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ABSTRACT 

Restoration of upper extremity function requires the repetitive, intensive physical 

practice of the paralyzed extremity with voluntary motor effort (VME) and minimized 

compensatory motions in close-to-normal muscular coordination after stroke. Currently, 

robot-assisted rehabilitation therapy has been widely used as a solution for repeated and 

intensive upper limb training. Electromyography (EMG) and brain computer interface 

(BCI) were introduced as the control methods for robotic devices to detect voluntary 

motor effort and avoid compensatory motions. However, most chronic stroke survivors 

sustain poorer distal joint function recovery than that of proximal joint, with the 

proximal compensations for the distal upper limb motions. Furthermore, ‘learned non-

use’ occurs with the restriction on the possible recovery at the distal joints due to this 

muscle discoordination. Thus, the mechanism of the compensatory contraction of 

proximal muscles for distal joint motions should be further investigated. In this project, 

we first investigated the compensatory activities of the proximal upper limb among 

chronic stroke during the distal joints movements via corticomuscular coherence (CMC) 

and explored the corticomuscular coordination pattern. Based on the results, we then 

introduced CMC as the representation of the corticomuscular VME to a BCI system for 

wrist-hand function rehabilitation after stroke, with the purpose to reduce the proximal 

muscle compensatory contractions during the distal joint movements. 

The objectives of this project were as follows: 

(1) To explore the corticomuscular coupling patterns in the paralyzed upper 

extremity and the mechanism of compensatory activation from the proximal 

muscles through CMC and EMG measurements when persons with chronic 

stroke execute motor tasks at the distal joints. 
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(2) To develop a novel CMC-EMG-based BCI for wrist-hand function 

rehabilitation after stroke and evaluate its feasibility and rehabilitation training 

effectiveness through a pilot clinical trial. 

This project was divided into two parts to achieve these objectives: 

In the first part, 14 chronic stroke survivors were recruited as the experimental group 

to investigate the mechanism of compensatory activation of proximal muscle, with 10 

age-matched unimpaired participants as control group. EMG signals across the upper 

limb, including extensor digitorum (ED), flexor digitorum (FD), triceps brachii (TRI), 

and biceps brachii (BIC), and electroencephalogram (EEG) from the sensorimotor area 

were recorded. The proximal muscle compensatory contraction for distal joint 

movements was evaluated by CMC, EMG activation level and co-contraction index 

(CI). The stroke subjects showed significant differences in peak TRI and BIC CMC 

(P<0.01). No significant inter- or intra-group difference was observed in peak CMC 

during finger flexion. Higher EMG activation levels in TRI and BIC muscles, and 

higher CI in the muscle pairs involving the proximal muscles (TRI and BIC) were 

observed during both finger extension/flexion tasks in stroke group than those in control 

group (P<0.05). These results indicated that the proximal muscular compensation 

originated from the cortical level. 

In the second part, a novel CMC-EMG-based robotic BCI was developed for wrist-

hand rehabilitation. This system integrated the CMC and EMG activation levels to 

evaluate the central-and-peripheral VME, during the assistance of this system in wrist-

hand motion practice. Once the desired VME levels were detected, a neuromuscular-

electrical-stimulation-assisted robot of the wrist-hand joint would be triggered to assist 

the target motions, i.e., wrist-hand extension or flexion.  A single-group pilot clinical 
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trial with 20 sessions was conducted to evaluate its feasibility and rehabilitation training 

effectiveness for chronic stroke. During the multiple training sessions, there was a 

significant increase in the success rate of the system triggering by all stroke participants 

(P<0.05), which suggested the feasibility of using the system to assist the desired wrist-

hand movements. There was a significant improvement (P<0.05) post-training in the 

wrist-hand fine motion control measured by clinical scores and CMC, EMG activation 

levels and CIs in the related muscles of the upper limb. It demonstrated that this CMC-

EMG BCI was effective for fine motor function recovery with reduced compensatory 

motions from the proximal joints in the upper limb. 

In conclusion, the corticomuscular coordination of proximal muscle’s compensatory 

activations for the distal joint motions in the upper extremity was cortically derived in 

chronic strokes. A novel CMC-EMG-driven BCI system was developed for post-stroke 

wrist-hand rehabilitation. This CMC-EMG-based robotic BCI can feasibly assist in 

wrist-hand rehabilitation and could improve the wrist-hand function with reduced 

proximal compensation.  
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CHAPTER   1 

INTRODUCTION 

1.1.  Upper Limb Rehabilitation after Stroke 

Stroke is a leading cause of motor dysfunction among adults in both developed and 

developing countries (Johnston et al., 2009, Virani et al., 2021). If the cerebrovascular 

blood flow is interrupted due to a blockage of blood supply or if there is any leakage of 

blood due to the rupture of the blood vessels or altered vascular structures, then it causes 

an ischemic stroke or hemorrhagic stroke, respectively. The majority of chronic stroke 

survivors sustain a variety of long-term motor disabilities in the upper limb, including 

muscle weakness, spasticity, and discoordination(Kwakkel et al., 2003, Kong et al., 

2011, Langhorne et al., 2011). Usually, the distal joints in the upper limb, that is, hand 

and wrist joints, achieve significantly poorer motor recovery than the proximal joints. 

Up to 65% of patients with chronic stroke survivors failed to utilize their paralyzed 

limbs in their daily activities, with visible compensatory motions from proximal joints 

such as the elbow and shoulder (Dobkin, 2005). This might be the result of the 

spontaneous motor return with a sequence from the proximal to distal joints in the acute 

and subacute stroke stage (Takeuchi and Izumi, 2012, Raghavan, 2015). However, 

traditional professional therapists could hardly manage the coordinated movements 

from proximal to distal upper limb joints at the same time due to the limited physical 

strength. Therefore, alternative techniques which could facilitate the progress of the 

wrist-hand motor function restoration are needed to improve patient’s independence in 

daily living activities after stroke.  
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Neurorehabilitation after stroke can be treated as a process of motor relearning and is 

applied to the dysfunction limbs (Pollock et al., 2014, Leuner and Gould, 2009). The 

traditional viewpoint on rehabilitation after stroke suggested that significant motor 

recovery mainly occurs in the initial days or weeks after stroke onset and reaches the 

plateau within the 6 months, due to self-generated neurological improvement progress 

after stroke, which is called spontaneous recovery (Kong et al., 2011, Dobkin, 2005). 

However, recent studies have shown that in the chronic stroke period, the patients could 

also obtain significant motor improvements via intensive physical practice on the 

affected limb (Hung et al., 2016). Restoration of upper limb function highly rely on 

repetitive, intensive physical practice on the paralyzed extremity with voluntary motor 

effort (VME) and lessened compensatory motions after stroke (Hu et al., 2015, Nam et 

al., 2017, Qian et al., 2017, Qian et al., 2019). The maximized enhancement of the 

voluntary motor effort and involvement of recruited alternative neuromuscular 

pathways during the physical limb practice could lead to a positive prognosis (Lin et 

al., 2019, Dipietro et al., 2005, Hu et al., 2009). This is because intensive and repetitive 

physical practice with VME could facilitate the neural network reorganization in the 

unimpaired area of the motor cortex. Currently, robot-assisted rehabilitation therapy 

has been widely used as a solution for repeated and intensive upper limb training with 

low labor costs (Raghavan, 2015, Yang et al., 2012). However, the motor function 

restoration at the distal paralyzed joints might be limited by the unnecessary 

compensatory motions from the proximal parts of the paralyzed joints. 
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1.2. Proximal Compensations and Voluntary Motor Effort 

1.2.1. Proximal Compensatory Muscle Activation after Stroke 

To avoid the influence of the compensatory motions, electromyography (EMG) and 

brain–computer interface (BCI) based on an electroencephalograph (EEG) were further 

introduced as the control methods for robotic devices(Biasiucci et al., 2018, Sebastián-

Romagosa et al., 2020, Várkuti et al., 2013). In our previous studies, neuromuscular 

electrical stimulation (NMES) was involved in the robotic devices to imitate the 

electrical stimulation transmitting to the muscles with repetitive sensorimotor 

experiences (Hu et al., 2015, Nam et al., 2020, Qian et al., 2017, Rong et al., 2017). By 

applying the afferent sensory input to the peripheral nervous system via NMES, the 

effector muscles could improve the learned disuse and reduce the compensatory 

motions during physical practice. However, even with the assistance of these methods, 

most chronic stroke survivors had relatively poorer distal joint function recovery than 

that of proximal joint, with the proximal compensations for the distal upper limb 

motions. Muscle discoordination was particularly observed in the distal upper limb 

movements. Moreover, the patients with stroke usually involved the proximal upper 

limb joint contractions to compensate for the loss of hand function(Jones, 2017). 

Although these compensatory movements might further be mistakenly considered as 

motor impairments, only few research investigated the mechanism that how the cortical 

plasticity dynamically interacted with the upper limb’s muscular coordination of 

patients with chronic stroke.  

1.1.1. Voluntary Motor Effort Extraction 

To promote functional motor recovery after stroke, the central–peripheral VME along 

with physical practice can be performed on the paralyzed limb as an important approach. 



4 

 

Consistent with the previous studies, the rehabilitation robot system with voluntary 

intention inputs revealed a more positive prognosis after training sessions than the 

passive intension-triggered robotic system(Dobkin, 2005, Hu et al., 2009, Rong et al., 

2017). VME from the cortex and evoked physical muscle contraction could enhance 

the descending control to the effector muscles. Two main control strategies were used 

to detect the VME: (1) the central-intention-driven robots and (2) the peripheral-effort-

driven robots.  

Peripheral-effort-driven Robots 

In the peripheral-effort-driven robots, EMG from the effector muscles was usually used 

as a biomarker to detect VME from the peripheral neuromuscular system in the control 

algorithm design(Hu et al., 2009, Lin et al., 2019, Rong et al., 2017). This is because, 

in the isometric contraction, EMG amplitude could proportionally approximate the 

muscular output force(Hu et al., 2015). However, the muscle spasticity after stroke 

could evoke the involuntary EMG spike and cause a sudden increase in EMG 

amplitude(Subramanian et al., 2018). Thereby, the robot system might be mis-triggered 

due to the sudden increase in EMG amplitude even without VME. The poststroke 

spasticity was not originated cortically but rather was related to the disinhibited alpha 

motor neurons in the descending pathways mainly originated from the brainstem, 

following the loss of descending inputs from the cerebral cortex and basal 

ganglia(Bhakta, 2000).  

Besides the spasticity after stroke, the compensatory contraction from the proximal 

parts could cause the coactivation of effector muscles and mislead the peripheral-effort-

driven systems during the distal joint motion(Cai et al., 2020). The extra training of 

proximal muscles could enhance descending pathways to the proximal muscles when 
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only distal joints were trained. Consequently, during the distal joint movements, the 

cortical-originated VME mainly occurred at the proximal joints rather than the distal 

joints. However, to reduce the compensation and detect the VME on the effector muscle, 

the peripheral-effort-driven robots depended on visual supervision and correction by 

professional therapists(Cai et al., 2020). Conclusively, the peripheral-effort-driven 

robots based on EMG could not distinguish the EMG evoked by the cortical-originated 

VME from the involuntary spasticity EMG spike.  

Central-intention-driven Systems 

Central-intension-driven systems mainly adopted the EEG-based BCI technique. 

Typically, the system captured the cortical activity for further analysis through EEG 

when subjects performed a mental rehearsal of movements without actual execution of 

activity by the muscles, which is called motor imagery (MI)(Bai et al., 2020, Chaudhary 

et al., 2016). Once the specific MI pattern was recognized, visual and motion feedbacks 

or other stimulation would be provided simultaneously by the corresponding external 

devices, such as computer screens, robots, and NMES. Confirmed by the previous 

studies using functional magnetic resonance imaging, MI shares a similar cortical 

activation pattern with actual motor execution in the contralateral supplementary motor 

area and ipsilateral prefrontal cortex area(Bai et al., 2020).  

However, the BCI–MI intervention was reported to be slightly effective in poststroke 

rehabilitation once the baseline voluntary physical training was eliminated from the 

routine practices(Ang et al., 2011). In this regard, the poststroke motor restoration 

requires not only the volitional control in the central motor system but also an effective 

projection of motor commands to target muscles through neuromuscular pathways 

based on the principle of Hebbian plasticity, that is, central-to-peripheral VME, thereby 
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driving the neuroplasticity in alternative corticomuscular pathways for motor 

relearning(Biasiucci et al., 2018, Mrachacz-Kersting et al., 2016). As the residual 

movement ability was preserved in most of the stroke survivors, particularly in the case 

of chronic stroke, the central-intention-driven robots overlooked the central-to-

peripheral VME in the control design, presenting limited rehabilitation effectiveness. 

1.3. Corticomuscular Integrated BCI for Hand Rehabilitation 

Corticomuscular coherence (CMC) could reveal the functional connections in the 

descending neuromuscular pathways from the cortex to the muscles during upper limb 

movements, providing the potential ability to measure the cerebral-derived control 

mechanism(Meng et al., 2008, Mima and Hallett, 1999, Sheng et al., 2019). The 

location of cortical sources during the motion tasks and the tendency of neuroplasticity 

during the recovery progress could be traced by the coherence topography. The highest 

neuromuscular coupling and the area of the centra generator among the motor cortex 

was identified by the peak CMC value and its corresponding EEG channels during the 

motion tasks, respectively. Consistent with the previous studies, the descending 

command was gradually involved from the lateral and/or media premotor to the effector 

muscles after stroke(Larsen et al., 2017, Lou et al., 2013, Meng et al., 2009, von 

Carlowitz-Ghori et al., 2014). Moreover, the peak CMC location in the lesional side at 

acute stage shifted to the contralesional side at the chronic stage with the progress of 

stroke (von Carlowitz-Ghori et al., 2014). Though, a few studies draw attention to the 

descending control of the proximal muscles, which may induce the proximal 

compensatory muscle contraction after stroke during the distal joint motions. Most of 

the studies investigating the central descending control mechanism of distal limb 
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movements in patients with stroke via CMC only focus on the isolated effector distal 

muscles.  

On the other hand, the cortical-originated peripheral VME can be verified by 

corticomuscular coherence. It demonstrates the intensity of the neural synchrony 

between the cortical and muscle activities during voluntary movements based on the 

spectral correlation between EEG and EMG (i.e., EEG–EMG coherence), with the 

advantage of economical computation for real-time processing(Guo et al., 2020, Mima 

et al., 2001). The cortical-originated central-to-peripheral VME could be integrated into 

the robotic control by introducing the CMC index so that the robotic misdrive could be 

eliminated due to the independence between the involuntary EMGs and EEG observed 

in voluntary motor control. In people with stroke who have residual voluntary 

movements, CMC exhibited altered peak channel locations (e.g., the contralesional side) 

in the sensorimotor area associated with the relocation of the cortical center after a 

lesion and decreased poststroke impairment intensity. Despite this CMC-based 

evaluation on motor functions in existing literature(Lattari et al., 2010), limited research 

has been conducted on CMC-based robotic control, resulting in the isolated 

involvement of central and peripheral VME and lesser effectiveness in current robots 

for stroke rehabilitation.  

1.4. Objective of This Project 

The key to the restoration of upper extremity motor function after stroke is repeated, 

intensive physical practice of the affected limb with VME with the reduced 

compensatory motions(Hu et al., 2015, Hu et al., 2009, Nam et al., 2020, Nam et al., 

2017, Qian et al., 2017, Rong et al., 2017). Several varieties of bio-signals were utilized 

as a control method for robotic devices for detecting voluntary motor effort and 
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avoiding compensatory motions. However, most chronic stroke survivors demonstrated 

a poorer distal joint function recovery than that of proximal joint, with the proximal 

compensations for the distal upper limb motions. This muscle discoordination might 

further restrict the potential recovery at the distal joints, causing “learned disuse” (Jones, 

2017). Thus, the mechanism of compensatory contraction of proximal muscles for 

distal joint motions should be further investigated.  

Besides, the central-driven and peripheral-effort involvements remain isolated in most 

current robots for stroke rehabilitation. Although there are several EEG–EMG hybrid 

BCI, the central-to-peripheral VME related to the corticomuscular integration remains 

neglected. The EEG and EMG features were analyzed separately. However, it is 

observed that the false trigger of the robot could appear due to the spastic EMG without 

VME.  

Thus, the objectives of this project were as follows: 

1) To investigate the post-stroke corticomuscular coupling in the paralyzed upper 

limb muscles during the wrist hand motions and explore the mechanism of 

proximal muscles’ compensatory activation via CMC and EMG measurements. 

2) To develop a novel CMC-EMG-based BCI for hand function rehabilitation in 

patients after stroke according to the obtained underlying mechanism and 

simultaneously verify and evaluate its feasibility and rehabilitation training 

effectiveness. 
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CHAPTER   2 

CORTICOMUSCULAR COHERENCE(CMC) PATTERN OF 

PROXIMAL MUSCULAR COMPENSATATION FOR 

DISTAL HAND MOVEMENTS AFTER STROKE 

 

2.1. Introduction 

Cortical reorganization could promote the motor recovery in stroke victims 

synergistically with adaptive learning experiences(Langhorne et al., 2011). Although 

the cerebral neural networks and pathways were reorganized with the post-stroke neural 

plasticity process, research has shown that, within six months of onset, the motor 

recovery curve flattens in most cases(Dobkin, 2005, Kong et al., 2011). Once six 

months have elapsed, upper limb motor dysfunctions (muscle weakness, spasticity, 

discoordination, etc.) are seen in the most chronic stroke patients, even those who have 

recovered some degree of independence in daily living activities(KWAKKEL et al., 

1996). The distal upper limb segments, including fingers and wrist, play a vital role in 

daily living tasks and generally experience a lower degree of functional recovery 

compared to the proximal upper limb segments (shoulder and elbow)(Good et al., 2011). 

An earlier study highlighted muscle discoordination in distal upper limb movements 

and the use by many stroke patients of proximal upper limb joint contractions to 

compensate for loss of hand function(Qian et al., 2019, Nam et al., 2017). However, 

such compensation mechanisms, causing ‘learned non-use’ and ‘learned dis-use’ 

behaviors(Jones, 2017), may hinder motor recovery at the distal segments or even 

provoke further motor impairment. The present paper therefore aims to bridge a gap in 
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our knowledge concerning the interaction between cortical plasticity and dynamic 

upper limb muscular coordination in chronic stroke patients.  

 Findings of several types of neuroimaging research (positron emission tomography 

(PET), transcranial magnetic stimulation and functional magnetic resonance imaging 

(fMRI)) on post-stroke motor restoration in upper limb movement have demonstrated 

that cortex activities at the lesional side tend to reduce and that subjects frequently draw 

on the contralesional motor cortex(Calautti et al., 2003, Pineiro et al., 2001, Platz et al., 

2005). However, these neuroimaging techniques lack the high temporal resolution 

during the motions, leading to a blurring of the transient relationship between the cortex 

and muscles. Consequently, a different method was applied in the current research to 

shed light on processes whereby proximal muscle contractions are abnormally activated 

in the distal upper limb movements in stroke survivors. 

Bioelectric signals in the peripheral and cortex and muscles can be recorded by 

electromyography (EMG) and electroencephalogram (EEG), respectively, with higher 

time resolution than the three above mentioned methods. Corticalmuscular coherence 

(CMC) between the two signals captured (EEG and EMG) during upper limb 

movement shows the functional connections with relatively high temporal resolution in 

the descending neuromuscular pathways. The current study used CMC to determine the 

location of cortical sources when motion tasks were carried out as well as the tendency 

to neuroplasticity during rehabilitation progress. Commonly, CMC in Beta band (13–

30Hz) could be detected in both static isometric contractions and phasic 

movements(Brown et al., 1998),  and confirm the voluntary descending command to 

the effector muscles originated from primary motor cortex(Liu et al., 2019, Meng et al., 

2008, Mima et al., 1999). During the performance of the motion tasks, the most 

important neuromuscular coupling was indicated by the peak CMC value, and the 
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location of the central generator was shown by the corresponding EEG channel. In 

alignment with previous research using PET on chronic stroke patients, a shift in the 

location of CMC, from the lesional to the contralesional side, was identified, possibly 

because the effector muscles received the cortical command from the lateral and/or 

medial premotor area(Weiller et al., 1992, Weder et al., 1994, Seitz et al., 1995). 

Cortical commands to the corresponding effector muscles usually showed a weak 

coupling in cases of acute stroke due to motor impairment, after which a gradual 

increase is achieved during recovery(Fang et al., 2009, Larsen et al., 2017). Although 

CMC values of the upper limb flexors are higher in unimpaired subjects than in acute 

and subacute stroke patients, with the passage of time this situation reverses, and 

unimpaired subjects show lower CMC values in upper limb flexors than chronic stroke 

cases(Larsen et al., 2017). However, most research into post-stroke cerebral-derived 

distal-joint control mechanisms using CMC isolated the proximal muscles from the 

effector distal ones in wrist-hand extension, and the effector distal muscles include the 

extensor carpi radialis muscle and its antagonist muscle, flexor carpi radialis(Xu et al., 

2018). Further investigation is required of the compensatory contraction of proximal 

muscles for distal motions to determine whether such peripheral discoordination 

originates from the cortical alteration.  

The current study therefore aims to combine EEG and EMG measurements and use 

CMC to investigate the post-stroke muscular coordination mechanism of proximal 

upper limb muscular compensation for the distal joint movements at the paralyzed side.   



12 

 

2.2. Methodology 

Two groups were recruited in this study, one of chronic stroke patients and the other of 

age-matched unimpaired controls. The altered CMC between the two groups was 

 

Figure 2 - 1  The experimental setup for the CMC evaluation system 
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investigated to examine the coherence of activities between the effector muscles and 

the motor cortex. Besides, EMG activation level and co-contraction index (CI) was 

introduced to evaluate the peripheral neuromuscular excitation in the upper limb and 

explore the muscle coordination pattern between proximal and distal joints, 

respectively. Dominant hand and affected hand were selected for the study in the 

unimpaired control group and stroke group, respectively. 

2.2.1. Experimental Setup 

Figure 2 - 1. A depicts the experimental setup of this research. Subjects were asked to 

take a comfortable seating position in an electromagnetic shielded laboratory. In front 

of them there was a 21-inch computer screen to visually display real-time EMG 

activation level feedback. Subjects placed their testing forearm in the neutral position 

restrained via an orthosis. The robotic hand orthosis in our previous projects (see Figure 

2 - 1. A) restrained the wrist and finger position under its palm-wrist and separate finger 

modules for normalization (Nam et al., 2017, Qian et al., 2019). The testing wrist was 

fixed at a 0° angle. The thumb finger was fixed at 180° and 165° at the 

metacarpophalangeal and proximal interphalangeal joint, respectively, and the other 

fingers were fixed at 135° at both metacarpophalangeal and proximal interphalangeal 

joints.  

Electrodes Configuration 

A g.GAMMAsys active electrode EEG system consisted of 64 channels was used in 

this research, of which 21 channels related to the sensorimotor cortex area shown in 

Figure 2 - 1. B were selected for the further analysis. The EEG electrode system was 

positioned on the scalp as per the 10–20 system with the reference to the left earlobe 

and ground at AFz. EEG signals were first subject to amplification of 10,000 times via 

 



14 

 

four sets of g.USBamp, Austria. A band-pass filter from 1Hz to 100Hz with a 50Hz 

Notch filter was applied to the signals. EMG signals were gathered using a bipolar EMG 

electrodes system attached to the skin surface with two centimeters apart at muscle 

bellies. Both agonist and antagonist muscle pairs across the upper limb were selected 

for data record, including extensor digitorum (ED)/ flexor digitorum (FD) for finger 

extension/flexion, and triceps brachii (TRI)/ biceps brachii (BIC)) for elbow 

extension/flexion. The olecranon bone was used as the reference for the EMG. All EMG 

signals were subject to 1,000 times amplification. A 10Hz–500Hz band-pass filter with 

the 50Hz notch filter was applied to the signals (Qian et al., 2019, Rong et al., 2017). 

The threshold of electrode impedances was below 5kΩ for both EEG and EMG 

recording. A DAQ card (National Instrument, USB-6009 DAQ Device) was used to 

synchronize the EEG and EMG signals sampled at the 1200Hz frequency with the user 

interface in a LABVIEW program. In order to visually evaluate the isometric finger 

contraction level to control the motor output, the EMG levels from the agonist muscle 

ED and FD were online calculated and displayed via the LABVIEW program. 

User Interface with Visual Feedback 

The LABVIEW 2015 program provided the user interface and displayed the real-time 

contraction level (shown in Figure 2 - 1. C). Variation in the contraction level from the 

target muscle was shown by a color gradient meter in the background panel. A 

permissible ±10% deviation of the target contraction level was indicated by two static 

aquamarine pointers to either side of the midpoint, while a moving pointer showed the 

real-time contraction level, similar to the experimental setup described in (Meng et al., 

2009). The equation below was used to calculate the real-time contraction level of EMG: 

𝑬𝑴𝑮𝒄(𝑬𝑫 𝒐𝒓𝑭𝑫) =
𝑬𝑴𝑮(𝑬𝑫 𝒐𝒓 𝑭𝑫)−𝑬𝑴𝑮𝒃𝒂𝒔𝒆

𝑬𝑴𝑮𝒎𝒂𝒙(𝑬𝑫 𝒐𝒓 𝑭𝑫)−𝑬𝑴𝑮𝒃𝒂𝒔𝒆
× 𝟏𝟎𝟎%, (Eq. 2-1) 
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where EMGc(ED or FD) represents relative EMG contraction level of the agonist muscle 

during the distal moitons and the error between it and the required contraction level is 

displayed  as the red pointer in the real-time visual feedback (Figure 2 - 1. C) ; EMG(ED 

or FD) represents the 1.6-s-window moving average value of the agonist muscle’s 

absolute EMG envelope when executing finger extension or flexion motion, 

respectively; EMGmax (ED or FD) and EMGbase represents the average value of the ED or 

FD’s absolute EMG envelope in the isometric maximum voluntary contraction(iMVC)  

state and in the resting state, respective, following the procedure in 2.2.3 iMVC Test. 

2.2.2. Subject Recruitment 

Fourteen chronic stroke subjects were recruited in the stroke group under the following 

criteria for inclusion: (1)18–70 years old; (2) had been given a diagnosis of singular 

and unilateral stroke at least one year after stroke (Qian et al., 2019); (3) had the 

capacity to understand the study content and purpose, and the cognitive awareness 

required to carry out the given instructions (Mini-Mental State Examination 

(MMSE>2)(Folstein et al., 1975); (4) had suffered severe to moderate upper limb motor 

deficits on the paralyzed side (Fugl-Meyer Assessment (FMA) for upper limb 

(15<FMA<45, maximal score 66) (Fugl-Meyer et al., 1975); (5) demonstrated muscle 

Table 2 - 1 Demographic data of participants from both groups 

(A)Demographic data of the participated stroke and the age-matched control subjects 

 

(B)Onset years and clinical scores of the stroke group 
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spasticity at elbow, wrist, and finger joint (Modified Ashworth Scale (MAS) ≤3) 

(Bohannon and Smith, 1987); and (6) could obtain a voluntary EMG level over three 

times standard derivation above baseline from the ED, FD, TRI, and BIC muscles on 

the affected side (Hu et al., 2015). Ten age-matched unimpaired subjects without 

neurological deficits or visible upper limb motor dysfunction were recruited as the 

control group. In addition, previous studies also indicated that the CMC parameters 

showed little connection to the gender factor, hence, no specific gender requirement 

was involved in this subject recruitment procedure (Chen et al., 2018, Sheng et al., 2019, 

von Carlowitz-Ghori et al., 2014) . The demographic data of the subjects from both 

groups was shown in Table 2 - 1. 

This study has been approved by the Human Subjects Ethics Subcommittee of the Hong 

Kong Polytechnic University. Every participants from the both groups in this project 

were requested to sign a consent form after they were notified of the content and 

purpose of this study at the beginning of the experiment. 

2.2.3. Experiment Protocol 

iMVC Test 

iMVC tests were conducted on each subject at the start of the trial to record the absolute 

EMG envelope during both iMVC and resting state. The procedure was as follows: (1) 

subjects stayed in the resting state and relaxed the bilateral upper limb for 5 seconds (3 

repetitions); (2) subjects were instructed to execute maximum voluntary Ex and Fx 

under the restriction of a robotic hand orthosis (3 repetitions); (3) subjects were 

conducted to execute the maximum voluntary elbow extension and flexion under the 

restraint of a robotic orthosis with the elbow at 90° flexion and the shoulder abduction 

at 70° (Rong et al., 2017, Qian et al., 2017) (3 repetitions). The EMG amplitudes of the 

four muscles were recorded during all the procedures. Muscle fatigue during the iMVC 
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was minimized by a 5-minute interval between each contraction. Mean values of 

absolute EMG amplitude from the iMVC tests were taken to represent the maximum 

EMG amplitude (EMGmax(i)), while the average values of each muscle from the three 

resting state tests was denoted as EMGbase(i), where i was the muscle (ED, FD, TRI, 

BIC). All the raw EMG data gathered were stored for further offline processing in Data 

Processing and Analyzing. 

Isometric Finger Extension/Flexion Motions 

Once the iMVC test was completed, participants were asked to perform finger extension 

and flexion motions at two different contraction levels. Limb configuration for these 

motions is shown in Figure 2 - 1.A. Previous research (Meng et al., 2009, Zheng et al., 

2016, Zheng et al., 2018) indicated that the constant muscle contraction at moderate 

level (EMGc <50%) produced the strongest Beta-band CMC without causing high levels 

of muscle fatigue. To investigate CMC, the present research used four different 

schemes at 20% and 40% contraction levels as the motion target, two for extension 

(Ex20% and Ex40%) and two for flexion (Fx20% and Fx40%) in Table 2 - 2.  

All subjects performed all the schemes shown in Table 2 - 2 in random order with the 

configuration mentioned above (see Figure 2 - 1.A). Having read the visual instructions 

Table 2 - 2 Definition of 4 motion schemes for the CMC evaluation. 
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provided for each scheme (displayed on the screen in front of them), subjects executed 

isometric extension or flexion contractions, attempting to apply the correct degree (20% 

or 40% MVC) of strength to a fixed 50%-opened robotic hand orthosis to keep the red 

pointer on target (the midline of the plate). The ideal control, as determined by the 

achievable range of stroke survivors in the previous study(Meng et al., 2009) consisted 

of 0% deviation from the midline during a 30-s period with no more than ±10% 

fluctuation error. Five repeated trials were conducted in each of the schemes, with two-

minute rest period between each two sequential contractions to counter any effects of 

muscle fatigue. Muscle fatigue was monitored by the 10% decline of mean power 

frequency (MPF) calculated in subsequent offline process(Tecchio et al., 2006). During 

the experiments, no fatigue could be detected. Subjects were also asked to avoid any 

bite, eye blinking, and trunk movements during the 30-s finger motion tasks. The data 

acquired during the last 5 seconds of each EEG and EMG trial was omitted from the 

analysis to ensure the stability of the signals. 

2.2.4. Data Processing and Analyzing 

After the band-pass and notch-filtering processes previously described, the 

synchronized EEG and EMG artifacts were removed visually. After that, the EEG and 

EMG were segmented into non-overlapping 1024-ms epochs as described in (Meng et 

al., 2009, Lou et al., 2013, Divekar and John, 2013). This research used non-rectified 

EMG signals to calculate CMC as a means of minimizing the frequency distortion 

caused by the rectification (McClelland et al., 2012). The five trials yielded 150 seconds 

of synchronized EEG and EMG signals per subject. Thereafter, 175 epochs were 

obtained from each scheme in Table 2 - 2 and sequentially explore to detect the 

coherence, as shown below (Rosenberg et al., 1989):  
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𝑪𝑴𝑪 (𝝈) =
| 𝒇𝒙𝒚(𝝈)|

𝟐

𝒇𝒙𝒙(𝝈)∙𝒇𝒚𝒚(𝝈)
  , (Eq.2-2) 

where 𝒇𝒙𝒙(𝝈) and 𝒇𝒚𝒚(𝝈) represent the auto-spectrum of the selected EEG and EMG 

signals respectively, and 𝒇𝒙𝒚(𝝈) represents the cross-spectrum of EEG and EMG. The 

equation below was used to calculate the confidence level (CL): 

𝑪𝑳(𝜶%) = 𝟏 − (𝟏 −
𝜶

𝟏𝟎𝟎
)

𝟏

𝑵−𝟏
   , (Eq.2-3) 

 

𝑵 =
𝑺𝒂𝒎𝒑𝒍𝒊𝒏𝒈 𝑹𝒂𝒕𝒆×𝑫𝒂𝒕𝒂 𝑳𝒆𝒏𝒈𝒕𝒉×𝑻𝒓𝒊𝒂𝒍 𝑵𝒖𝒎𝒃𝒆𝒓

𝑬𝒑𝒐𝒄𝒉 𝑳𝒆𝒏𝒈𝒕𝒉
, (Eq.2-4) 

where 𝜶 represents the significance level (𝜶=95 with corresponding 𝑃 value equals 

0.05 in this experiment); 𝑵  represents the total quantity of data segments; and 

𝑪𝑳(𝜶%)represents the coherence CL, that is, the lower threshold for coherence to be 

considered significant. In this experiment, the CL was 0.0170 in response to 𝑵=175. 

Peak CMC in Beta band(13–30Hz) described the highest significant coherence between 

the 21 selected EEG channels in motor cortex and each of the testing muscles (ED, FD, 

TRI, or BIC) during the finger motion tasks(Meng et al., 2009, Zheng et al., 2018, Lou 

et al., 2013). CMC topological maps could indicate the distribution of cortical activation 

location in the motor cortex in both groups. 

The normalized EMG activation level and the CI were used to assess the muscle 

activation level of four muscles(ED, FD, TRI, BIC) and co-contraction patterns 

between each muscle pairs during subjects executing the distal finger tasks mentioned 

in Table 2 - 2, respectively(Qian et al., 2017). 
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As a first step, the absolute EMG amplitude of each of the four muscles i, was 

normalized with the EMG data of the same muscle obtained from the resting state and 

iMVC test in 2.2.1- User Interface with Visual Feedback, using the equation below: 

𝒏𝑬𝑴𝑮𝒊 =
𝑬𝑴𝑮𝒊−𝑬𝑴𝑮𝒃𝒂𝒔𝒆(𝒊)

𝑬𝑴𝑮𝒎𝒂𝒙 (𝒊)−𝑬𝑴𝑮𝒃𝒂𝒔𝒆(𝒊)
 , (Eq.2-5) 

Thereafter, the average normalized EMG activation level during the tasks was 

calculated following the equation below:  

𝑬𝑴𝑮̅̅ ̅̅ ̅̅ ̅ =
𝟏

𝑻
∫ 𝒏𝑬𝑴𝑮𝒊(𝒕)𝒅𝒕

𝑻

𝟎
, (Eq.2-6) 

where 𝑬𝑴𝑮̅̅ ̅̅ ̅̅ ̅  represents the average normalized EMG activation level of muscle 𝒊 

during the motion tasks, 𝒏𝑬𝑴𝑮𝒊(𝒕)  represents the normalized EMG amplitude of 

muscle 𝒊 throughout the repeated five isometric contractions tasks, and 𝑻 represents the 

corresponding signal length in total. 

The following expresses the CI between each muscle pair:  

𝑪𝑰 =
𝟏

𝑻
∫ 𝑨𝒊𝒋(𝒕)𝒅𝒕

𝑻

𝟎
, (Eq.2-7) 

where 𝑨𝒊𝒋(𝒕) represents the overlapped normalized EMG amplitude (as per Eq.2-5) of 

a muscle pair (𝑖 and 𝑗). CI values were between 0 (zero overlap) to 1 (full overlap). 

Higher the CI values indicated the higher intensity of simultaneous contraction in the 

muscle pairs during a motion task. While a fall in CI values indicated a higher 

possibility that the two muscles could be separately activated(Nam et al., 2017, Qian et 

al., 2019, Qian et al., 2017). 
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2.2.5. Statistical analysis 

 

Figure 2 - 2 Representative CMC spectra and CMC topographical maps 
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Application of the Lilliefors method to test normality of CMC values and EMG 

parameters revealed normal distribution of data (P>0.05). The independent t-test and 

Fisher’s exact test were used to check for baseline differences in the demographic data 

of both groups, revealing no significant between-subject difference in either group as 

concerns age, gender, or side of experimental hand (P>0.05). The independent t-test 

was used to analyze the amplitudes of the peak CMC and EMG parameters in each 

motion scheme to compare intergroup differences. Thereafter, intragroup difference of 

CMC and EMG parameters of each muscle during four motion tasks was assessed with 

a paired t-test with intragroup factor of contraction level (20% and 40%). The alpha of 

the statistical significance was set at 0.05. SPSS 24.0 (2016) was used to carry out all 

statistical calculations, with three confidence levels set at 0.05, 0.01, and 0.001. 

2.3. Result 

All subjects from both stroke and control group completed the four finger extension 

and flexion motion schemes in Table 2 - 2 following the experimental protocol above.  

2.3.1. Corticomuscular Coherence 

Figure 2 - 2 visually depicts the representative CMC spectrum and topographic maps 

of the four testing muscles when stroke and unimpaired subjects executing Ex20% and 

Fx20% using their right hand. The peak CMC values, and the frequencies, EEG 

channels correspond to peak values are shown in the following table. 

Under the Ex20% scheme, significant peak CMC of the four muscles emerged on the 

contralateral hemisphere among unimpaired subjects, whereas in the stroke group,  peak 

CMC on the contralesional hemisphere was from the proximal muscles and peak FD 

CMC was loacted in the central region. These findings demonstrated a shift of the 

cortical activation location after stroke when the Ex20% was performed. Compared 
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with the control group, subjects in the stroke group also showed a pronounced shift of 

peak CMCs when executing the Fx20% movements. The loaction of the peak distal 

muscles’ CMC shifted to the central area on motor  cortex, and the location of the peak 

CMC from proximal muscles moved to the ipsilateral hemisphere. 64% of stroke 

subjects (9 of 14) and 70% of unimpaired subjects (7 of 10)  followed the representative 

feature depicted in the  Figure 2 - 2.  

Figure 2 - 3 indicates the peak CMC from each muscle of both stroke and control group 

when executing finger extension (Figure 2 - 3. A) and flexion (Figure 2 - 3. B) 

movements at two contraction levels (20% and 40% of MVC). During finger extension 

tasks (shown in Figure 2 - 3. A), we can observe that the significantly lower peak CMC 

of ED and FD were found in the stroke group than the one in the control group at Ex20% 

and Ex40% (Table 2 - 3). No matter the 20% or 40% contraction levels during finger 

extension, no significant intergroup difference between the two groups was observed 

in peak CMC of the proximal TRI and BIC. The intragroup comparison between the 

 

Figure 2 - 3 The Peak CMC values from each muscle of both stroke and control groups during 

different motion schemes 
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contraction levels during extension tasks are depicted in Figure 2 - 3.A as well. The 

unimpaired control group revealed a significant higher peak ED CMC  and lower peak 

FD CMC (Table 2 - 3) at 20% contraction level than the ones at 40% contraction level, 

while, the peak CMC of the proximal muscles(TRI and BIC) among unimpaired 

subjects demonstrated no significant change between the two contraction levels. 

Among stroke subjects, in contrast, significantly higher peak CMC values were 

observed in the proximal muscles (TRI and BIC) at 20% contraction level than the ones 

at 40% contraction level (Table 2 - 3), while there was no significant intragroup 

difference in peak CMC of ED and FD between the two contraction levels. As shown 

in Figure 2 - 3.B, during the flexion motions, no significant intergroup difference 

between these two groups was observed, nor any significant intragroup difference 

between the two contraction levels schemes in terms of peak CMC. Table 2 - 3 presents 

a summary of the statistical results in regard to the values of peak CMC. 

 

Figure 2 - 4 The EMG activation levels of both group in 4 motion schemes 
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2.3.2. EMG Parameters 

Figure 2 - 4 depicts the average normalized EMG activation levels of the studied 

muscles from both stroke and control group when subjects were executing the four 

motion schemes. In each of the schemes, subjects were requested to maintain the EMG 

activation level of the agonist muscle (ED or FD) at either 20% and 40% out of MVC 

with allowed ±10% error during both extension and flexion motion (being the 20% and 

40% target levels). 

Average normalized EMG activation levels of FD, TRI, and BIC during finger 

extension motion are depicted in Figure 2 - 4.A to Figure 2 - 4.C. As shown, during the 

extension motion, there were significant higher intergroup activation levels observed in 

the stroke group from the TRI and BIC at both Ex20% and Ex40% (Table 2 - 4).  While 

the FD of stroke subjects revealed a significant lower EMG activation level at Ex40% 

(Table 2 - 4,) than the one of control group. With the increase of the contraction level 

 

Figure 2 - 5  The CI values between the muscle pairs of both groups 
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from 20% to 40%, significant difference was observed only in the control group from 

FD and TRI (Table 2 - 4). 

Normalized EMG activation levels of ED, TRI, and BIC during flexion motions are 

depicted in Figure 2 - 4.D to Figure 2 - 4.F. Significantly higher BIC activation level at 

Fx40% and TRI activation level at both 20% and 40% contraction levels were observed 

from stroke group than the ones from the control group(Table 2 - 4). As regards 

intragroup differences, these were only significant difference among unimpaired 

subjects in relation to ED and TRI between the two different contraction levels (Table 

2 - 4). 

Figure 2 - 5 depicts the CI value patterns of each pair of muscles, showing that 

significant intergroup differences of the CI values between the two groups occurred 

during both Ex20% and Ex40% schemes in the ED-BIC, FD-BIC, ED-TRI, FD-TRI 

and TRI-BIC pairs (Table 2 - 5). As regards ED-FD, however, intergroup difference 

was only significant at Ex40% (Table 2 - 5). Turning to intragroup differences, these 

were only significant among unimpaired subjects in the ED-FD, ED-TRI, and FD-TRI 

(shown in Table 2 - 5) muscle pairs, whereas intergroup differences during the flexion 

schemes were significant in the ED-TRI pair at both Fx20% and Fx40%; FD-BIC at 

Fx40%; FD-TRI at both Fx20% and Fx40%; and TRI-BIC pair at both Fx20% and 

Fx40% (Table 2 - 5). As regards the stroke group, intragroup differences were revealed 

between the Fx20% and Fx40% schemes in regard to the ED-FD, FD-BIC and FD-TRI 

pairs (Table 2 - 5). As regards the control group, intragroup changes were significant 

in the ED-FD and FD-TRI pairs (Table 2 - 5).     
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2.4. Discussion 

 

Table 2 - 3 Mean values of the peak CMC from each muscle during 4 motion schemes with 95% confidence interval 
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The performance of isometric finger extension/flexion motions was evaluated at two 

steady and moderate contraction levels to explore the difference between the stroke and 

control group. 

Findings indicate that the CMC values of the four testing muscles were all significant 

(over the CL= 0.0170 ) in both stroke and control group, indicating potential 

corticomuscuar coupling between the motor cortex and the effector muscles in the 

Table 2 - 4 Means with 95% confidence intervals of EMG levels during 4 motion schemes  
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upper limb distal joint movements (the Ex20%, Ex40%, Fx20%, and Fx40% schemes). 

The CMC indicates there could be a descending neuropathway control originated from 

the motor cortex and evoke the excitation of the corresponding muscles. However, 

increased muscular output was not indicated by high-value CMC. Instead, cortical 

control related to motion precision increased, whether excitatory or inhibitory (Divekar 

and John, 2013, Schulz et al., 2013). Therefore, the EMG parameters including EMG 

activation level and CI were introduced in this study to provide the supplementary 

information on the significant CMC pattern during the distal joint movements in the 

upper limb.  

2.4.1. Finger Extension 

As shown in Figure 2 - 3.A, peak ED CMC of unimpaired subjects were considerably 

higher at Ex20% than at Ex40%, suggesting cortical efforts were more strongly applied 

when motion control was more precise and agile. This suggestion aligns with the fact 

that most subjects struggled more during the 30-s motion tasks at the 20% MVC 

contraction level than the 40% one, as revealed by a higher degree of fluctuation of 

error. Prior research has similarly revealed that motor cortical activation was correlated 

to the level of motion difficulty (Wilcox et al., 2014, Hallett, 2001, Boroojerdi et al., 

2001, Calautti et al., 2001). Among unimpaired subjects, no significant changes were 

observed between peak TRI and BIC CMC between Ex20% and Ex40%. 

However, stroke subjects did not reveal the same ED CMC patterns as those seen in the 

unimpaired control group. The similar CMC patterns were seen from the TRI BIC 

muscles at the proximal upper limb, which, during the Ex20% scheme, showed higher 

CMC than those of the FD. This finding aligns with normalized EMG activation level 

and CI results, as shown in Figure 2 - 4  and Figure 2 - 5, respectively. Significantly 

higher EMG activation levels were noticed from the proximal TRI and BIC muscles 
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among stroke subjects than the ones from unimpaired controls. Intergroup significant 

Table 2 - 5 Means with 95% confidence intervals of CI from the muscle pairs during 4 motion schemes 
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difference of the co-contraction index patterns was also observed in the muscle pairs 

between the stroke and unimpaired control groups. During finger extension at both two 

contraction levels, stroke subjects demonstrated a significantly higher CI of ED-TRI, 

FD-TRI, TRI-BIC, ED-BIC, FD-BIC than healthy controls. These findings indicated 

that the stroke patients exhibited a compensatory disturbance of proximal upper limb 

during the distal extension movements, suggesting that upper limb movements had been 

affected by ‘learned-disuse’ behaviors. Some previous studies have indicated that such 

behavioral changes are mainly due to the loss of peripheral (distal) muscle functions, 

on the one hand, and the fact that patients prefer to compensate for the distal movements 

by using their intact (proximal) muscles (Bobath, 1990, Kwakkel and Wagenaar, 2002), 

on the other. However, the results of CMC analysis revealed that the emergence of TRI 

and BIC contractions during distal motion tasks could be due to the altered instruction 

directly from the sensorimotor cortex of the stroke subjects, rather than the adaptation 

at the peripheral end. Hence, the alterations in behavior brought out by ‘learned-disuse’ 

may represent the cortical-originated neuromuscular alteration that emerges after a 

stroke, as the result of that neurons and its aggregates could gradually to adapt the lesion 

of cortex (Christian et al., 2014). When the brain neuron axon sustained damage, its 

stump would create new synapses by extending to the target tissues or neuron cells 

(Chechik et al., 1998), thus normal axons near the injured region would develop and 

grow to the target neurons (Huttenlocher and Dabholkar, 1997). Prior research using 

fMRI has observed a shift in corticomotor activations among chronic stroke patients, 

from the contralateral to the ipsilateral side (Wilkins et al., 2017, Carey et al., 2002). 

However, little research has to date shed light on the effect of ipsilateral corticospinal 

connections on post-stroke distal muscle control during hand movements (Werhahn et 

al., 2003, Soteropoulos et al., 2011, Zaaimi et al., 2012). The findings of the present 
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research (Figure 2 - 2) indicated that such a cortical location shift may principally be 

relate to the compensatory activation of proximal upper limb muscles for distal joint 

movements after stroke. This compensatory movements could be further promoted via 

the synaptic pruning and synaptogenesis of neurons. 

Among stroke subjects, peak ED CMC were higher in the high-level (40%MVC) than 

the low-level(20%MVC) task, possibly as a result of the muscle weakness of ED 

(McClelland et al., 2012) or because higher-level contraction tasks require more cortical 

effort from stroke patients.  

Different from the CMC of ED muscle, the peak CMC of the antagonist muscle FD 

from unimpaired participants was significantly higher at Ex40% than at Ex20%. 

Because subjects had to maintain the stability of the wrist joint during the isometric 

finger extension at a higher contraction level for 30s, they needed to generate a greater 

cortical effort on executing FD contractions(Raghavan, 2015, Forner-Cordero et al., 

2007). By contrast, peak FD CMC among stroke subjects was lower at high- than low- 

contraction level extension. Significantly lower peak FD CMC of the stroke group 

emerged at Ex40% than the one of the unimpaired group, aligned with the lower FD 

activation level and ED-FD CI than the control group. This could raise a potential 

mechanism that the weak of the FD antagonism was the consequence of the loss of 

agonist ED function after stroke but not an initiative weakness in the FD muscle. 

2.4.2. Finger Flexion 

Previous studies showed a decrease in CMC occurred immediately after stroke and 

found that CMC did not play a significant role in the early stage of wrist-hand function 

recovery (Larsen et al., 2017). The current research observed a significant peak during 

both 20% and Fx40% schemes in the CMC (𝐶𝑀𝐶 (𝜎) > 0.0170) of all upper limb 
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muscles in the stroke subjects, indicating a re-establishment of corticomuscular 

coupling among the chronic stroke survivors(Meng et al., 2009, Chen et al., 2018). 

Though, the remodeled CMC pattern after stroke may differ from the pattern revealed 

by the unimpaired subjects during the distal movements. Peak FD and ED CMC of both 

chronic stroke and unimpaired group were similar during the finger flexion tasks, as 

shown in Figure 2 - 3; however, the peak CMC of the distal muscles from stroke 

subjects moved to the central area, as shown in Figure 2 - 2. A study on primates  

suggested this shift might be due to the activation of cortico-reticulospinal connections 

between the two hemispheres, and pontomedullary reticular formation was instrumental 

in controlling finger movements with slow velocity and fine motor control 

(Soteropoulos et al., 2012). 

Among the unimpaired control subjects, the peak BIC CMC increased aligned with the 

rise of contraction level from 20% to 40%, however, the inverse trend was observed in 

peak TRI CMC. Besides, the EMG activation level of these two proximal upper limb 

muscles had no significant difference between the two contraction levels. The 

significant TRI CMC and BIC CMC could be the result of the distal joint movements 

among unimpaired subjects inhibited the proximal muscles’ motion activation. In this 

case, the BIC played the synergistic flexor during the distal joint flexion, while the TRI 

could be considered as the inhibitor of the antagonist extensor(Huttenlocher and 

Dabholkar, 1997, Frost et al., 2003, Kozlowski et al., 1996).  

Although significant intra-group and intergroup differences were imperceptible in peak 

CMC of TRI and BIC, significant inter group differences were revealed in the EMG 

activation level and CI between two groups (shown in Figure 2 - 4). In particular, stroke 

subjects showed significantly higher proximal muscle (TRI/BIC) activation levels than 

unimpaired subjects. Similarly, stroke subjects exhibited significantly higher CI of ED-
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TRI, TRI-BIC, FD-TRI at both Fx20% and Fx40%, and of FD-BIC at Fx20%. Aligned 

with the previous studies(Nam et al., 2017, Qian et al., 2019, Qian et al., 2017),  there 

were synergistic co-contractions and compensation of the proximal muscle, TRI and 

BIC, during the distal finger flexion at 20% contraction level.  The location of peak 

CMC from TRI and BIC immigrated from the contralateral hemisphere to the ipsilateral 

side among the chronic stroke subjects, aligned with the obtained patterns in finger 

extension tasks (shown in Figure 2 - 2). Chen et al. observed a similar pattern among 

chronic stroke survivors suffering flexion synergy; in this case, the increase in the CMC 

of proximal flexors was thought to be caused by an increased shared neural drive on 

both distal and proximal upper limb flexors (Chen et al., 2018). This finding may 

suggest that the initial corticomuscular coupling for inhibition transformed into a 

command for facilitation after stroke and the altered corticomuscular coupling evoked 

the proximal muscles’ compensatory movements for the distal joint flexion. Further 

research is necessary to shed light on the exact function of altered corticomuscular 

coupling after the CMC location shift at the proximal muscles.  

Chronic strokes with moderate motor injury were recruited in this study via clinical 

assessments shown in Table 2 - 1 and usually developed the compensatory movements.  

The interhemispheric neural compensation for behavioral restorations originated from 

the cortical level after stroke, confirmed via a series of fMRI study on animals and 

humans (van Meer et al., 2010, He et al., 2007, Carter et al., 2010). Cortico-motor 

involvements in chronic stroke patients when executing distal joint movements shifted 

from the ipsilesional to the contralesional after stroke(Carey et al., 2002, Wilkins et al., 

2017). The underlying mechanism for the shift toward the center of the cortex after 

stroke might be the result of the neural plastic strategies by involving extra neurons 

from contralesional (inter-hemispheric) and additional intra-hemispheric areas 
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(Christian et al., 2014, Chechik et al., 1998). The shifts of peak CMC aligned with the 

previous studies in the stroke group (Figure 2 - 2 B, D), suggested moderate motor 

impairment after stroke could cause the behavioral compensations from the cortical 

level. Moreover, the shift of the peak CMC channels to the contralesional side after 

stroke primarily originated from the proximal muscle activation, (the peak CMC of TRI 

and BIC moved to the contralesional hemisphere with higher intensities shown in 

Figure 2 - 2. B, D), rather than the shifts of distal muscles (FD and ED, maintained in 

ipsilesional or shifted to the center areas). Therefore, there are extra cortical 

neuroplasticity on the proximal muscles instead of the distal muscles after stroke, as the 

result of the compensatory movements from the proximal joints to the distal joints.  

2.5. Periodic Summary 

In this study, neuromuscular coupling during isometric muscle contraction measured 

via CMC and EMG parameters was evaluated to examine the post-stroke 

corticomuscular coordinating mechanism of compensatory activities at the proximal 

joints for the distal joint actions at the affected side. Our findings indicated that 

proximal upper limb compensatory movements in chronic patients was originated from 

the cortex during the distal finger movements, while the proximal muscles TRI and BIC 

were activated from the ipsilateral side of the cortex. This finding aligns with the results 

reported by research using other neuroimaging methods: a concentration of the cortical 

activation shift within the proximal upper limb muscles rather than the distal agonist 

muscles. Stroke subjects had to recruit extra cortical effort of ED to maintain the higher 

contraction intensity (40%) than unimpaired subjects. Peak CMC from FD during 

finger flexion motions among stroke subjects were comparably intense and revealed a 

similar pattern to those of unimpaired subjects. However, similar to the CMC location 
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of the ED, a shift to the central region in the neural drive to FD was also seen among 

chronic stroke subjects.   
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CHAPTER   3 

A CORTICOMUSCULAR ELETROMYOGPHY BASED 

BRAIN COMPUTER INTERFACE FOR WRIST/HAND 

REHABILITATION AFTER STROKE 

3.1. Introduction 

After stroke, the progress of the functional motor recovery could be facilitated via the 

paralyzed limb’s physical movements driven by the voluntary motor effort(VME) from 

the central to peripheral nervous system(Jones, 2017). In previous studies, the 

rehabilitation robot system with voluntary intention inputs revealed a more positive 

prognosis after training sessions than the passive intention-triggered robotic system. 

VME from the cortex and evoked physical muscle contraction could enhance the 

descending control to the effector muscles (Jones, 2017, Turton and Lemon, 1999). 

There are two main control strategies to detect the VME: (1) central-intention-driven 

robots (Ang and Guan, 2013, Mukaino et al., 2014) and (2) peripheral-effort-driven 

robots(Hu et al., 2015, Langhorne et al., 2011, Rong et al., 2017).  

Central-intention-driven systems mainly adopt the electroencephalogram (EEG)-based 

brain–computer interface (BCI) technique(Ang and Guan, 2013, Biasiucci et al., 2018, 

Mukaino et al., 2014). Typically, the system captures the cortical activity for further 

analysis through EEG when subjects perform the mental rehearsal of movements 

without actual execution of muscles, denoted as motor imagery (MI)(Bai et al., 2020, 

Chaudhary et al., 2016). Once the specific MI pattern is recognized(Bai et al., 2020, 

Pfurtscheller et al., 2005), visual feedback, motion feedback, or other stimulation is 

provided by the corresponding external devices (computer screen, robot, or 



38 

 

neuromuscular electrical stimulation (NMES), respectively). Among some severely 

impaired conditions, including tetraplegia due to the spinal cord injury, acute(Page et 

al., 2001)  or subacute stroke(Pichiorri et al., 2015)  stroke, the BCI-MI system has 

successful established the brain control to the external device without the peripheral 

neuromuscular pathways. Meanwhile, the cortical activation in the contralateral 

supplementary motor area and ipsilateral prefrontal cortex area during the MI with the 

actual motor execution demonstrated the consistent pattern with the results from the 

previous functional magnetic resonance imaging (fMRI) studies(Bai et al., 2020).   

However, previous studies on the BCI-MI intervention which lacked the baseline 

physical motion training with VME during the training sessions reported the little 

effective in post-stroke rehabilitation(Ang et al., 2011). Therefore, poststroke motor 

recovery with both the volitional control from the central motor system and the effective 

projection of the cortex command to the effector muscles according to the principle of 

Hebbian plasticity (central-to-peripheral VME) could lead the alternative 

corticomuscular neuroplasticity for motor relearning progress(Mrachacz-Kersting et al., 

2016). As the residual movement ability is preserved in most stroke survivors (Hu et 

al., 2015), particularly in chronic stroke, the central-intention-driven robots overlook 

the VME originated from the central system to the peripheral effector muscles in the 

control algorithm  design, presenting limited rehabilitation effectiveness.  

In the peripheral-effort-driven robots, electromyography(EMG) from the effector 

muscles was widely used as the biomarker in the control design to drive the external 

devices and distinguish the VME from the peripheral neuromuscular effort because in 

the isometric contraction, the EMG amplitude could proportionally approximate the 

muscular output force (Takahashi et al., 2007). However, the muscle spasticity after 

stroke could evoke an involuntary EMG spike and cause a sudden increase in the EMG 
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amplitude. Thereby, the robot system might be mis-triggered due to the sudden increase 

even without the VME. The dysfunction of  the descending effort from the cerebral 

cortex and basal ganglia(Bhakta, 2000) caused the disinhibited alpha motor neurons in 

the descending pathways in the brainstem (Li et al., 2015) and the spasticity after stroke.  

Besides the spasticity after stroke, the compensatory movements from the proximal 

muscles during the distal joint motions could coactivate the effector muscles and also 

mislead the peripheral-effort-driven systems (Li et al., 2015, Zhang and Zhou, 2012). 

The extra training of proximal muscles could enhance descending pathways to the 

proximal muscles even when only distal joints are trained. This competitive interaction 

between the proximal and distal upper limb joints in rehabilitation training was related 

to the poor spontaneous recovery of the distal than the proximal upper limb in the early 

stage and the ‘learned dis-use’ of the distal joints in the chronic stage after stroke (Hu 

et al., 2015), due to the bilateral corticospinal innervation from both hemispheres in the 

proximal upper limb compared to the unilateral innervation from the affected 

hemisphere in the distal upper limb (McPherson et al., 2018). Consequently, during the 

distal joint movements, the cortical-originated VME mainly occurs at the proximal 

joints rather than the distal joints(McCrea et al., 2005). The current method in the 

peripheral-effort-driven robots to reduce the compensation and detect the VME to the 

effector muscle depends on professional therapists’ visual supervision and correction. 

Therefore, the peripheral-effort-driven robots based on EMG cannot distinguish 

between the EMG with the central-to-peripheral VME and the involuntary EMG 

activation due to the poststroke spasticity. 

However, the majority of current robot control designs for the wrist/hand rehabilitation 

after stroke still separated the connection between the central and peripheral 

neuromuscular system. Although there were a few BCI stroke rehabilitation system 
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combined the EEG and EMG hybrid control designed reported in the previous studies, 

they(Sarasola-Sanz et al., 2017, Lalitharatne et al., 2013),  the rehabilitation effects of 

these BCI systems had no compared to the previous EEG driven or EMG driven devices. 

The reasons of few significant improvements might be that these EMG-EEG hybrid 

BCI did not overcome the misdriving of the robot with spastic EMG in MI without the 

VME. stated in the previous section(Lalitharatne et al., 2013). The EEG and EMG 

features are calculated separately and fused at the decision level in the robotic control 

(Sarasola-Sanz et al., 2017, Lalitharatne et al., 2013). Corticomuscular coherence(CMC) 

demonstrates the functional connection intensity in the descending neuromuscular 

pathways from the cortex to the muscles during the voluntary motions and reveals the 

potential ability to distinguish the peripheral VME originated from the cortex(Guo et 

al., 2020, Williams and Baker, 2009). CMC could be calculated from the amplitude-

amplitude correlation between EEG and EMG frequency spectra and its economical 

and fast computation progress provides the ability in the real-time processing and as a 

biomarker in the control design of a BCI system(Guo et al., 2020, Mima et al., 2001).  

The misdrive of the training robots could be optimized even eliminated after the control 

algorithm integrated the VME from the central and peripheral neuromuscular system 

via CMC. In stroke survivors with residual voluntary movements, CMC exhibits altered 

peak channel locations (e.g., the contralesional side) in the sensorimotor area related to 

the relocation of the cortical center after the lesion and decreased intensity related to 

the severity of poststroke impairments (Strens et al., 2004, Krauth et al., 2019). Despite 

these CMC-based evaluations of motor functions in the existing literature(Lattari et al., 

2010), little has been done on CMC-based robotic control. The involvement of the 

central and peripheral VME remains isolated and further constraints training 

effectiveness of the current rehabilitation robots. 
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In this study, a CMC-EMG-driven BCI system with the assistance of  NMES and robot 

for wrist/hand rehabilitation after stroke was developed. The NMES could specifically 

activated the agonist muscle and reduced the coactivation and performed the desired 

 

Figure 3 - 1 The overviews of the CMC-EMG-driven NMES-Robot BCI system 
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trajectories in the wrist-hand motions combined with the wrist-hand robot. Then, a 

single-group pilot trial containing 20 training sessions with the developed system were 

conducted with chronic stroke patients. Clinical scores, peak CMC values, EMG 

activation levels was involved to evaluate the training effects.  

3.2. Materials and Methods 

A CMC-EMG-driven BCI training system with the assistance of NMES and robot 

(Figure 3 - 1. A) was developed to achieve the wrist-hand function recovery of the 

stroke survivors with actual extension and flexion tasks. CMC between the agonist 

muscle and the cortex and EMG activation levels from the agonist muscle were 

introduced in the system control for motion recognition and represented the central-to-

peripheral VME on the target muscle of the stroke survivors. The participants wear the 

CMC-EMG based BCI training system and followed the visual instructions on the 

computer monitor during the wrist-hand motion practice period. Once the central-to-

peripheral VME detected in the real time exceeded the threshold, the wrist-hand NMES 

robot would be triggered to assist the participants performing the target motions (wrist-

hand extension or flexion, based on the visual instruction). The single-group pilot trial 

including 16 subjects was conducted to evaluate the training effects  of the developed 

CMC-EMG based BCI in chronic stroke patients. 

3.2.1. Corticomuscular Integrated BCI system  

System Setup 

Figure 3 - 1. B shows the closed-loop feedback control system diagram of the develop 

CMC-EMG based BCI. This control system contained and organized the EEG and 

EMG signal acquisition and online processing, the task instructions in the user interface 

on the monitor, and neuromuscular and mechanical feedback via the wrist-hand NMES 
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robot in the real time. A 64-channel EEG cap with g.GAMMA active electrodes system 

from g.tec was used to obtain the EEG signal with the a set of four 16-channel 

g.USBamp amplifiers. 15-channel EEG signals from the motor cortex (FC1-4, FCz, C1-

4, Cz, CP1-4, CPz) were recorded for further online processing with the reference at left 

earlobe and ground at AFz, respectively. Previous studies indicated even there were 

impairments at the cortical or subcortical region after stroke, the central-to-peripheral 

VME mainly sourced from the motor cortex(Guo et al., 2020, Mima et al., 2001). EEG 

signals were first subject to amplification of 10,000 times via four sets of g.USBamp, 

Austria. A band-pass filter shown in the Figure 3-2 with a 50Hz Notch filter was applied 

to the signals. For the EMG acquisition, a bipolar EMG electrodes system was stick to 

the skin surface with two centimeters apart at muscle bellies and a reference EMG 

electrode was stick on the olecranon to reduce common mode noise. Two-channel EMG 

signals were obtained from the muscle union of the extensor carpi ulnaris and the 

extensor digitorum (ECU-ED), and the muscle union of the flexor carpi radialis and the 

flexor digitorum (FCR-FD). These two muscle unions could be considered as the 

muscle union because they shared close anatomical position with narrow muscle bellies, 

besides, each muscle union contraction could lead the synergic motion (ECU-ED for 

wrist-hand extension; FCR-FD for wrist-hand flexion). The obtained EMG data were 

amplified 1,000 times via a self-developed amplifier and further filtered by a band-pass 

filter from 10-500 Hz with a 50-Hz notch filter to remove the alternative current noise 

from the power supply. The EEG and EMG signals were sampled and synchronized at 

the frequency of 1200Hz via a National Instruments, USB-6009 DAQ Device(Rong et 

al., 2017). The EEG artifacts were removed when the mean power of EEG exceeded 

the threshold. The threshold was identified by the maximum value of the mean power 

of EEG we obtained the CMC evaluation. The period which the EEG mean power 
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exceeded the threshold was considered as the artifacts, for example the eyeblink or 

other body truck movements.  

Figure 3 - 1. A right bottom panel depicts the configuration of the wrist-hand NMES 

robot. The mechanical structure of the robot was a wrist-hand exoskeleton using a 

motor joint MX 106 from ROBOTIS to connecting the wrist and hand components. It 

could provide the maximum 8.4Nm stall torque and a constrained range of motion from 

 

Figure 3 - 2  Control algorithm flow diagram of the CMC-EMG-driven BCI system 
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45° in wrist joint extension to 60° in wrist joint flexion. The angular velocity was set 

as a constant 10o/s(Rong et al., 2017). Only one NMES channel was provided to the 

muscle union ECU-ED during the phase of successful trigger of wrist-hand extension, 

while, no NMES was applied on the FCR-FD following the previous studies(Rong et 

al., 2017). The NMES using in this study was a 70 V square pulse at 40 Hz with 

adjustable pulse width of 0–300 µs, and the pulse width was adopted by the maximum 

value which could evoke the wrist-hand extension without any uncomfortable feeling 

of the stroke participants. The flexors’ spasticity of the stroke subjects could passively 

flex the wrist-hand joint, and the extensors of the stroke survivors demonstrated more 

severe injury than flexors in the upper limb in most cases. Figure 3 - 1. A shows the 

visual feedback on the computer monitor including the current motion instructions 

 

Figure 3 - 3 Representative synchronised EEG, EMG and corresponding CMC data and the timeline 

of a single training motion 
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(wrist-hand extension or flexion), and the real-time EMG contraction levels of the 

agonist muscle (blue arrow) with the desired range indicators (red arrow).  

CMC-EMG-driven control algorithm 

The synchronized CMC and EMG activation levels were calculated online to 

distinguish the corticomuscular representation of the VME, as shown in Figure 3 - 2. 

10-second synchronized EEG and EMG data were recorded for the further real time 

calculation of CMC between the motor cortex and agonist muscle and EMG activation 

level of the agonist muscle. The central-to-peripheral VME could be obtained in the 

real-time via these synchronized CMC and EMG activation level. Once the significant 

peak CMC between the sensorimotor cortex and agonist muscle was confirmed and the 

EMG level of a target muscle fell in 10–30% of its isometric maximum voluntary 

contraction (iMVC) level, the wrist-hand NMES robot was triggered (marked as trigger 

success). The NMES and mechanical support would be provided to the subjects to 

perform the corresponding motion. Otherwise, if either no significant CMC was 

obtained, or the EMG activation level exceeded the allowable range (10–30% iMVC) 

the wrist-hand NMES robot would not be triggered (marked as trigger failure). After 

the rest between each motion trial, the wrist-hand motion with the trigger failure was 

repeated until the user successfully triggered the system. 

The peak significant CMC between the 15-channel sensorimotor cortex and one-

channel EMG of the agonist muscle unit was calculated in the real time control after 

the participant finished maintaining the tonic isometric contraction in the same 10-s 

time window. The reason why the 10-s time window was selected as the triggering 

window was to improve the sustainability of isometric contraction in stroke subjects, 

give participants the longer reaction time and minimize the lower postural stability  due 

to the dysfunction of  fine motor control after stroke (Marigold et al., 2004, Peterson et 
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al., 2019). Besides, this time window could guarantee the stationarity of the EEG and 

EMG signal to achieve the significant CMC. After obtained the 10-s synchronized EEG 

and EMG data, they were segmented into 1024-point epochs with 256-point 

overlapping, generating 14 epochs for a training trial (Guo et al., 2020). Sequently, 

CMC between the 15-channel sensorimotor cortex and one-channel EMG of the agonist 

muscle unit was confirmed by the equation as follows(Guo et al., 2020, Mima et al., 

2001): 

𝑪𝑴𝑪𝒊𝒋 =
|𝑷𝒊𝒋(𝒇)|

𝟐

𝑷𝒊𝒊(𝒇)∗𝑷𝒋𝒋(𝒇)
  (Eq.3 - 1) 

where 𝑷𝒊𝒊(𝒇) and 𝑷𝒋𝒋(𝒇) represent the auto-spectra of EEG 𝒊 and EMG 𝒋, respectively. 

𝑷𝒊𝒋(𝒇) indicates the cross-spectrum between the EEG and EMG. The EEG and EMG 

were further pre-processed before the CMC calculation (EEG: 5–100-Hz band-pass 

filtered; EMG: 10–500-Hz band-pass filtered, both of them were filtered a 50Hz notch 

filter as well) (Guo et al., 2020, Mima et al., 2001). The largest CMC value in beta band 

among these 15 EEG channels was chosen as the peak CMC and further compared with 

the confidence level(CL) for the real-time control of the NEMS-Robot. The CL was 

calculated following the equation: (Guo et al., 2020, Mima et al., 2001): 

𝑪𝑳(𝜶%) = 𝟏 − 𝑷
𝟏

𝑵−𝟏 (Eq. 3 - 2) 

where P is the statistical significance level (0.05 in this study), N represents the total 

number of the segments (N=14), and 𝑪𝑳(𝜶%) represents the coherence confidential limit 

(CL(α%) = 0.26). The CMC value above the CL can be defined as the significant CMC.   

The EMG activation level from the agonist muscle unit was calculated after the same 

10-s triggering windows for the control of the CMC-EMG based BCI system. It was 
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obtained by first calculating the EMG linear envelope (low-pass filtered at 10 Hz and 

rectified) and then taking the average over the whole 10 s (the mean EMG activation 

level 𝑬𝑴𝑮𝑨𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏−𝒊 (𝑖 indicates the target muscle ECU-ED or FCR-FD))(Rong et al., 

2017). The contraction level was obtained using the following equation: 

𝑬𝑴𝑮𝑪𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏−𝒊 =
𝑬𝑴𝑮𝑨𝒄𝒕𝒊𝒗𝒂𝒕𝒊𝒐𝒏−𝒊−𝑬𝑴𝑮𝑩𝒂𝒔𝒆−𝒊

𝑬𝑴𝑮𝑴𝒂𝒙−𝒊−𝑬𝑴𝑮𝑩𝒂𝒔𝒆−𝒊
  (Eq.3 - 3) 

where 𝐸𝑀𝐺𝑀𝑎𝑥−𝑖 (i.e., 100% iMVC) indicates the 𝐸𝑀𝐺𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛−𝑖 in the iMVC test. 

𝐸𝑀𝐺𝐵𝑎𝑠𝑒−𝑖 (i.e., 0% iMVC) indicates 𝐸𝑀𝐺𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛−𝑖 in the resting state. The detailed 

information of iMVC evaluation was presented in the 3.2.3 - Training protocol later.  

There were three conditions which could lead the trigger failure. The first condition 

was the EMG activation level exceeded the allowable error range meanwhile a 

significant CMC was obtained. In this case, the agonist muscle unit either 

overactivated(EMG activation level > 30% MVC) or less activated(EMG activation 

level < 10%) during the 10-s window because of the difficulty of precise maintain 

contraction at lower level due to the disfunction of fine motor control after stroke(Guo 

et al., 2020, Jones, 2017). The second condition was the peak CMC value did not exceed 

the CL meanwhile the EMG activation level of the agonist muscle fell in the 10%-30% 

iMVC. This may be caused by involuntary EMG components due to the muscle 

spasticity or proximal joint compensation. The third case was neither CMC exceeded 

the CL nor EMG activation level of agonist muscle unit fell in the desired range, which 

meant there might no voluntary contraction during the 10-s window.  The representative 

EMG activation level linear envelope of ECU-ED from one right-handed subject during 

the 10-s wrist-hand extension and the synchronized CMC spectrum in the peak CMC 

channel were shown in the Figure 3 - 3. A. The EMG activation level envelope could 

be obtained via a 10Hz low-pass filter with rectification. From the figure, when there 
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was a significant CMC in the beta band meanwhile the EMG activation level envelope 

fell in the 10%-30%iMVC range, the CMC-EMG based BCI could be successfully 

triggered. In contrast, even the EMG activation level envelop meet the requirements, 

the system would not be triggered due to the CMC value was less than the CL.  

The top right figure in Figure 3 - 1. A shows the visual instructions of the target motion 

of this trial and the real time contraction level provided to the participant. The real time 

EMG activation level of the agonist muscle unit was calculated by a 100-ms-window 

moving average process (shown as the blue arrow) across the 10-s contraction motion. 

The allowable error range was 20%±10% iMVC(shown as the two fixed red arrows) to 

remind the participant controlled the intensity of motor output in the allowable range. 

The low level contraction(20% iMVC), compared with the higher level contraction, 

required more effort and cognitive concentration to achieve the fine motor control and 

avoid the muscle fatigue in the training sessions. Thus, we chose 20% iMVC as the 

target EMG activation level to improve the precise motor control of the wrist-hand 

movements after stroke.  

3.2.2. Subject recruitment  

This study was approved by the Human Subjects Ethics Subcommittee of The Hong 

Kong Polytechnic University. 16 stroke subjects (demographic data are presented in 

Table 3 - 1) were recruited and completed the training. Stroke subjects were recruited 

Table 3 - 1 Demographic data of the chronic stroke participants 
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in the stroke group under the following criteria for inclusion: (1)18–70 years old; (2) 

had been given a diagnosis of singular and unilateral stroke at least one year after stroke 

(Qian et al., 2019); (3) had the capacity to understand the study content and purpose, 

and the cognitive awareness required to carry out the given instructions(Folstein et al., 

1975); (4) had suffered severe to moderate upper limb motor deficits on the paralyzed 

side (Fugl-Meyer et al., 1975); and (5) demonstrated muscle spasticity at elbow, wrist, 

and finger joint (Bohannon and Smith, 1987). All participants were informed by the 

research content and purpose and provided the written consent.  

3.2.3. Training protocol  

A single-group pilot clinical trial was conducted among the recruited stroke subjects to 

evaluate the rehabilitation effectiveness of the training system. The training comprised 

20 training sessions, with three to five 1.5-h sessions per week over 7 consecutive 

weeks(Hu et al., 2015). During the 20 training sessions, the participants did not receive 

other rehabilitation training. 

At the beginning of each session, the participant was asked to take a comfortable seating 

position in an electromagnetic shielded laboratory. The EEG cap was mounted onto the 

scalp according to the 10-20 system. Two-channel EMG electrodes were stick to the 

antagonist muscle pair, ECU-ED and FCR-FD, with the reference electrode on the 

olecranon like our team did before (Figure 3 - 1 A) following the configuration in 

3.2.1System Setup. The impedance of both EEG and EMG electrode was minimized 

until below 5 kΩ via skin preparation. Sequently, the iMVC test was conducted for the 

target muscles, ECU-ED and FCR-FD, to obtain 𝐸𝑀𝐺𝑀𝑎𝑥−𝑖  (100% iMVC) and 

𝐸𝑀𝐺𝐵𝑎𝑠𝑒−𝑖 (0% iMVC) in Eq 3. The purpose was to minimize the deviation effects 

caused by the variable configuration of the EMG electrode’s alignments across the 

training sessions. The subject was instructed to (1) keep the testing upper limb relaxed 
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to obtain the baseline EMG, (2) execute the iMVC in wrist-hand flexion to obtain the 

maximum EMG on FCR-FD, and (3) execute the iMVC in wrist-hand extension to 

obtain the maximum EMG on ECR-ED. The wrist joint and the elbow joint were 

positioned at 0° and 90°, respectively, during the test. Each iMVC test was performed 

for 5 s and repeated three time. A 5-min break was provided between two consecutive 

iMVCs to avoid muscle fatigue. 𝐸𝑀𝐺𝑀𝑎𝑥−𝑖  and 𝐸𝑀𝐺𝐵𝑎𝑠𝑒−𝑖  for each muscle were 

obtained by calculating the mean linear envelope of EMG (the same calculation as the 

section of CMC-EMG-driven control) over the whole 6 s in the respective baseline and 

iMVC tests and then taking the average across the three repetitions.  

After the iMVC test, the NMES electrode pair was attached to the common area of the 

ECU-ED perpendicular to the EMG electrodes (Figure 3 - 1. A, lower-right panel), as 

practiced in our previous studies (Hu et al., 2015, Rong et al., 2017). The highest 

tolerable personal threshold of the NMES pulse width could stimulate full wrist 

extension and maximum finger extension without pain sensation and muscle fatigue 

during the training. Then, the robot module of the NMES-Robot was fixed on the wrist-

hand joint using a bracing system with adaptive pressure on the skin. The testing arm 

was lifted by a self-adaptive hanging system to the horizontal level, compensating the 

gravity of the limb and the wrist-hand NMES-Robot (150g). Moreover, the testing hand 

was placed in a neutral position to make the force output plane orthogonal to gravity. 

The starting and ending position of the wrist joint was set at 45° extension, with the 

elbow joint kept at 180° extension in a training trial.  

During the training, the subject was required to perform the target motion (i.e., wrist-

hand extension or flexion) by following the visual feedback in the training interface 

(Figure 3 - 1. A). The timing of the training trial is shown in Figure 3 - 3. B. In each 

trial, the subject was required to initiate the target motion to the required contraction 
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level within 3 s of the beep and maintain it for 10 s (i.e., keep the blue cursor at the 

panel midline (the desired 20% iMVC) with an allowable fluctuation within the two 

fixed red cursors (i.e., ±10% iMVC)) (Figure 3 - 1. A). After the 13-s motion phase, the 

subject immediately received motion assistance from the NMES-Robot if s/he 

generated the desired VME levels, as mentioned in the CMC-EMG-driven control 

section. Otherwise, the subject was brought forward to rest and repeat the target motion 

in the next trial. The intertrial rest period was 10 s with a 2-min break every 10 trials (~ 

4.6 min) to avoid muscle fatigue. The simultaneously acquired EEG and EMG signals 

were also stored for offline analysis. The subject was asked to minimize body 

movements, eye blinking, and biting and to avoid falling asleep or performing active 

mental tasks in the motion task. Muscle fatigue was checked immediately after each 

trial according to the EMG mean power frequency (MPF), and no fatigue was found 

across trials (<10% MPF reduction).  
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3.2.4. Evaluation on training effects  

Clinical Assessments  

 

Figure 3 - 4 Cross-sessional CMC topographies, laterality index (LI) and success rate 
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The clinical scores were introduced to assess the training effects of the designed CMC-

EMG-driven BCI for wrist-hand rehabilitation, including the MAS at the elbow, wrist, 

and finger joints; the Action Research Arm Test (ARAT); and the FMA (the upper 

limb). The upper limb FMA was also divided into two sub scores:  shoulder-elbow 

(FMA-SE) and wrist-hand (FMA-WH). The clinical scores before the training sessions 

should stable as the baseline and be confirmed via thrice assessments in the 2 weeks 

before the training. After finishing the training sessions, the clinical scores were 

evaluated immediately after the last training session (post-training), and at 3-month 

after the training sessions as the follow-up (3FU) by the same blinded assessor. FMA 

score was the primary outcome. 

Cross-session CMC Topography 

The hemispheric dominance (i.e., lateralization) was investigated by the laterality index 

(LI) of CMC across training sessions. The LI is a typical measure of hemispheric 

asymmetry and topographical changes in fMRI and EEG studies(Goodin et al., 2018, 

Zhou et al., 2021). In this work, it was applied to quantify the relative contribution of 

the contralateral hemisphere to the ipsilateral side and the central area in the CMC 

topography, which was calculated as follows:  

𝑳𝑰 =
𝑪𝑴𝑪𝒄𝒐𝒏𝒕𝒓𝒂𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒉𝒆𝒎𝒊𝒔𝒑𝒉𝒆𝒓𝒆

𝐦𝐚𝐱 (𝑪𝑴𝑪𝒊𝒑𝒔𝒊𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒉𝒆𝒎𝒊𝒔𝒑𝒉𝒆𝒓𝒆,   𝑪𝑴𝑪𝒎𝒊𝒅𝒔𝒂𝒈𝒊𝒕𝒕𝒂𝒍 𝒑𝒍𝒂𝒏𝒆) 
    (Eq. 3 - 4) 

where 𝑪𝑴𝑪𝒄𝒐𝒏𝒕𝒓𝒂𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒉𝒆𝒎𝒊𝒔𝒑𝒉𝒆𝒓𝒆  and 𝑪𝑴𝑪𝒊𝒑𝒔𝒊𝒍𝒂𝒕𝒆𝒓𝒂𝒍 𝒉𝒆𝒎𝒊𝒔𝒑𝒉𝒆𝒓𝒆  are the respective 

peak CMC values among the six EEG channels in the contralateral hemisphere (e.g., 

FC1 3 5, CP1 3 5, C1 3 5 for the right-hand affected) and in the ipsilateral hemisphere (e.g., 

FC2 4 6, CP2 4 6, C2 4 6 for the right-hand affected). The 𝑪𝑴𝑪𝒎𝒊𝒅𝒔𝒂𝒈𝒊𝒕𝒕𝒂𝒍 𝒑𝒍𝒂𝒏𝒆 is the peak 

CMC value among the three channels in the midsagittal plane (i.e., FCz, Cz, and CPz). 

The LI was calculated for trials with trigger success across training sessions in a 
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representative subject, with the same CMC estimation as that in the CMC-EMG-driven 

control algorithm.  

CMC and EMG Activation Level Evaluation  

The training effectiveness on the integration of the central-and-peripheral VME 

poststroke was also evaluated by CMC and EMG activation levels in isometric wrist-

hand extension and flexion tasks at different contraction levels (i.e., 20% iMVC and 

40% iMVC, denoted as Ex20%, Ex40%, Fx20%, and Fx40%). The 40% iMVC was 

also evaluated to investigate the training effects on the central-to-peripheral VME 

related to contractions with lower perceived difficulties than the target training level of 

20% iMVC. The evaluation sessions were conducted one day before and after the 

training sessions. 

In the evaluation setup, the testing forearm of the subject was placed on a fixed 

horizontal platform in the neutral position with the hand motions orthogonal to gravity. 

The acquisition and amplification setup of EEG and EMG were the same as those in 

the Training protocol. In addition to the ECU-ED and FCR-FD, two-channel EMG 

electrodes were also glued to the proximal muscle pairs for elbow extension/flexion 

(TRI brachii and BIC brachii) to investigate the proximal-to-distal compensation in the 

upper limb poststroke. Visual feedback on the target motion and the real-time 

contraction level was provided to the subject, similar to that in the Training protocol 

(Figure 3 - 1. A). The required contraction level was at 20% iMVC and 40% iMVC 

with an acceptable error range of ±10% iMVC. The evaluation setup was detailed in 

our previous work (Guo et al., 2020). 

At the beginning of the evaluation, the iMVC test on each muscle was conducted with 

procedures similar to those in the Training protocol. After the iMVC test, the subject 
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conducted the four target motion schemes, Ex20%, Ex40%, Fx20%, and Fx40%, in a 

random order. The subject was required to initiate the motion to the target level within 

3 s and maintain the blue cursor at the panel midline (20% or 40% iMVC) for 35 s with 

an allowable fluctuation within the two fixed red cursors (±10% iMVC) (Fig.  1 A). 

Each of the schemes was executed five times, with two-minute rest periods after each 

two sequential contractions to counter any effects of fatigue. Muscle fatigue was 

checked using the EMG MPF as in the Training protocol, and no fatigue was detected 

across the trials. EEG and EMG signals were simultaneously recorded and stored for 

offline analysis. The EEG and EMG were then pre-processed for denoising with the 

procedures used in our previous work. Finally, CMC and EMG activation levels were 

calculated for the EEG and EMG with respect to different muscles in the four motion 

schemes using Eqs. 3-1, 2 and 3. The LI of CMC was also calculated for each agonist 

muscle in the four motion schemes with Eq. 3-4.  

3.2.5. Statistics 

The Shapiro-Wilk test of normality showed each variable (the clinical scores, LI, CMC, 

and EMG activation level) was confirmed to have a normal distribution. A one-way 

analysis of variance (ANOVA) with the Bonferroni post hoc test was used to evaluate 

the mean difference of LI across every five training sessions (i.e., sessions 1–5, 6–10, 

11–15, and 16–20) and to evaluate the difference of clinical assessments across 

different time points (the pre-training, post-training, and 3FU assessments). The CMC 

and EMG activation levels were evaluated using the paired t-test by comparing the 

difference between the pre-training and post-training evaluations. The alpha of the 

statistical significance was set at 0.05. SPSS 24.0 (2016) was used to carry out all 

statistical calculations, with three confidence levels set at 0.05, 0.01, and 0.001. 
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3.3. Results  

3.3.1. Cross-sessional CMC Topography  

Figure 3 - 4 A and B shows the cross-sessional CMC topographies on ECU-ED during 

the wrist-hand extension in a representative stroke subject (right-hand affected) with 

the respective trigger success and trigger failed to the NMES-Robot, where 10 sessions 

among the total 20 sessions was presented for illustration. When trigger success (Figure 

3 - 4. A), the CMC peak channel presented a shift pattern from the ipsilateral (right) to 

the contralateral (left) sensorimotor area from the session 1 to the session 19. It was 

observed that the CMC peak channel was in the ipsilateral sensorimotor area (CP2) in 

session 1, and then shifted to the contralateral sensorimotor area in session 3, 5 and 7 

(CP1, CP3 and FC1, respectively). Although the peak channel of CMC was in the 

ipsilateral sensorimotor area (CP2) in session 9, it was shifted to the contralateral 

sensorimotor area in all the last sessions (session 11: C1; session 13 and 15: CP3; 

session 17 and 19: FC3). Meanwhile, the LI of CMC presented an increasing trend from 

the session 1 to session 19 (Figure 3 - 4. A). The LI was 0.70 in session 1 and then 

increased to >1 in session 3, 5 and 7 (1.11, 1.09 and 1.01, respectively). Although the 

LI of CMC was 0.94 in session 9 and 1.01 in session 11, it was finally increased to >1.1 

in the last four sessions (1.27, 1.18, 1.13 and 1.31 in session 13, 15, 17 and 19, respectively). 

In contrast, when trigger failed (Figure 3 - 4. B), it was observed that the peak channels 

Table 3 - 2 Lateral index of CMC from the ECU-ED and trigger success rate during the wrist-hand 

extension across the 20 training sessions 
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located in the ipsilateral hemisphere and the respective LIs were <1 in all sessions 

except the session 3 and 5 (peak channel: CP1; LI>1). 

Figure 3 - 4. C presents the LI of CMC in all trigger success trails across every 5 training 

sessions during the wrist-hand extension in the representative subject. Table 3 - 2 lists 

the detailed LI values presented with means and standard deviation, in addition to the 

one-way ANOVA probability and the effect size (EF). Significant increases in the LI 

of CMC were observed in session 6-10, 11-15 and 16-20 compared to the very first 5 

sessions, i.e., the session 1-5 (Table 3 - 2). Figure 3 - 4. D presents the LI of CMC in 

all subjects before and after the training with respect to the agonist muscle in the four 

motion schemes, Ex20%, Ex40%, Fx20% and Fx40%. Table 3 - 3 lists the detailed LI 

values presented with means and standard deviations, in addition to the paired t-test 

probabilities and the EFs. Significant increases were observed in the LI of CMC with 

respect to the 20% and Ex40% after the training (Table 3 - 3). In contrast, no significant 

increase was found in either 20% or Fx40% after the training (Table 3 - 3). 

Table 3 - 3 Laterality Index of CMC from the agonist muscle in different motion schemes among all 

subjects before and after the training. 
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3.3.2. Clinical Assessments 

Figure 3 - 5 summarized the motor improvements across upper limb assessed by clinical 

scores including the FMA, ARAT, and MAS scores before, after and 3-month after the 

CMC-EMG-driven BCI training. Table 3 - 4 lists the detailed clinical scores presented 

with means and standard deviations, in addition to the one-way ANOVA probabilities 

and the EFs. Significant increases were observed in the FMA wrist-hand score (Figure 

3 - 5. A; Table 3 - 4) and the ARAT score (Figure 3 - 5. C, Table 3 - 4) after the training, 

and these increases were maintained after 3 months. Meanwhile, significant decreases 

were observed in the MAS scores at the finger (Figure 3 - 5. D, Table 3 - 4) and the 

 

Figure 3 - 5 Clinical scores measured at Pre- and Post- the training, as well as after 3 months (3FU) 
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wrist (Figure 3 - 5. E, Table 3 - 4), and these decreases in MAS could maintained at 

least for 3 months. By contrast, no significant variation was found in the FMA 

shoulder/elbow score (Figure 3 - 5. B, Table 3 - 4) and the MAS elbow score (Figure 3 

- 5. F, Table 3 - 4) across the assessment time points.   

3.3.3. CMC and EMG Activation Level Evaluation 

Figure 3 - 6 shows the CMC before and after the training when conducting the wrist-

hand extension and flexion at 20% and 40% iMVCs. Table 3 - 5. A and Table 3 - 5. B 

list the detailed CMC values presented with the means and standard deviations, in 

addition to the paired t-test probabilities and the estimated EFs. In the wrist-hand 

extension (Figure 3 - 6. A), the ECU-ED showed a significantly increased CMC at Ex20% 

(Table 3 - 5. A) and a significantly decreased CMC at Ex40% (Table 3 - 5. A) after the 

training. The TRI showed a significantly decreased CMC at Ex20% (Table 3 - 5. A), 

but no significant change at Ex40% (Table 3 - 5. A) after the training. By contrast, the 

 

Figure 3 - 6  CMC strength from each muscle during different motion schemes 
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upper limb flexors FCR-FD and BIC had no significant change of CMC at either 20% 

or Ex40% after the training (Table 3 - 5. A). In addition, the significant difference 

between the 2 contraction levels, 20% and 40% iMVCs, was observed in BIC showing 

significantly higher CMCs at the Ex20% than the Ex40% both before and after the 

training (Table 3 - 5. A). No significant CMC difference was found in ECU-ED, FCR-

FD and TRI between the Ex20% and Ex40% (Table 3 - 5. A, Figure 3 - 6. A). In the 

wrist-hand flexion (Figure 3 - 6. B), the FCR-FD had a significantly decreased CMC at 

40% Fx (Table 3 - 5. B), but no significant change at Fx20% (Table 3 - 5. B) after the 

training. Meanwhile, the ECU-ED, TRI and BIC had no significant difference in CMC 

 

Figure 3 - 7 EMG activation levels evaluated before and after the training in four motion schemes 
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with respect to either the evaluation time points or the contraction levels (Table 3 - 5. 

B).   

Figure 3 - 7 presents the training effects on EMG activation levels in the wrist-hand 

extension and flexion at 20% and 40% iMVCs. Table 3 - 6 lists the detailed EMG 

activation levels presented with the means and standard deviation, in addition to the 

paired t-test probabilities and the estimated EFs. In the Ex20% (Figure 3 - 7. A), 

significantly decreased EMG activation levels were observed in TRI (Table 3 - 6), but 

no significant change was observed in BIC and FCR-FD (Table 3 - 6) after the training. 

In the Ex40% (Figure 3 - 7. B), significantly decreased EMG activation levels were 

observed in the BIC and FCR-FD (Table 3 - 6) without significant change in the TRI 

(Table 3 - 6) after the training. In the Fx20% (Figure 3 - 7. C), significantly increased 

EMG activation levels were observed in the ECU-ED (Table 3 - 6) without significant 

change in the BIC and TRI (Table 3 - 6) after the training. In the Fx40% (Figure 3 - 7. 

D), significantly decreased EMG activation levels were observed in the BIC (Table 3 - 

6) without significant change in upper limb extensors, ECU-ED and TRI (Table 3 - 6) 

after the training. 

3.4. Discussion 

The novel CMC-EMG driven BCI combined with NMES system was developed for the 

post-stroke hand rehabilitation following the results of the previous chapter. CMC and 

EMG activation level were integrated in this system to extract the central-peripheral 

VME and reduce the misdrive by proximal upper limb compensations during the 

physical practice of distal upper limb motions. A single-group pilot clinical trial was 
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also conducted to validate the feasibility of the CMC-EMG driven BCI combined with 

NMES system for hand rehabilitation.  

3.4.1. Precise wrist-hand improvements with reduced compensation 

The CMC-EMG-driven NEMS-Robot achieved precise motor restoration at the 

targeted wrist-hand joint with no significant improvements in the proximal shoulder-

elbow joints, as improved voluntary motor functions and reduced muscle spasticity in 

the wrist-hand joints were revealed by the significant increases of the FMA (wrist/hand) 

scores (Figure 3 - 5. A) and the ARAT scores (Figure 3 - 5. C) and the significant 

decreases of the MAS scores at the fingers and wrist joints (Figure 3 - 5. D and E) after 

the training and at 3FU. In most stroke survivors, the compromised wrist-hand 

functions are related to the flexor spasticity, extensor weakness, and muscle 

discoordination among the upper limb muscles (Qian et al., 2019). In this work, the 

significant increase of FMA wrist/hand scores indicated the voluntary motor 

improvements at the wrist-hand joints. Among the FMA sub-scales, the stability in the 

wrist extensor presented the most significant improvement, where all subjects could 

Table 3 - 4 Clinical scores measured before, after the CMC-EMG-driven NMES-Robot training with 3FU 

 



64 

 

actively perform the wrist extension with ≥ 15° ROM and resistance was tolerable after 

the training. This demonstrated the effectiveness of the 10-s isometric contraction in 

the real-time control in improving the stability and sustainability of wrist-hand function. 

Although the 10-s triggering time window was longer than that of the EMG-driven 

system (e.g., 100 ms)(Hu et al., 2015, Nam et al., 2020), it was comparable to the 

transmission rate in the BCI-MI systems for stroke rehabilitation (e.g., 6 s and 7 s)(Ang 

et al., 2011, Chaudhary et al., 2016, Benzy et al., 2020). In addition, the increase in the 

ARAT scores mainly indicated the finer precision control of the finger functions, 

including grasping, gripping, and pinching movements (Yozbatiran et al., 2008). 

Furthermore, the significant decreases of the MAS scores at the fingers and wrist joints 

Table 3 - 5 CMC measured before and after the training under different contraction levels. 

Table 3 - 5 a. CMC measured before and after the training when performing the wrist-hand 

extension and flexion under different contraction levels. 
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indicated the reduced spasticity at the fingers and wrist joints (the reduced muscle tone 

at the related flexors). In this regard, the reduced finger spasticity confirmed the 

effectiveness of the cortical-originated central-to-peripheral VME (the CMC index) in 

eliminating the robotic “misdrive” due to muscle spasticity in the control design. It was 

because only the NMES assistance for the finger practice in this work was insufficient 

to reduce the muscle tone (Boyaci et al., 2013, Qian et al., 2019). 

Notably, minimized proximal-to-distal compensation in the upper limb was observed 

in the proximal joints without additional improvements, reflecting the target 

rehabilitation of the CMC-EMG-driven NMES-Robot on the typically “learned-disused” 

wrist-hand joints. It was revealed by the insignificant change at the FMA shoulder-

elbow (Figure 3 - 5. B) and the MAS elbow scores (Figure 3 - 5. F). It suggested that 

the CMC-EMG-driven strategy effectively overcame the difficulty of suppressing the 

compensatory motion in rehabilitation programs by maximizing the target muscle-

related central-to-peripheral VME, without restricting proximal joints by fixing 

apparatuses or belts or by human therapist supervision (Jones, 2017). On the one hand, 

additional improvements in the proximal joints due to compensation can be easily 

obtained and have been misinterpreted as motor recovery in previous rehabilitation 

training on a single distal joint.(Jones, 2017) For example, previous works using either 

the EMG-driven NMES-Robot or passive robotic assistance on the wrist joint achieved 

additional motor improvements in the proximal elbow-shoulder parts even if their 

movement was restricted in the training(Krebs et al., 2007). Although the additional 

improvement seems to be helpful in the short term, it could exacerbate the 

compensatory motion and “learned-disuse” problems, such as reduced range of joint 

motion, abnormal inter-joint motions, and pain after stroke. This could further 

contribute to a maladaptive neuroplasticity and interfere with long-term recovery. On 
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the other hand, current approaches to suppressing the compensation have low accuracy 

and are labor demanding, as they mainly rely on close supervision and correction by a 

human therapist. In particular, the subtle forms of compensation were not detected in 

the fine motor tasks (e.g., the isometric contraction at 20% iMVC) in this work (Jones, 

2017). Therefore, the proposed CMC-EMG-driven strategy was effective in inhibiting 

the proximal-to-distal upper limb compensation and the related maladaptive 

neuroplasticity even in the fine motor tasks. 

3.4.2. Reduced compensation from the unaffected hemisphere 

A disinhibited unaffected hemisphere with increased ipsilateral motor projections is 

typically observed in chronic stroke subjects in relation to the muscle discoordination 

and compensatory motions (Yao and Dewald, 2006) (e.g., the flexion synergy in 

reaching and proximal compensation to the finger extension and flexion tasks)(Guo et 

al., 2020, McPherson et al., 2018). In this work, reduced compensatory effects from the 

unaffected hemisphere were achieved through the CMC-EMG-driven NEMS-Robot 

training in the stroke participants. The CMC topographies presented a shift pattern in 

the CMC peak channel from the ipsilateral (right) to the contralateral (left) sensorimotor 

area and a significantly increased LI of CMC in the wrist-hand extension after the 6–

10 training sessions (Figure 3 - 4. A–C). The significantly increased LI was also 

observed at both 20% iMVC and 40% iMVC of the wrist-hand extension after the 

training, whereas no significant change was found in the wrist-hand flexion at either 

contraction levels (Figure 3 - 4. D). The result indicated that the CMC-EMG-driven 

strategy facilitated the hemispheric lateralization to the affected hemisphere and 

inhibited maladaptive neuroplasticity related to the unaffected hemisphere 

compensation, through sprouting out the spared corticospinal pathways to re-innervate 

the wrist-hand extensors. Firstly, it confirmed the targeted therapeutic effects on the 
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distal wrist-hand muscles with suppressed compensation from the proximal upper limb 

muscles. It was because those distal upper limb muscles were primarily innervated by 

the contralateral motor cortex through the decussate lateral corticospinal tracts, whereas 

the proximal upper limb muscles had bi-hemispheric innervation through both the 

uncrossed ventromedial and crossed dorsolateral spinal cords(McPherson et al., 2018). 

Secondly, the CMC-EMG-driven strategy could have superior modulatory effects on 

driving the positive neuroplasticity over the BCI-MI-driven system whose CMC in the 

unaffected hemisphere failed to be inhibited. A previous study on the BCI-MI-driven 

system for hand motor recovery found a bi-hemispheric improvement of CMC with 

considerable inter-individual variability in stroke survivors after the training, with a 

Table 3 - 5 b. CMC before and after the training when performing the wrist-hand flexion at 

different contraction levels. 
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comparable training intensity to this work (Belardinelli et al., 2017). The still 

disinhibited unaffected hemisphere could suggest a lack of targeted rehabilitation to the 

distal hand muscles in the central-intention-driven robot. Therefore, the central-to-

peripheral integrated VME in limb practice could effectively reduce the compensation 

from the unaffected hemisphere by sprouting spared corticospinal pathways originating 

from the affected hemisphere, contributing to the targeted rehabilitation on wrist-hand 

muscles.  

The significantly increased trigger success rate indicated that the neuroplastic changes 

on the reduced compensation from the unaffected hemisphere could be related to the 

improved motor performance. It was revealed that the significant increases in the trigger 

success rate and LI were almost concurrent after the 6–10 training sessions (Figure 3 - 

4. C). The significantly increased trigger success rate tended to be stable after the 10 

sessions, where the stroke participants verbally reported that they could use the long-

term disused muscles (ECU-ED and FCR-FD) and achieve required motion much more 

Table 3 - 6 EMG activation levels measured before and after the training 
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easily after 2 consecutive weeks of training (i.e., six to eight sessions). The trigger 

success rates are shown in Figure 3 - 4 C.  

3.4.3. Improved Fine Motor Control to the Wrist-hand Extensors 

The sensorimotor integration through the CMC-EMG-driven strategy and NMES 

assistance improved the fine motor control of the wrist-hand extensors at 20% iMVC 

with close-to-normal muscular coordination and minimized proximal-to-distal 

compensation. In Ex20%, the significant increase of CMC in ECU-ED and the 

significant decrease of CMC and EMG activation level in TRI indicated an improved 

central-to-peripheral VME on the target wrist-hand extensors and a reduced excessive 

VME on the synergistic TRI (i.e., more independent control of the target muscles). In 

Fx20%, the significant increase of the EMG activation level in the antagonist ECU-ED 

indicated reduced muscle weakness in the wrist-hand extensors, which was also 

observed in the increased wrist stability in the FMA sub-scales. The Ex20% and Fx 

results suggested improved fine motor control of the wrist-hand extensors with reduced 

proximal-to-distal compensation, mainly due to the sensorimotor integration through 

the combination of the CMC-EMG-driven strategy and the NMES assistance with rich 

sensory inputs. On the one hand, the CMC-EMG-driven strategy could overcome the 

difficulty of wrist-hand extension in previous rehabilitation programs. As impairments 

of extensors are typically more severe than those of flexors in the upper limb, wrist-

hand extension is one of the motor functions most likely to be impaired and is impeded 

by inappropriate flexor activation in upper limb compensatory movements 

poststroke(Kamper et al., 2003). The weakness in upper limb extensors experienced a 

poorer recovery compared to the significantly reduced flexor spasticity in previous 

EMG-driven NMES-Robots, including both rigid and soft robots. For example, in our 

previous EMG-driven exoneuromusculoskeleton with soft pneumatic muscles, the 
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muscle activation level in upper limb extensors, ECU-ED and TRI, presented no 

significant increase in arm reaching and withdrawing with hand opening and grasping 

tasks, where the combined assistance of NMES and mechanical torque was provided at 

the elbow, wrist, and fingers. On the other hand, the NMES, providing rich sensory 

inputs on the desired muscle location, joint position, and movement trajectory, could 

help stroke subjects exert the central-to-peripheral VME on the target muscle ECU-ED 

and reduce the “learned-disuse” based on sensorimotor integration. It is because more 

than half of stroke survivors experience sensory deficiency with proprioception 

disturbance and increased uncertainty on the ongoing peripheral states without visual 

observation in voluntary motion (Serrada et al., 2019). The sensory loss could 

contribute to the “learned-disuse” of the wrist-hand extensors and the related proximal-

to-distal compensation (Serrada et al., 2019).   

The target contraction level of 20% iMVC in the training also improved the isometric 

muscle contraction at the higher level of 40% iMVC, as revealed by the changes of 

CMC and EMG activation levels in the Ex40% and Fx40% tasks after the training (Fig.  

6 and 7). The significant decrease of EMG activation levels in the FCR-FD and BIC at 

Ex40% and in the BIC at Fx40% indicated the reduced excessive flexor synergy and 

reduced proximal-to-distal compensation(Yao and Dewald, 2006), which could also be 

observed in the reduced spasticity at the finger and wrist joints in the MAS scores. The 

significantly decreased CMC at the respective agonist muscle (ECU-ED or FCR-FD) 

in the Ex40% and Fx40% tasks indicated that the central-to-peripheral VME was less 

demanded in a higher contraction level after the training, compared to 20% iMVC 

whose CMC was significantly increased at Ex20%. It demonstrated that the required 

contraction level of 20% iMVC in the training could benefit multiple levels of mild-to-

moderate contraction, including both 20% iMVC and 40% iMVC, mainly due to the 
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higher perceived difficulty related to the fine motor control in 20% iMVC (Divekar and 

John, 2013, Lattari et al., 2010). It also suggested that the training effects on the CMC 

changing pattern depended on different contraction difficulty levels. In other words, the 

stroke subject exerted greater central-to-peripheral effort at a difficult contraction level 

(e.g., 20% iMVC) but less effort at an easy contraction level (e.g., 40% iMVC) to 

achieve close-to-normal motor control. The different changing pattern of CMC after 

the training could be attributed to the fact that the more difficult contraction at 20% 

iMVC engaged the additional corticospinal tract for finer motor control and 

somatosensory afferents for more feedback of muscle tension and muscle length 

variation, and vice versa(Witham et al., 2011). Our findings agree with a previous study 

that found an inverse relationship between CMC and the required movement precision 

among different muscles in unimpaired subjects (Divekar and John, 2013). It was found 

that the wrist extension task exhibited a significantly higher CMC but significantly 

lower precision than the wrist flexion task due to the inherently higher perceived 

difficulty of the extension task (Divekar and John, 2013). Overall, these results validate 

the effectiveness of isometric contraction at 20% iMVC in CMC-based robotic control 

and provide insights on the CMC-based evaluation of motor function improvements in 

stroke rehabilitation.  

3.5. Periodic Summary 

A novel CMC-EMG-driven BCI combined with NMES system was developed for 

poststroke hand rehabilitation following the results of the previous chapter. With the 

novel designed control algorithm, the BCI system could achieve the precise distal joint 

motor recovery in the upper limb after stroke with the reduced compensation from the 

proximal joints. CMC and EMG activation levels were integrated in this system to 

extract the central-to-peripheral VME and reduce the misdrive by proximal upper limb 
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compensations during the physical practice of distal upper limb motions. Thus, this 

CMC-EMG-based BCI could provide precise wrist-hand practice under central-to-

peripheral VME control. The participants (chronic stroke survivors) completed 20 

training sessions with a significant increase of the trigger success rate. Once the desired 

central-to-peripheral VME levels were detected, the NMES-assisted robot of the wrist-

hand joint was triggered to assist the wrist-hand extension or flexion, facilitating the 

fine motor control. After 20 training sessions with the assistance of this CMC-EMG-

based BCI, significant motor improvements were achieved, including improved 

voluntary motor functions, reduced muscle spasticity, and improved muscular 

coordination localized on the distal upper limb. 
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CHAPTER   4 

CONCLUSION 

The altered corticalmuscular coherence (CMC) pattern from the upper limb after stroke 

indicated that the proximal compensatory actions for the distal movements could 

originate cortically. The designed CMC-electromyography (EMG)-based brain 

computer interface (BCI) could be a promising and effective method for post-stroke 

hand function rehabilitation. Due to the involvement of the integration of CMC and 

EMG, this CMC-EMG-based BCI system could verify the central-peripheral voluntary 

motor effort (VME) from the motor cortex to the distal effector muscles and promote 

central-peripheral neural excitation for effective and precise hand function 

rehabilitation.  The feasibility and training effectiveness of this novel CMC-EMG-

driven BCI were confirmed and evaluated by a single-group clinical trial among stroke 

survivors. 

In the first part, chronic stroke participants(n=14) with moderate motor impairment 

were recruited as the experimental group to investigate the mechanism of compensatory 

activation of the proximal muscle after stroke. Ten age-matched unimpaired controls 

without neurological deficits and visible upper limb motor dysfunction were recruited 

as the control group. EMG signals across the upper limb muscles, including ED, FD, 

TRI, BIC; and 21-channel EEG data from the sensorimotor area were recorded.  CMC 

and EMG activation level and co-contraction index were analyzed to evaluate the 

proximal muscle compensatory contraction status when subjects executed distal hand 

movements. The location of peak CMC with statistical significance from the proximal 

upper limb muscles immigrated from the ipsilesional hemisphere to the contralesional 

hemisphere, while that from the distal upper limb muscles moved to the central areas. 
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The peak CMC from the distal ED and FD were significantly different between the 

stroke and control group. Meanwhile, only the stroke group demonstrated significant 

intra-group differences at two different contraction levels in the peak proximal TRI and 

BIC CMC. These results indicate that proximal muscular compensation after stroke 

during distal upper limb movements could originate from the cortex level.  

In the second part, a novel CMC-EMG-based robotic BCI for hand rehabilitation was 

developed following the results of the previous part. This system integrated the CMC 

and EMG activation levels to extract the central-and-peripheral voluntary motor effort 

from stroke survivors during the assistance of this system in wrist-hand motion practice. 

Once the desired VME levels were detected, a neuromuscular-electrical-stimulation-

assisted robot of the wrist-hand joint was triggered to assist the wrist-hand extension or 

flexion. To verify and evaluate the feasibility and rehabilitation training effectiveness 

of this CMC-EMG-integrated BCI on chronic stroke patients, a single-group pilot 

clinical trial was conducted with including 16 chronic stroke subjects. The significantly 

increased trigger success rate with the progress of the training sessions indicated the 

feasibility of this system. The significant improvement in hand fine motion control and 

muscular coordination showed that this CMC-EMG-based BCI could be effective for 

fine motor function recovery and reduce the compensatory motions from the proximal 

joints in the upper limb.  

In conclusion, the developed CMC-EMG-driven BCI system for wrist-hand 

rehabilitation could achieve the precise distal joint motor recovery in the upper limb 

after stroke with the reduced compensation from the proximal joints. The 

neuromuscular coupling measured via CMC after stroke demonstrated that the 

corticomuscular coordination of proximal muscular compensation to the distal finger 
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motions could be derived from the cortex level mainly in the contralesional hemisphere. 

The feasibility and training effects of this novel CMC-EMG-driven BCI were verified 

and evaluated through a single group clinical trial. The significantly increased trigger 

success rate indicated the feasibility of this system. Besides, the significant 

improvement in hand fine motion control and muscular coordination indicated that this 

CMC-EMG-driven BCI could be effective for fine motor function recovery and reduce 

the compensatory motions from the proximal joints in the upper limb. 

  



76 

 

APPENDICES 

APPENDICES 1: CLINICAL ASSESSMENTS FORM  

Mini-Mental State Exam(MMSE) 
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https://pdfs.semanticscholar.org/4370/72f1421146674eaf98e11cc9079311f23fcb.pdf  
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Fugl-Meyer Assessment for Upper Extremity (FMA-UE)
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Action Research Arm Test (ARAT)
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http://www.strokecenter.org/wp-

content/uploads/2011/08/action_research_arm_test.pdf   
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Functional Independent Measurement (FIM) 

 

 

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

 

https://www.med-iq.com/files/noncme/material/pdfs/DOC%201--

Modified%20Ashworth%20Scale.pdf 

  

https://www.med-iq.com/files/noncme/material/pdfs/DOC%201--Modified%20Ashworth%20Scale.pdf
https://www.med-iq.com/files/noncme/material/pdfs/DOC%201--Modified%20Ashworth%20Scale.pdf
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APPENDICES 2: Consent Form  
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