-joint training program did not significantly enhance FIM scores in
the case of chronic stroke patients. Nevertheless, the FIM scores obtained in the
present study offered evidence for the efficiency of training with NMES-robot
assistance based on an approach involving coordination of multiple joints for
improving ADL of stroke patients in the early stage post-stroke. What is more, at

three-month follow-up, the improvement was still maintained.

The FMA scores suggested that voluntary effort improvement in the motor
function of the whole paretic upper extremity could be achieved by stroke patients

through training involving coordination of multiple joints with NMES-robot
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assistance. Meanwhile, motor function at the shoulder and elbow was enhanced not
only by this intervention but also by standard recovery therapy, and the improvement
was still observed at 3MFU. Nevertheless, compared to the control group, the
experimental group was associated with higher FMA scores for the shoulder/elbow
and wrist/hand. The improvement in the whole upper extremity, and particularly the
shoulder (no actuated training assistance) in the case of the experimental group can
be explained in terms of the engagement of the shoulder muscles in the task of arm
lifting with the hanging system providing support, as well as in terms of the
concomitant improvement in the neighbouring proximal joint when a joint muscle
was engaged, as demonstrated in an earlier study [102] (i.e. elbow function was
enhanced by wrist training and shoulder function was enhanced by elbow training).
Furthermore, the FMA scores suggested that, by comparison to the control group
administered traditional recovery therapy, the motor function of the wrist/hand was
significantly enhanced by the training involving coordination of multiple joints with
NMES-robot assistance. This could be explained in terms of the fact that ‘one-to-
one’ recovery delivered by hand is less effective in improving motor function in the
distal joints than in the proximal joints, such as shoulder and elbow. A proximal-to-
distal sequence is adopted by the majority of training interventions delivered by hand
and proximal joints tend to be prioritized over the distal joints in the early stage post-
stroke, as discussed in Section 1.3.1 [180, 181]. The NMES-robot mechanism
supported only straightforward flexion and extension in the case of one joint, but
motors located at appropriate sites enabled more accurate engagement of the target

joints, while computer programs enabled configuration of NMES to provide
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coordinated movements of multiple joints. Moreover, in the early stage post-stroke,
it is not generally possible to apply voluntary effort in the wrist extensors, which
were ECU-ED in this case, through traditional rehabilitation treatment delivered by
hand [181], whereas the wrist joint could be physically engaged directly with the
employed EMG-driven NMES-robot sleeve, which also enabled coordination of
motor practice in different joints, with the servo motors at the wrist and elbow
providing mechanical support. The iterative sensorimotor experiences generated with
NMES support stimulated voluntary effort as it increased participants’ focus on the

target muscles at the distal joints.

2.4.2 Motor Coordination with Spasticity Control in Subacute Stroke

Elbow, wrist and fingers all showed significant improvement in muscle tone
(spasticity) following traditional recovery therapy. There are three explanations for
this improvement. First of all, in keeping with the pathological sequence established
by the Brunnstrom staging approach (see Section 1.1.2), spontaneous rehabilitation
led to progressive development of muscle tone. Secondly, fatigue fostered greater
offsetting muscular activity in the context of motor practice [102]. Thirdly, the
conventional rehabilitation treatment enhanced motor stimulation in the flexors,
without coordinated spasticity control. The outcomes of session-group interplay (see
Table 2-2) indicated that muscle tone evolved differently in the experimental group
than in the control group, despite the fact that the MAS scores for elbow and fingers
in the former group were not significantly altered. Furthermore, training involving
coordination of multiple joints with NMES-robot assistance was demonstrated to be

efficient in releasing muscle spasticity at the wrist and retaining that effect at three
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months, since elbow, wrist and fingers all exhibited decrease in muscle tone, which
was especially pronounced at the wrist. The intensive practice that the experimental
group undertook in a brief interval of time could explain this observed effect. The
experimental group in this study was subjected to more intensive training compared
to other clinical trials based on manual training, with one session of training every
weekday for one month as opposed to three sessions weekly for 16 weeks [74], with
other baseline effects potentially blurring discrepancies between groups. Likewise,
the earlier study [102], where the wrist joint of chronic stroke patients was subjected
to intensive training with NMES-robot support, also reported a significant spasticity

relaxation in the finger joint muscles.

2.4.3 Cross-Session Recovery Revealed by EMG

The clinical scores and the EMG parameters were respectively indicative of
enhancement in the motor function of the upper extremity and the rehabilitation
progress throughout the training program in the experimental group. The fluctuation
in the MAS scores for the wrist was congruous with the decrease in EMG activation
levels of FCR suggestive of relaxation of wrist muscle spasticity. A stable condition
was exhibited by the majority of participants following the fifteenth session.
Furthermore, a correlation existed between FCR decrease and the reduction in the CI
values of the FCR&BIC muscle pair, implying that the elbow-wrist simultaneous
contraction patterns were relaxed. Thus, there was greater movement autonomy of
these joints in the context of arm withdrawal/flexion. Moreover, improvement in
flexor-extensor synchronicity and enhanced autonomy in muscle contraction over the

course of the training program were reflected in the fact that the CI values of
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BIC&TRI declined significantly. In the initial 3-4 sessions, there was a rise in the
EMG activation levels of the FCR, while the CI values of BIC&TRI reached their
highest point within the initial eight sessions, which was sensible since the majority
of subacute stroke patients have weak muscles at the start of training, and
subsequently a combination of spontaneous processes and physical training leads to
improved muscle strength. The initial few training sessions are when adjustment to
training occurs as well. According to the outcomes of the EMG parameters, muscle
spasticity could be relaxed and control of movements within and across multiple
joints of the upper extremity could be fostered, especially in the wrist, via training

involving coordination of multiple joint with device support.

2.5 Periodic Summary

In this work, the multi-joint coordinated training strategy has been adopted in the UE
physical practice assisted by the EMG-driven NMES-robotic sleeve among subacute
stroke patients during their hospitalization stay. The training effectiveness of this novel
strategy was evaluated through both clinical assessments (i.e., FMA, MAS, ARAT and
FIM) and cross-session EMG parameters (i.e., EMG activation level and Co-contraction
Index), and was further compared with that by routine/conventional treatments in
rehabilitation unit. The device-assisted multi-joint coordinated training was effective to
promote patients’ voluntary motor functions in the entire paretic upper limbs as assessed
by FMA (full score, shoulder-elbow and wrist-hand) and showed well control of muscle
spasticity at wrist segments as assessed by MAS (wrist). Besides, these training outcomes
were significantly better than those achieved by routine manual-delivered UE treatments.
Besides, both the novel strategy and the routine treatments showed comparable UE motor
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improvement in the function related tasks by ARAT and independence of daily activities
by FIM. All the motor outcomes from the clinical assessments were maintained for 3
months. Furthermore, muscle activities of four target muscles (i.e. FCR, ECU-ED, BIC
and TRI) have been traced through the session-by-session EMG evaluation. The results
showed a significant release of muscle excessive contraction in the wrist flexor by EMG
activation level (FCR) as well as the improvement of muscle coordination across multiple

joints (FCR & TRI) and within single elbow joint (BIC & TRI) by CI values.
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CHAPTER 3

TASK-ORIENTED UPPER LIMB TRAINING WITH
MULTI-JOINT PRACTICE ASSISTED BY THEEMG-
DRIVEN NMES-ROBOT IN CHRONIC STROKE

3.1 Introduction

Stroke causes long-term upper limb disability in adults [182] and requires
continuous medical care for reducing the physical impairments in the paretic extremity.
It has been found that the recovery of the proximal joints, e.g. the shoulder and the
elbow, is always much better than the distal parts, i.e. wrist and hand, mainly due to
the neurological recovery process (as illustrated in 1.1.2 and 1.2.1) and the
rehabilitation effects carried from subacute stroke period by conventional manual-
delivered therapies. More than 60 percent of chronic stroke patients cannot well
manage their affected hand into daily activities, without synchronously improved

distal and proximal upper limb functions.

In conventional rehabilitation treatments, the spasticity control is usually lacked
in the subacute phase, thereby leading to a most frequent pattern of flexor hypertonic
posture in chronic stroke involving elbow, wrist and finger flexions (79% of patients
affected at the elbow ,66% at the wrist and 67% in the fingers) [183]. Following the
situation problems may be raised with pain, ankylosis, tendon retraction or muscle
weakness and difficulties with wrist and finger extension worsen [184]. Beside

weakness of the extensors and spasticity of the flexors in the paretic upper limb, the
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muscular discoordination across multiple joints is another major difficulty in chronic
stroke rehabilitation, which limits the potential of functional recovery with abnormal
synergy patterns and loss of independent joint control [185]. The compensatory
movement of the proximal muscles progressively substitutes the muscle function as
the use of distal muscles is disregarded in the chronic instructions. Thereby, the motor
recovery in the chronic period was regarded to be minimal or plateaued [23]. However,
recent studies have reported enhanced functionality in the impaired upper limb is
significantly aided by repetitive [28] and high-intensity practice [29], even in cases of
chronic stroke [23]. Furthermore, systematic reviews have convinced that precise
motor control across multiple joints can effectively convert motor improvements into
meaningful limb functions in the chronic period [16, 66], especially with specific distal
tasks (e.g., the wrist and fingers) [145]. Despite these findings, providing high-
intensity and repetitive training is considered high-costly in clinical practice. And as
we mentioned in 1.3.1, it is hard for human therapists to manage the movements of
different joints (e.g. finger, wrist, and elbow joints) with adequate intensive practice
at the same time, especially for chronic stroke patients accustomed to ‘learned non-

use’ (as defined in 1.3.1) and compensatory movements.

In addition to affording consistent, high-intensive and precisely-repetitive
physical practices with a long training duration [76], rehabilitation robots could also
make it easier for movement control to be achieved on more than one upper limb joint
through the use of various numbers of electrical motors of different dimensions and

mechanical structure. The application NMES can improve limb functions by limiting
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'learned disuse' that stroke survivors are gradually accustomed to managing their daily
activities without using certain muscles, which has been considered as a significant
barrier to maximize the recovery in the chronic period [180]. Post-stroke rehabilitation
assisted with NMES has also been found to effectively prevent muscle atrophy and
improve muscle strength [159, 160], and the stimulation also evokes sensory feedback
to the brain during muscle contraction to facilitate motor relearning [186]. Therefore,
the use of NMES-robot system could be an effective supplementary for chronic stroke
upper limb rehabilitation. Nonetheless, previous clinical trial on chronic stroke
assisted with the NMES-robot was under the single joint training scheme, the
rehabilitation efficacy and the training effects of multi-joint practice assisted by the

NMES-robotic sleeve in the chronic stroke has not been well studied.

In this study, we applied the NMES-robotic sleeve to cope with the chronic stroke
physical practices, under the multi-joint coordinated training scheme. We
hypothesized that multi-joint coordinated training assisted by the NMES-robotic
sleeve could enhance paretic upper limb motor function in patients with chronic stroke.
By contrast to the rehabilitation aims for subacute stroke to achieve the initiation of
voluntary effort and to enhance the neurological motor recovery [22], the goals for
chronic rehabilitation have been transferred to the optimization of motor independence
in activities of daily living (ADLS). The training effectiveness was evaluated through

a single-group clinical trial
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3.2 Methodology
3.2.1 Experimental Setup

The NMES-robot sleeve used in this study was developed in previous work.

Wrist Module
ST Computer Screen for
Hanging rail Hanging spring Visual Feedback
E— i
Wrist module
Wrist Motor
Electrode ——Table
Electrode array 1 array on FCR
Elbow Module on ECU-ED !
Elbow Motor Elbow module
U Electrode array
on BIC
"1 A C Control
Electrode — | on:ip:xfn: :;." to
array on TRI | / and Recording
\ /
s
o NMESand «——
EMG Joint angular
velocity

(a) (b)

Figure 3-1. Overview of the experimental setup: a) a photo of a subject wearing the
mechanical parts of the system; b) the schematic diagram of the experimental setup
(Adapted from reference[129])

Figure 3-1 a shows the NMES-robotic sleeve, which consisted of two exoskeleton
robotic modules respectively for the wrist and the elbow [130]. The two modules were
not mechanically connected, in order to fit for participants with different ergonomic
parameters (e.g. limb length and pronation angles away from the neutral position at
the wrist), mainly due to joint stiffness and muscle spasticity after stroke [133]. Each
mechanical module was controlled by an independent servo motor (MX 106,
ROBOTIS, witha maximal stall torque of 8.4 Nm), and would support the joint

perform flexion and extension motions with a constant velocity of 10s during the
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training [133]. The orthosis of the wrist module only covered the palm at the hand side
and set the fingers free for flexion and extension motions. The maximum ROM
provided by the wrist module was from 45<extension to 60<flexion, while for the

elbow it was from 30 “flexion to 180 <extension [129].

Four-channel NMES was applied on the muscles of BIC during elbow flexion,
TRI during elbow extension, FCR for wrist flexion, and the last channel on both the
ECU-ED muscle union, as we defined in 2.2., for wrist extension and the associated
hand open (i.e., finger extension). The function of the motors and NMES was under
the control of the EMG detected from the BIC, TRI, FCR and ECU-ED muscles. The
configuration for the EMG and NMES electrodes on a paretic arm (i.e., BIC, TR,
FCR and ECU-ED in this work) is shown in Figure 3-1 b. which has also been adopted
in our first study Figure 2-2. The EMG electrodes were also attached on the target
muscle bellies, i.e. BIC, TRI, FCR, and the muscle union of ECU-ED. The reference
electrode was attached on the olecranon. For the ECU-ED, the EMG and NMES

electrodes are located on the common area of the muscle bellies of the two.

The EMG-triggered control of the NMES-robotic training system has been
published in our previous studies and can be described as follows:

In each joint extension or flexion phase, the motors would be activated once the
EMG activation level of a driving muscle exceeded a preset threshold (i.e., three times
SD above the EMG baseline at rest *871). NMES would be delivered to the upper limb

extensor muscles simultaneously with the motor support only in the extension phase.
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The assistance from both NMES and robot was under the control of the voluntary-
evoked EMG signals from target muscles (i.e. BIC for elbow flexion; TRI for elbow
extension; FCR for wrist flexion; ECU-ED for wrist extension and synchronized

finger extension).

The experimental setup of the multi-joint coordinated upper limb training assisted
by the NMES-robotic sleeve for chronic stroke patients was similar to that in the first
study for subacute stroke patients, as shown in Figure 3-1 b [129]. It could assist a
stroke survivor to perform the sequencing motions, i.e., (1) elbow extension, (2)
synchronized wrist extension and hand open, (3) wrist flexion, and (4) elbow flexion,
with the purpose to simulate the multi-joint coordinate arm-reaching daily tasks. The
starting position of the motion cycle was set as elbow joint extended at 180<and the

wrist extended at 45 “respectively, which is also the end point for a motion cycle.

When using the NMES-robot sleeve in this work, the hanging system is also used
for chronic stroke patients. There were two reasons: 1) most of the persons with
chronic stroke could not afford the gravity of the system as well as the weight of their
own upper limb with the long training duration, 2) chronic patients always experience
muscle atrophy at the shoulder joint, some even suffer from shoulder dislocation [34].
The design was for a consideration of patients’ safety and compensated the weight of

both paretic upper limb and the robotic system during the training.
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3.2.2 Participants

The study was approved by the Human Subjects Ethics Subcommittee of Hong
Kong Polytechnic University. The study was a single-group clinical trial with a 3-
month follow-up. Figure 3-2 shows the Consolidated Standards of Reporting Trials

flowchart of the experimental design.

A total of 30 stroke patients were screened for the training from the local district
near to the university during subject recruitment. 17 participants with upper limb
dysfunction were finally recruited in this study satisfying the following inclusion
criteria:

1) at least 6 months after the onset of a singular and unilateral stroke;

2) had enough cognition to understand the content or purpose of the study and

follow simple instructions with MMSE > 21 [172];

3) motor impairments affected in the upper limb ranged from severe to moderate

as assessed by the Fugl-Meyer Assessment (15 < FMA < 45, with a maximal score

of 66 for the upper limb) [173];

4) the spasticity affected at the elbow, the wrist and the fingers below 3 as

measured by the Modified Ashworth Scale [MAS, ranged from 0 (no increase in

the muscle tone) to 4 (affected part rigid)][174];

5) the passive ROM of the subjects for the wrist was from 45<extension to 60

flexion and the ROM for the elbow was from 30 “flexion to 180 “extension;

6) aged from 18 to 78 years [175, 176];

7) had detectable voluntary EMG from the target muscles (i.e., above three times
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of SD of the resting EMG), which is consistent with muscle power > 1.

Subjects were excluded if they did not meet the above inclusion criteria or had the
following conditions: (1) currently pregnant, (2) severe shoulder pain, and (3) had an
implanted pacemaker. There was no dropout of the participants after the subject
recruitment. The recruited participants were informed of the aim and the content of
the study. A participant was required to sign the written informed consents before the

first training started.

Screened (n=30) Not meeting eligibility criteria (n=13)

*Secondary stroke (n=1)

*Severe motor impairment (full FMA<15)
(=8)

Recruited (n=17)

*No detectable EMG in a driving muscle
(<3 SD of the baseline) (n=2)

v *Implanted pacemaker (n=2)

Completed the Pretraining Assessments
@=17)

Completed the Multi-Joint coordinated Training
Assisted by the NMES-robotic sleeve (n=17)

Drop-out (n=0)

Completed the Post-training Assessments
(n=17)

Completed 3-month Follow-up
(n=17)

Figure 3-2. The Consolidated Standards of Reporting Trials flowchart of the

experimental design.
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3.2.3 Training Protocol
All participants received the multi-joint coordinated upper limb training, assisted
with the NEMS-robot sleeve, which consisted of 20 training sessions with the intensity

of 3-5 sessions/week, within 7 consecutive weeks.

3231 Session-by-Session Pre-Training Evaluation Task
Before starting a training for an individual chronic stroke patient, we conducted
the session-by-session pre-training evaluation in each training session/day. The EMG

signals were recorded during the evaluation for offline processing.

1) Theisolated maximum voluntary contraction (MVC) test was the first step for each
participant on the following four muscles or muscle union: BIC, TRI, FCR and
ECU-ED, with the EMG electrodes attached to the skin surface of the target muscle
bellies. Each EMG electrode pair was in a separation of 2 cm between the two
isolated electrodes as described in our previous work. A participant would be
arranged to sit at a table with his/her impaired upper extremity placed on the table.
When conducting the isolated MVC on the BIC and TRI muscles, a participant
was instructed to position his/her paretic upper extremity with shoulder abducted
at 70and the elbow flexed at 90 “held by an experimental operator. Then, he/her
would be required to use his maximum effort to achieve elbow flexion and elbow
extension respectively, for the EMG recording of BIC and TRI MVVC EMG signals.
While during the isolated MVC test on the FCR and ECU-ED muscles, the

participant would be positioned with the affected upper extremity held with elbow
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2)

joint extended at 130< and two respective wrist positions: flexed at 15< for
maximum extension test and extended 15<for maximum flexion text. The MVC
tests on each muscle of interest should be maintained for 5 seconds and each
motion was repeated twice. Between the two consecutive repetitions of the muscle
MVC test, participants were allowed to have a 2 min rest to prevent the muscle

fatigue.

The second step for the pre-training test was the bare-arm evaluation task, which
was conducted following the isolated MVCs on four muscles. The bare-arm
evaluation task, as shown in Figure 3-3, had two parts, i.e., the horizontal task and
the vertical task. All the motions of a participant in the test were instructed to be
at a natural speed and completed solely by his/her paretic arm. In the horizontal
task, a participant was required to use the affected limb to grasp a sponge
(thickness 5 cm and weight 30 g) and transport it to the lateral side with a distance
of 50 cm on a table; then, release the sponge. After that, the participant needed to
pick up the sponge again and then transport it back to the original place, both the
starting position and ending position are marked on the table. In the vertical task,
the participant was required to complete the pick-up and release cycle vertically
between two layers of a shelf on the table, that is, to grasp the sponge on the
midline of the lower layer of the shelf, then lift it 17cm vertically and put it to the
midline of the upper layer. Both the horizontal and vertical tasks were repeated
twice for each with a 5 min break between two consecutive practices for the

participant’s rest to avoid the muscle fatigue.
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Horizontal Task

- Target Position: B

}

RN i
Upper Layer

Figure 3-3. The configuration of bare-arm evaluation task, i.e. the horizontal task and

the vertical task.
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The EMG signal recording during the bare-arm test was defined to start with a
participant’s action to touch the sponge by fingers for grasping and to end with the
participant’s action to release the sponge back to the initial starting position. The EMG
signals from the four target muscles or muscle union (BIC, TRI, FCR and ECU-ED)
were first amplified with a gain of 1000 (amplifier: INA 333, Texas Instruments Inc.),
filtered by a band-pass filter in the range from 10 to 500 Hz. Then the EMG signals
were sampled with 1000 Hz by the data acquisition card and restored in the computer
for off-line processing as we did in the previous study.

As we did in the first study, a 10-s maximum time limit was also applied in this
test as follows: Only the EMG signals within the 10 s were included for analysis when
a participant could not use his paretic arm to grasp the sponge or to lift up in 10 s. He
or she would be allowed to use the intact hand for assistance in the task afterwards
with no EMG recording. Successful hand release of the sponge was not required in
this study, although the participants were required to make the voluntary efforts to
extend the fingers. The EMG recording will be ended within 10s after a participant
tried to release the sponge at the ending position. The 10-s maximum time limit was a
supplementary guideline applied in this study, as the participants with chronic stroke
suffered from hypertonic flexor patterns, and most of them could not release the

sponge during the bare-arm test in the first several training sessions.
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3232 Task-oriented Training with the EMG-driven NMES-Robot
The multi-joint coordinated upper limb practices were designed to simulate
normal activities of daily living for stroke survivors to regain meaningful upper limb

motor functions, i.e. task-oriented practice.

Wrist Module \_

\
\

: i_/.&-!ﬁr Elbow Module
Y EMG and NMES

Figure 3-4. The task-oriented training setup with the EMG-driven NMES-robot.

In the beginning, the participants were arranged to sit in front of a table, with their
paretic upper limbs suspended by a hanging system (Figure 3-4) supporting at the wrist

and elbow joints, in order to offset the gravity effect of the NMES-robotic sleeve.
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Subsequently, they were required to perform robot-assisted upper limb training in a
vertical plane with sequenced and repeated motion tasks according to a visual cue on
the screen for a total of 60 minutes: (1) elbow extension in forward reaching, (2) wrist
extension and hand open, (3) wrist flexion and hand close, and (4) elbow flexion
(withdrawing). To prevent muscle fatigue, participants were allowed to rest for 10
minutes after half an hour of training [1°. Furthermore, if the participants could not
reach out at the elbow in the initial sessions, they were encouraged to try their best to

complete the motion tasks.

3.24. Evaluation of Training Outcomes
3.24.1 Clinical Assessments

In this study, all participants underwent clinical assessments before, after training
and three months later. The FMA for upper extremity (FMA-UE, full score 66) was
used to evaluate the performance-based sensorimotor functions of the paretic upper
limbs. Furthermore, to compare the motor functions between the proximal and distal
segments, the FMA was sub-scaled into shoulder/elbow (42/66) and wrist/hand
(24/66). The Action Research Arm Test (ARAT) was adopted mainly to evaluate motor
functions with hand tasks, including holding/releasing objects in different shapes,
sized and weights. Moreover, post-stroke spasticity at the fingers, the wrist and the
elbow were assessed by applying the MAS. All the clinical assessments were
conducted by a physiotherapist who was blinded to the training protocol.
Communication between the participants and the assessor regarding training details

was not allowed in the study.
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3.24.2 EMG Parameters

In addition to the clinical assessments, session-by-session EMG evaluation before
the device-assisted training was used to trace the underlying recovery progress across
the 20 training sessions with MVCs and the bare-arm test, as stated previously.

Two EMG parameters were calculated for quantitative description of the cross-
session variations in (1) muscle activation (the normalized EMG activation level of
each target muscle) and (2) muscle coordination pattern [the normalized Co-

contraction Index (CI) between a pair of muscles).

The processing methods for EMG parameters, i.e. EMG activation level and Cls,
were the same as those in the first study: EMG activation level was described in Eq.
2.1 and Cl in a muscle pair could be expressed in Eq. 2.2. A further normalization was
applied to both EMG parameters (EMG activation level and CI) of individual
participants, with respect to the maximal and minimal values of the participants across

the 20 training sessions, with the following expressions:

EMG—EMGmn
EMGmax—EMGmn

EMGy = (Eq. 3.1)

Where EMGN was the normalized EMG activation level of muscle i, the EMGy
referred to the averaged EMG envelope value of muscle i in Eq 2.1, the EMG,,,,, Was
the minimum value of the averaged EMG envelope across the 20 training sessions and
the EMG,,,5,, Was the maximum value of the averaged EMG envelope across the 20

training sessions.
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CI—Clpin

Cly =
N = cr-Clpax

, (Eq.3.2)

Where, CIn was the normalized Cl value between a pair of muscle i and j; the CI
referred to Eq 2.2, Clmin was the minimum value of the averaged overlapping activity of
EMG linear envelopes, and Clmax was the maximum value of the averaged overlapping
activity of EMG linear envelopes across the 20 training sessions. The purpose of this
procedure was to illustrate the tendency of EMG parameters of an individual with
normalized values to vary from 0 to 1 and to minimize the variations among different

participants, as encountered previously.

3.2.5. Statistical Analysis

It was found that in our previous study that the clinical score and the EMG sample had
a normal distribution, as assessed by the Lilliefors method with a significant level of
0.05 [103, 188]. One-way analysis of variance (ANOVA) with the repeated measures
(Bonferroni post hoc tests) was conducted to determine the differences on the clinical
assessments across different evaluation time point [i.e., the pre-, the post-, and the
three-month follow-up (3MFU) assessments] and on the EMG parameters (i.e., the
normalized EMG activation level and the CIs) across the 20 training sessions. The

levels of statistical significance were indicated at 0.05 and 0.01 in this study.
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3.3 Results and Discussions

A total of 17 chronic stroke patients fulfilled the inclusion criteria after the
screening, and they were finally recruited in this study. All the participants completed
the task-oriented training with multi-joint practice assisted by the EMG-driven
NMES-robotic sleeve. The demographic data of the participants are shown in Table 3-
1, while Table 3-2 summarizes statistical results of all the clinical scores measured in
this study [i.e., the means and 95% confidence intervals of each clinical assessment
together with the one-way ANOVA probabilities with effect sizes (EFs)]. It also
illustrates the significant difference in clinical scores, which shows the FMA, ARAT
and MAS scores evaluated at pre-, post-training assessments and the 3-month follow-
up (B3MFU). Figure 3-5 shows the muscles with significant variation of EMG
parameters (i.e. EMG activation level and CI values) across the 20 training sessions in

the upper limb.

Multi-Joint Training in Chronic Stroke
Characteristics

(n=17)
Age (yrs) 57.146.54
Time after Stroke (yrs) 8.1343.88
Gender (female/male) 7/10
Strokesside (left/right) 12/5
Type of stroke 3/14

(hemorrhagic/ischemic)

Table 3-1. Demographic data of chronic patients participated in this study.
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3.3.1 Training Effects by Clinical Assessments

PRE POST 3MFU 1-way ANOVA
Assessment
Mean Value (95% Confidence Interval) P (Partial 5?)
27.77 38.9 42.4
FMA Total 0.007%(0.243)
(24.5-31.1) (35.8-42.0) (39.3-45.5)
19.23 27.62 29.85
FMA-SE 0.004%(0.262)
(14.9-23.6) (24.0-34.6) (27.6-35.4)
8.54 11.31 12.54
FMA-WH 0.079 (0.132)
(7.2-9.9) (10.2-12.5) (11.4-13.7)
17.46 29.08 29.85
ARAT 0.047%(0.157)
(13.6-21.3) (25.8-32.3) (25.6-34.1)
62.31 66.38 65.69
FIM 0.003%(0.282)
(61.1-63.6) (66.0-66.8) (65.1-66.3)
1.52 0.82 0.74
MAS-elbow 0.065 (0.141)
(1.2-1.8) (0.6-1.0) (0.5-0.9)
1.32 0.92 0.91
MAS-wrist 0.131 (0.107)
(1.2-1.5) (0.8-1.1) (0.7-1.1)
1.37 0.91 0.94
MAS-finger 0.143 (0.102)
(1.2-1.5) (0.7-1.1) (0.8-1.1)

Table 3-2. The statistical results for each measurement of the clinical assessments.

The means and 95% confidence interval, as well as the probabilities in one-way ANOVA
with Bonferroni post hoc test. Differences with statistical significance (one- way ANOVA

with Bonferroni post hoc tests) are marked with #

indicated as follows: # for <0.05, and i for < 0.01.
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As shown in Table 3-2, the FMA scores varied with respect to the whole arm as
well as to distal and proximal segments. Significant difference was observed with
respect to the factor of evaluation time points [i.e. the pre-training (pre), the post-
training(post), and the 3-month follow up (3MFU)] in the FMA full score [P=0.007,
effect size (EFs)=0.243, one-way ANOVA with Bonferroni post hoc test) and in the
FMA shoulder/elbow score (P=0.004, EFs=0.262, one-way ANOVA with Bonferroni
post hoc test). The significant increase in the FMA (full score and shoulder/elbow)
indicated an improvement of voluntary motor control at the elbow and wrist joints of
the paretic limb. Although the scores in FMA wrist/hand also increased after the
training and at 3-month follow up, there was no intragroup significance in the
statistical results.

Despite the loss of a significant increase in FMA wrist/hand, the ARAT illustrated
markedly motor improvements by the significant increase (P=0.047, EFs=0.157, one-
way ANOVAwith Bonferroni post hoc test) in the evaluation items related to the finger,
e.g. grasping, gripping and pinching movements. Besides, the assessments mainly
related to the evaluation on the post-stroke functional independence of patient’s daily
activities, i.e. the FIM, also illustrated the significant increase (P=0.003, EFs=0.282,
one-way ANOVA with Bonferroni post hoc test) in the post-training score and in the
3-month follow-up. The improvement as shown by ARAT and FIM was proof of the
multi-joint coordinated training effectiveness to help chronic stroke patients achieve
the functional recovery in their impaired upper limb. According to other robot-assisted

studies as well as our previous research on the NMES-robot supported training onthe
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single wrist joint, the achievements in the ARAT and FIM were rarely observed. It is
understood that in the chronic period after stroke, the neurological recovery in the
injured central nervous system of patients has come to a plateau, as mentioned in
Chapter 1. The aim of stroke rehabilitation treatment in this period, as indicated in
stroke rehabilitation guidelines, is varied from the subacute goals (i.e. initiation of
voluntary movement, equally intensive practice across multiple joints, and early
muscle spasticity control) and concentrates more on the conversion of already gained
motor recovery into meaningful daily activities. Therefore, in this study, the training
outcomes achieved as shown in ARAT and FIM is more essential than that achieved
in our first stage investigation on subacute stroke patients.

There was no significant change in the results of MAS scores at all three parts of
the entire upper limb, i.e. the fingers, the wrist and the elbow, which indicates the
stubborn hypertonic pattern in patients’ upper limb at the affected side. Despite the
negative performance evaluated by the clinical scale, we are more curious about the
underlying recovery process in the muscular activities, as many clinical reports
indicate a close contact between the release of flexor hypertonic pattern and functional
upper limb movements. Hence, we made further investigation on chronic patients’
muscular variation patterns, based on the EMG parameters achieved in each training

sessions.
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3.3.2 Training Effects by Cross-Session EMG Evaluations
A EMG Activation Level (% Max)
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Figure 3-5. Significant variations in the EMG parameters as shown in the upper limb
flexor muscles, i.e., the EMG activation level of FCR muscle and BIC muscle; and the

Cl values of FCR&TRI muscle pair and BIC&TRI muscle pair.
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Figure 3-5 shows the muscles with significant muscular changes across the
complete 20-session training progress. Significant variations were observed in the
upper limb flexors, i.e. the FCR for wrist flexion and BIC for elbow flexion
movements, while there was no significant variation in the extensors found in this

study.

Both FCR and BIC muscles showed a release of hypertonic pattern with
significantly decreased EMG activation level (P<0.05, one-way ANOVA with
Bonferroni post hoc test). The results implied a recovery potential of the flexors o
releases their muscle spasticity during the multi-joint coordinated training by the
NMES-robot sleeve. A significant reduction was also found in the CI values of
FCR&TRI muscle pair and BIC&TRI (P<0.05, one-way ANOVA with Bonferroni post
hoc test). This finding is consistent with the improvement of movement independence
with isolated joint control as patients performed in the FMA, ARAT evaluations. The
variations in muscular activities also implied a change of accustomed compensatory

motion patterns into near-to-normal motion control.

We also noticed that the reduction of EMG activation levels and Cls did not reach
a plateau within the 20 training sessions as shown in Figure 3-5, which implied better

recovery outcomes with longer training duration in the future studies.

87



3.4 Periodic Summary

In this work, the device-assisted multi-joint coordinated training strategy was
adopted for the UE physical practice for patients with chronic stroke in the single-
group clinical trial. Both the clinical assessments (i.e. FMA, MAS, ARAT and FIM)
and cross-session EMG evaluation were used to illustrate the motor outcomes after
the treatment. For the chronic patients, the novel training was effective to promote
voluntary motor function in their paretic upper limbs especially at more relative
proximal segments, i.e. the shoulder-elbow part, as assessed by FMA (full score and
shoulder-elbow). The treatment also showed significant improvement of functional
motions and independence of daily activities. All the motor achievements were
maintained for 3 months after the treatment. There was no significant variation in the
muscle tone after the treatment (post- and 3MFU assessment) as assessed by MAS at
all three segments (finger, wrist and elbow). Meanwhile, the EMG parameters across
20 training sessions showed a significant release of muscle excessive contraction in
both wrist flexor (FCR) and elbow flexor (BIC) by EMG activation level, as well as
the improvement of muscle coordination across multiple joints (FCR & TRI) and

within single elbow joint (BIC & TRI) by CI values.
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CHAPTER 4

NMES-ROBOT-ASSISTED MULTI-JOINT
COORDINATED UPPER LIMB TRAINING UNDER
DIFFERENT JOINT-SUPPORTIVE SCHEMES IN
CHRONIC STROKE

4.1 Introduction

As stated in the previous chapter, a particular challenge for current stroke
rehabilitation is that most survivors with chronic stroke still sustain moderate to severe
motor impairments in the wrist and hand for daily activities [10, 12], greatly affecting
their functional independence and ability to perform activities of daily living (ADL)

[17].

Significant motor recovery usually occurs within the first six months after the
stroke onset [19] and is believed to be plateaued in the chronic period (i.e. six months
after stroke onset) [138]. Therefore, rehabilitation resources are usually more
concentrated in the early stage than in the chronic period after stroke conventionally.
However, as specified in Chapter 3, we understand that repetitive [28] and high-
intensity practice [29] can markedly contribute to functional improvement of the
affected UE movement, even in patients with chronic stroke [23]. Furthermore, task-
oriented training with coordinated practice among different joints in the upper limb
has demonstrated to be effective of converting motor improvements into meaningful

limb functions for daily activities after stroke [65].
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Despite of the findings in our previous study indicating the training effectiveness
of the NMES-robotic system to support multi-joint coordinated physical practice,
inconsistent results were reported in early studies of robot-assisted therapy [35, 79,
84-87]. Earlier studies yielded inconsistent findings regarding the training outcomes
of robot-assisted therapy. Most studies reported equivalent improvements after robot-
assisted training compared with the manual delivered conventional treatments. Those
studies involving voluntary effort reported better training outcomes with the
assistance from rehabilitation devices while some others adopting CPM mode
showed negative results [96-99]. Previous literature also reported different
sustainability of the training effects with varied time length, i.e. Bovolenta reported
less than 3 months’ maintenance of effective training outcomes after one course of
robot-assisted training [98], meanwhile Housman found the sustaining time could be

longer than 6 months [81].

Beside of differences between the robots in their mechanical structures, one of
the major reasons leading to the distinct rehabilitation results could be that the robot-
assisted treatments have adopted different supportive strategies. As reported by Krebs
et al., robotic assistance was applied on a single wrist joint but the treatment achieved
additional motor improvements in the elbow-shoulder segments, while the elbow-
shoulder parts were restricted to move in the training [101]. Similar motor
improvements in the proximal joints relative to the target distal joints were also
reported by Hu and colleagues when using electromyography (EMG)-driven robots
to assist respective physical practices at the fingers and the wrist, and the motor

90



improvements achieved in both the proximal and the distal joints were maintained for
three months after the training [102, 103]. The recovery occurring in the proximal
joints when the physical training was restricted mainly to the distal joints was
primarily due to the competitive interaction between the proximal and the distal
joints in physical rehabilitation after stroke and the compensatory muscular activities
in the proximal joint when moving the distal [104]. Mechanical supporting strategies
could interfere with muscular synergies in the UE during physical training. Rare
studies have investigated the varied training effects resulting from this aspect with

the same robotic systems or under uniformed control algorithm.

In this work, we hypothesized that robotic support to the distal joints would be
more effective than to the proximal joints for the whole UE rehabilitation. As
chronic stroke patients were usually in a stable status with rare spontaneous
recovery, we designed to use both the EMG-driven NMES-robotic hand and the
NMES-robotic sleeve to provide different training support when conducting the
same motor tasks and to compare the training effectiveness of the two supportive
schemes through a randomized controlled clinical trial, i.e. distal finger-palm support

versus proximal wrist-elbow support.

91



4.2 Methodology
4.2.1 EMG-driven NMES-Robots

The two EMG-driven NMES-robots used in this work were wearable
exoskeletons to support at hand/fingers (i.e., EMG-driven NMES-robotic hand) and to
support at wrist-and-elbow segments (i.e., EMG-driven robotic sleeve), as shown in

Figure 4-1. A and Figure 4-1. B.

(A) NMES-robotic hand-assisted training (B) NMES-robotic sleeve-assisted training

_7 | @l EMG and NMES
eSS\ )" electrodes

A

Figure 4-1. The experimental setup under different joint supportive schemes: (A) the
EMG-driven NMES-robotic hand provides direct support on the distal fingers; (B) the
EMG-driven NMES-robotic sleeve provides wrist-and-elbow training assistance

(from our newly submitted Journal paper).
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4.2.1.1 EMG-driven NMES-Robotic Hand

Figure 4-1. A shows the EMG-driven NMES-robotic hand, which consisted of a
palm-wrist module fixed to the wrist and five individual finger assemblies. Each finger
assembly was actuated by a linear actuator (Firgelli L12, Firgelli Technologies Inc.)
[102]. For the index, the middle, the ring and the little fingers, the proximal section
could rotate around the virtual centre located at the metacarpophalangeal (MCP) joint,
whereas the distal section could rotate around the virtual centre located at the proximal
interphalangeal (PIP) joint; as regards the thumb, it was designed to rotate around the
virtual centre of its MCP joint [77]. Each finger assembly could provide a range of
motion (ROM) of 55<for the MCP joint and 65 “for the PIP joint. One channel NMES
electrode pair (30 mm diameter; Axelgaard Corp., Fallbrook, CA, USA) was attached
on the skin surface of the extensor digitorum (ED) muscle belly, being capable of
providing square pulsed electrical current stimuli with a constant amplitude of 70 V,
frequency of 40 Hz, and a manually adjustable pulse width in the range of 0-300us
(set at the minimum intensity to achieve a fully extended position of the fingers for
each individual). No electrical stimulation for finger flexion was used because when
the hand is open the muscles are weak while when the hand is closed there is a
likelihood of increased spasticity in the majority of patients with chronic stroke. The
EMG electrode pairs (Blue Sensor N, Ambu Inc., with a contact area of 20 mm %30
mm) were attached on the skin surface of the muscle bellies of ED and flexor
digitorum (FD), with centre separation of 2 cm. For the ED muscle, the EMG

electrodes were placed perpendicularly to the NMES electrode pair, adopted as an

93



empirical configuration to have relatively low stimulation artefact during EMG signal

capturing as we specified previously.

In each motion phase (i.e. finger flexion or extension), the finger assembly motors
would move with a constant velocity (227s at MCP and 26s at PIP joint) once the
EMG activation level of a driving muscle exceeded a preset threshold (i.e., three times
the standard deviation (SD) above the EMG baseline at rest, by following the standard
detection of the onset of voluntary EMG in a contracting muscle [189]). The NMES
would be delivered to the ED muscle simultaneously with the motor support just in
the finger extension phase. The voluntary-evoked EMG signals from the target
muscles (i.e. FD for finger flexion and ED for finger extension) controlled the

assistance from both the robot and NMES [102, 103].

4.2.1.2 EMG-driven NMES-Robotic Sleeve

Figure 4-1.B shows the NMES-robotic sleeve, which consisted of two
exoskeleton robotic modules for the wrist and the elbow, respectively [130]. Due to
post-stroke joint stiffness and muscle spasticity, the modules were not mechanically
connected to ensure that they fitted participants with different ergonomic parameters
(e.g. limb length and pronation angles away from the neutral position at the wrist)
[133]. Each mechanical module was controlled by an independent servo motor
(MX106, ROBOTIS), and would support the joint perform flexion and extension
motions with a constant velocity of 107s during the training [133]. The orthosis of the

wrist module only covered the palm at the hand side and set the fingers free for flexion
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and extension motions. The maximum ROM provided by the wrist module was from
45<extension to 60<flexion, while for the elbow it was from 30°flexion to 180°
extension [129]. Two channel NMES electrode pairs were attached on the muscle
bellies of the triceps brachii (TRI) and the extensor carpi radialis (ECR), with the same
setting for stimuli parameters (i.e., amplitude, frequency and pulse) as for the NMES-
robotic hand training. Moreover, as in the case of the NMES-robotic hand training,
electrical stimuli were not delivered to the biceps brachii (BIC) and flexor carpi
radialis (FCR) (i.e. the flexors) due to the muscle weakness in the UE extensors and
potential spasticity in the UE flexors for the chronic stroke patients. The EMG
electrode pairs were placed on the muscle bellies of BIC, the TRI, the FCR and the
ECR. The configuration of EMG and NMES electrodes on the extensors (i.e. TRI and

ECR) was the same as that in NMES-robotic hand training.

The control algorithm for the assistance from the robotic sleeve and NMES was
also similar to the NMES-robotic hand, and involved using the voluntary EMG signals
detected from the target muscles for the related joint motion control (i.e. BIC for elbow
flexion, TRI for elbow extension, FCR for wrist flexion and ECR for wrist

extension) [130].

4.2.2 Subject Recruitment
After obtaining the approval from the Human Subjects Ethics Subcommittee of
the university, we screened chronic stroke patients from local districts and then

arranged the treatments with the two EMG-driven NMES-robots in a rehabilitation
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laboratory. The study design was a randomized controlled trial with a three-month

follow-up for comparing the motor improvements on the upper limb with two

different supporting schemes, namely, support to the distal joints (fingers) by EMG-

driven NMES-Robotic hand and support to the more proximal joints (wrist- elbow)

by EMG-driven NMES-Robotic sleeve. Figure 4-2 illustrates the Consolidated

Standards of Reporting Trials flowchart of the experimental design.

Screened (n=94)

Randomization (n=30)

Not meeting eligibility criteria (n=61)
* Cognition problem (n=15)
* Severe shoulder pain (n=14)
» Total FMA <15 (n=8)
* Insufficient MAS score (>3) (n=11)
* Current pregnant (n=1)
* Severe aphasia (n=12)
Other circumstance (n=3)
* Training device unavailable (n=3)

Allocated to the NMES-
robotic hand group (n=15)

Allocated to the NMES-
robotic sleeve group (n=15)

|

Complete Pre-training
Assessment (n=15)

Complete Pre-training
Assessment (n=15)

|

|

Complete Treatment (n=15)

Complete Treatment (n=15)

|

Complete Post-training
Assessment (n=15)

Complete Post-training
Assessment (n=15)

No patient was absent at

the three assessments or

withdrew the program

during the training period.
(n=0)

Complete 3-Month Follow-up
(n=15)

Complete 3-Month Follow-up
(n=15)

Figure 4-2. The Consolidated Standards of Reporting Trial flowchart of this clinical

randomized controlled trial on chronic stroke patients.

The 94 patients with chronic post-stroke UL motor deficits who were subjected to

screening all complied with the applied inclusion criteria: (1) age range 18-78 years
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old prior to stroke [190, 191]; (2) evidence of acquiring an unilateral brain lesion due
to stroke at least six months, without other diagnosed neurological deficits or
secondary onset; (3) had enough cognition to understand the content or purpose of the
study and follow simple instructions, as assessed by the Mini-Mental State
Examination (MMSE>21) [192]; (4) motor impairments affected in the UL ranged
from severe to moderate, measured by the Fugl-Meyer Assessment for upper extremity
(15<FMA<45, with a maximal score of 66) [193]; (5) spasticity affected at the elbow,
the wrist and the fingers during enrollment ranged <3, as assessed by the Modified
Ashworth Scale [MAS, ranged from 0 (no increase in the muscle tone) to 4 (affected
part rigid)] [174]; (6) had detectable voluntary EMG from the target muscles (i.e.,
above three times SD of the resting EMG), which is consistent with muscle force >1
[102]. The patients were also excluded if they were pregnant at the time, had severe

aphasia or had a pacemaker implant, participants were not included.

In the end, 30 patients with chronic stroke were recruited in this study and later
randomly assigned into two group, namely, assistance by the EMG-driven NMES-
Robot on the fingers (NMES-robotic hand group, n=15) and on the wrist-elbow
segments (NMES-robotic sleeve group, n=15). The recruited participants were
informed of the aim of the study, and they were also informed about what the training
programs would entail. Table 4-1 shows the demographic and clinical information of

the participants after the randomization.
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Traming Assisted by NMES-ROBOTS

Characteristics - P value
Hand group (n=15) Sleeve group (n=15)

Age (yrs) 2 57.3+8.87 57.7+£5.93 0.886

Time since stroke (yrs)* 8.26+4.17 7.87+3.07 0.773

Gender (male/female)® 12/3 10/5 0.682

Stroke side ® 7/8 7/8 1.000

Type of stroke ® 8/7 6/9 0.715
(hemorrhagic/ischemic)

Table 4-1. Demographic data of all the chronic patients participated in this study, with
training by different joint supportive schemes.

No significant intergroup difference for the baseline of both groups (P>0.05): (1) a for
independent t-test; (2) b for Fisher’s exact test.

4.2.3 Training Design

Both groups received repetitive task-oriented motion practice with participants’
voluntary effort on their entire affected UE, assisted by the two EMG-driven NMES-
robots. The two groups did not differ much in terms of training duration and intensity.
All the participants received the same 20-session robot-assisted UE practice
consisting sequenced and repeated motion tasks to simulate daily activities of multi-
joint coordinated arm-reaching and arm-withdrawing. Each training session contains
two sections of 30 mins’ training and 10 mins break between the two consecutive
sections. Participants were provided with 5 training sessions per week (in the

working days) and complete the 20 sessions in 5 weeks.

4.2.3.1 Protocol for Hand-Support Practice

In the beginning, the participants were arranged to sit in front of a table, with their
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paretic upper limbs suspended by a hanging system (Figure 4-1. A) supporting at the
wrist and elbow joints, in order to offset the gravity effect of the NMES-robotic hand.
This design was justified by the fact that most of the participants had difficulty
sustaining the weight of both their paretic limbs and the robotic system without
support, especially in the first several training sessions. Subsequently, they were
required to perform robot-assisted vertical UE training with sequenced and repeated
motion tasks according to a visual cue on the screen for a total of 60 minutes: (1)
elbow extension in forward reaching, (2) wrist extension and hand open, (3) wrist
flexion and hand close, and (4) elbow flexion (withdrawing). To prevent muscle
fatigue, participants were allowed to rest for 10 minutes after half an hour of training
[103]. Furthermore, if the participants could not reach out at the elbow in the initial

sessions, they were encouraged to try their best to complete the motion tasks.

4.2.3.2 Protocol for Sleeve-Support Training

During the sleeve-assisted training, the paretic upper limbs of the participants
were also suspended by the hanging system (Figure 4-1. B) to resist the gravity effect
of the NMES-robotic system. Similar to the robotic hand group, the motion tasks that
the participants in the robotic sleeve group had to perform involved sequenced and
repeated arm reaching and withdrawing movements as prompted by the visual cues on
the computer screen. Each training session lasted for a total of 60 minutes, with a 10-
minute break between two consecutive 30-minute intervals to avoid muscle fatigue

[130].
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The main objective of the motion tasks was to simulate arm reaching-grasping
and withdrawing motions in the daily activities. Markers on the table (Figure 4-1) were
labelled for the participants to recognize the targeting positions of the hand in the

horizontal plane during the motions.

4.2.4 Training Outcome Evaluation
1) Clinical Assessments

In this study, all participants underwent clinical assessments before, after training
and three months later. The FMA for upper extremity (FMA-UE, full score 66) was
used to evaluate the performance-based sensorimotor functions of the paretic upper
limbs. Furthermore, to compare the motor functions between the proximal and distal
segments, the FMA was sub-scaled into shoulder/elbow (42/66) and wrist/hand
(24/66). The Action Research Arm Test (ARAT) was adopted mainly to evaluate motor
functions with hand tasks, including holding/releasing objects in different shapes,
sized and weights. Moreover, post-stroke spasticity at the fingers, the wrist and the
elbow were assessed by applying the MAS. All the clinical assessments were
conducted by a physiotherapist who was blinded to the training protocol.
Communication between the participants and the assessor regarding training details

was not allowed in the study.

2) Session-by-Session EMG evaluation

In addition to the clinical assessments, session-by-session EMG evaluation before
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the device-assisted training was used to trace the evolution of the muscle coordination
and the recovery progress of each target muscle across the 20 training sessions with
maximum voluntary contractions (MVC) and a bare arm test, as practiced previously
[187, 194]. The test was similar to the motion tasks in the formal training but without
support by NMES-robot, consisting of horizontal arm reaching, hand grasping, hand
opening, and arm withdrawing tasks, and was repeated three times [102, 103, 129,
130]. EMG signals from BIC, TRI, ECR-ED unit, and FCR-FD unit were collected
for off-line processing. In the context of the investigation of EMG activities in the
forearm for both groups, the EMG electrode pairs were located on the common area
of the two muscle bellies of ECR-ED and FCR-FD due to the close anatomical
proximity between the ECR and ED muscles and between the FCR and FD muscles.
All EMG signals were amplified with a gain of 1000 (amplifier: INA 333, Texas
Instruments Inc.), band-pass filtered from 10 to 500 Hz, and then sampled with 1000

Hz for digitization, as was done previously [103, 130].

Two EMG parameters were adopted for quantitative description of the cross-
session variations in (1) muscle activation (normalized EMG activation level of each
muscle) and (2) muscle coordination pattern (normalized co-contraction index, Cl
between the muscle pairs). The processing calculation methods have been specified in
2.2.3. The increase in CI values was potentially indicative of aggravation of muscle
coordination patterns of a muscle pair with broadened overlapping area, while a
decrease in Cl values was indicative of separation in the co-contraction phase of the

two muscles with the reduced overlapping area.
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In this study, a further normalization as specified in 3.2.4 was applied to both
EMG parameters (EMG activation level and Cl) of individual participants, with
respect to the maximal and minimal values of the participants across the 20 training
sessions. The purpose of this procedure was to illustrate the tendency of EMG
parameters of an individual with normalized values to vary from 0 to 1 and to minimize

the variations among different participants, as encountered previously [118, 119].

4.2.5 Statistical Analysis

The two groups did not differ significantly in terms of the baseline of the
demographic data (i.e., age, sex, duration from stroke onset, side of paresis, P>0.05,
independent t-test, Table 4-1) and all clinical scores (i.e., pre-assessments on FMA,
ARAT and MAS, P>0.05, independent t-test, Table 4-2). The results of clinical
assessments were first analyzed using the two-way analysis of covariance (ANCOVA),
with respect to the factors of 1) treatment (i.e. NMES-robotic hand training and sleeve
training) and 2) the evaluation time point [i.e., the pre-, the post-, and the three-month
follow-up (3MFU) assessments], by taking the pre-assessment as a covariate, in order
to further minimize the possible baseline difference between the groups [179]. When
a significant difference with respect to the time points was found, one-way analysis of
variance (ANOVA) was conducted to determine the intra-group differences with the
post hoc Bonferroni tests. Subsequently, the between-group comparisons on the
clinical scores at the respective post- and 3MFU were evaluated by one-way ANCOVA

with the pre-assessment as a covariate (Table 4-3). It was not necessary to use the
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initial values for EMG parameters (i.e. EMG activation level and CI values) for
ANCOVA, mainly due to the normalization mentioned above and due to the fact that
the initial values were usually the peak among the 20 training sessions. Two-way
ANOVA was first applied with respect to the group factor and the factor of training
times (i.e. 20 sessions). Subsequently, one-way ANOVA was performed to investigate
the variation across the 20 training sessions with Bonferroni correction in the post hoc
tests. If significant group difference was found by two-way ANOVA with respect to
the group factor, the independent t-test would be applied at different training sessions
for the investigation of intergroup differences. The levels of statistical significance

were indicated at 0.05, 0.01, and 0.001 in this study.

4.3 Experimental Results

All participants, either trained by using the NMES-robotic hand (n=15) or the
NMES-robotic sleeve (n=15) completed the 20-session treatments. Table 4-2
summarizes all clinical scores measured in this study, namely, the means and 95%
confidence interval of each clinical assessment together with the one-way ANOVA
probabilities with the effect sizes (EFs) for the intra-group evaluation with respect to
the assessment sessions, and the two-way ANCOVA probabilities with EFs with
respect to session and group. Table 4-3 summarizes the probabilities and EFs of the
between-group comparison on the respective post- and 3MFU assessments by one-

way ANCOVA with the adjustment of the baselineeffect.
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4.3.1 Training Outcomes by Clinical Assessments

1-way ANCOVA

PRE POST 3MFU  1-wayANOVA _
Assessment P (Partial #?)
Mean Value (95% Confidence Interval) P (Partial #?) Session  Group S*G
FMA Total 28.9 42.2 45.3 0,001 (0.274)
(Hand) (22.6-35.1)  (35.9-485)  (39.0-51.5) 0.000%44  0.879 0.920
0.567)  (0.000)  (0.002
FMA Total 32.4 44.8 475 0.004% (0.229) (0.567)  (0.000)  (0.002)
(Sleeve)  (25.9~38.9) (38.3-51.3)  (41.0-54.0)
FMA-SE 20.0 285 30.6 0,001 (0.270)
(Hand) (16.0-24.0) (24.4-325)  (26.6-34.6) 0.000%4  0.793 0.825
i (0.550)  (0.001)  (0.005)
FMA-SE 21.7 30.7 315 0,001 (0.271)
(Sleeve) (17.8-25.6) (26.8-34.6)  (27.6-35.4)
FMA-WH 8.9 13.7 14.7 0.005% (0.222)
(Hand) (6.3-11.4)  (11.2-16.3)  (12.1-17.2) 0.000%4 0.695  0.698
) 0.362)  (0.002)  (0.009
FMA-WH 10.7 14.1 16.1 0075 (0.116) (0.362)  (0.002)  (0.009)
(Sleeve) (7.3-14.0)  (10.8-175) (12.7-19.4)
ARAT 15.6 26.5 26.9 0.036" (0.147) "
(Hand) (8.8-22.4)  (19.7-33.3)  (20.1-33.7) 0.000°%* 0430  0.938
0.396)  (0.08 0.002
ARAT 20.8 31.9 333 0,034 (0.149) (0.396) (0.08)  (0.002)
(Sleeve) (13.6-28.0)  (24.7-39.1)  (26.1-40.5)
MAS-elbow 1.5 0.9 0.7 0033 (0.149) "
(Hand) (1.1-2.0) (0.4-1.3) (0.3-1.2) 0.000%%* 0.591 0.388
) 0.191)  (0.003)  (0.023
MAS-elbow 11 08 0.7 0288 (0.058) (0.191)  (0.003)  (0.023)
(Sleeve) (0.7-1.5) (0.4-1.2) (0.3-1.0)
MAS-wrist 15 0.6 0.3 0.001##(0.295) " ” ”
(Hand) (1.1-1.9) (0.2-1.0) (-0.1-0.7) 0.000 ?-00 ) ?-01 )
. 0.319 0.149
iy 0.518
MAS-wrist 1.3 0.9 0.9 0272 (0.060) (0.518)
(Sleeve) (0.9-1.8) (0.5-1.4) (0.4-1.3)
MAS-finger 1.3 0.5 0.4 0.004# (0.231) . .
(Hand) (0.9-1.7) (0.0-0.9) (0.0-0.8) 0.000%4  0.0014*  0.067
i (0.367)  (0.136)  (0.063)
MAS-finger 1.4 1.0 0.9 0.319 (0.053)
(Sleeve) (0.9-1.9) (0.5-1.5) (0.5-1.4)

Table 4-2. Statistical results of the clinical scores in chronic stroke patients

undertaking different supportive schemes (1)

The means and 95% confidence intervals for each measurement of the clinical assessments,

and the probability with the estimated effect sizes of the statistical analyses. Differences with

statistical significance are marked with superscripts beside the P values (“#” for one-way

ANOVA intragroup tests, “A” for two-way ANCOVA tests on the group and session effects

with the pre-assessment as the covariate). Significant levels are indicated as, 1 superscript

for <0.05, 2 superscripts for <0.01, and 3 superscripts for<0.001.
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1-way ANCOVA on the Post- and 3MFU assessments between the groups

Assessment )
Post pre P (Partial #?) 3MFU_preP (Partial #?)
FMA
Full Score 0.865 (0.001) 0.9090 (0.000)
Shoulder/Elbow 0.601 (0.010) 0.601 (0.010)
Wrist/Hand 0.996 (0.000) 0.8070 (0.002)
ARAT 0.721 (0.005) 0.458 (0.021)
MAS
Elbow 0.686 (0.006) 0.661 (0.007)
Wrist 0.686 (0.006) 0.000" (0.557)
Finger 0.003™ (0.289) 0.008"* (0.234)

Table 4-3. Statistical results of the clinical scores in chronic stroke patients

undertaking different supportive schemes (2)

The statistical probabilities and the estimated effect sizes of the one-way analysis of
covariance (ANCOVA) on the respective post-assessment and 3-month follow-up (3MFU)
between the groups, by taking the pre-assessment as the covariate. Differences with
statistical significance are marked with ‘*’ beside the P values. Significant levels are

indicated as, * for <0.05, ** for <0.01, *** for <0.001.

The clinical scores of FMA, MAS and ARAT scores in both groups were
illustrated in Table 4-2, 4-3 and Figure 4-3. As the results of FIM scores were almost
near to normal score in most recruited patients, there was no indication of the changes
in their functional independency in the study. The clinical assessments were also
evaluated three times as we did in previous studies, i.e. before the first training (pre-
assessment), right after the last training (post-assessment) and 3 months later after the

last training (i.e. SMFU).
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Figure 4-3. Overview of the significant changes in different clinical scores.
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Significant difference was observed only with respect to the factor of evaluation
time points in the FMA full score, the FMA shoulder-elbow and FMA wrist-hand
sub-scores (two- way ANCOVA, P<0.05, Table 4-2). Although the values in FMA
full score [NMES-robotic hand group: P=0.001, EFs=0.274, one-way ANOVA with
Bonferroni post hoc test; and NMES-robotic sleeve group: P<0.005, EFs=0.229, one-
way ANOVA with Bonferroni post hoc test, Figure 4-3 (A)] and FMA shoulder-
elbow [NMES-robotic hand group: P=0.001, EFs=0.271, one-way ANOVA with
Bonferroni post hoc test; and NMES-robotic sleeve group: P=0.001, EFs=0.271, one-
way ANOVA with Bonferroni post hoc test, Figure 4-3 (B)] were significantly
increased in both two groups after the treatments and the results were maintained for
at least 3 months, the FMA wrist-hand scores [P<0.01, EFs=0.222, one-way ANOVA
with Bonferroni post hoc test, Table 4-2, Figure 4-3 (C)] were only increased in the
NMES-robotic hand group but absent in the NMES-robotic sleeve group (P>0.05).
The results indicated better motor improvement of distal UE segments with direct

support from the NMES-robotic hand.

Significant differences in the MAS scores were observed with respect to the
evaluation time points by two-way ANCOVA (Table 4-2) at elbow (P<0.001,
EFs=0.191), wrist (P<0.001, EFs=0.518) and fingers (P<0.001, EFs=0.367). The
significant reduction of MAS at all three parts (i.e., the elbow, the wrist and the
fingers) were also observed in the NMES-robotic hand group only [elbow (P < 0.05,
EFs=0.149, wrist (P < 0.001, EFs=0.295, fingers (P < 0.01, EFs=0.231), one-way

ANOVA with Bonferroni post hoc tests, Figure 4-3 (D)], with significant between-

107



group differences in values of MAS wrist at post-training assessment (P<0.01,
EFs=0.289, one-way ANCOVA) and 3MFU assessment (P<0.01, EFs=0.234, one-
way ANCOVA) and in values of MAS finger at SMFU (P<0.001, EFs=0.557, one-
way ANCOVA). The results illustrated more effective release of muscle spasticity in
the entire upper limb with the NMES-robotic support to the distal segments. All the

achievements could be maintained for 3 months as well.

For the ARAT scores, both groups showed similar patterns with no between-
group difference with respect to group factor (P>0.05, two-way ANCOVA) in this
measurement. Significant differences were observed with respect to the evaluation
time points by two-way ANCOVA [elbow (P<0.001, EFs=0.191), wrist (P<0.001,
EFs=0.518) and fingers (P<0.001, EFs=0.367), Table 4-2]. Furthermore, after the
training, both groups exhibited significant increment compared to the pre-training
values, and the elevation was maintained until three months later when evaluation
was (NMES-robotic hand group: P<0.05, EFs=0.147; and sleeve group: P<0.05,

EFs=0.149, one- way ANOVA with Bonferroni post hoc test, Table 4-2).

4.3.2 Training Outcomes by EMG Evaluation
Figures 4-4 (A) to (D) illustrated the significant variation patterns of EMG
parameters (i.e. the normalized EMG activation levels and the normalized CI values)

across the 20 training sessions in both the NMES-robotic hand group and sleeve

group.
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Figure 4-4. The variation of electromyography (EMG) parameters recorded across the

20 training sessions.

The significant variations of the EMG parameters in the comparison of both supportive
schemes (i.e., finger-hand support in the Hand group and wrist-elbow support in the Sleeve
group). Dotted double arrow presents the significant between-group difference (t-test,

P<0.05) in each training session. ‘¥ ’ illustrates the peak of the EMG parameters through
20 training sessions. ‘*” demonstrates the significant intragroup differences in each group (1-

way ANOVA with Bonferroni post hoc test, P<0.05)

Both groups exhibited significant decrease in the EMG activation level at the
FCR-FD muscle union (NMES-robotic hand group: P<0.05, EFs=0.436; and NMES-
robotic sleeve group: P<0.05, EFs=0.151) and the BIC muscle (NMES-robotic hand
group: P<0.05, EFs=0.375; NMES- robotic sleeve group: P<0.05, EFs=0.112) by
one-way ANOVA with Bonferroni post hoc test. As regards the between-group
comparison, Figure 4-4 (A) indicates that, from the fourth training session, the
NMES-robotic hand group exhibited significantly lower EMG activation values of
FCR-FD muscle union (P<0.05, t-test). Moreover, the values of BIC were also

significantly lower in the NMES-robotic hand group (P<0.05, t-test) from the third
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training session and remained lower until the twentieth session, as shown in Figure
4-4 (B).

Figure 4-4 (C) and (D) demonstrated the variation patterns of CI values across the
20 training sessions. A significant decrease in Cl values was observed in both groups in
the muscle pairs FCR-FD&TRI (P<0.05, one-way ANOVA with Bonferroni post hoc
test) and BIC&TRI (P<0.05, one-way ANOVA with Bonferroni post hoc test),
respectively. In terms of the between-group comparison, the NMES-robotic hand group
exhibited significantly lower CI values (P<0.05, t-test) than the sleeve group from the
second to the fifteenth training session in the FCR-FD&TRI muscle pair [Figure 4-4.
(C)]. Additionally, the NMES-robotic hand group had significantly lower Cls from the

third to the twentieth training session in the BIC&TRI muscle pair [Figure 4-4. (D)].

4.4.  Discussion

The study compared two different supporting schemes for chronic upper limb
rehabilitation by using the EMG-driven NMES-robots, namely, support to the elbow
and wrist versus support to the fingers. The results obtained revealed that the two
training schemes with different supporting strategies led to upper limb motor recovery
with improved clinical scores and session-by-session evaluated EMG parameters in

all participants.

4.4.1 Motor Improvements with Functional Independence
The increase of FMA score and its subscores demonstrated the voluntary motor

improvements achieved by the two different joint supporting strategies, as well as the
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improvements in the related upper limb segments, namely, distal (wrist-hand) and
proximal (elbow-shoulder) parts. Both supporting strategies significantly improved
the overall upper limb motor functions after the training. We also noticed that,
compared to pre-assessment, the averaged FMA full scores in robotic hand group
increased by 46.1% right after the treatment (post-assessment) and by 56.8% at three-
month follow-up, when the ratio was 38.2% (post-assessment) and by 46.7% (3MFU)
in the robotic sleeve group. This suggested that motor improvements continued in both
groups over a period of three months after treatment completion. For the FMA-SE, the
average scores increased by 42.4% (post-assessment) and 54% (3MFU) in the robotic
hand group, with the ratio of 41.1% (post-assessment) and by 44.8% (3MFU) in the
robotic sleeve group. The motor improvements in the FMA-SE subscores for the
robotic hand group confirmed that robotic support at the distal fingers could also
benefit the proximal joint recovery (i.e. shoulder/elbow) and the motor gain achieved
was comparable to that for the robotic sleeve group where direct robotic supports were
provided to the proximal joint, similar to the observations reported in the literature
[101, 103]. In this work, proximal improvement in the robotic hand group was
determined to be due to the compensatory contraction of proximal UE muscles during
the recruitment of distal muscles in NMES-robotic hand training and due to the
competitive interaction between distal and proximal muscles during the sequenced
motion tasks, as mentioned earlier [104]. For the evaluation of the distal UE by FMA-
WH subscores, the average scores increased by 54.8% in the robotic hand group and
by 32.4% in the robotic sleeve group at post-assessment. A further increase by 65.4%

in the robotic hand group and by 50.6% in the sleeve group was reported at three-
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month follow-up. However, significant improvement across three evaluation time
points (i.e. pre-assess, post-assess and 3MFU) at wrist-hand was achieved only in the
robotic hand group and not in the sleeve group, as shown in Figure 4-3. The results
suggested that direct support to the finger joints was more effective to achieve distal
motor improvements than support to more proximal (i.e. wrist-elbow) joints, and the
improvement could continue in the three months after the training.

The improvements in the ARAT scores were consistent with the observations
obtained by FMA scores. The ARAT results suggested that both treatments could
improve the voluntary motor functions in the whole upper limb, with an emphasis on
daily tasks involving finger functions [177, 195]. The improvement for both groups
could last for three months after the training. Although FMA-WH improvement was
not significant for the robotic sleeve group, the significant improvements in the ARAT
also suggested the distal improvements achieved by the sleeve training. However,
besides evaluating hand grasping and fingers gripping functions, the ARAT
assessments tested the positioning of extremities and the choice of objects with varied
weights as well. These evaluation items were related to the motor function of proximal
upper limb segments [177], which could benefit from the treatment of the wrist-elbow
parts. Furthermore, we found increased scores in the subscale items of lifting upper
extremities and placing hand to various pericranial positions in both groups, although
the robotic sleeve group achieved higher scores. This was due to the fact that ARAT
uses a specific time limit to define the level of deficits [195]. The between-group
differences in the items were not significant but higher scores showed a trend of better

smoothness of the movements after training by the NMES-robotic sleeve.
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4.4.2. Motor Improvements with Spasticity Control

The MAS scores showed the descending trend of muscle tone in both groups by
supporting different UE segments. The decline of muscle tone was not significant in
the robotic sleeve group according to the MAS scores at all three parts (i.e. the fingers,
the wrist and the elbow). Meanwhile, the use of the NMES-robotic hand led to the
significant release of muscle spasticity, which could be maintained for three months
after training. Significant between-group differences were observed at the wrist (only
in the 3MFU) and at the fingers (in both the post-assessment and 3MFU) with
markedly declined muscle tone in the robotic hand group. The MAS results suggested
that direct robotic assistance at the finger joints could more effectively release the
spasticity at the distal. Another possible reason for the better performance in MAS of
the whole upper limb by the robotic hand group than the sleeve group was that the
participants exerted more voluntary effort in the arm-reaching tasks than the sleeve
group when the elbow and wrist were not actuated. Maximized involvement of
voluntary effort in post-stroke limb practice has been found to be an important factor
related to the significant release of muscle tone with long-term effects as we specified
in 2.1. Furthermore, it was common that persons with chronic stroke had better
proximal limb functions than the distal. When the distal joints (e.g., the fingers in this
work) were assisted by the NMES-robotic hand to perform the tasks they could not

achieve (e.g., hand open) by themselves, they would be promoted to practice.

4.4.3. Muscular Activities and Muscle Coordination by EMG Parameters

The session-by-session EMG evaluation demonstrated the recovery progress in
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the muscle coordination across the 20 training sessions for both groups, by monitoring
the activation and coordination patterns among the four individual muscles/muscle
unions (i.e. BIC, TRI, FCR-FD and ECR-ED).

Significant decreases of muscle activation levels of UE flexors (FCR-FD and
BIC) were observed in both groups. In the NMES-robotic hand group, FCR-FD and
BIC decreased rapidly by 50% and 32%, respectively, over the first four sessions,
and decreased by a further 19% and 31.9%, respectively, from the fifth to the
twentieth session. By contrast, the NMES-robotic sleeve group showed a gradual
decrease by 50% (FCR-FD) over 14 sessions and by 32% (BIC) over 16 sessions. In
this work, the EMG activation level of FCR-FD muscle union (major flexor in the
distal UE segments, i.e. fingers and wrist) and BIC muscle (major flexor in the more
proximal UE, i.e. elbow) in the NMES-robotic hand group decreased significantly
faster than that in the NMES-robotic sleeve group across most of the 20 training
sessions, as shown in Figure 4-4. The results did not only indicate the reduced
spasticity of the related joints in both groups [196] but also illustrated that the release
of spasticity in the entire UE was more effective by supporting to distal joints (i.e.
fingers) than that by supporting to the more proximal parts (i.e. wrist-elbow). It was
consistent with the variation of MAS scores in the elbow, the wrist and the fingers in
both two groups. It also manifested the differences between the two training schemes
by supporting to the distal and more proximal UE. Furthermore, the decrease in the
EMG activation level could also be attributed to the reduction in excessive muscle
activities of FCR-FD and BIC muscles during the bare arm test for arm reaching,

withdrawing and hand grasping motions [197]. The faster decrease of EMG
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activation levels by supporting the distal UE segments could be a reason for better
performance in the FMA scores and its subscores for patients in the NMES-robotic
hand group. Joints commonly exhibited excessive co-contractions after stroke [22].
The significant reduction of CI values in FCR-FD&TRI indicated the release of their
co-contraction patterns and implied the improved isolation of the distal joint (i.e.
wrist) movements from the more proximal joint (i.e. elbow). The improvements
could reflect evolutionary and more independent motion patterns during the bare test
and clinical assessments of ARAT and FMA. Meanwhile, the significant decrease of
Cl values in BIC&TRI showed the release of co-contraction patterns in the elbow
joint and indicated the promotion of arm reaching and withdrawing movements
through elbow extension and flexion. Compared to the sleeve group, the NMES-
robotic hand group exhibited fasted reduction of CI values in FCR-FD&TRI and
BIC&TRI. With supporting to the distal segments during the training, CI values
associated with FCR-FD&TRI decreased rapidly by 40.7% over the first four
training sessions, while the CI values associated with FCR-FD&TRI declined by
40.3% over 19 training sessions. The CI values in NMES-robotic hand group were
significantly lower than those in the sleeve group through the first 15 training
sessions. As for BIC&TRI, the Cls also decreased more rapidly in the group with
support to the distal UE than with support to more proximal parts. The values
decreased by 51% over the first five training sessions in the NMES-robotic hand
group but decreased only by 7.9% at the same evaluation point (5th session) in the
NMES-robotic sleeve group. Therefore, compared to a provision of support to the

more proximal parts, the provision of support to the distal joints could lead to more
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effective improvement in the release of muscle co- contraction during the UE

rehabilitation.

In the study, we noticed that the recovery process did not reach a plateau within
the 20 training sessions with the acceleration of EMG activation levels in the FCR-
FD and BIC for both groups, and similar patterns could be found in the Cls of the
FCR-FD&TRI and BIC&TRI in both groups as well. In an earlier study, it was
suggested that a plateau of little or no change in performance was indicative of
the fact that learning of a skilled movement had come to an end [198]. Hence, the
results of EMG parameters could suggest that further improvement in the recovery of

the upper limb at both distal and proximal segments could be obtained through

additional training.

4.5 Periodic Summary

In this work, a comparison between training effectiveness of different supportive
schemes was made adopting the multi-joint coordinated physical practice assisted by
the two EMG-driven NMES-robotic devices (i.e. the NMES-robotic sleeve and the
NMES-robotic hand). This trial was conducted among chronic stroke patients.
Clinical assessments (i.e., FMA, MAS, ARAT and FIM) and cross-session EMG
evaluation (EMG activation level) were used for the outcome measurement as we
adopted in previous two trials. Both the treatments could achieve significant and
comparable voluntary motor recovery in the proximal UE segments as assessed by
FMA (full score and shoulder-elbow). While, only external assistance directly to the

finger-hand by the NMES-robotic hand could improve the voluntary motor functions
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at the distal UE segments as assessed by FMA (wrist-hand). For the control of
muscle spasticity in the chronic stroke period, assistance to the wrist-elbow could
hardly achieve the release of muscle tone with the treatment by the NMES-robotic
sleeve, while assistance to the finger-hand could significantly reduce the muscle tone
at all 3 UE segments (finger, wrist and elbow). Significant reduction was observed at
wrist segment in the 3MFU and at fingers in both post- and 3MFU assessment. Both
the treatments could promote patients’ UE functions with daily tasks as assessed by
ARAT. For further investigation, the muscle activities were evaluated in the both
groups. The result illustrated the release of muscle excessive motions at both flexors
in the entire UE (i.e. FCR-FD union and BIC) by EMG activation level, and also the
improvement of muscle coordination across multiple joints (FCR-FD & TRI) and
within single elbow joint (BIC & TRI) by CI values. It also showed a more rapid
speed of evolutionary process by providing direct support to the finger-hand when

compared to that by support to the wrist-elbow.
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CHAPTER 5

CONCLUSIONS

Device-assisted multi-joint coordinated can effectively promote upper limb
motor function for independent activities of daily living in both subacute and chronic
stroke patients. In this study, the clinical effects and rehabilitation effectiveness of

such training were investigated through three independent clinical trials.

In the first clinical RCT, the clinical effects of multi-joint coordinated upper
limb training assisted by an EMG-driven NMES-robot in subacute stroke patients
were compared with those of conventional rehabilitation treatment. Both treatments
achieved significant motor recovery and enhanced functional independence of upper
limb activities, with comparable clinical results for ARAT and FIM. The superiority
of the NMES-robot-assisted multi-joint training consisted mainly in the significantly
greater improvement of voluntary motor performance, as assessed through FMA
scores, and better spasticity control in the entire upper limb, especially at the wrist
and hand joints, as assessed through MAS scores. This could be because
conventional treatments are mainly delivered manually on a “one-to-one” basis and
are thus unable to simultaneously manage the distal and proximal joints in the
subacute stroke phase. Moreover, most manually delivered training programs follow
a proximal-to-distal training sequence, thereby involving little effort for the distal
segments in the early period after stroke. By contrast, motor practice using the
NMES-robot could provide highly intensive repetitions directly on the wrist joint,
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and movements across multiple joints could be precisely coordinated through the
settled computer program. Moreover, assistance from NMES-robot could provide a
repetitive sensorimotor experience and enable subjects to concentrate more on target
muscles at the distal joints, thus facilitating the voluntary effort. Furthermore, the
muscle spasticity released after NMES-robot-assisted training was in contrast to the
significantly increased muscle tone in conventional treatments. This resulted from
the higher frequency of physical practice with assistance from the NMES-robot in an
equivalent training duration, given that training frequency is reportedly highly related
to spasticity control. The results from EMG parameters in the NMES-robot training
group were consistent with MAS performance, and also indicated reduced excessive
muscle contraction and enhanced muscle coordination within and across different
joints, particularly at the wrist. All motor improvements achieved in NMES-robot-
assisted multi-joint training were maintained for 3 months.

In the second trial on chronic stroke, the rehabilitation outcome of multi-joint
coordinated training assisted by an NMES-robot differed from that in the subacute
phase. Patients in chronic stroke usually remain on a plateau, with little spontaneous
recovery of the central nervous system and less response to a monotonous training
protocol. Nevertheless, significant motor recovery, as measured by the clinical scores
and EMG parameters, was achieved after multi-joint coordinated training assisted by
the NMES-robotic sleeve. Compared to the first trial among subacute patients, this
study in chronic stroke showed significant increase in FMA full score and

shoulder/elbow but lacked the improvement at the wrist-hand as illustrated by FMA
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wrist/hand. Despite of this, the ARAT still demonstrated enhanced functional muscle
coordination with fine precision and joint stability related to the fingers, for example,
grasping, gripping, and pinching movements, and the FIM indicated enhanced
independence in activities of daily living (ADL). It was commonly observed in other
robot training studies on chronic patients that the motor achievements after training
are difficult to be transferred into functional use for performing ADL [87].
Nonetheless, the clinical results in this study indicated that multi-joint coordinated
training assisted by an NMES-robot could effectively convert motor improvements
into meaningful limb motions in chronic stroke patients. Proximal joints (i.e.,
shoulder/elbow) gained more than distal ones (i.e., wrist/fingers), mainly due to the
accustomed compensatory activities of patients’ early stroke experiences. Although
the decreased MAS scores were not significant, the marked reduction in Cls of the
FCR&TRI (cross-joint) and BIC&TRI (within-joint) muscle pairs illustrated an
underlying improvement of muscular coordination after training. A significant
decrease was also observed in the EMG activation level of the upper limb flexors,
namely, FCR for the wrist and BIC for the elbow, indicating a potential release of
muscle spasticity. It may be concluded that the compensatory motion pattern in
practicing daily tasks gradually changed after multi-joint coordinated training
assisted by an NMES-robot. This represents a meaningful recovery for chronic stroke
patients, which some rehabilitation theories have termed “motor re-education” [32].
All motor improvements achieved through training were maintained for 3 months.

In the last part of this study, through a clinical RCT, we compared two different
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supportive schemes using EMG-driven NMES-robots, namely, elbow-wrist support
versus finger—palm support, which adopted two most popular robot designs at
current.

We recruited chronic stroke patients as they have overcome the flaccid paralysis
period and could better adapt to different forms of UE physical practice than
subacute patients. The FMA exhibited comparable motor improvements in the
shoulder and elbow segments after training using both the distal (i.e., finger—palm)
and proximal (i.e. shoulder-elbow) supportive schemes, whereas significant
improvements in the wrist and hand segments were only observed in the distal
supportive scheme. The results indicated that external support to the distal upper
limb joints could achieve motor improvement in the adjacent proximal joints; this
was consistent with the findings reported in our previous study on single-joint robot-
assisted wrist training [102]. However, support to the proximal segments did not
affect distal motor recovery. In addition, both the distal and proximal supportive
schemes were able to improve muscle coordination, with an emphasis on functional
ADL as revealed by an increased ARAT score. However, in the proximal supportive
scheme, this increased ARAT score was highly related to evaluation items with arm
positioning movements, whereas in the distal supportive scheme it mainly resulted
from improved hand (grasping) and finger (gripping) movements. This indicates a
differentiated motor control recovery process in different joint supportive schemes.
Moreover, muscle spasticity in the paretic upper limb was effectively released after

distal supportive training, as revealed by the MAS (finger, wrist, and elbow) score,

122



whereas no significant improvement was observed in the proximal supportive
scheme. Significantly decreased EMG activation levels in the upper limb flexors and
decreased Cls indicated improvements in spasticity control and muscular
coordination (within the elbow joint or across the wrist-elbow joints) in both
supportive schemes. However, the distal supportive scheme was found to be more
effective than the proximal supportive scheme due to its faster response to muscle
activity. Furthermore, none of the EMG parameter changes in these two schemes
reached a plateau during the 20 training sessions, implying a recovery potential with
a longer training duration in chronic stroke patients. A key contribution of the study
was the suggestion that the provision of direct support to the distal joints was more
effective than the provision of support to the proximal joints in the case of chronic
stroke patients. This finding could help rehabilitation professionals and patients with
chronic stroke to achieve optimal motor recovery with limited resources.

Although the movements provided by the NMES-robot systems for a joint were
simple flexion and extension, the target joints could be more precisely exercised with
the aid of well-positioned motors and NMES and could be organized into well-
coordinated movements with computer programs. In this study, the clinical effects
and rehabilitation effectiveness of multi-joint coordinated training assisted by an
EMG-driven NMES-robot for upper limb rehabilitation in both the subacute and
chronic phases after stroke have been successfully investigated. This study also
demonstrated that multi-joint coordinated practice with direct support to distal upper

limb segments could achieve a superior rehabilitation prognosis in chronic stroke.
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APPENDICES
Appendices 1: Clinical Assessments

1.1  Mini-Mental State Exam (MMSE)

Mini-Mental State Examination (MMSE)

Patient's Name: Date:

Instructions: Ask the questions in the order listed. Score one point for each correct
response within each question or activity.

Maximum | Patient’s

Score Score Questions
5 “What is the year? Season? Date? Day of the week? Month?”
5 “Where are we now: State? County? Town/city? Hospital? Floor?”
The examiner names three unrelated objects clearly and slowly, then
3 asks the patient to name all three of them. The patient’s response is

used for scoring. The examiner repeats them until patient learns all of
them, if possible. Number of trials:

“I would like you to count backward from 100 by sevens.” (93, 86, 79,
5 72,65, ...) Stop after five answers.
Alternative: “Spell WORLD backwards.” (D-L-R-O-W)

“Earlier | told you the names of three things. Can you tell me what those

were?”

> Show the patient two simple objects, such as a wristwatch and a pencil,
and ask the patient to name them.

1 “Repeat the phrase: ‘No ifs, ands, or buts.”

3 “Take the paper in your right hand, fold it in half, and put it on the floor.”
(The examiner gives the patient a piece of blank paper.)

1 “Please read this and do what it says.” (Written instruction is “Close

your eyes.”)

“Make up and write a sentence about anything.” (This sentence must
contain a noun and a verb.)

“Please copy this picture.” (The examiner gives the patient a blank
piece of paper and asks him/her to draw the symbol below. All 10
angles must be present and two must intersect.)

| =P
30 TOTAL
(Adapted from Rovner & Folstein, 1987)

1

Source: www.medicine.uiowa.edu/igec/tools/cognitive/ MM SE. pdf Provided by NHCQF, 0106-410
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Instructions for administration and scoring of the MMSE

Orientation (10 points):

o Ask for the date. Then specifically ask for parts omitted (e.g., "Can you also tell me what season it
is?"). One point for each correct answer.

o Askin turn, "Can you tell me the name of this hospital (town, county, etc.)?" One point for each
correct answer.

Registration (3 points):

e Say the names of three unrelated objects clearly and slowly, allowing approximately one second for
each. After you have said all three, ask the patient to repeat them. The number of objects the
patient names correctly upon the first repetition determines the score (0-3). If the patient does not
repeat all three objects the first time, continue saying the names until the patient is able to repeat all
three items, up to six trials. Record the number of trials it takes for the patient to learn the words. If
the patient does not eventually learn all three, recall cannot be meaningfully tested.

o After completing this task, tell the patient, "Try to remember the words, as | will ask for them in a
little while."

Attention and Caiculation (5 points):

e Askthe patient to begin with 100 and count backward by sevens. Stop after five subtractions (93,
86, 79, 72, 65). Score the total number of correct answers.

o If the patient cannot or will not perform the subtraction task, ask the patient to spell the word "world"
backwards. The score is the number of letters in correct order (e.g., dirow=5, dlorw=3).

Recall (3 points):
e Askthe patient if he or she can recall the three words you previously asked him or her to
remember. Score the total number of correct answers (0-3).

Language and Praxis (9 points).

o Naming: Show the patient a wrist watch and ask the patient what it is. Repeat with a pencil. Score
one point for each correct naming (0-2).

o Repetition: Ask the patient to repeat the sentence after you ("No ifs, ands, or buts."). Allow only one
trial. Score O or 1.

¢ 3-Stage Command: Give the patient a piece of blank paper and say, "Take this paper in your right
hand, fold it in half, and put it on the floor." Score one point for each part of the command correctly
executed.

¢ Reading: On a blank piece of paper print the sentence, "Close your eyes," in letters large enough
for the patient to see clearly. Ask the patient to read the sentence and do what it says. Score one
point only if the patient actually closes his or her eyes. This is not a test of memory, so you may
prompt the patient to "do what it says" after the patient reads the sentence.

o Wiriting: Give the patient a blank piece of paper and ask him or her to write a sentence for you. Do
not dictate a sentence; it should be written spontaneously. The sentence must contain a subject
and a verb and make sense. Correct grammar and punctuation are not necessary.

e Copying: Show the patient the picture of two intersecting pentagons and ask the patient to copy the
figure exactly as it is. All ten angles must be present and two must intersect to score one point.
Ignhore tremor and rotation.

(Folstein, Folstein & McHugh, 1975)

2
Source: www.medicine.uiowa.edufigec/tools/cognitive/MMSE.pdf Provided by NHCQF, 0106-410
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Interpretation of the MMSE

Method Score Interpretation
Single Cutoff <24 Abnormal
Range <21 Increased odds of dementia
»25 Decreased odds of dementia
21 Abnormal for 8" grade education
Education <23 Abnormal for high school education
<24 Abnormal for college education
24-30 No cognitive impairment
Severity 18-23 Mild cognitive impairment
0-17 Severe coghitive impairment
Sources:

o Crum RM, Anthony JC, Bassett SS, Folstein MF. Population-based norms for the mini-mental state
examination by age and educational level. JAMA. 1993;269(18):2386-2391.

s Folstein MF, Folstein SE, McHugh PR. "Mini-mental state": a practical method for grading the cognitive state
of patients for the clinician. J Psychiatr Res. 1975,12:189-198.

* Rovner BW, Folstein MF. Mini-mental state exam in clinical practice. Hosp Pract. 1987;22(1A).99, 103, 106,
110.

o Tombaugh TN, Mcintyre NJ. The mini-mental state examination: a comprehensive review. J Am Geriatr Soc.
1992;40(9):922-935.

3

Source: www.medicine.uiowa.edufigec/tools/cognitive/MMSE .pdf Provided by NHCQF, 0106-410

https://www.uml.edu/docs/Mini%20Mental%20State%20Exam tcm18-169319.pdf
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1.2  Fugl-Meyer Assessment for Upper Extremity (FMA-UE)

Rehabilitation Medicine, University of Gothenburg

FUGL-MEYER ASSESSMENT ID:
UPPER EXTREMITY (FMA-UE) Date:
Assessment of sensorimotor function Examiner:

Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S: The post-stroke hemiplegic patient. A method for evaluation of physical
performance. Scand J Rehabil Med 1975, 7:13-31.

A. UPPER EXTREMITY, sitting position

I. Reflex activity none | can be elicited
Flexors: biceps and finger flexors 0 2
Extensors: triceps 0 2

Subtotal | (max 4)

Il. Volitional movement within synergies, without gravitational help none | partial | full
Flexor synergy: Hand from Shoulder  retraction 0 1 2
contralateral knee to ipsilateral ear. elevation 0 1 2
From extensor synergy (shoulder abduction (90°) 0 1 2
adduction/ internal rotation, elbow external rotation 0 1 2
extension, forearm pronation) to flexor | Elpow flexion 0 1 D
synergy (shoulder abduction/ external | Forearm  supination 0 1 2
rotation, elbow flexion, forearm Shoulder  adduction/internal rotation 0 1 2
supination). Elbow extension 0 1 2
Extensor synergy: Hand from Eorearm pronation 0 1 2
ipsilateral ear to the contralateral knee

Subtotal Il (max 18)

lll. Volitional movement mixing synergies, without compensation none | partial | full
Hand to lumbar spine cannot be performed, hand in front of SIAS 0

hand behind of SIAS (without compensation) 1

hand to lumbar spine (without compensation) 2
Shoulder flexion 0°-90° immediate abduction or elbow flexion 0
elbow at 0° abduction or elbow flexion during movement 1
pronation-supination 0° complete flexion 90°, maintains 0° in elbow 2
Pronation-supination no pronation/supination, starting position impossible 0
elbow at 90° limited pronation/supination, maintains position 1
shoulder at 0° complete pronation/supination, maintains position 2

Subtotal Il (max 6)

IV. Volitional movement with little or no synergy none | partial | full
Shoulder abduction 0 -90° | immediate supination or elbow flexion 0

elbow at 0° supination or elbow flexion during movement 1

forearm pronated abduction 90°, maintains extension and pronation 2
Shoulder flexion 90°- 180° | immediate abduction or elbow flexion 0

elbow at 0° abduction or elbow flexion during movement q
pronation-supination 0° complete flexion, maintains 0° in elbow 2
Pronation/supination no pronation/supination, starting position impossible 0

elbow at 0° limited pronation/supination, maintains extension 1

shoulder at 30°-90° flexion full pronation/supination, maintains elbow extension 2

Subtotal IV (max 6)

V. Normal reflex activity evaluated only if full score of 6 points achieved on part IV

biceps, triceps, 0 points on part IV or 2 of 3 reflexes markedly hyperactive 0
finger flexors 1 reflex markedly hyperactive or at least 2 reflexes lively 1
maximum of 1 reflex lively, none hyperactive 2

Subtotal V (max 2)

Total A (max36)

Approved by Fugl-Meyer AR 2010 1
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B. WRIST support may be provided at the elbow to take or hold the position, no | none | partial | full
support at wrist, check the passive range of motion prior testing
Stability at 15° dorsiflexion less than 15° active dorsiflexion 0
elbow at 90°, forearm pronated dorsiflexion 15°, no resistance is taken 1
shoulder at 0° maintains position against resistance 2
Repeated dorsifexion / volar flexion cannot perform volitionally 0
elbow at 90°, forearm pronated limited active range of motion 1
shoulder at 0°, slight finger flexion full active range of motion, smoothly 2
Stability at 15° dorsiflexion less than 15° active dorsiflexion 0
elbow at 0°, forearm pronated dorsiflexion 15°, no resistance is taken 1
slight shoulder flexion/abduction maintains position against resistance 2
Repeated dorsifexion / volar flexion cannot perform volitionally 0
elbow at 0°, forearm pronated limited active range of motion 1
slight shoulder flexion/abduction full active range of motion, smoothly 2
Circumduction cannot perform volitionally 0
jerky movement or incomplete 1
complete and smooth circumduction 2

Total B (max 10)

C. HAND support may be provided at the elbow to keep 90° flexion, no support at | none | partial | full

the wrist, compare with unaffected hand, the objects are interposed, active grasp

Mass flexion

: ; > 0 1 2
from full active or passive extension
Mass extension 0 1 5
from full active or passive flexion
GRASP
A - flexion in PIP and DIP (digits I-V) | cannot be performed 0
extension in MCP 1I-V can hold position but weak 1

maintains position against resistance 2

B — thumb adduction cannot be performed 0
1-st CMC, MCP, IP at 0°, scrap of paper | can hold paper but not against tug 1
between thumb and 2-nd MCP joint can hold paper against a tug 2
C - opposition pulpa of the thumb cannot be performed 0
against the pulpa of 2-nd finger, can hold pencil but not against tug 1
pencil, tug upward can hold pencil against a tug 2
D - cylinder grip cannot be performed 0
cylinder shaped object (small can) can hold cylinder but not against tug 1
tug upward, opposition in digits | and Il can hold cylinder against a tug 2
E — spherical grip cannot be performed 0
fingers in abduction/flexion, thumb can hold ball but not against tug 1
opposed, tennis ball can hold ball against a tug 2

Total C (max 14)

D. COORDINATION/SPEED after one trial with both arms, blind-folded,

tip of the index finger from knee to nose, 5 times as fast as possible

marked | slight | none

Tremor 0 1 2
Dysmetria pronounced or unsystematic 0

slight and systematic 1

no dysmetria 2

>5s 2-5s <1s

Time more than 5 seconds slower than unaffected side 0

2-5 seconds slower than unaffected side 1

maximum difference of1 second between sides 2

Total D (max 6)

TOTAL A-D (max 66)

Approved by Fugl-Meyer AR 2010
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H. SENSATION, upper extremity anesthesia hypoesthesia normal
blind-folded, compared with unaffected side dysesthesia
Light touch upper arm, forearm 0 1 2
palmar surface of the hand 0 1 2
absence 3/4 correct correct 100%
less than 3/4 considerable little or no
correct difference difference
Position shoulder 0 1 2
small alterations in the |elbow 0 1 2
position wrist 0 1 2
thumb (IP-joint) 0 1 2
Total H (max12)
J. PASSIVE JOINT MOTION, upper extremity J. JOINT PAIN during passive
motion, upper extremity
Sitting position, only few decreased | normal | pronounced constant some no
compare with degrees (less pain during or at the pain pain
unaffected side than 10° in end of movement
shoulder)
Shoulder
Flexion (0° - 180°) 0 1 2 0 1 2
Abduction (0°-90°) 0 1 2 0 1 2
External rotation 0 1 2 0 1 2
Internal rotation 0 3 2 0 1 2
Elbow
Flexion 0 1 2 0 1 2
Extension 0 1 A 0 1 2
Forearm
Pronation 0 1 2 0 1 2
Supination 0 1 2 0 1 2
Wrist
Flexion 0 1 2 0 1 2
Extension 0 1 2 0 1 2
Fingers
Flexion 0 1 2 0 1 2
Extension 0 1 2 0 1 2
Total (max 24) Total (max24)
A. UPPER EXTREMITY 136
B. WRIST /10
C. HAND /14
D. COORDINATION / SPEED /6
TOTAL A-D (motor function) /66
H. SENSATION /12
J. PASSIVE JOINT MOTION 124
J. JOINT PAIN 124
Approved by Fugl-Meyer AR 2010 3

https://neurophys.qu.se/digital Assets/1520/1520773 fma-ue-protocol-english-updated-20150315.pdf
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1.3 Action Research Arm Test(ARAT)

ACTION Patient Name:
RESEARCH Rater Name:
ARM TEST Date:

Instructions
There are four subtests: Grasp, Grip, Pinch, Gross Movement. Items in each are ordered so that:

¢ if the subject passes the first, no more need to be administered and he scores top marks for that subtest;

o if the subject fails the first and fails the second, he scores zero, and again no more tests need to be
performed in that subtest;

e otherwise he needs to complete all tasks within the subtest

Activity Score

Grasp
1. Block, wood, 10 cm cube (If score = 3, total = 18 and to Grip)
Pick up a 10 cm block

2. Block, weod, 2.5 cm cube (If score = 0, total = 0 and go te Grip)
Pick up 2.5 em block

. Block, wood, 5 cm cube

. Block, wood, 7.5 cm cube

. Ball (Cricket), 7.5 cm diameter
. Stene 10x2.5x1cm

o Y

Coefficient of reproducibility = .98
Coefficient of scalability =0.94

Grip
1. Pour water from glass to glass (If score = 3, total = 12, and go to Pinch)

2. Tube 2.25 em {If score = 0, total = 0 and go to Pinch)
3. Tube 1 x 16 cm

4. Washer (3.5 cm diameter) over bolt

Coefficient of reproducibility = 0.99

Coefficient of scalability =0.98

Pinch
. Ball bearing, 6 mm, 3% finger and thumb (If score = 3, total = 18 and go to Grossmit)

. Marble, 1.5 cm, index finger and thumb (If score = 0, total = 0 and go to Grossmt)
. Ball bearing 2™ finger and thumb

. Ball bearing 1% finger and thurmb

. Marble 3" finger and thumb

. Marble 2™ finger and thumb

[ L R .~ T

Coefficient of reproducibility = 0.99
Coefficient of scalability =0.98

Provided by the Internet Stroke Center — www.strokecenter.org
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Grossmt (Gross Movement)

1. Place hand behind head (If score = 3, total = 9 and finish)
2. (If score = 0, total = 0 and finish

3. Place hand on top of head

4. Hand to mouth

Coefficient of reproducibility = 0.98

Coefficient of scalability =0.97
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1.4 Functional Independent Measurement (FIM)

APPENDIX D
Functional Independence Measure (FIM) Instrument

ADMISSION DISCHARGE FOLLOW-UP

| Self-Care

|A. Eating

|B. Grooming

|C. Bathing

ID. Dressing - Upper Body

|E. Dressing - Lower Body

|F_ Toileting

|Sphincter Control

|G. Bladder Management

IH, Bowel Management

| Transfers

||‘ Bed, Chair, Wheelchair

|J. Toilet

| Locomotion

|L_ WalkAVheelchair

|M. Stairs

| Motor Subtotal Score

I Communication

|N. Comprehension

|O. Expression

|Social Cognition

|P. Social Interaction

|Q. Problem Solving

|R. Memory

| Cognitive Subtotal Score

| | |
I | |
I | |
I I |
I | |
| I |
I I |
I I |
I I |
| | |
I | |
I | |
———
IK. Tub, Shower | | |
I I I
I I I
I | |
| | |
| ! |
I | |
| I |
I | I
| | |
I I I
I I I
I | |
| | |

| TOTAL FIM Score

Independent
7 Complete Independence (Timely, Safely) NO HELPER
6 Modified Independence (Device)

Modified Dependence

5 Supervision (Subject = 100%+)
4 Minimal Assist (Subject = 75%+)
3 Moderate Assist (Subject = 50%+) HELPER

Complete Dependence
2 Maximal Assist (Subject = 25%+)
1 Total Assist (Subject = less than 25%)

orm<mr |

Note: Leave no blanks. Enter 1 if patient is not testable due to risk.

FIM Instrument. Copyright © 1997 Uniform Data System for Medical Rehabilitation, a division of UB Foundation Activities, Inc. Reprinted with
the permission of UDSMR , University at Buffalo, 232 Parker Hall, 3435 Main St., Buffalo, NY 14214

https://www.strokengine.ca/pdf/FIMappendixD.pdf
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1.5 Modified Ashworth Scale (MAS)

Modified Ashworth Scale

The Modified Ashworth Scale (MAS) measures resistance during passive soft-tissue stretching. It is a quick and
easy measure that can help assess the efficacy of treatment. The following conventions prevail:

» The MAS is performed in the supine position (this will garner the most accurate and the lowest score as any
tension anywhere in the body will increase spasticity)

+ Because spasticity is “velocity dependent” (the faster the limb is moved, the more spasticity is encountered),
the MAS is performed while moving the limb at the “speed of gravity"; this is defined as the same speed at
which a non-spastic limb would naturally drop (fairly fast)

» The test is performed a maximum of three times for each joint; if more than three times, the short-term effect
of a stretch can influence the score

» The MAS is performed prior to goniometric testing; goniometric testing provides a stretch, and the short-term
effect of a stretch can influence the score

Scoring

0= Normal tone, no increase in tone

1= Slight increase in muscle tone. manifested by a catch and release or minimal resistance at the end of the
range of motion (ROM) when the affected part(s) is moved in flexion or extension

1+ = Slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout the
remainder (less than half) of the ROM

2= More marked increase in muscle tone through most of the ROM, but affected part(s) easily moved

3= Considerable increase in muscle tone, passive movement difficult

4 = Affected part(s) rigid in flexion or extension

Positions

The positions used for an MAS assessment are as follows:

Score Elbow. Start position: Elbow fully flexed, forearm neutral. Movement: Extend elbow from maximum
possible flexion to maximum possible extension. (Triceps would be in the same position, opposite direction.)

Score Wrist. Start position: Elbow as straight as possible. forearm pronated. Movement: Extend the

patient’s wrist from maximum possible flexion to maximum possible extension.

Score Fingers. Start position: Elbow as straight as possible, forearm neutral. All fingers are done at once.
Movement: Extend the patient's fingers from maximum possible flexion to maximum possible extension.

Score Thumb. Start position: Elbow as straight as possible, forearm neutral, wrist neutral. Movement:
Extend the thumb from maximum possible flexion (thumb against index finger) to maximum possible extension
(in anatomical position, “abducted”).

Score Hamstrings. Start position: Prone so that ankle falls beyond end of the plinth, hip in neutral rotation.
Movement: Extend the patient’s knee from maximum possible flexion to maximum possible extension

Score Quadriceps. Start position: Prone so that ankle falls beyond end of the plinth, hip in neutral rotation.

Movement: Flex the patient's limb from maximum possible flexion to maximum possible extension

Score Gastrocnemius. Start position: Supine, ankle plantarflexed. hip in neutral rotation and flexion.
Movement: Dorsiflex the patient’s ankle from maximum possible plantarflexion to maximum possible dorsiflexion
not more than three consecutive times and rate the muscle tone.

Score Soleus. Start position: Supine, ankle plantarflexed. hip in neutral rotation and flexion and with the
knee flexed to ~15°. Movement: Dorsiflex the patient’s ankle from maximum possible plantarflexion to maximum
possible dorsiflexion.

Reprinted with parmessson fom Pewer G Lovine 'I'eseng spastiaty: the Modded Astworth Scale June 2 2009, hipy// physeal therapy ad ancoweh com /Articky Testing-
Spastienty The Modded Ashworth Sesie s smdBahannon R, ot & Intarrater reliabdity of 2 Madied Ashworth Scale of muscle spastiaty. Fhys Ther, 1987 67(7)2206.207.

https://www.med-igq.com/files/noncme/material/pdfs/DOC%201--Modified%20Ashworth%20Scale.pdf
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Appendices 2: CONSENT FORM

THE HONG KONG
POLYTECHNIC UNIVERSITY

Ev 75 Y T T A

Consent Form

I (name of subject), hereby consent to participate as a subject for the project
entitled “Biomechatronic System Using Electromyography (EMG)-driven Neuromuscular Electrical
Stimulation (NMES) for Upper Limb Rehabilitation™.

e Thave understood the experimental procedures presented to me.

e I have given an opportunity to ask questions about the experiment, and these have been answered
to my satisfaction.

o The testing should not result in any undue discomfort, I realize that I can discontinue the
experiment with no reasons given and no penalty received during the experiment.

o Irealize the experiment will possibly benefit my upper limb motor functions.

e I agree that the PI and the project resecarch members, who obtained the authorization from the PIL,
can use my experimental data for this project study.

e I realize that the results of this experiment are the propertics of The Hong Kong Polytechnic

University
e Irealize that the results of this experiment may be published, but that my own results will be kept
confidential.
Subject name: Signature: Date:
Witness: Signature: Date:
Investigator:_ QIAN QIUYANG Signature: Date:
EES
%, CGEAE D), EEFEERZHESIT LR E SIS R ST
Bt -

o REHBAZEMARGALE.

o ROMATHENMAAMZHHNRE, I CRBRENEE.

o INREHAIA RN, KO BE TR PR LR RN ERAE TEAMES, 2E
T 2BV EAEE

o WO LM ERMRA TR UL SE R L2 3) TR

o RFEEAIEH BB NLLZHRENIEBRT AN B8 ERAE 5 C ek U IE E BT

o RUMBEEMARNSERBEHEIRS,

o ROMEEMH R HER, (A RRMEANERGERRE.

RRAEUA HE =)
PN HE =
MRS Btk HE 0
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