

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88963-301-2
DOI 10.3389/978-2-88963-301-2

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org





APPLICATIONS OF REHABILITATION ENGINEERING TECHNOLOGIES FOR THE INTERVENTION OF NEURAL AND MOTOR IMPAIRMENT POST STROKE

Topic Editors: 

Dong Feng Huang, Sun Yat-sen University, China

Guanglin Li, Shenzhen Institutes of Advanced Technology (CAS), China 

Stroke is the leading cause of disability worldwide. Stroke survivors often have motor impairments which contribute to upper limbs dysfunctions, reduced balance, postural control and reduced mobility and proprioception. These physical symptoms lead to reduced social participation and poor quality of life. Over the past ten years, there had been an enormous focus on the use of virtual reality (VR) and other technologies to improve clinical outcomes for people with stroke. These technologies include large scale bespoke manufactured immersvie virtual reality system, or home based rehabilitation device such as the commercially available device Nitendo Wii and Microsoft XBox. The clinical efficacy of these rehabilitation technologies had been studied extensively but our understanding of the underlying mechanism of recovery induced by these technologies is poor. There are two aspects of “recovery” must be considered. One is the learning compensation strategies where patients acquired “new” skills to improve functional abilities. The other aspect is the neuroplasticity mechanism which leads to cortical map reorganisation. The patient is able to re-use the same body segments in the same way as they did before the stroke. Published studies generally reported improvement in upper limb function, lower limb function, balance and gait. This leads to the uncertainty whether these technologies are effective in promoting “recovery” at neural level or functional level.

With the advance in technology, monitoring techniques such as neural imaging, motion analysis, and EMGs devices have broad applications in the understanding of neural recovery post stroke. Studies that utilize functional outcome measures or observational design may be more effective in identifying functional recovery. A combination of the two designs may be helpful to provide new insights on the recovery mechanism induced by rehabilitation devices.
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Objective: To use an established biomechanical approach to quantify reflex and non-reflex responses from spastic–paretic elbow flexors in response to controlled cold and heat stimulation.

Methods: Thirteen spastic–hemiplegic stroke subjects were tested in the experiment. The spastic elbow joint was stretched into extension for 50° at two speeds (5°/s and 100°/s) in a customized apparatus. Thermal stimulation (HEAT at heat pain threshold, COLD at 0°C, or BASELINE at room temperature) was applied to the thenar eminence of the contralateral hand immediately prior to stretching for at least 30 s.

Results: Total torque was greater at 100°/s than at 5°/s. Total torque was significantly increased after COLD, but not HEAT as compared to BASELINE. When normalized to total torque at baseline, HEAT decreased total torque by 6.3%, while COLD increased total torque by 11.0%. There was no significant difference in the reflex torque among three thermal conditions.

Conclusion: The findings demonstrate differentiated effects of cold stimulation on the total resistance from spastic muscles. They provide objective evidence for anecdotal clinical observations of increased muscle spasticity by cold exposure.
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INTRODUCTION

Spasticity is one of a multitude of factors that cause hypertonia. Spasticity is clinically defined as a phenomenon of velocity-dependent increase in resistance to external stretch, i.e., exaggerated stretch reflex (1). Alteration in spasticity can be a sign or reflection of underlying pathology, e.g., increased spasticity can be caused by urinary tract infection. Severity of spasticity could also be affected by many other factors, such as posturing, anxiety, and weather (2). Neurologically stable spinal cord-injured patients may present, or may be perceived to have, different levels of spasticity in the winter time (3) or even with strong air conditioning (4). However, these results are mixed (2). There are also case reports which showed that spasticity was increased by cold weather in stroke patients (5, 6). This pattern of change usually requires adjustment in treatment plan or options, such as increasing dose of botulinum toxin in the winter time.

Cold exposure increases the severity of spasticity in the affected muscles and overall muscle tone of the whole body. This clinical observation of increased tone in response to acute cold challenge is part of common thermal defense responses, including cutaneous vasoconstriction and shivering and non-shivering thermogenesis. The overall increase in muscle tone before the onset of overt shivering is termed “thermal muscle tone” (7). It is related to activation of the fusimotor drive via the thermoregulatory reflex during cold exposure (8). In an animal study (8), the efferent fusimotor activity to the rat gastrocnemius muscle was found to increase when the trunk skin was cooled for as short as 30 s by a water-perfused jacket and returned to normal when the skin was rewarmed. The cold-induced fusimotor activation enhanced the afferent discharges of the stretched muscle. However, this activation was blocked by inhibition of neurons in the rostral medullary raphe. In other words, thermal muscle tone is centrally mediated.

Spastic hypertonia consists of reflex-related component, i.e., hyperreflexia and non-reflex-related component (9–12). The hyperreflexia-related spaticity accounts for the commonly observed phenomenon of velocity-dependent increase in resistance. It is indicative of hyperexcitability of spinal stretch reflex circuits as a result of imbalanced descending pathways secondary to disinhibition after stroke (12). On the other hand, a number of peripheral muscular changes can contribute to hypertonia (13, 14). These factors include muscle fiber changes and altered tendon compliance. These peripheral changes may be secondary to paresis. When a paralyzed muscle is maintained in a shortened joint position, for example, a flexed elbow joint position, the muscle is often able to adapt to this situation and becomes shortened. As a result, sarcomeres are lost, muscle fibers become stiffer, and mechanical resistance to stretch increases, i.e., hypertonia (15). Additionally, there is an accumulation of viscous intramuscular substances, such as hyaluronan (16). These changes in the mechanical properties of muscles may gradually lead to increased muscle stiffness (17). These components are not adequately differentiated in common clinical examinations (18) or even in quantitative assessments of muscle stiffness in the laboratory setting (19).

Cold-induced changes in the severity of spasticity are easily perceived by patients and are often assessed with clinical scales, such as modified Ashworth scale (MAS). However, it remains unknown which components of spasticity are influenced by cold exposure. Since cold-induced thermal muscle tone is centrally mediated, its effect on spastic muscles could be quantified by changes in spasticity in the affected muscle in responses to experimentally imposed cold challenge to the contralateral limb. In this way, the peripheral mechanisms in the spastic muscle are not altered by cold stimulation. To achieve this goal, we have developed a thermal-stimulation/biomechanical-quantification approach in this study. In particular, we used a thermal stimulator to provide a brief yet controlled heat/cold stimulation to the contralateral hand in stroke survivors, while an established biomechanical approach was used to quantify the response from the spastic–paretic elbow flexors (20–23). Resistance to slow stretching (e.g., 5°/s) is considered to reflect the passive and non-reflex property of spastic muscles. The difference in resistance between fast (e.g., 100°/s) and slow stretching thus represents the reflex component of spastic muscles. As such, this unique approach allowed us to examine the effects of cold exposure on different components of spasticity.



MATERIALS AND METHODS

Thirteen spastic–paretic hemiplegic stroke subjects (five females, eight males, aged 53–78 years, history of stroke: 68 ± 42 months) participated in the experiment. Subjects were recruited from the TIRR Memorial Hermann outpatient clinic. Inclusion criteria were those who: (1) had spastic hemiplegia secondary to a single ischemic or hemorrhage stroke; (2) had a history of at least 6 months poststroke; (3) had elbow flexor spasticity of the impaired side greater than 0, but less than 3 (rated by MAS) in order to have sufficient range of motion for stretching; (4) were able to understand and follow instructions related to the experiment; and (5) were able to give informed written consent. The exclusion criteria were those who: (1) had a history of multiple strokes or bilateral involvement and (2) had presence of contracture that would limit full elbow range of motion on the impaired side. Spasticity of elbow flexors was MAS of 1+ and 1 in this experiment. The experiment was approved by the UTHealth Committee for the Protection of Human Subjects. All subjects gave written informed consent prior to participation.

For this study, we adopted our recent experimental setup (23, 24). The subjects were seated on a height adjustable chair. The spastic limb was safely secured in a customized apparatus with the shoulder at approximately 45° of abduction and 30° of flexion. The center of the elbow joint and the axis of rotation of the servo motor were perfectly aligned to prevent translation and rotation of the arm. Four vertical plates were used to secure the forearm at the proximal and distal forearm (Figure 1). The subjects were instructed to keep the wrist, hand, and fingers relaxed during external stretching. The other arm of the subject rested symmetrically on another table.
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FIGURE 1 | Experimental setup.



External Stretch

A similar stretching protocol was used (23). A ramp-hold stretching at two different speeds (5°/s and 100°/s) was applied. The range of stretching was 50° of elbow extension with reference to the resting joint angle. From the initial elbow joint position, a constant-velocity extension movement was imposed at the elbow until the elbow reached the predetermined end position. The elbow was then held in the end position for 2 s and returned to the initial position at the same velocity. A rest period of about 60 s was allowed between trials to allow adequate recovery and to minimize the influence of stretch history on the response to the subsequent stretch. Subjects were instructed explicitly not to support/facilitate or to oppose the external stretch, i.e., complete relaxation throughout the trials. Two velocities of 5°/s and 100°/s were used with three trials at each velocity.



Thermal Stimulation

There were three thermal conditions: no thermal stimulation (BASELINE, i.e., room temperature), heat stimulation at heat pain threshold (HEAT), and cold stimulation at 0°C (COLD). A 45-s thermal stimulation was delivered to the skin of the contralateral hand via a thermode probe (the PATHWAY system, Medoc Ltd., Israel) immediately prior to stretching. As shown in Figure 1, a 30 mm × 30 mm advanced thermal stimulator (ATS) probe (thermode) was placed in the marked center of thenar eminence of the contralateral limb. The ATS delivers thermal stimuli at a temperature range of 0–52.5°C with a heating and cooling rate of up to 8°C/s. The thermode rested at room temperature (around 32°C) when not in use. During COLD, the temperature of the thermode decreased at 8°/s till 0°C (it takes about 4 s) and then remained at 0°C till the end of the 45-s trial. During HEAT, the temperature of the thermode increased from the baseline and was maintained at the predetermined heat pain threshold (around 43–45°C). During BASELINE, there was no change in the temperature of the thermode. For all conditions, the previously mentioned computerized external stretching was triggered at the end of the thermal stimulation. Each thermal condition was tested twice at each stretching speed. The interval between two thermal stimulation trials was 2 min. The order of stretching speed and thermal condition was randomized to avoid any bias caused by the stretching order.



Data Analysis

Resistance torque was measured with a torque sensor (Model TRS 500, Transducers Techniques, CA, USA). An angular motion was recorded using encoder (HD FHA-25C-50-US250, Standard Incremental, 2,500 pulses per revolution). All signals were digitized at 1,000 samples/s on a PC with a BNC-2090A data acquisition board (National Instruments, Austin, TX, USA) using custom LabView software (National Instruments). Data were saved for offline analysis using a custom MATLAB (The MathWorks Inc.) program.

Angle and torque signals were analyzed to determine the biomechanical response of the stretch on the spastic elbow flexors (23). For each subject, peak torque was calculated for all speeds between the start and end of arm extension. Total torque was calculated by subtracting the baseline (pre-stretch) torque from the peak value. Reflex torque was defined as the difference in total torque between the fast (100°/s) and the slow (5°/s) stretching. To characterize the pattern of the response, average torque was calculated across all three trials for each speed and each thermal condition.



Statistics

A two-way repeated measures ANOVA was applied to examine the main effects of stretching velocity (SPEED, two levels: 5°/s and 100°/s) and thermal stimulation (THERMAL, three levels: BASELINE, COLD, HEAT) on total torque. To compare changes in total torque from the baseline after thermal stimulation, a two-way ANOVA (SPEED and TEMP, two levels, hot/cold) was used. A One-way ANOVA (THERMAL) was used to investigate the impact of thermal stimulation on reflex torque. p < 0.05 was chosen to indicate statistically significant differences.




RESULTS

Total torque was significantly affected by both stretching speed and thermal stimulation (Figure 2). According to the two-way ANOVA analyses, there were main effects of SPEED [F(1,12) = 27.65, p < 0.0001] and THERMAL [F(2,24) = 3.88, p = 0.035]. No significant interactions were observed. Averaged across different thermal conditions, total torque was significantly greater at 100°/s (5.98 Nm) than at 5°/s (2.82 Nm). Averaged across different speeds, total torque was 4.33 Nm at BASELINE, 4.84 Nm during COLD, and 4.02 Nm during HEAT (Figure 3A).
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FIGURE 2 | Representative trials of total torque responses at a stretching speed of 100°/s. BASELINE: room temperature, COLD: 0°C cutaneous stimulation to the contralateral thenar eminence; HEAT: thermal stimulation at the heat pain threshold to the contralateral thenar eminence. Note that the peak torque response is greater in COLD as compared to in HEAT and BASELINE. Both HEAT and BASELINE have similar torque peak torque responses.
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FIGURE 3 | (A) Total Torque at BASELINE, COLD, and HEAT conditions. Gray bars indicate torque responses at slow stretch (passive component) and black bars indicate torque responses at fast stretch (passive + reflex component). A clear difference between speeds is visible, but not necessarily between temperatures. Mean and SEs are shown. (B) Reflex torque at BASELINE, COLD, and HEAT conditions. The reflex component of the total torque is the difference between the fast and slow torque responses (Total Torque at 100°/s − at 5°/s). Mean and SE are shown.


When normalized to the total torque at BASELINE, the percent change in total torque was also speed and temperature-dependent (Figure 4). Two-way ANOVA analyses showed main effects of SPEED [F(1,12) = 0.473 p = 0.505], TEMP [F(1,12) = 9.078 p = 0.011] and a significant interaction SPEED × TEMP [F(1, 12) = 6.907, p = 0.022]. Tukey post hoc tests further revealed that the percent torque change was significantly greater by COLD (18.1%) than HEAT (−8.7%) at slow speed, but there was no difference in torque change between COLD (4.0%) and HEAT (−3.9%) at fast speed of stretching. Overall, COLD increased total torque by 11.0%, while HEAT decreased total torque by 6.3%.


[image: image1]
FIGURE 4 | Change in total torque at COLD and HEAT stimulation. Change in total torque refers to percent difference in total torque between COLD/HEAT and BASELINE that is normalized to total torque at BASELINE. Positive change means increase in total torque. Mean and SEs are shown.


The reflex torque, obtained visually by subtracting the gray bars from the corresponding black bars on Figure 3A, however, did not differ significantly across three thermal conditions [F(1,12) = 0.661, p = 0.551]. They were 3.29, 3.01, and 3.15 Nm for BASELINE, COLD, and HEAT, respectively (Figure 3B).



DISCUSSION

In this experiment, a novel thermal-stimulation/biomechanical-quantification approach was used to quantify spastic hypertonia of elbow flexors in stroke subjects when thermal stimulation was applied to the contralateral hand in three thermal conditions: BASELINE, COLD, and HEAT. There were no changes in the biomechanical configuration or sensorimotor condition of the spastic limb during subsequent external stretches across different thermal conditions. The thermal-stimulation/biomechanical-quantification approach allows a unique opportunity to individually assess the reflex and non-reflex components of spastic hypertonia. In addition to confirming velocity-dependent increases in total torque, the novel findings included (1) total torque was significantly increased after COLD, but not HEAT as compared to BASELINE and (2) reflex torque did not differ significantly across the three thermal conditions. Our findings of no significant change in reflex torque across thermal conditions and increased total torque after cold stimulation suggest that cold stimulation specifically modulates the non-reflex component without affecting the reflex component in stroke survivors.

This study found that cold stimulation primarily alters non-reflex, passive stiffness of spastic muscles in stroke subjects. It is important to point out that many factors could contribute to non-reflex, passive stiffness, such as viscoelasticity of the muscle (14, 25), changes in muscle property (26), and accumulation of extracellular deposits (27). Unfortunately, we are not able to differentiate these factors in this study. Our finding was consistent with reports from an earlier study (7). A brief cold exposure specifically increased overall muscle tone, but did not alter fine neuromotor control during force production. The increase in the non-reflex response and the overall muscle tone during cold exposure suggests a central mechanism. This cold-induced increase in overall muscle tone is likely part of cold-defense mechanisms via activation of neurons in the rostral medullary raphe (8). In contrast, no effect of cold stimulation on the reflex component suggests that the excitability of reflex pathways is not affected.

The finding of no significant effect of cold stimulation on the reflex component is not trivial. The stretch reflex is a monosynaptic reflex that provides automatic regulation of skeletal muscle. Skeletal muscle contains extrafusal and intrafusal muscle fibers. Extrafusal fibers are innervated by alpha motor neurons, mediating muscle contraction. Intrafusal fibers constitute the muscle spindle. These intrafusal fibers are innervated by gamma motor neurons. The muscle spindle serves as mechanoreceptors for the muscle and provides feedback to the central nervous system. When a muscle is lengthened by passive stretch, both the change in muscle length and its rate are detected by muscle spindles (primarily group Ia and II afferent fibers). Golgi tendon organs also send information on muscle tension through group Ib afferent fibers. The increase in neuronal activity in these fibers in turn increases alpha motor neuron activity in the stretched muscles through the stretch reflex. This causes the extrafusal muscle fibers to contract and thus resist the muscle lengthening or stretching. Meanwhile, Ia afferent fibers also synapse with Ia inhibitory interneurons, producing relaxation of the antagonist muscles (“reciprocal inhibition”). In summary, gamma motor neurons regulate muscle spindles (fusimotor system) and thus the reflex sensitivity.

By subtracting the torque response at 5°/s from that at 100°/s, reflex torque reflects the aggravated reflex response to a fast external stretch. This velocity-dependent reflex torque is likely mediated by velocity-sensitive spindle afferent inputs (Ia and II spindle afferents) (22, 28) and hyperexcitable spinal motor neurons (9, 12, 29). It is viewed as a result of unopposed descending inputs to spinal motor neuron pools from hyperexcitable medial reticulospinal pathways (12, 30). Cold stimulation is known to relate to the activation of the fusimotor drive via the thermoregulatory reflex (8). The cold-induced fusimotor activation enhanced the afferent fusimotor discharges. No cold effect on the reflex torque suggests that the cold-induced fusimotor activation does not increase stretch reflex responses in spastic flexors. These findings are in general in consistence with previous findings (31, 32). These studies reported that the reflex amplitude was not disproportionally affected by changes in fusimotor function—by an after-effect of voluntary contraction, cutaneous mechanical stimulation, or electrical nerve stimulation. However, our findings extended previous reports that the fusimotor function could significantly alter the non-reflex component of spastic hypertonia. Further research needs to investigate how the fusimotor activation changes the non-reflex component of passive resistance in spastic muscles.

Limitations of this study include the number of stretch measurements made at each thermal condition. The muscle reflex response is highly variable, but also typically shows a decrease in amplitude with each successive stretch within a short period of time. Only two measurements were made in each thermal condition as to not heavily weigh whichever condition was measured first. This potential bias was also remediated by randomizing the order of the thermal condition. Thermal stimulation was applied only to the contralateral side in this study. The effect of thermal stimulation would be more significant if it was applied on the same side or directly on the target muscles. However, the potential confounding factor is that increased passive stiffness could be induced directly by cold stimulation. In future studies, comparisons of the effects of thermal stimulation to the spastic muscles and on the contralateral side may be able to provide useful information.



CONCLUSION

The findings provide objective evidence for anecdotal clinical observations of increased muscle spasticity due to cold exposure. Increased spastic hypertonia appears to be primarily caused by an alteration in the non-reflex component of spastic hypertonia at a central level.
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Introduction: Reaching movements in stroke patients are characterized by decreased amplitudes at the shoulder and elbow joints and greater displacements of the trunk, compared to healthy subjects. The importance of an appropriate and specific contraction of the interscapular and upper limb (UL) muscles is crucial to achieving proper reaching movements. Functional electrical stimulation (FES) is used to activate the paretic muscles using short-duration electrical pulses.

Objective: To evaluate whether the application of FES in the UL and interscapular muscles of stroke patients with motor impairments of the UL modifies patients’ reaching patterns, measured using instrumental movement analysis systems.

Design: A cross-sectional study was carried out.

Setting: The VICON Motion System® was used to conduct motion analysis.

Participants: Twenty-one patients with chronic stroke.

Intervention: The Compex® electric stimulator was used to provide muscle stimulation during two conditions: a placebo condition and a FES condition.

Main outcome measures: We analyzed the joint kinematics (trunk, shoulder, and elbow) from the starting position until the affected hand reached the glass.

Results: Participants receiving FES carried out the movement with less trunk flexion, while shoulder flexion elbow extension was increased, compared to placebo conditions.

Conclusion: The application of FES to the UL and interscapular muscles of stroke patients with motor impairment of the UL has improved reaching movements.

Keywords: electric stimulation therapy, movement disorders, paresis, range of motion, stroke, upper extremity


INTRODUCTION

Reaching movements in stroke patients are characterized by decreased amplitudes at the shoulder and elbow joints compared to healthy subjects (1–6). The movement pattern of patients with stroke is highly related to their level of motor function impairment, which becomes modified due to the lack of inter-articular coordination (1). There is a decrease in the range of motion at the elbow joint with a tendency toward flexion, which avoids correct extension of the upper limb (UL), hampering the ability to perform appropriate reaching movements. Excessive shoulder abduction is also observed as a compensatory movement when there is a lack of appropriate shoulder flexion (7).

In the case of the trunk, greater trunk displacements have been observed in patients with stroke, forward displacements, and torsion movements, which are related to deficits in elbow extension, and shoulder flexion and adduction, as compensatory mechanisms that occur during reaching movements or other activity. Patients are able to develop new motor strategies to achieve their goal despite UL deficits (1–7). There is a greater involvement of the trunk and scapula during the execution of reaching movements due to the creation of new movement strategies to compensate for the deficiencies (8).

The scientific literature has shown that stroke patients need to create new movement strategies. This involves the development of pathological synergies to carry out the desired movements. An example of this is the excessive movements of the trunk and scapula to compensate the deficiencies resulting from the pathology (7). Proper activation of the interscapular muscles depends on the position of the trunk. Stroke patients, due to the deficits affecting their trunk and scapular movement patterns, are under unfavorable conditions for being able to perform appropriate and selective activation of these muscles, which has a negative impact on the movement of the UL (9–11).

Regarding the UL muscles involved in reaching movements, a deficit in muscle control and activation has been observed (5, 12, 13). The synergistic contraction of the shoulder flexor and extensor muscles during reach becomes deteriorated due to muscle weakness and; therefore, the resulting movement is deficient (14). Furthermore, spastic muscle patterns may also prevent the correct performance of UL movements (15–18).

Functional electrical stimulation (FES) is a form of treatment that seeks to activate the paretic muscles using short-duration electrical pulses applied via surface electrodes through the skin (19). The use of FES and neuroprostheses has spanned almost four decades (20, 21). The use of FES as a neuroprosthesis consists of self-treatment at home by means of a neuroprosthetic neuromuscular stimulation system. The objective of this modality is to assist the performance of an activity of daily living (ADL) (22). Recently, functional and clinical improvements have been reported with the therapeutic application of FES, in which stimulation was used to increase voluntary movement after stroke (22, 23). Therapeutic FES modalities have been used to recruit UL muscles, improving weakness, the dyscoordination of single and multiple joints movements, and spasticity (24).

Most studies employing therapeutic FES for paretic UL rehabilitation are based on stimulation of the shoulder, elbow, and wrist muscles without recruitment of the interscapular muscles (25–28). The importance of an appropriate and specific contraction of the interscapular musculature during UL movement is necessary to adapt the position of the scapulothoracic joint to the degree of movement of the glenohumeral joint. This musculature has a stabilizing function upon the entire glenohumeral complex, which is necessary for a correct reaching movement (29–31). In healthy subjects, the posture of the trunk has been shown to influence changes in scapular movement and interscapular muscle activity during UL elevation (29, 32). The motor control of shoulder movement influences the correct and proper activation and synchronization of these muscles (33).

In this study, we tested the ability of a FES system to assist the UL movement of stroke patients based on the stimulation of interscapular, shoulder, elbow, wrist, and finger muscles. To our knowledge, no empirical study to date directly addresses this question. The authors hypothesized that participants receiving FES to the UL and interscapular muscles would be able to perform the movement with less trunk anteroposterior tilt and major shoulder flexion and elbow extension. The aim of this feasibility study was to evaluate whether the application of FES to the UL and interscapular muscles of stroke patients with UL motor impairment would be able to modify their reaching patterns, measured using instrumental movement analysis systems.



MATERIALS AND METHODS


Subjects

A cross-sectional study was conducted. Recruitment was based on the voluntary participation of patients with stroke and UL motor function impairment. The participants were recruited from rehabilitation facilities and patient associations. Contact with prospective participants was made via meetings with their clinicians and informative flyers.

The selection procedure was made by non-probabilistic sampling of consecutive cases of patients who met the inclusion criteria: subjects older than 30 years and younger than 70 years, with a confirmed diagnosis of chronic stroke (more than 6 months of evolution), the ability to manipulate most objects; a modified Ashworth scale score ≤2 in the UL muscles, deltoid, triceps brachii, biceps brachii and to the wrist and finger flexor an extensor muscles, the ability to understand instructions and actively cooperate in the tasks indicated by a score ≥20 in the Mini-mental Test and suitable family and social support, to assist the patient in the use of the FES device at home. Patients with mixed aphasia, hemineglect, articular rigidities (irreducible contractures and arthrodesis), severe sensitivity alterations that impeded the use of the FES system, and skin conditions that could hamper or render impossible the application of the FES system were excluded. This protocol was approved by the local ethics committee of the Rey Juan Carlos University. Informed consent was obtained from all participants included in this study.



Instrumentation

The Compex® electrical stimulator was used for muscle stimulation. Developed in Zurich, this device is considered one of the most flexible and versatile FES systems available. It was designed to be used as a medical device for any FES application, either as a neuroprosthesis or as a research tool (34).

The VICON Motion System® (Oxford Metrics, Oxford, UK) was used for the purpose of motion analysis. This system consists of eight 100 Hz infrared capture cameras and a data station where the information is gathered and processed through the VICON Upper Limb 2.0® model (35).



Procedure

The research took place at the Laboratory of Analysis of Movement, Biomechanics, Ergonomics, and Motor Control (LAMBECOM), located in the Department of Physiotherapy, Occupational Therapy, Rehabilitation, and Physical Medicine of the Faculty of Health Sciences of the Rey Juan Carlos University.

In the first place, all patients granted their consent to participate in this study by signing the informed consent. The study protocol consisted primarily of a muscle training program that the patients performed at their own homes for a week. The purpose of these sessions was for the patient to become accustomed to the sensation of electrical stimulation, as well as to the training of the UL muscles, in order to subsequently undergo the evaluation process satisfactorily.

The home training program consisted of two sessions per day, for 7 days, of 30 min of stimulation. In the first session, stimulation was applied to the wrist and finger extensor muscles and to the triceps brachii. In the second session, the anterior deltoid and interscapular muscles were stimulated. The training program was pre-defined and consisted of 2 min at 1 Hz, 200 µs with 7.5 s of stimulation, and 7.5 s of rest; 16 min at 25 Hz, 200 µs and 7.5 s of stimulation, and 7.5 s of rest; and 2 min at 1 Hz, 200 µs and 7.5 s of stimulation, and 7.5 s of rest. The participants were told to indicate all deleterious effects such as skin discomfort, referred pain, paresthesia, and uncomfortable muscle contractions.

Once the training period was carried out, the instrumental evaluation was performed in the LAMBECOM using the Vicon® system. For this purpose, 12 passive reflective markers of 14 mm were placed in specific locations of the affected UL and trunk of the patients according to the Vicon UL model (35). The locations were: the spinous process of the seventh cervical vertebra, the spinous process of the 10th thoracic vertebra, the acromion, the center of the right scapular spine, the sternal manubrium, the xiphoid apophysis, the lateral epicondyle of the humerus, the middle third of the forearm, the radial styloid apophysis, the ulnar styloid apophysis, and the base of the third metacarpal bone.

Four muscle groups were selected for muscle stimulation: the interscapular muscles, the anterior deltoid, the triceps brachii, and the wrist and finger extensor muscles. Adhesive and square shaped Dura-Stick® electrodes were used (5 cm × 5 cm) (Figure 1). The placement of these electrodes depended on the muscle area in which the best muscle contraction occurred. The frequency, pulse width, and duration of the FES onset ramp were set at 25 Hz, 200 µs, and 0.5 s, respectively, for the entire session. The current intensity was established according to the optimal amplitude necessary for producing the muscular contraction and the desired movement in each patient, and according to patient tolerance (submaximal contraction). Hence, prior to the evaluation, different trials were performed to choose the most appropriate intensity.
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FIGURE 1 | Patient with the functional electrical stimulation device.


The kinematic analysis consisted of the patients performing six repetitions for each condition of the reaching task while being measured with a motion capture platform based on the Vicon Motion (Oxford Metrics, Oxford, UK) optoelectronic system.

The conditions were: condition 1: placebo; and condition 2: FES. In condition 1, the selected muscles were stimulated with electrical impulses, but with an amplitude that did not produce movement. In condition 2, electrical stimuli were applied to the triceps brachii, anterior deltoid, extensor muscles of the wrist, and fingers and interscapular muscles (lower trapezius and rhomboid), to favor the scapular approximation, the stabilization of the scapula with regard to the trunk, the external rotation of the shoulder, and the coaptation of the glenohumeral joint (31, 32).

To perform these trials, the patients were placed in a sitting position on a wooden chair without a backrest. The patient-to-desk distance was 8–10 cm. Patients were asked to put their hands on the desk (palms down) with their shoulder at around 15° flexion, 20° abduction, and with the elbow at around 90° flexion. A hard plastic glass (diameter = 5.5 cm, height = 15 cm) was used as the target. The glass was placed on the desk in line with the patient’s sternum and at a distance equal to 75% of the maximum reachable distance with the paretic arm.

Patients were instructed to reach and touch the glass from the starting position using their paretic hand and then they returned to the initial position. All patients practiced the reaching task before motion capture trials. Once this phase was completed, a static calibration recording was performed. Using this recording, we checked that each marker was visible from the scanning cameras and the analyzed movements were registered. In these, after the verbal instruction “Get ready…go,” patients had to lift their arm and reach and touch the glass at a comfortable speed.

For this, each patient performed the reaching task under two different conditions. Each condition was repeated six times in a randomized manner.

The sequence of muscular activation with electrical stimuli was: first the interscapular muscles to get the thorax to extend, followed by the anterior deltoid and the triceps brachii to achieve the reaching movement, and finally, the wrist and fingers extensor muscles to touch the glass.



Outcome Measures

We analyzed the joint kinematics (trunk, shoulder, and elbow) when the affected hand reached the glass from the starting position. The end of the movement was considered as the point when the affected hand touched the glass. The beginning of the movement was when the trunk became straightened or extended because the stimulation with placebo and FES began (Figure 2).
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FIGURE 2 | Reaching movement.


We established the beginning of the movement using the Vicon Nexus software v1.8.5®, creating an event immediately when the stimulation begins and the verbal commands (“Get ready…go”). Another event was created at the end of the movement when the affected hand touched the glass and the stimulation ceased. Two raters evaluated these events, and if there were discrepancies between them, a third rater was consulted in order to reach an agreement.

The following kinematic parameters were analyzed: trunk, shoulder, and elbow joint angles at the beginning of the movement; trunk, shoulder, and elbow joint angles at the end of the movement; and trunk, shoulder, and elbow joint range of movement (ROM) during reaching. Range of motion was the difference between the joint angles (degrees) at the beginning and at the end of the reaching movement. Positive values in trunk, shoulder, and elbow joint angles indicated flexion. A negative value or a reduction in the value of the trunk, shoulder, and elbow positions indicated extension.

The Vicon Nexus software v1.8.5® was used to calculate outcome measures based on the biomechanical model of the Vicon Upper limb® model. The output angles for all joints were calculated from the YXZ cardan angles, derived by comparing the relative orientations of the two segments. The trunk angle was measured relative to the laboratory axes. The angle of the shoulder segment was relative to the proximal segment, i.e., the shoulder to the trunk. The angle of the elbow was a relative angle between the upper arm and the forearm (35).

Henmi et al. (36) evaluated the validity and reliability of the Vicon Upper Limb® model in healthy subjects. For this, they examined the ranges of movement of the cervical spine, shoulder, elbow, and forearm, using the Vicon Motion System® and a universal goniometer. The authors obtained an excellent Pearson correlation coefficient for shoulder flexion (0.94) and elbow flexion (0.91). In addition, the SD between the repeated measurements was very small: 0.78° for shoulder flexion and 0.89° for elbow flexion.



Statistical Analysis

The statistical analysis was carried out using the SPSS statistical software system (SPSS Inc., Chicago, IL, USA; version 22.0). A normal distribution for the kinematic parameters was found using the Shapiro–Wilk test and Kolmogorov–Smirnov test.

The Student’s t-test for related samples was used for the analysis of kinematic parameters, comparing the data for the two conditions (FES and placebo). Descriptive statistics were used to summarize data, including calculation of the means and SDs for continuous data. The statistical analysis was performed with a confidence level of 95%, so that significant values were considered at p < 0.05.




RESULTS

The sample consisted of a total of 21 male patients with chronic stroke, of the 25 selected at the study onset. Four subjects were excluded because they were unable to attend the evaluation appointments due to logistical problems. The ages of the included participants ranged between 40 and 69 years old (with a mean age of 59.12 ± 10.31 years). The affected UL was analyzed in this study. Concretely, 11 patients presented left UL paresis (52.38%) and 10 has right UL paresis (47.62%). The affected UL was on the dominant side in 14 participants (66.67%) and, on the non-dominant side, in 7 participants (33.33%). The mean time since the stroke episode was 6.18 ± 3.12 years. Regarding the type of stroke, 38.10% (8) were ischemic and 61.90% (13) were hemorrhagic. The mean score of participants on the motor function domain of the UL-FMA was 26.87 out of 66 points (SD 10.6), with 72.25 out of 126 points (SD 20.41) on the total score of the UL-FMA (including the sensory, passive ROM, and pain subscales). The amplitude of the stimulation needed to produce the muscular contraction ranged between 17 and 42 mA, depending on the muscle groups and the stimulation threshold of each participant.

Table 1 summarizes the kinematic parameters studied for the trunk, shoulder, and elbow during the reaching task.


TABLE 1 | Joint kinematics in the sagittal plane (degrees).
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The participants with FES decreased their trunk ROM and showed less trunk flexion in the end of reaching compared to the participants with placebo FES. We did not observe significant differences in the angle of the trunk at the beginning; however, when the stimulation began, the participants with FES also began the reaching movement with less trunk forward flexion (i.e., from a more extended position).

During the reaching movement with FES, the participants increased the shoulder flexion at the end of the movement and the ROM compared to the participants who performed the reaching task with placebo FES.

The elbow joint showed significant differences in the final position when the affected hand reached the object. The participants increased their elbow extension using the FES compared to the placebo. In addition, the elbow ROM significantly increased in the FES condition compared to the placebo condition.

The trunk and arm position at the beginning of the movement was similar in both groups. In addition, the SD was low. However, when the stimulation began and the affected hand reached the glass, the SD increased in trunk, shoulder, and elbow P2 and ROM. This is probably because the participants use different patterns to perform the task. For example, some participants in the FES group showed a smaller increase of shoulder flexion and elbow extension because the movement was performed with greater trunk flexion (Figure 3).
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FIGURE 3 | Trunk, shoulder, and elbow kinematics. (A,A’) is trunk kinematics; (B,B’) is shoulder kinematics; (C,C’) is elbow kinematics. X-axis shows degrees. Y-axis is the period between the beginning and the end of the motion. Blue line is the reaching pattern with placebo condition; green line is the reaching pattern with functional electrical stimulation (FES). The subjects begin the movement in a similar position in both conditions. However, the joint positions at the end of the movement are very different in each subject. The participant 7 with FES condition decreased the trunk flexion (A), increased the shoulder flexion (B), and increased the elbow extension (C). The participant 12 with FES condition showed a smaller increase of shoulder flexion (B’) and elbow extension (C’) because the movement was performed with greater trunk flexion (A’). Both participants performed an improved reaching movement with FES compared to placebo.




DISCUSSION

The aim of this feasibility study was to evaluate whether the application of FES to the UL and interscapular muscles (rhomboid and lower trapezius), in stroke patients with motor impairment of the UL, would be able to modify patients’ reaching pattern, measured with a motion capture system.

The scientific literature available has shown that FES systems improve subjects’ reaching patterns. However, no studies have evaluated the effectiveness of the same using instrumental and objective motion capture systems. These systems help us to discriminate the UL pattern performed by each patient. Therefore, despite the heterogeneity of the sample, the use of the motion capture system has enabled us to examine each movement pattern in order to determine whether FES stimulation was able to modify the subjects’ UL pattern. To our knowledge, this is the first study using FES that specifically includes the interscapular muscles within the protocol of stimulated muscles.

Concerning the results obtained for the analyzed variables of the trunk movements in the sagittal plane, we have found significant differences in the trunk ROM and in the end position reached between the conditions. The trunk ROM during reaching was found to be lower in participants who performed the movement with FES, who also displayed a decrease in trunk tilt. This reduction in the ROM and trunk tilt may occur because the participants with FES began the movement with their trunk in a more neutral position. In addition, the interscapular stimulation may improve the trunk posture toward a more extend position. The motion of the scapula is influenced by muscle forces and joint reaction forces, which arise from the thoracic surface as well as the acromioclavicular and glenohumeral joints. Also, the stability of the scapula influences both the trunk and UL motions (37). It is probable that the initial stimulation of interscapular muscles may have helped these patients to achieve this posture. Different authors have shown that trunk flexion complicates the performance of UL tasks. For appropriate UL movements, a correct starting position at the level of the trunk and scapula is necessary (9, 10).

In the case of patients with stroke, the deficits that are typically present in their trunk and scapula movement patterns place them at a disadvantage for achieving an appropriate and selective activation of these muscles and, consequently, this has a detrimental effect on the movement of their UL (9, 10). Notably, a number of authors have reported that the excessive trunk movement of these patients is due to an inappropriate activation of the scapular musculature (8–10), which explains why stimulation at this level should improve the movement pattern with a lesser tendency toward forward trunk bending.

Regarding the application of electrostimulation to the muscles of the UL, the combination of proximal and distal stimulation may potentially restore function to a much larger group of patients compared to previous works that only stimulated hand opening (38, 39). In line with our findings, previous reports have shown that voluntary shoulder movement and reaching effort increases wrist and hand flexion force, requiring additional extension force to open the hand in stroke patients. The correct movement of the UL may reduce the grasp force and may be useful to assist the performance of ADLs in individuals with a hemiparetic arm (40). The importance of the stimulation of the triceps brachii has been demonstrated in previous studies, which have demonstrated that the torques generated by triceps stimulation for producing elbow extension may have beneficial effects during dynamic reaching (41).

In stroke subjects, the application of electrostimulation to the muscles of the UL has been found to enhance the reacquisition of motor skills with the affected UL and to increase the degree of shoulder flexion and elbow extension, thus assisting the reaching movement, as measured with motion analysis systems; our results confirm and extend these previous works (42–44) by demonstrating that FES applied to the UL muscles is effective for improving simple single joint movements as well as more complex reach-to-grasp movements performed with the hemiparetic UL. Makowski et al. (42) and Lew et al. (43) studied different reaching movements and ADLs in chronic stroke patients, via the application of FES. The results they obtained showed improvements in range distances, hand opening, an increase in forearm muscle activity, and the ability to complete ADLs in which shoulder flexion was required and in which elbow extension was required and which the patients were initially unable to perform. However, the authors of the aforementioned study did not report kinematic values for the different joints, which is why we are unable to discern which joint is able to explain the improvements in movement. Furthermore, the prior study did not stimulate the interscapular muscles and; therefore, we cannot compare our kinematic data. On the other hand, Koesler et al. (44) studied the kinematics of the UL while performing median nerve stimulation to the origin of the brachial biceps in 12 patients with chronic stroke. The results of their study demonstrated improvements in analytical UL movements and in complex movements, such as reach and grip. These data are comparable to our findings although in the case of the former study, there was no electrical stimulation at the muscle level, but rather, stimulation was performed directly upon the nerve. In contrast, after using FES and an exoskeleton for reaching and grasping in 18 patients with stroke, Grimm and Gharabaghi (45) stated that FES alone was insufficient for the correct performance of the selected movements in these patients. They concluded that the use of the relief device was essential to achieve the performance of the reach and grip exercises. Our results differ with the aforementioned study by suggesting that stroke patients are able to perform ROM with FES.

Recent research has shown that the repetitive practice of a motor task combined with positive feedback leads to the reorganization of the motor cortex. Changes in cortical excitability increase even more when motor tasks are performed, which require more skill on the part of the patient (46), thus the active participation in the performance of the task leads to a substantial increase in cortical excitability in comparison with passive or non-functional training (47). Somatosensory input is essential for motor learning, and it has been suggested that an increase in the excitability of corticospinal projections to the muscles of the paretic hand may facilitate functional recovery of dexterity after stroke (48). Corticospinal excitability can be increased by periods of electrical stimulation, transcranial direct current brain stimulation, or a combination of both (49).

In stroke rehabilitation, specific training or repetitive exercise can increase corticospinal excitability and improve function of the paretic hand (50). Therefore, one of the main advantages of FES is the ability of the patient to perform repetitive movements in any environment, which significantly enhances their ability to recover (51). In addition to enhancing function, FES enables people to engage in therapies that require a prescribed level of voluntary ability. Thus, the use of FES during and after therapy is most likely of value in cases of moderate to severe chronic deficiency, where therapeutic interventions to date have been less effective (26). The literature suggests that a small number of individuals with severe impairments are unable to regain motor control in the UL. These individuals with chronic stroke suffer from weakness, spasticity, atrophy, and stiff joints due to the stroke and learned non-use. Our findings suggest that the use of FES may be beneficial for such individuals. We have shown that FES can produce functional arm movement and is able to reduce the pathological pattern of the reaching movement in these patients, such as excessive trunk bending instead of a greater shoulder flexion and elbow extension.

According to the results of this study, the stimulation of interscapular and UL muscles using FES increases the range of motion of the shoulder and elbow compared to placebo conditions. Most studies have used FES stimulation for UL muscles without stimulating the interscapular muscles. These studies reported that the UL ROM also increased. Therefore, further studies are required comparing which type of stimulation is most appropriate: FES for UL muscles alone or a combined stimulation with FES for UL and interscapular muscles. In addition, it is important for future works to include kinematic data of the UL joint in order to compare our results regarding kinematics with other types of FES stimulation. The study demonstrates the suitability of the proposed stimulation with FES, because there were not deleterious events during the application, the performance of the intervention was easy and the systems used for stimulation are accessible. Therefore, it would be possible to carry out this type of intervention in clinical environments.

The present study has several limitations that need to be addressed in the future. Due to the clinical variability inherent to stroke, it was difficult to form a homogeneous experimental group in terms of motor characteristics such as movement patterns. However, despite the heterogeneity of the sample, significant changes in joint kinematics have been observed. Another limitation is that the same patient group was treated under two different conditions. Future studies should include independent groups and add a follow-up to understand the effects of FES stimulation over time. Also, the interscapular muscle stimulation with percutaneous FES was unable to specifically stimulate the rhomboid muscle or lower fibers of trapezius. It is possible that a more specific stimulation of these muscles may improve the trunk position and generate a more physiological reaching movement. In addition, further works should analyze the ROM of trunk movement from the start of the stimulation to the start of the reaching in order to evaluate the influence of the stimulation on the interscapular muscles in trunk posture. Finally, this study did not analyze the wrist and finger kinematics due to the fact that the motion capture systems are shown to be more reliable for shoulder and elbow movements (36).



CONCLUSION

We provide kinematic evidence that the application of FES in the UL and interscapular muscles of stroke patients with motor impairment of the UL has reduced the trunk tilt and increased the shoulder flexion and elbow extension, improving the reaching movement, compared to the placebo stimulation. In addition, the stimulation of interscapular muscles (rhomboid and lower trapezius) may help to improve the trunk position during the UL movements through the scapula. To our knowledge, this is the first study to use a protocol that includes the stimulation of these muscles. The findings of this feasibility study show that FES has no side effects and that the electrical dose described in this manuscript could be taken into account in a large study. Further trials with follow-up, a control group, and larger samples are necessary to compare the effectiveness of this modality of FES.
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In this study, we investigated the effects of dual-hemisphere transcranial direct current stimulation (dual-tDCS) of both the affected (anodal tDCS) and non-affected (cathodal tDCS) primary motor cortex, combined with peripheral neuromuscular electrical stimulation (PNMES), on the effectiveness of constraint-induced movement therapy (CIMT) as a neurorehabilitation intervention in chronic stroke. We conducted a randomized controlled trial of feasibility, with a single blind assessor, with patients recruited from three outpatient clinics. Twenty chronic stroke patients were randomly allocated to the control group, receiving conventional CIMT, or the intervention group receiving dual-tDCS combined with PNMES before CIMT. Patients in the treatment group first underwent a 20-min period of dual-tDCS, followed immediately by PNMES, and subsequent CIMT for 2 h. Patients in the control group only received CIMT (with no pretreatment stimulation). All patients underwent two CIMT sessions, one in the morning and one in the afternoon, each lasting 2 h, for a total of 4 h of CIMT per day. Upper extremity function was assessed using the Fugl-Meyer Assessment (primary outcome), as well as the amount of use (AOU) and quality of movement (QOM) scores, obtained via the Motor Activity Log (secondary outcome). Nineteen patients completed the study, with one patient withdrawing after allocation. Compared to the control group, the treatment improvement in upper extremity function and AOU was significantly greater in the treatment than control group (change in upper extremity score, 9.20 ± 4.64 versus 4.56 ± 2.60, respectively, P < 0.01, η2 = 0.43; change in AOU score, 1.10 ± 0.65 versus 0.62 ± 0.85, respectively, P = 0.02, η2 = 0.52). There was no significant effect of the intervention on the QOM between the intervention and control groups (change in QOM score, 1.00 ± 0.62 versus 0.71 ± 0.72, respectively, P = 0.07, η2 = 0.43; treatment versus control). Our findings suggest a novel pretreatment stimulation strategy based on dual-tDCS and PNMES may enhance the therapeutic benefit of CIMT.

Keywords: constraint-induced movement therapy, upper extremity, transcranial direct current stimulation, neuromuscular stimulation, stroke, rehabilitation


INTRODUCTION

Approximately 15–30% of stroke survivors experience long-lasting upper extremity hemiparesis (1), with poststroke motor deficits of the upper extremity being a serious clinical concern. Therefore, treatments for upper extremity motor deficits are a critical component of stroke rehabilitation. In the 1980s, Taub et al. developed constraint-induced movement therapy (CIMT) as an intensive treatment for upper extremity motor deficit in chronic stroke patients (2). CIMT consists of task-oriented training for the affected upper extremity and a “transfer package” representing a behavioral method for enhancing adherence to treatment. Many previous studies have confirmed the effectiveness of CIMT for improving upper extremity function in chronic stroke patients (2–4). CIMT has been recommended by several guidelines for the improvement of the affected upper extremity function in chronic stroke patients (5, 6). In addition, several researchers have suggested that CIMT promotes plastic changes in the cortex, both contralateral and ipsilateral to the stroke lesion, in animal models of stroke and human stroke patients (7–9). The plasticity of the primary motor cortex is particularly important for the improvement in upper extremity motor function.

On the other hand, non-invasive brain stimulation has recently been shown to promote plastic changes when combined with standard physical or occupational therapy. Particularly, transcranial direct current stimulation (tDCS) has been used for priming cortical excitability during motor and behavioral training. The therapeutic mechanisms underlying improvement with tDCS involves effects on the activity of the Na+/Ca++ channel and N-methyl-D-aspartate receptor (10, 11), and promoting motor cortex plasticity, in a dose dependent, via activation effects on brain-derived neurotrophic factor and tropomyosin receptor kinase B (12). Cortex stimulation via tDCS is achieved using fine direct current from two electrodes placed on the scalp, which enhances the long-lasting modulation of cortical excitability through the depolarization or hyperpolarization of cells (13).

Two different tDCS strategies are used, namely anodal and cathodal stimulation, which increase or decrease the excitability level of cells, respectively. In an animal model, anodal tDCS of the affected hemisphere increases the excitability of the affected motor cortex for a few hours poststimulation (14). In healthy human subjects and in stroke patients, anodal tDCS of the affected hemisphere, combined with rehabilitation treatment, induced a modulation of cortical excitability of the affected motor cortex and promoted improvement of motor function on the affected side (15, 16). On the contrary, cathodal tDCS of the unaffected hemisphere combined with rehabilitation treatment decreased the excitability of the unaffected motor cortex, downregulating interhemispheric inhibition from the unaffected to the affected hemisphere, and improving motor function on the affected side in stroke patients (17). Recently, several researchers have recommended that both anodal and cathodal tDCS can be applied at the same time to act upon the affected and unaffected motor cortex, respectively (18–20). This tDCS strategy, termed dual-hemisphere tDCS (dual-tDCS), might further downregulate interhemispheric inhibition from the affected to the unaffected hemisphere. In addition, dual-tDCS was found to modulate intracortical and/or interhemispheric processing of primary motor cortex stimuli (21). In fact, Bolognini et al. (22) suggested that, compared to standard CIMT, dual-tDCS combined with CIMT yielded greater improvement in motor function of the affected upper extremity in chronic stroke patients.

While the current body of literature provides evidence that tDCS may promote rehabilitation-induced improvement in the motor function of the affected upper extremity in chronic stroke patients, several weaknesses of tDCS have been described. Uy and Ridding (23) suggested that, while anodal tDCS can increase the excitability of the cortex, the effects lasts <15 min. Nevertheless, these researchers also proposed that peripheral nerve stimulation (PNS) was a good strategy to prolong the effect of tDCS. The mechanism underlying the improvement in motor function with PNS are likely to be influenced by activity of the N-methyl-D-aspartate receptors (24–26) and GABAergic interneurons in the sensorimotor cortex. In fact, several researchers have demonstrated the added therapeutic effectiveness of combining tDCS, PNS, or peripheral neuromuscular electrical stimulation (PNMES), with rehabilitation (27–29). However, there are few articles that have shown the effectiveness of tDCS or dual tDCS combined with PNS or PNMES. Therefore, clear evidence of the effectiveness of this combined stimulation has not been established. Additionally, in CIMT’s study, the safety and effectiveness of this combined therapy (dual-tDCS combined with PNMES before CIMT) compared to CIMT alone, have yet to be examined.

Therefore, further research based upon the knowledge and experience obtained from previous studies is needed to develop a more efficient treatment strategy in stroke patients with motor deficit due to hemiparesis. In the present study, we first explored the hypothesis that the combination of dual-tDCS and PNMES, with adjustment of the level of muscle action potential evoked, would promote the effect of behavioral and motor therapy compared to conventional CIMT alone in chronic stroke patients with a paretic upper extremity. Additionally, we also evaluated the safety of the preconditioning treatment before CIMT compared to conventional CIMT alone.



MATERIALS AND METHODS


Study Design

This pilot, multicenter, randomized, controlled study was carried out in accordance with the recommendations of the “Ethical guidelines for medical and health research involving human subject, Ministry of Education, Culture, Sports, Science, and Technology in Japan,” with written informed consent from all subjects. All study protocols were approved by the institutional review boards of each participating facility. The study was registered with the University Hospital Medical Information Network Clinical Trial Registry (UMIN000020927), which is a public trial registry.



Subjects

Patients were recruited from outpatient stroke clinics affiliated with three participating facilities. The inclusion criteria were as follows: age, 20–90 years; and with a first stroke in chronic stage (>180 days from stroke onset). The exclusion criteria were as follows: bilateral or brain stem infarct or hemorrhage; voluntary extension of the metacarpophalangeal and interphalangeal joints of three or more fingers ≤10° or voluntary wrist extension ≤20°; severe impairment in balance or walking, indicated by the need for assistance for standing, walking or using the toilet; substantial use of the affected upper extremity before the intervention, indicated by a score of >2.5 points on the amount of use (AOU) scale of the Motor Activity Log (MAL); clear signs of dementia or cognitive disorder, indicated by a score <24 points in the Mini-Mental State Examination; severe aphasia or apraxia, preventing the patient from participating in the activities involved in the study intervention; presence of another uncontrolled medical condition or severe end-stage disease; and severe contraction in the area of the shoulder, elbow, wrist, or fingers.



Sample Size Calculation

Before initiating the trial, we calculated that ten patients with chronic stroke should be enrolled in each group. A previous study suggested that a pilot study sample size should be 10% of sample size of project study (30). The largest CIMT study conducted to date was the EXCITE study (3), which enrolled about 100 patients in each group. Additionally, Hwetzog (31) recommended that pilot studies include 10–40 patients per group to provide an accurate estimation of treatment outcome. Therefore, we estimated 10 patients in each group would be sufficient.



Randomization and Blinding

Participants were randomized into the control group (conventional CIMT) or the treatment group (dual-tDCS and PNMES plus CIMT) by a researcher blinded to group allocation and who was not directly involved in this study. Randomization was performed according to Zelen’s method, combined with minimization algorithm to control for the following factors: age (in years), time from stroke onset (in days), and baseline upper extremity score based on Fugl-Meyer Assessment (FMA) (32).



Protocol for This Study

The patients in the treatment group first received dual-tDCS for 20 min, followed immediately by PNMES, and then CIMT for 2 h. Pretreatment stimulation (dual-tDCS and PNMES) was applied both before the morning CIMT session and before the afternoon CIMT session (Figure 1). Dual-tDCS was performed using a DC-STIMULATOR PLUS (neuroConn GmbH, Ilmenau, Germany). For dual-tDCS, the anode was placed over the affected primary motor cortex (point C3 or C4 according to the 10–20 system), while the cathode was placed over the unaffected primary motor cortex (point C4 or C3 according to the 10–20 system). The following stimulation protocol was used for tDCS: constant current of 1-mA intensity (15), applied for 20 min (33), followed by PNMES performed using a TORIO stimulation system (Ito Co. Ltd., Tokyo, Japan), with two self-adhesive electrodes placed on the extensor digitorum muscle. Trains of electrical stimulation (20 Hz, on/off duty cycle 150/150μs; pulse duration, 300 µs) were applied at 1 Hz for 10 min. Stimulation intensity was set at a level where each patient reported mild paresthesia, but no pain, and minimal visible muscle contractions were evoked (23). Patients in the control group did not receive any stimulation. Sham stimulation was not used because the PNMES device used in this study did not have a setting permitting sham stimulation.


[image: image1]
FIGURE 1 | Daily rehabilitation protocol in the treatment group. Dual-tDCS, dual-hemisphere transcranial direct current stimulation; PNMES, peripheral neuromuscular electrical stimulation; CIMT, constraint-induced movement therapy.


All patients received 4 h of CIMT (2 h in the morning and 2 h in the afternoon) from Monday to Friday for 2 weeks (10 consecutive weekdays). CIMT was provided by trained occupational therapists, according to a CIMT protocol described in detail elsewhere (34). CIMT is based on three main principles, namely: repetitive task-oriented training (shaping and task practice); training to facilitate the transfer of functional gains achieved in the clinical setting to the activities of daily living in real life (“transfer-package” training); and restraint of the less affected upper extremity using a mitt.



Functional Assessment

We assessed the motor function of the affected upper extremity and its use in real-world behaviors, before and immediately after CIMT, using the FMA for the upper extremity, primary outcome (32), and MAL [AOU and quality of movement (QOM)], as the secondary outcome, respectively (35). The FMA for the upper extremity consists of 33 items, each scored on a 3-point ordinal scale: 0 point, cannot perform the action; 1 point, can perform the action only partially; and 2 points, can perform the action fully. Thus, the maximum possible upper extremity score was 66 points. The AOU and QOM scores, components of the MAL, indicate how much and how well, respectively, the affected upper extremity is used during 14 activities of daily living. For each activity of daily living, the patient rates the extent of the activity performed and how well it can be performed using the affected upper extremity. MAL scoring uses a 6-point Likert scale, ranging from 0 (never used) to 5 (used as prior to stroke). The mean AOU score reflects the frequency of the activity, whereas the mean QOM score reflects how well the activity was performed. The maximum value for the AOU and QOM scores is 5 points. The FMA and MAL assessments were performed by blinded and trained occupational therapists who was not directly involved in the treatment or patient allocation to intervention groups.



Statistical Analysis

All data were analyzed using JMP version 13.0 (SAS Institute, Cary, NC, USA). Between-group differences in baseline characteristics were assessed using Fisher’s exact test (categorical data) or unpaired t test (ordinal data). Treatment effectiveness between the treatment and control group, which was assessed by analysis of covariance (ANCOVA), which was used to control for the baseline FMA score, and the AOU and QOM score of MAL, respectively. Finally, differences in upper extremity motor function, between baseline and postintervention, were assessed within each group using paired t-test. In all statistical comparisons, a P < 0.05 was considered statistically significant. The effect size index η2 (ANCOVA) and Δ (paired t-test) were also calculated. Data were presented as the mean (SD).




RESULTS

A total of 28 candidates were screened between November 2014 and March 2017, of whom 20 patients were randomized into the treatment group or the control group (Figure 2). One patient allocated to the control group withdrew from the study after allocation. No adverse events were identified in either the treatment or control group. The two groups did not differ significantly in terms of baseline characteristics (Table 1).


[image: image1]
FIGURE 2 | Flow-chart of patient enrollment in the study. Dual-tDCS, dual-hemisphere transcranial direct current stimulation; PNMES, peripheral neuromuscular electrical stimulation; CIMT, constraint-induced movement therapy.



TABLE 1 | Baseline characteristics of the patients enrolled in the study.

[image: image1]


The ANCOVA identified a greater improvement in the treatment than control group on the FMA upper extremity score [9.20 (4.64) versus 4.56 (2.60) for the treatment versus control, respectively; P < 0.01; η2 = 0.43] and MAL AOU score [1.10 (0.65) versus 0.62 (0.85), respectively; P = 0.02; η2 = 0.52]. However, no significant between-group difference in improvement was noted for the QOM scale of MAL [1.00 (0.62) versus 0.71 (0.72) for the treatment versus control, respectively; P = 0.07; η2 = 0.43] (Table 2).


TABLE 2 | Outcomes of motor performance assessment at baseline and postintervention.

[image: image1]


Within the treatment group, all motor performance indicators showed significant improvement from baseline: FMA upper extremity score, 43.00 (9.82) versus 52.20 (8.28), P < 0.01, Δ = 0.94, 95% confidence interval (95% CI) 5.89–13.22; AOU score of MAL, 1.51 (0.78) versus 2.61 (0.66), P < 0.01, Δ = 1.41, 95% CI = 0.62–1.66; QOM score of MAL, 1.55 (0.77) versus 2.55 (0.65), P < 0.01, Δ = 1.30, 95% CI = 0.52–1.53 (all values represent baseline versus posttreatment, respectively).

Similarly, within the control group, all indicators of motor performance improved significantly from baseline, namely: FMA upper extremity score, 45.44 (6.98) versus 50.00 (8.82), P < 0.01, Δ = 0.65, 95% CI = 2.91–6.49; AOU score of MAL, 1.40 (0.84) versus 2.02 (0.70), P = 0.04, Δ = 0.74, 95% CI = 0.05–1.20; QOM score of MAL, 1.33 (0.74) versus 2.04 (0.68), P < 0.01, Δ = 0.96, 95% CI = 0.23–1.21 (all values represent baseline versus posttreatment, respectively).



DISCUSSION

Our present findings indicate that, compared with patients who undergo behavioral and motor treatment alone, those who undergo behavioral and motor treatment after receiving dual-tDCS and PNMES recovered motor function (FMA upper extremity) and real-world (AOU in MAL) to a greater extent than patients who received conventional CIMT alone. Additionally, we confirmed that this combined treatment was as safe as the conventional CIMT alone.


Effectiveness of the Dual-tDCS Combined with PNMES

Several researchers have defined the minimum clinically important difference regarding paretic upper extremity motor recovery in chronic stroke patients as an improvement above 4.25 points in the FMA upper extremity score and above 0.5 points in the AOU score (36, 37). In our study, both groups achieved improvements higher than these thresholds of clinically important difference on the FMA and AOU. Additionally, on the FMA upper extremity scale, the improvement was 4.64 points higher in the treatment than in the control group, and this between-group difference was also above the threshold for a clinically meaningful change. These findings suggest that behavioral motor treatment, combined with tDCS and PNMES, can provide meaningful improvement in upper limb function chronic stroke patients. On other hand, we found no significant between-group difference between in terms of the QOM score of the MAL. However, η2 of the effect size of the between-group difference was 0.43. According to Cohen, effect size assessed in terms of η2 is considered small effect for η2 < 0.01, medium effect for 0.01 < η2 < 0.06, and large effect for η2 > 0.14 (38). Therefore, although the P-value (P = 0.07) did not indicate a significant difference between the groups in terms of the QOM score of MAL, the η2 value indicated that this difference was indicative of a substantial effect of the combined treatment. This discrepancy might be explained by statistical errors (type II error or false negatives), most likely related to the small sample size and thus insufficient power in the statistical analysis. Additionally, Lang et al. (39) reported that the minimum clinically important difference regarding the improvement in the QOM score of MAL in stroke patients amounts to an increase of 1.00–1.10 points. In our study, the minimum clinically important difference in the QOM score of MAL was noted in treatment group but not in the control group, which supports the conclusion that there is consistently higher improvement in the treatment group even though the between-group difference in QOM score improvement was not statistically significant.



Possibility of the PNMES in Neurorehabilitation Using the tDCS

The novelty of the present study lies in that we used a combination of dual-tDCS and PNMES, rather than only dual-tDCS or PNMES, to prolong the duration of the neural modulation effect. We found a clinically meaningful improvement in the motor function of the affected limb, reflected in the 9.2-point improvement in FMA upper extremity score [from 43.00 (9.82) to 52.20 (8.28)]. A previous study reported that dual-tDCS followed by CIMT achieved only a 6.3-point improvement in FMA upper extremity score (from 25.4 to 31.7 points) (22). This previous study used a similar CIMT treatment protocol as that applied in the present study (4 h per day for 10 consecutive weekdays). Compared to these previous observations, our findings indicated higher improvement in motor function on the affected side, although it should be noted that the degree of severity of deficit at baseline differed substantially between the two studies (patients in the present study were less affected upper extremity function compared to patients of the previous study). Therefore, our result showed that the novelty combination stimulation (dual-tDCS combined with the PNMES) strategy holds promise to improve the affected motor function rather than the dual-tDCS stimulation strategy alone. However, in this study, we could not make a strong claim about effectiveness of our novelty stimulation strategy, because we did not directly compare between the above two different stimulation strategies.



Limitations and Scope for Further Study

The limitations of our study should be noted. First, the sample size of the present study was very small, with 10 patients in the treatment group and 9 patients in control group. We are planning to perform future trials after performing power calculations to estimate the minimum sample size necessary to ascertain the effectiveness of the combined treatment. The results obtained in this pilot study will serve for calculating the expected effect size. Second, we did not include a sham group because the device for PNMES did not have a setting for sham stimulation. Our result might include the placebo effect in which patients in the treatment group received some positive psychological effects because they understood that the PNMES might provide a positive treatment effect. Therefore, the placebo effect acting on the data regarding patients in the treatment group cannot be excluded. Third, in this study, we established the group that received CIMT alone as a control group. However, to investigate the effects of dual-tDCS combined with PNMES, we should establish a group that received CIMT combined with the dual-tDCS. We plan to address this issue in a further study.



Conclusion and Clinical Implications

Despite the above limitations, the present trial clearly suggested that, compared to behavioral and motor rehabilitation alone, non-invasive stimulation with dual-tDCS and PNMES followed by behavioral and motor treatment provides greater effectiveness to enhance the recovery of motor function and real-world use of the affected upper extremity in patients with chronic stroke. Therefore, in chronic stroke patients, the novel pretreatment based on dual-tDCS and PNMES may enhance the therapeutic benefit of CIMT.
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Robot-aided rehabilitation has become an important technology to restore and reinforce motor functions of patients with extremity impairment, whereas it can be extremely challenging to achieve satisfactory tracking performance due to uncertainties and disturbances during rehabilitation training. In this paper, a wire-driven rehabilitation robot that can work over a three-dimensional space is designed for upper-limb rehabilitation, and sliding mode control with nonlinear disturbance observer is designed for the robot to deal with the problem of unpredictable disturbances during robot-assisted training. Then, simulation and experiments of trajectory tracking are carried out to evaluate the performance of the system, the position errors, and the output forces of the designed control scheme are compared with those of the traditional sliding mode control (SMC) scheme. The results show that the designed control scheme can effectively reduce the tracking errors and chattering of the output forces as compared with the traditional SMC scheme, which indicates that the nonlinear disturbance observer can reduce the effect of unpredictable disturbances. The designed control scheme for the wire-driven rehabilitation robot has potential to assist patients with stroke in performing repetitive rehabilitation training.
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INTRODUCTION

Stroke, an acute cerebrovascular disease typically caused by hemorrhage or blockage in brain blood vessels, is a major cause of motor dysfunction or even permanent disability (1). Repetitive training and task-oriented exercises of the paretic extremity are significantly beneficial to the recovery of extremity functions (2–4). However, traditional therapy for the rehabilitation relies heavily on the experience and manual manipulation of physical therapists, which is time-consuming, labor-intensive, and costly. Robot-aided rehabilitation has many advantages such as high efficiency, high precision, and controllability (5–7), which can allow more intensive training (8, 9) and reduce the workload of physical therapists.

Mechanical structure is one of the most important factors that can affect the effectiveness of the robot-assisted rehabilitation. In the past two decades, many robotic systems have been designed and applied in rehabilitation training. Conventional rehabilitation robots usually consist of several rigid links. MIT-MANUS has two degrees-of-freedom (DOF) and can guide the upper-limb over a horizontal plane (5). Mirror-image movement enabler is an upper-limb rehabilitation robot that can ensure the hemiparetic arm move to the mirror-image position of the opposite arm in a three-dimensional space (8). Fazekas et al. have designed a robotic system based on two industrial robots for upper-limb rehabilitation to assist three-dimensional movements (10). Though these rehabilitation robots can be used for rehabilitation training, they have many limitations like poor workspace, lack of compliance, and relatively high construction costs. Wire-driven rehabilitation robots not only remedy these shortcomings but have simple structures and are easy to assemble/disassemble. Moreover, since the wire-driven rehabilitation robots have lower moving inertia compared to rehabilitation robots that consist of rigid links, the user can feel less constraint and more comfort when participating in robot-assisted rehabilitation training. In the past few years, some wire-driven robots have been designed for rehabilitation. Jones et al. have designed a wire-actuated rehabilitation robot, which is a three DOF robotic exoskeleton for hand rehabilitation (11). Sophia-3, an end-effector based wire-driven rehabilitation robot, has been designed to assist planar movements (12). Gaponov et al. have designed a portable cable-driven rehabilitation robot, which provides assistance for shoulder, abduction, and elbow flexion (13).

Control scheme is another important factor affects the effectiveness of robot-assisted rehabilitation. When delivering task-oriented rehabilitation training, the control scheme is required to assist the robot in guiding the paretic limb to finish predefined movements or trajectory accurately and compliantly. Linear control techniques such as PID (14, 15) and PD (15, 16) controllers have been designed for rehabilitation robot, but they have degraded performance if nonlinear uncertainties of the system are considered (17). Simple nonlinear control techniques such as robust torque control scheme (14, 15) and impedance control scheme (15, 18) cannot meet the requirement under uncertain dynamics. Many other control schemes have been presented such as fuzzy adaption (19) and adaptive control schemes (17, 18), whereas these control schemes perform well for industrial robots but not for rehabilitation robots due to uncertainties and disturbances in rehabilitation training (20). Sliding mode control (SMC) is a variable structure control method, which has inherent insensitivity and robustness against uncertainties and disturbances. Therefore, it can be relatively suitable for the control of human–robot interaction systems. However, to achieve satisfactory tracking performance, traditional SMC needs high-control authority to eliminate model uncertainties and external disturbances, which in turn is the main cause of chattering (21). Chattering is undesirable since it may degrade tracking performance and even cause damage to actuators (22). A relatively easy and effective approach to address this problem is to employ a nonlinear disturbance observer in the control loop to estimate all the lumped uncertainties and disturbances. By this means, the tracking precision can be improved since uncertainties and disturbances can be estimated and compensated for, while the chattering phenomenon can be reduced since the control scheme may not need high-control authority to resist disturbances. Though nonlinear disturbance observer has been investigated in various fields (23, 24), to the largest of our knowledge, it is rarely utilized in a wire-driven rehabilitation robot.

In this paper, a wire-driven rehabilitation robot is designed to deliver task-oriented training exercises for upper-limb, which can work over a three-dimensional space. First, sliding mode control with nonlinear disturbance observer (SMCNDO) is designed for the wire-driven rehabilitation robot against unpredictable disturbances. Then, simulation of tracking a predefined trajectory is conducted to investigate the performance of the designed control scheme. Moreover, a square-shaped and a circle-shaped trajectory are designed, and the forearm of the subject is controlled by the robot to follow the predefined trajectories. Both simulation and experimental results of the designed SMCNDO are compared with that of a traditional SMC.



MATERIALS AND METHODS


System Description

Mechanical architecture of the designed wire-driven rehabilitation robot is shown in Figure 1A, which consists of three actuated wire-driven limbs to perform translational movement in a three-dimensional space. The main software program provides control scheme, reference trajectory, and data storage procedures, which is written in VC++. In addition, a personal computer is used to perform real-time processing and real-time communication with I/Os and serves as a user interface that can be used to manage the system. Motion capture system is implemented to ensure relatively accurate measurement. From Figure 1A, four cameras are attached on the top of the base frame, and a spherical marker is placed on the top of the end-effector. The position of the marker can be directly obtained by motion capture system, which is used to represent the position of the end-effector and as the feedback in the control loop. Safety is an important factor that needs to be considered. To ensure security and prevent accidents during rehabilitation training, emergency stop switches are designed both in software and hardware. When a patient feels uncomfortable or any accident happens, the power supply for the system can be immediately interrupted by pressing software or hardware emergency stop switch. Moreover, the output force of each actuator is strictly limited when designing software program.


[image: image1]
FIGURE 1 | A wire-driven rehabilitation robot. (A) Mechanical architecture of the wire-driven rehabilitation robot and (B) geometry of the wire-driven rehabilitation robot.




Control Scheme Design

The geometry of the designed wire-driven rehabilitation robot is shown in Figure 1B. The origin of the coordinate system is chosen referring to the midpoint of a certain side of the cube-shaped structure, which is shown in Figure 1B. The position of the top of each winch pulley can be obtained by measurement. The end-effector is simply treated as a point mass, and its position can be obtained directly by the implementation of the task space coordinates, and it is assumed that the end-effector is lying inside the workspace. Therefore, the length of each wire can be calculated according to the spatial position of the end-effector and the spatial position of related winch pulley:

[image: image1]

where (x, y, z) represents the position of the end-effector, i varying from 1 to the number of wires, and (xi, yi, zi) represents the position of the associated ith winch pulley.

According to Table 1, (xi, yi, zi) can be expressed specifically as follows:

[image: image1]

where a represents the length of |OA|, b represents the length of |AB|, and c represents the length of |AC|. Therefore, from Eqs 1 and 2, the length of the wires can be written exactly as follows:

[image: image1]


TABLE 1 | Parameters of the designed wire-driven rehabilitation robot.
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Differentiating the length of each wire with respect to time leads to velocity of each wire:

[image: image1]

Moreover, the relation between [image: image1] and [image: image1], [image: image1], and [image: image1] can be established based on Jacobian matrix. Jacobian matrix for the designed wire-driven rehabilitation robot can be expressed specifically as follows:

[image: image1]

Moreover, in this study, we assume that the motion is within the workspace and the gravity of the end-effector is able to keep all the wires under tension. Therefore, the relation between externally applied forces and the wire tensile forces can be expressed as follows (25):

[image: image1]

where τ denotes the vector of wire-driven forces. In this study, the dynamic equation of the wire-driven rehabilitation robot can be expressed as follows (25):

[image: image1]

where [image: image1] denotes the inertia matrix, [image: image1] is the vector of Coriolis and centripetal terms, G(p) is the vector of gravity terms, and d denotes the vector of all the lumped uncertainties (parametric, model, and disturbance). In this study, the designed wire-driven rehabilitation robot is considered to perform only translational movements, low velocities, and accelerations are involved in rehabilitation training, therefore Coriolis forces can be neglected. Hence, Eq. 7 can be simplified as follows:
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where

[image: image1]

dx, dy, and dz represent the disturbances in X, Y, and Z directions. Therefore, referring to Eqs 6 and 8, wire cable-driven forces in terms of p generalized coordinates can be obtained as:

[image: image1]

Note that p = [x y z]T and pd = [xd yd zd]T represents the actual and the desired position in a three-dimensional space, respectively. For the sake of control scheme design, the vector of sliding surfaces is defined as follows:

[image: image1]

where e = [x−xd x−xd x−xd]T is the vector of tracking errors in a three-dimensional space, s = [sx sy sz]T and λ = [λx λy λz]T are positive symmetric diagonal matrices. Taking the derivative of s leads to [image: image1]. And [image: image1] is the so-called reaching law, and in this study it can be defined as follows:

[image: image1]

where sgn(s) is a discontinuous function, it can be given as follows:

[image: image1]

and sgn(s) = [sgn(sx) sgn(sy) sgn(sz)]T, [image: image1] denotes the vector of the estimation errors which is given as [image: image1] k = diag(kx ky kz) and η = diag(ηx ηy ηz) are symmetric diagonal positive matrices need to be designed in practice. In this study, a switching sliding surface is considered by defining control gain as follows:

[image: image1]

According to Eqs 9–11, through a series of substitutions and transformations, the SMC scheme can be expressed as follows:

[image: image1]

A nonlinear disturbance observer has been introduced in many studies (26–28). In this study, a nonlinear disturbance observer is designed for the wire-driven robot to estimate and compensate disturbances and uncertainties that exist in the rehabilitation training, which can be defined as follows:

[image: image1]

[image: image1]

where d is estimated as [image: image1] q is an auxiliary vector, γ = diag(γx γy γz) is a symmetric diagonal positive matrix. In this study, we consider that the disturbances are slow time-varying signal, which means [image: image1]. According to Eqs 14–16, through a series of translations, we can find that [image: image1], therefore, it can be noticed that the estimation errors will convergence to 0 exponentially by using the designed nonlinear disturbance observer. Furthermore, to prove the closed-loop stability of the control scheme, the Lyapunov function is chosen as follows:

[image: image1]

The derivative of V is:

[image: image1]

Substitute Eq. 11 and [image: image1] into the Eq. 18, one can notice that:

[image: image1]

Therefore, [image: image1] can be rewritten as:

[image: image1]

In this study, [image: image1] represents the maximum value of [image: image1], and we assume ηi satisfies [image: image1]. Therefore, [image: image1] can be expressed as follows:

[image: image1]

As mentioned previously that k and γ are symmetric diagonal positive matrices, therefore, one can notice that [image: image1]. Therefore, the Lyapunov function is always decreasing, which means the closed-loop system is asymptotically stable. As described previously that sgn(s) function is a discontinuous function, the control law is discontinuous across the sliding surface, which may cause chattering. Chattering is undesirable since it can cause damage to the actuators being controlled. Chattering reduction can be achieved by using a nonlinear disturbance observer to estimate and compensate disturbances; furthermore, chattering can be reduced by replacing the discontinuous sgn(s) function with a continuous sat(s) function. Using sat(s) function, the discontinuity of the controller is smoothed in a thin boundary layer neighboring the sliding surface. sat(s) function is defined as follows:

[image: image1]

where Δ is a small and positive constant. Therefore, control scheme for the wire-driven forces by the SMC scheme with nonlinear disturbance observer can be rewritten as:

[image: image1]



Simulation and Experimental Setup

To investigate the effectiveness of the presented SMCNDO for the wire-driven rehabilitation robot, first, simulation is carried out in Matlab/Simulink. Both SMCNDO and the traditional SMC are considered in the simulation, and the results of tracking a predefined trajectory via SMCNDO are compared with that of the traditional SMC. Parameters for the wire-driven rehabilitation robot are shown in Table 1. The reference trajectory is predefined as [image: image1]. In addition, the vector of the desired velocities and accelerations along the three coordinate directions can be obtained by differentiating pd(t) once and twice, respectively. The vector of disturbances along three coordinate directions is defined as follows:

[image: image1]

where d1(t) = [5sin(t) 5sin(t) 5sin(t)]T, d2(t) is a vector of pulse-like disturbances which is defined as follows:

[image: image1]

Both the traditional SMC and SMCNDO can be designed according to Eq. 23, and [image: image1] term is considered as 0 for the traditional SMC. A nonlinear disturbance is designed based on Eqs 15 and 16. According to the design procedures, proper control parameters for SMC are given as: λ = diag(10,10,10), k = diag(5,5,5), η1 = 0.1, η2 = 80, β = 0.5, and proper control parameters for SMCNDO are given as: λ = diag(10,10,10), k = diag(5,5,5), γ = diag(50,50,50), η1 = 0.1, η2 = 80, β = 0.5.

Experiments are carried out based on a real-time system to verify the performance of the presented controller for practical applications. It has been approved by the ethics committee of the Injury Rehabilitation Hospital of Guangdong Province. During the experiments, a healthy subject (23 years old, height of 173 cm, and weight of 60 kg) is seated beside the wire-driven rehabilitation robot with his forearm placed on the splint. The subject is instructed to keep relaxed during the experiments. Then, the forearm of the subject is controlled by the robot to follow predefined trajectories, and two different types of trajectories are considered in this section, including a square-shaped and a circle-shaped trajectory. The results of SMCNDO are compared with that of the traditional SMC. The traditional SMC and SMCNDO are designed according to Eq. 23 and [image: image1] is also considered as 0 for the traditional SMC, which is the same as previous simulation. A nonlinear disturbance observer is also designed based on Eqs 15 and 16. According to the design procedures and considering the practical application, proper control parameters for SMC and SMCNDO are given as: λ = diag(55,55,55), k = diag(20,20,20), η1 = 2,000, η2 = 500, β = 0.1, and proper control parameters for SMCNDO is chosen as: λ = diag(55,55,55), k = diag(20,20,20), η1 = 2,000, η2 = 500, β = 0.1, γ = diag(3,3,3). The square-shaped trajectory which is predefined as the reference trajectory for the experiment is shown in Figure 2, and the side length is [image: image1] meters. Each experiment of tracking the square-shaped trajectory lasts 60 s. And the circle-shaped reference trajectory with a radius of 0.1 m is predefined as [image: image1].


[image: image1]
FIGURE 2 | Predefined square-shaped and circle-shaped trajectories in experiments. The side length of square-shaped trajectory is [image: image1], and the radius of the circle is 0.1 m.


The desired velocity and acceleration can be obtained by differentiating the desired position once and twice, respectively, each experiment of tracking the circle-shaped trajectory lasts 62.8 s. The predefined circle-shaped trajectory is visually shown in Figure 2. The root mean square errors are calculated to evaluate the tracking accuracy of the two applied control schemes when tracking the two predefined trajectories. The root mean square error between actual position and desired position is used to evaluate the tracking accuracy, which can be expressed as follows:

[image: image1]




RESULTS

Tracking performance of the traditional SMC and SMCNDO in simulation are shown in Figure 3, and tracking performance along X, Y, and Z directions are shown in Figures 3A–C, respectively. In Figure 3, tracking performance via the traditional SMC and SMCNDO are drawn in blue dashed line and red dashed line, respectively, and the predefined trajectory is drawn in black-solid line. The output forces for the three wires in simulation via SMC and SMCNDO are shown in Figure 4. Figures 4A–C are the output forces via SMC for wire 1, wire 2, and wire 3, respectively. Figures 4D–F are the output forces via SMCNDO for wire 1, wire 2, and wire 3, respectively. From Figure 4, we can find that chattering of the output forces via SMC is relatively severe, whereas chattering is reduced effectively by implementation of SMCNDO. These simulation results indicate that when control the wire-driven robot follow a predefined trajectory in the presence of unknown disturbances, SMCNDO has better tracking performance and lower chattering compared with the traditional SMC.


[image: image1]
FIGURE 3 | Tracking performance in the three coordinate directions via sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO). (A) Tracking performance in X direction, (B) tracking performance in Y direction, and (C) tracking performance in Z direction.



[image: image1]
FIGURE 4 | The output forces for the three wires via sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO). (A) The output force for wire 1 via SMC, (B) the output force for wire 2 via SMC, (C) the output force for wire 3 via SMC, (D) the output force for wire 1 via SMCNDO, (E) the output force for wire 2 via SMCNDO, and (F) the output force for wire 3 via SMCNDO.


The tracking errors of the two applied control schemes in the three coordinate directions when a healthy subject follows the predefined square-shaped trajectory are shown in Figure 5, where the tracking errors by implementation of the traditional SMC and SMCNDO are drawn in blue-solid line and red-solid line, respectively, the black-solid line is added as a reference whose value is always 0. From Figure 5, it is observed that SMCNDO has obviously smaller tracking errors along all the three directions. In addition, the root mean square errors along the three coordinate directions of tracking the square-shaped trajectory are calculated based on Eq. 26 and are show in Table 2. It can be found in Table 2 that the root mean square errors of SMCNDO are obviously less than the traditional SMC in all the three coordinate directions. The output forces for the three wires when tracking the square-shaped trajectory by implementation of the traditional SMC and SMCNDO are shown in Figure 6. Figures 6A–C are the results of the output force by implementation of SMC, and Figures 6B,C and 7A are the results of the output forces by implementation of SMCNDO. It can be seen from these plots that the output forces for the three wires by implementation of SMCNDO are much smoother than that of the traditional SMC, which means chattering is effectively reduced by implementation of SMCNDO.


[image: image1]
FIGURE 5 | Comparison of tracking errors in the three coordinate directions by implementation of sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO) when a healthy subject follows a square-shaped trajectory. (A) Tracking errors in the X direction by implementation of SMC and SMCNDO, (B) tracking errors in the Y direction by implementation of SMC and SMCNDO, and (C) tracking errors in the Z direction by implementation of SMC and SMCNDO.



TABLE 2 | Root mean square errors (cm) in the three coordinate directions by implementation of sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO) when a healthy subject follows a square-shaped and a circle-shaped trajectory.

[image: image1]



[image: image1]
FIGURE 6 | Comparison of output forces for the three wires by implementation of sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO) when a healthy subject follows a square-shaped trajectory. (A) The output force for wire 1 by implementation of SMC, (B) the output force for wire 2 by implementation of SMC, (C) the output force for wire 3 by implementation of SMC, (D) the output force for wire 1 by implementation of SMCNDO, (E) the output force for wire 2 by implementation of SMCNDO, and (F) the output force for wire 3 by implementation of SMCNDO.



[image: image1]
FIGURE 7 | Comparison of tracking errors in the three coordinate directions by implementation of sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO) when a healthy subject follows a circle-shaped trajectory. (A) Tracking errors in the X direction by implementation of SMC and SMCNDO, (B) tracking errors in the Y direction by implementation of SMC and SMCNDO, and (C) tracking errors in the Z direction by implementation of SMC and SMCNDO.


The tracking errors along the three coordinate directions when tracking the predefined circle-shaped trajectory by implementation of SMC and SMCNDO are shown in Figure 7. It can be noticed from Figure 7 that SMCNDO has better tacking performance in a three-dimensional space as compared with the traditional SMC. The root mean square errors along the three coordinate directions are also calculated in this experiment according to Eq. 26 and are shown in Table 2, which also indicates that SMCNDO has less tracking errors in the three coordinate directions as compared with the traditional SMC. The output forces for the three wires when tracking the predefined circle-shaped trajectory by implementation of SMC and SMCNDO are shown in Figure 8. Figures 8A–C are the results of the output forces by implementation of SMC, and Figures 8A–C are the results of the output forces by implementation of SMCNDO. From these plots, it can be observed that chattering is effectively reduced by SMCNDO, as the output forces by implementation of SMCNDO is much smoother than that of the traditional SMC.


[image: image1]
FIGURE 8 | Comparison of the output forces for the three wires by implementation of sliding mode control (SMC) and sliding mode control with nonlinear disturbance observer (SMCNDO) when a healthy subject follows a circle-shaped trajectory. (A) The output force for wire 1 by implementation of SMC, (B) the output force for wire 2 by implementation of SMC, (C) the output force for wire 3 by implementation of SMC, (D) the output force for wire 1 by implementation of SMCNDO, (E) the output force for wire 2 by implementation of SMCNDO, and (F) the output force for wire 3 by implementation of SMCNDO.




DISCUSSION

The designed wire-driven rehabilitation in this paper has three DOF and its architecture makes it possible to assist the subject in performing predefined movements in a three-dimensional space. Coordinate system that applied in the control scheme design procedure is considered in this paper, which can be classified into the wire length coordinate system and the task space coordinate system. In the wire length coordinate system, the length of each wire is measured by scaling the associated motor encoder count; however, due to the unavailable flexibility of wires, using the wire length coordinate system is not reliable when the implementation may require high accuracy. In this paper, this problem can be effectively addressed by using the task space coordinates (25), where the spatial position of the end-effector is measured directly using the motion capture system (OptiTrack, NaturalPoint, USA).

From the results of both simulation and experiments, the traditional SMC has degraded tracking performance and can cause high chattering in all the three coordinate directions, while tracking performance can be obviously improved and chattering can be effectively reduced via SMCNDO. The results of experiments are consistent with those of simulation. In literature, many studies have found that the traditional SMC is not able to achieve satisfactory tracking performance and can cause high chattering (29–31). Mohammed et al. have designed SMCNDO for a pneumatic muscle system (28), Deshpande et al. have designed SMCNDO for an active suspension systems (32), the results of these studies show that the tracking performance is obviously improved by SMCNDO as compared with the traditional SMC, which is consistent with the results of our study. By adding the nonlinear disturbance observer to estimate disturbances and feed them back in the control loop, tracking accuracy can be effectively improved. Moreover, since disturbances can be compensated for and high tracking accuracy can be achieved by SMCNDO, the control gain for SMCNDO may be reduced in this study, this could lead to the result of chattering reduction. When delivering robot-assisted rehabilitation training, many unpredictable disturbance scan affect training such as friction caused by actuators (33), human-applied force due to spasticity (34), and uncertainties due to diverse biomechanical variations (20), whereas SMCNDO could effectively reduce the effect of the above-mentioned unpredictable disturbances.

There are a few limitations of this study that should be addressed in the future. The positions of the wires should be well arranged to ensure enough workspace and the safety for upper-limb rehabilitation in clinical application. In this pilot study, we mainly focus on the investigation of the feasibility of the wire-driven rehabilitation robot using SMCNDO, in the future, we will recruit enough patients after stroke to investigate its clinical effectiveness in rehabilitation training.



CONCLUSION

In this paper, a wire-driven rehabilitation robot is designed for upper-limb rehabilitation training, and SMCNDO is designed for this robot. Simulation and experimental results of trajectory tracking show that the wire-driven rehabilitation robot with the designed control scheme has exhibited two superiorities including tracking performance improvement and chattering reduction as compared with the traditional sliding mode control scheme. The wire-driven rehabilitation robot with the designed control scheme may have great potential in robot-aided rehabilitation training.
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Background: Approximately 70–80% of stroke survivors have limited activities of daily living, mainly due to dexterous problems. Videogame-based training (VBT) along with virtual reality seems to be beneficial to train upper limb function.

Objective: To evaluate the usability of VBT using the Leap Motion Controller (LMC) to train fine manual dexterity in the early rehabilitation phase of stroke patients as an add-on to conventional therapy. Additionally, this study aimed to estimate the feasibility and potential efficacy of the VBT.

Methods: During 3 months, 64 stroke patients were screened for eligibility, 13 stroke patients were included (4 women and 9 men; age range: 24–91 years; mean time post stroke: 28.2 days).

Intervention: Nine sessions of 30 min VBT, three times per week as an add-on to conventional therapy with stroke inpatients.

Outcome measures: Primary outcome was the usability of the system measured with the System Usability Scale. Secondary outcomes concerning feasibility were the compliance rate calculated from the total time spent on the intervention (TT) compared to planned time, the opinion of participants via open-end questions, and the level of active participation measured with the Pittsburgh Rehabilitation Participation Scale. Regarding the potential efficacy secondary outcomes were: functional dexterity measured with the Nine Hole Peg Test (NHPT), subjective dexterity measured with the Dexterity Questionnaire 24, grip strength measured with the Jamar dynamometer, and motor impairment of the upper limb measured with the Fugl-Meyer Upper Extremity (FM-UE) scale.

Results: Primarily, the usability of the system was good to excellent. The patient’s perception of usability remained stable over a mean period of 3 weeks of VBT. Secondly, the compliance rate was good, and the level of active participation varied between good and very good. The opinion of the participants revealed that despite individual differences, the overall impression of the therapy and device was good. Patients showed significant improvements in hand dexterity. No changes were found in motor impairment of the upper limb (FM-UE) during intervention.

Conclusion: VBT using LMC is a usable rehabilitation tool to train dexterity in the early rehabilitation phase of stroke inpatients.

Keywords: stroke, dexterity, videogame-based training, Leap Motion Controller, virtual reality, usability


INTRODUCTION

Stroke is a serious global health-care problem and is one of the greatest causes of acquired adult disability (1). Approximately 70–80% of stroke survivors have limited activities of daily living after discharge home (2). They experience for example difficulties with feeding, dressing, and grooming, mainly due to impaired dexterity (3, 4). Neurorehabilitation plays a major role in the treatment of stroke patients (1), in which improving dexterity is a core element of treatment protocols (5).

Most improvements in upper limb function usually occur within the first month poststroke (6–8). It is suggested that neurorehabilitation can enhance neurological recovery (9, 10) and to elicit neuro-plastic adaptations it is important that exercise programs are intensive, highly repetitive, and task-specific (5, 11–13). Additionally, it is recommended to start interventions early poststroke because of heightened brain plasticity in this period (7, 9).

To further enhance upper limb outcome, research continues to investigate new approaches (14). An upcoming therapeutic method is videogame-based training (VBT) along with virtual reality (VR) (15, 16). Recent meta-analyses claim that there is moderate evidence that VR training may be beneficial for upper limb recovery after stroke (3, 17). VBT has several advantages such as variety in games and variance in artificial environments or stimuli and it can be used in a home-based situation (12, 15). These advantages could improve the motivation to sustain a repetitive intervention. Another important property of VBT is online feedback, which can increase the effectiveness of motor learning-based training by perceiving and correcting movement error (18, 19). Especially in VBT, visual and auditory feedback is important because there is no sensory feedback of real-world object in the hands.

Devices such as Microsoft Kinect™ and Nintendo Wii-Fit could be used in VBT [e.g., (20, 21)]. However, these devices fail to detect fine hand and finger movements (15), which is needed to train dexterity. Several studies report moderate improvements in dexterity using VBT in stroke, but these systems are not commercially available (22–25). A commercially available device called Leap Motion Controller (LMC) is a low-cost, low-complexity optoelectronic system, which can track hand movements (15, 26). The LMC is delivered with software in which several videogames can be uploaded. So far, one explorative small sample feasibility study looked at the use of LMC in four chronic stroke patients and demonstrated good compliance but failed to show significant effects on hand dexterity (15). However, while important, the level of active participation is not sufficient as feasibility measure alone. Active participation can be influenced by several factors such as intrinsic motivation to recover, enthusiasm of the therapist, system usability, and complexity etcetera. Therefore, the present study evaluates the usability of the LMC system with the System Usability Scale (SUS) (27), which is well validated to evaluate new technologies, including software. In addition to system usability, this pilot study aimed to get a comprehensive estimation of the feasibility of the VBT. Consequently, the compliance rate, the level of active participation, and the opinion of the participants were systematically evaluated. Furthermore, we aimed to evaluate the potential efficacy of a specific dexterity LMC training program by evaluating recovery of motor function of the arm, grip strength, and dexterity. We hypothesized that VBT using the LMC, initiated within the early rehabilitation phase (5), would be a usable tool to train manual dexterity in stroke patients as an add-on therapy. Moreover, we expected the compliance rate and level of active participation to be good. Concerning efficacy, we hypothesized that VBT with LMC improves hand dexterity.



MATERIALS AND METHODS

The study was approved by the Ethikkommission Nordwest- und Zentralschweiz of the canton Lucerne. All patients gave written informed consent according to the latest declaration of Helsinki (2013).


Participants

The participants were recruited through medical chart review and regular visits between April and May 2017. Each patient in this study received standard neurorehabilitation care during their hospitalization. Patients were selected according to the following criteria: inclusion criteria were: (1) written informed consent, (2) aged above 18 years, (3) a first-ever stroke in the past 24 h until 3 months, reflecting the early rehabilitation phase (5) (4) experience upper limb impairments due to stroke (Nine Hole Peg Test > 19 s with at least one side) (28), (5) at least able to perform ante-flexion with their upper arm and extent one or more fingers against gravity (3 ≤ Medical Research Council scale < 5) (29), and (6) the participants had to be able to understand the instructions and assessments in German. Exclusion criteria were: (1) severe cognitive impairments (Montreal Cognitive assessment: MoCa < 14) (30), (2) severe apraxia (Apraxia Screen of TULIA < 9) (31), (3) aphasia (Language screening test < 15) (32), (4) severe self-reported pain, or (5) other severe orthopedic problems of the upper limb impairing participation.



Procedure

The intervention consisted of nine training sessions of 30 min, spread out over a period of 3 weeks, this means three training sessions per week. An intake session was planned with eligible patients. Upon consent, the baseline measures of dexterity, grip strength, and motor impairment of the upper limb were collected. This was, if possible, followed by the first training and evaluation of the usability of the system. The level of active participation and time spent on the intervention were measured during each training session. The second, fourth, fifth, seventh, and eighth session contained only training. In the third, sixth, and ninth session, dexterity and grip strength were measured followed by the training and evaluation of the usability. The reassessment of the motor impairment of the upper limb and evaluation of the open-end questions were at the ninth session. The present study aimed to follow the procedure schedule as shown in Table 1.


TABLE 1 | Schedule of aimed procedure.
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Intervention

Each training session was performed on a desktop computer at the occupational ward of the neurorehabilitation. The participants (if not in a wheelchair) were sitting on a chair with a rectangular pillow on their lap, so that the elbows could rest on the pillow (see Figure 1).


[image: image1]
FIGURE 1 | Research setup. Courtesy of S. Filius.


The LMC was placed on a table in front of the participant between the body and the computer screen. During each session, the principal investigator sat next to the participants, providing (if needed) online feedback via verbal, visual, and/or physical instructions.

The LMC incorporates three infrared emitters and two charge-coupled device cameras for capturing the motion of both hands, wrists, and forearms (15, 26). The light of the infrared emitters reflects back from the surfaces of the hands, so no markers are needed (33). Weichert et al. (34) reported that the LMC has an accuracy of 0.2 and 1.2 mm in a static and dynamic setup, respectively.

In February and March 2017, all free access games in the Leap Motion App Store© (https://apps.leapmotion.com/?sign_up=true) were evaluated to determine if the games contained key components of dexterity movements: alternating finger, pincer grasp, fine pointing, and palmar extension/flexion. Five games were selected: Dots Trial, Cut the Rope, Playground, and American Sign Language Digits. Playground contains two games named Blocks and Flower. See Figure 2 for an impression of the games.


[image: image1]
FIGURE 2 | Games. Retrieved from Leap Motion App Store© (https://apps.leapmotion.com/?sign_up=true).


Each therapy session contained about 6 min per game, and the sequence of the five games was randomized by the function “randperm” using MATLAB R2013b (Mathworks, Natick, MA, USA). Each game is played with both hands starting with the non-affected hand.

A HP EliteDesk 800 (Intel Core i5) desktop computer was used, with a 19-inch computer screen with an aspect ratio 4:3 (1,280 × 768).



Outcome Measures

All outcome measurements were collected and/or rated by a single trained assessor (SF) to optimize standardization of outcome measurement.


Primary Outcome

The primary outcome measure was self-reported system usability, evaluated by the SUS (27). Two usability aspects are important: that the LMC is able to track the impaired hand and that patients cognitively understand the VBT. The SUS is a generalized usability measure which collects users’ subjective perception of interaction with different interfaces (27).

The SUS has ten items with a 5-point scale from 1 (strongly disagree) to 5 (strongly agree), with a range from 0 to 100 (35, 36) and takes into account three usability criteria: effectiveness, efficiency, and satisfaction (36). Brooke stated that the SUS is a robust and reliable evaluation tool with high face validity, but no qualitative values of reliability and validity were found. We used a German translation of the SUS, translated by a native speaker. A system is acceptably usable from a SUS score upwards of 70, with “good products” scoring between high 70s and upper 80s (27). The participants were asked to fill-in the SUS independently.



Secondary Outcomes


Feasibility

Feasibility was comprehensively measured by (1) the compliance rate which was determined by the ratio of the total time spent on intervention (TT) and planned time (PT), (2) the level of active participation, measured with the Pittsburgh Rehabilitation Participation Scale (PRPS) (37), and (3) the subjective opinion of the participants, evaluated by open-end questions in an interview form.

To determine the compliance rate, the time spent on every training session was recorded by the principal investigator. The TT was compared to the PT (4 h 30 min) to evaluate if patients were able and willing to complete the intervention. Patients who were discharged from hospital before end of intervention were excluded from the compliance analysis.

The level of active participation was measured with the PRPS. The PRPS is a six-point scale from 1 “refusal to participate” to 6 “excellent participation” (15) and is a reliable and valid therapist-rated measure of inpatients participation in occupational therapy (intraclass correlation coefficient: ICC = 0.91) and physical therapy (ICC = 0.96) (37).

The open-end questions were about (1) the overall impression of the therapy/LMC device, (2) the duration of the therapy, (3) the potential home-use, (4) possible improvements of the system, (5) overall remarks or commentary, (6) the quality of the instructions of the therapist, and (7) the most favorite and (8) the least favorite game. The answers were given orally and written down by the principal investigator. See Appendix S1 in Supplementary Material for the open-end questions in German.



Efficacy

Since the focus of the training program was dexterity, several standardized outcome measures were performed: (1) dexterity measured with the Nine Hole Peg Test (NHPT), (2) subjective, self-reported dexterity measured with the Dexterity Questionnaire 24 (DextQ-24) (38), (3) grip strength measured with the Jamar dynamometer (39), and (4) the motor impairment of the upper limb measured with the Upper Extremity motor section of the Fugl-Meyer Assessment (FM-UE) (40).

The NHPT is a hand function test, which consists of a plastic peg board (25.0 cm × 12.7 cm × 2.3 cm) with nine holes (2.54 cm between the holes) and nine pegs (3.2 cm long, 0.64 cm wide) (41). Chen et al. found a good test–retest reproducibility of the NHPT (ICC = 0.85 with more-affected side). The participant had to put the nine pegs in the peg board as fast as possible, one at the time with one hand only, and remove them again. The test was performed two times per hand, with the non-affected hand first. The time it takes to fulfill the second trial with the more-affected hand was used for the analysis.

The DextQ-24 is a patient reported outcome measure that evaluates the performance and independence of daily dexterity activities. The DextQ-24 is a valid and reliable (ICC = 0.91; measurement error = 2.9) measurement in patients with Parkinson’s disease (38). The DextQ-24 has 24 items with 12 items uni-manual and 12 items bi-manual. The scale goes from 1 “no problems” to 4 “unable to perform the task and needing aid from a third person” (38).

The grip strength is measured with the Jamar baseline® hydraulic hand dynamometer. The Jamar dynamometer is a reliable tool with a high intra-examiner reliability (ICC = 0.97–0.99) and a SEM between 0.98 and 1.69 kg in chronic stroke patients (39). The grip strength is assessed following the recommendations of American Society of Hand Therapists (ASHT) with the shoulder adducted, elbow flexed at 90°, forearm in neutral position, and the second position of the handle is used (42). The participants have to perform the grip strength test three times alternating per hand, and the averaged value of the affected hand is used for analysis.

The use of FM-UE is worldwide recommended for clinical trials of stroke rehabilitation as an evaluation of recovery in the poststroke hemiplegic patient (43). The FM-UE has 34 items which are scored from 0 to 2, with a total range from 0 to 66 points (43).





Statistical Analysis

Descriptive statistics were used to calculate the group mean (M), SD, and SEM of clinical and demographic variables.

The distributions of the outcome measures (SUS, PRPS, NHPT, DextQ-24, Jamar, and FM-UE) were examined for normality of distribution to select either the parametric one-way repeated measure ANOVA or the non-parametric Friedman’s ANOVA. Wilcoxon Signed Rank Test was used in addition to the non-parametric Friedman’s ANOVA. The compliance rate is calculated by: compliance rate = TT/PT × 100%. A compliance rate of 80% was defined as good (44). The level of active participation was evaluated by the principal investigator per game. The PRPS scores per training was the average PRPS score of all the games played in that session. The answers of the open-end questions 1, 2, 3, and 6 were grouped in positive, neutral, and negative answers, so that the answers could be organized and analyzed. For the remaining open-end questions, a descriptive summary of the answers is given.

Statistical analyses were performed using the SPSS statistical software system (IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY, USA: IBM Corp.), and a confidence level of 95% was used, so that level of significance was set at p = 0.05, two-tailed.




RESULTS


Descriptive Data

During the recruitment period, 64 stroke patients admitted to the neurorehabilitation ward were screened for eligibility. Fifteen patients who were potentially eligible were selected. Two patients did not accept informed consent and were excluded. Thirteen patients started the 3 weeks LMC dexterity training program. Clinical and demographic characteristics are presented in Table 2.


TABLE 2 | Clinical and demographic characteristics.
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Eight of the thirteen patients could complete the whole training program. One participant experienced a new stroke between the seventh and eighth session, and therefore, follow-up measures were excluded from the main analysis. Three other patients were discharged earlier. And finally, one older patient, a 62-year old male, stopped the intervention during the second training session due to lack of motivation. Importantly, there were no severe intervention-related adverse events like severe shoulder pain or severe fatigue.

Overall analyses revealed few missing data in the outcome measures: SUS (3.1%) and DextQ-24 (0.65%). Average imputation was used to correct these gaps. Furthermore, one participant was not able to perform the NHPT with his affected hand and is not included in the NHPT analysis. The other outcome measures had no missing data.



Outcomes


Primary Outcome

The average SUS score of all participants (N = 13) was 75.4, SD = 13.8 after the first training session. Patients’ perception of usability of the system remained unchanged, F(3, 21) = 0.09, p = 0.96 over time. The average SUS score of the eight participants who finished the intervention was M = 78.9, SD = 11.6 after the first, and M = 79.1, SD = 9.7 after the ninth training session (for more details see Figure 3).


[image: image1]
FIGURE 3 | Group means with SEM for the results of the System Usability Scale (SUS) scores measured at different time points.




Secondary Outcomes


Feasibility

The average TT spent on the intervention was, M = 3 h 56 min, SD = 1 h 16 min with a range of 42 min to 4 h 45 min. The compliance rate of the participants was 87.4%.

The average level of active participation measured with PRPS varied between good 4.7 and very good 5.4. The PRPS scores slightly increased until sixth training session followed by a small decrease after the seventh training session. However, these changes were not significant, F(1.05, 0.39) = 2.71, p = 0.07 (for more details, see Figure 4).


[image: image1]
FIGURE 4 | Group means with SEM for the results of the Pittsburgh Rehabilitation Participation Scale (PRPS) scores measured at different time points.




Efficacy

Nine Hole Peg Test scores decreased significantly during intervention, [image: image1], p < 0.00. The NHPT scores significantly decreased from baseline to third, Z = −2.03, p = 0.04, from baseline to sixth, Z = −2.37, p = 0.02, and from baseline to ninth training session, Z = −2.20, p = 0.02. The NHPT scores also significantly decreased from third to sixth, Z = −2.4, p = 0.02, and third to ninth training session, Z = −2.37, p = 0.02. The NHPT decreased 31.5% from baseline (M = 49.96 s, SD = 26.85) to ninth training session (M = 34.21 s, SD = 7.33).

DextQ-24 scores for subjective experience of dexterity significantly decreased during intervention, [image: image1], p < 0.00. The DextQ-24 scores significantly decreased between baseline to sixth, Z = −1.28, p = 0.01, baseline to ninth, Z = −2.54, p = 0.01, and third to ninth training session, Z = −2.12, p = 0.03. The DextQ-24 scores decreased 16.3% from baseline (M = 41.4, SD = 15.8) to ninth training session (M = 34.6, SD = 16.0).

Jamar dynamometer scores for grip strength significantly increased during intervention, F(3, 21) = 5.51, p = 0.01. Grip strength (in kilogram) increased 11.3% from baseline (M = 23.5 kg, SD = 8.3) to ninth training session (M = 26.2 kg, SD = 6.6).

FM-UE scores for motor impairments of the upper limb varied between scores of 42 and 65 at baseline (M = 57.5, SD = 9.3), and between 44 and 66 at the ninth training session (M = 58.5, SD = 6.7). The FM-UE scores did not significantly change over time (p > 0.05) (for more details, see Figures 5A–C).
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FIGURE 5 | Group means with SEM for the results of (A) the Nine Hole Peg Test (NHPT) scores in seconds (s), (B) the Dexterity Questionnaire 24 (DextQ-24) scores, and (C) the Jamar grip strength in kilograms (kg).





Open End Questions

The first 3 open-end questions revealed that patients had an overall good impression of the therapy and system (7 positive; 1 neutral; 0 negative categorized responses), and that the duration of the therapy (30 min) was fairly good (N = 2) to good (N = 6). Participants mentioned that the time per session should not be much longer than 30 min, because of loss of concentration and arm-related fatigue. Three participants would consider home-use of the LMC. They stated that it would depend on the price, technical improvements, and the available games. One participant specifically asked to prolong with the VBT and would like to continue at home. The answers on the fourth and fifth question about the possible improvements or overall remarks, revealed that three participants felt that they were either too old for using this kind of technology, were not using a computer at home, or needed help from another person. The majority of participants was enthusiastic about the new experiences with the LMC or had the feeling that they learned from the VBT. Most participants did not have specific practical suggestions to improve the therapy or device, but one participant noticed that it would have been nice to see the personal booked progress in the program of the games. All participants indicated that they benefit from therapist’s additional instructions and were satisfied with the support of a therapist.





DISCUSSION

The present study aimed to comprehensively explore the usability and feasibility of a 3-week video game-based dexterity training using the LMC in the early rehabilitation phase of stroke patients. We show for the first time that the LMC is a usable tool, measured by the SUS. In addition, stroke patients demonstrated good compliance to the training protocol and were strongly motivated throughout the 3-week training, underlining high feasibility. In addition, hand strength and dexterity significantly improved, both at the level of function and activities/participation.

The reasons why the LMC is usable are multifold. First, LMC is a small, lightweight, USB powered device which can be plugged-in in every computer. Second, the installation of the integrated software is user friendly. Third, no expert technician is needed since there is no need to attach markers of the device to the hands, making the tool beneficial in its use as compared to other VR upper limb tools such as virtual gloves or exoskeletons (45–47). Fourth, the fact the LMC system is relatively cheap, and easy to purchase it may be easily integrated into the home setting. Interestingly, in contrast to Iosa et al. (15), in our sample, also patients with moderately impaired cognitive abilities were included. They also managed to act well with the LMC further underlining its high usability.


Compliance and Active Participation

Compliance rate was high (87%) and while the only previous LMC study did not report data on compliance rates (15), we consider this high feasibility of VBT with LMC. Active participation level scores were in line with Iosa et al. (15). The slight decrease in PRPS scores after the seventh training session could result from lack of progression in game level difficulty, as all attainable levels were attained after 2 weeks. Such progression in difficulty next to variance and challenge in games is needed to increase the efficacy and compliance. Another reason could be that the LMC is at some point perhaps not sensitive enough anymore to the quality of movement and misses crucial information on upper limb motor recovery (48). For example, the LMC registers the movements as “performed well,” while the real-world movements are still not optimal or contain compensation strategies (49). This could affect the level of challenge in the VBT. Nevertheless, the level of active participation remained very good throughout the training program, but it should be kept in mind that the VBT with LMC was performed in the presence of a therapist during hospitalization and therefore possibly attributing to a high participation level of the patients.

Other studies have examined VBT delivered in the home environment of chronic stroke patients (50, 51). Piron et al. used a tele-rehabilitation approach using two computers, a camera, and a magnetic transmitter/receiver to deliver remote upper limb training in chronic stroke patients with favorable results. All participants completed the intervention, but exact compliance rates were not reported (50). Standen et al. implemented upper limb training with a virtual glove with LEDs and an infrared camera, which proved feasible. However, considerable variation was found both in terms of duration of use (1.46–70% of the recommended duration) and the number of days used (10–100%) (51). In our study, we found high compliance rates and good participation, showing that the LMC system, relatively cheap and simple compared to these systems, is feasible already in the early rehabilitation phase in an in-patient setting. However, home-based implementation of the LMC in the early rehabilitation phase needs further study to determine if compliance rate and active participation would also be acceptable.

From the viewpoint of the therapist, we found that participants were not always completely capable to perform the VBT independently. Visual, verbal, and physical instructions were sometimes needed to support participants. Most therapist instructions were related to depth perception in the VR environment. This is indeed already described previously that stroke patients may experience difficulties in perceiving objects in a 3D environment (52). The gameplay instructions were not embedded in the games and personal progress was not recorded in the software. This prompted the need for a therapist to switch between games, record the personal progress, and intervene when there were technical problems with the LMC. Proposed improvements from patient-reported suggestions are in line with these limitations.



Efficacy

Although this pilot study was not designed and powered to evaluate efficacy, we found improvements in the objective and subjective dexterity outcomes (31.5% in NHPT, 16.3% in DextQ-24. resp.). This is in line with previous studies (17, 50, 51). The improvements in dexterity may result from the training being intensive, highly repetitive, and task-specific (5). We also found significant improvements (11.3%) in grip strength. There is no resistance of real-world objects involved in the LMC training so this is somewhat unexpected and may be due to spontaneous neurological recovery in the early rehabilitation phase (1, 7, 49). Iosa et al. (15) also found improvements in grasp force after VBT with LMC. Possibly VBT could improve grip strength through the increased number of repetitions of pinch and grip movements but this needs further investigation.

The neurological recovery of motor function of the upper limb was measured with the FM-UE, for which we did not find significant changes. The FM-UE is however a general evaluation of pathological synergies in the upper extremity and not a specific dexterity measure and may fail to detect small improvements in fine manual dexterity and grip strength. In addition, the FM-UE may not be sensitive to the quality of the movement (e.g., if a patient was able to completely perform a movement-item at baseline and performed the same movement-item much smoother at ninth session, it was both scored with a 2, “can be performed”). Furthermore, the baseline scores of our participants were already quite high, leaving less room for improvement.



Limitations

The present study was subject to limitations, such as the pre-experimental, this means one group pre-test/post-test, design, small sample size, and the limited duration of the intervention. In addition, although the DextQ-24 was validated in patients with Parkinson’s disease (38), it was not formally validated in sub-acute stroke patients.




CONCLUSIONS

The present pilot study is the first to evaluate the usability of the VBT using the LMC to train fine manual dexterity in the early rehabilitation phase of stroke patients as an add-on to conventional therapy. VBT using the commercially available LMC is feasible in the early rehabilitation phase in stroke patients admitted for in-patient rehabilitation. Future studies should investigate the add-on value of home-use of LMC. For home-based training, the software should contain clear build-in instructions for online feedback, options to save and provide feedback on personal progresses and have structured progression and a large variety in challenging games to be successful.
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Background: Impaired hand dexterity is a major disability of the upper limb after stroke. An electromyography (EMG)-driven neuromuscular electrical stimulation (NMES) robotic hand was designed previously, whereas its rehabilitation effects were not investigated.

Objectives: This study aims to investigate the rehabilitation effectiveness of the EMG-driven NMES-robotic hand-assisted upper-limb training on persons with chronic stroke.

Method: A clinical trial with single-group design was conducted on chronic stroke participants (n = 15) who received 20 sessions of EMG-driven NMES-robotic hand-assisted upper-limb training. The training effects were evaluated by pretraining, posttraining, and 3-month follow-up assessments with the clinical scores of the Fugl-Meyer Assessment (FMA), the Action Research Arm Test (ARAT), the Wolf Motor Function Test, the Motor Functional Independence Measure, and the Modified Ashworth Scale (MAS). Improvements in the muscle coordination across the sessions were investigated by EMG parameters, including EMG activation level and Co-contraction Indexes (CIs) of the target muscles in the upper limb.

Results: Significant improvements in the FMA shoulder/elbow and wrist/hand scores (P < 0.05), the ARAT (P < 0.05), and in the MAS (P < 0.05) were observed after the training and sustained 3 months later. The EMG parameters indicated a significant decrease of the muscle activation level in flexor digitorum (FD) and biceps brachii (P < 0.05), as well as a significant reduction of CIs in the muscle pairs of FD and triceps brachii and biceps brachii and triceps brachii (P < 0.05).

Conclusion: The upper-limb training integrated with the assistance from the EMG-driven NMES-robotic hand is effective for the improvements of the voluntary motor functions and the muscle coordination in the proximal and distal joints. Furthermore, the motor improvement after the training could be maintained till 3 months later.

Trial registration: ClinicalTrials.gov. NCT02117089; date of registration: April 10, 2014.

Keywords: stroke, hand, rehabilitation, robot, neuromuscular electrical stimulation


INTRODUCTION

Stroke is one of the leading causes of adult disability, and patients with stroke require continuous long-term medical care for reducing physical impairments (1). Only 18% of stroke survivors with severe paralysis achieve complete upper-limb function recovery within the subacute period (i.e., within the first 6 months after stroke onset) (2). Furthermore, approximately 65% of patients with chronic stroke (i.e., 6 months after the onset of a stroke) cannot incorporate their affected hand into their usual activities (3), this limitation markedly affects their independence and ability to perform activities of daily living (ADLs).

According to the traditional viewpoint on neurorehabilitation after stroke, significant motor improvements are usually observed during the subacute period and are associated with a spontaneous recovery in the early period, and motor recovery is expected to be minimal or plateaued during the chronic period (4). However, more recent studies on poststroke rehabilitation have reported that repetitive and high-intensity practice accelerate motor recovery (5, 6) and intensive therapeutic interventions can contribute significantly to reducing motor impairment and improving functional use of the affected arm of patients with chronic stroke (7). Despite these findings, providing high-intensity and repetitive training through traditional “one-to-one” manual-physical therapy is difficult because of resource constraints (8). Rehabilitation robots fill this gap by performing repetitive therapeutic tasks intensively and require minimal supervision by a therapist (9). Various robotic systems have been proposed for hand rehabilitation after stroke, for example, HapticKnob (10) and Haptic Master (11, 12), and their training effects had been investigated. These studies have reported that robot-assisted therapy can facilitate hand function recovery because the robotic system can provide repetitive and intensive training through a consistent and precise manner over a long duration. In addition, the integration of voluntary effort into robotic design for chronic stroke rehabilitation has been recommended (13, 14). Training designs that included this “add-on” feature of voluntary effort from the residual neuromuscular pathways exhibited better motor outcomes and longer sustainability than did passive limb motion training. Electromyography (EMG)-driven strategy is one of the novel and rapidly expanding techniques for maximizing the involvement of voluntary efforts during poststroke training. Many EMG-driven rehabilitation devices have been developed in the past decade (15), and a set of EMG-driven robot-assisted training systems have also been developed for poststroke rehabilitation in our previous studies (14, 16–18). The EMG-driven training systems have exhibited significant motor recovery for patients with chronic stroke, particularly in voluntary motor functions of the upper limb (15, 19).

While the EMG-driven strategy has been widely adopted, the use of robot-assisted therapy remains suboptimal. For example, a robot cannot directly activate the desired muscle groups because the target muscles of patients with stroke usually cooperate with compensatory motions from other muscular activities (20). In contrast to robot systems, neuromuscular electrical stimulation (NMES) can stimulate the required muscles by using electrical currents. NMES generates limb movement by precisely activating the target muscles to restore motor function and evoke sensory feedback to the brain during muscle contraction, thus promoting motor relearning (21). However, using NMES alone also has limitations in activating groups of muscles for dynamic limb movements. Controlling the speed of contraction of individual muscles during limb movements with desired kinematic qualities, such as speed, trajectory, and motion smoothness, is difficult mainly because of delayed evoked muscle contractions during electrical stimulation (22). Consequently, a combination of NMES and robot-assisted therapy has been developed recently for poststroke upper-limb rehabilitation (23–26), and studies have shown that this combination is effective for motor function recovery in patients with chronic stroke. In addition, the combined system can reduce the compensatory muscular activities at the elbow and can improve muscle activation levels related to the wrist in patients with chronic stroke, which was not observed when robot-assisted therapy was used alone (23). A study on the wrist training in patients with chronic stroke by another research group also demonstrated higher rehabilitation effectiveness in the upper-limb motor recovery with the combination therapy than with robot-assisted therapy alone (24).

Nevertheless, previous studies on combinations of NMES and robotic systems have mainly focused on motor recovery of the elbow and wrist joints (23–26). Thus far, only a few studies have reported EMG-driven NMES robot-assisted therapy for hand function recovery although loss of hand function is the primary factor of the upper-limb disability after stroke (27). In our previous work, an EMG-driven NMES exoskeletal hand robot, which could provide fine control of the hand movements and activating the target muscles selectively for fingers extension/flexion, was developed and suggested for hand rehabilitation after stroke (28), where the assistive capacity of the NMES and robot combined system in helping persons with chronic stroke conducting extension/flexion of the fingers were compared with either NMES or robot assistive schemes. NMES and robot combined scheme showed higher motion accuracy and better muscle coordination in the whole upper limb. However, the rehabilitation efficacy and the training effects had not been well investigated by clinical trials previously. In this work, the rehabilitation effectiveness of the EMG-driven NMES-robotic hand assisted upper-limb training on chronic stroke was investigated by a single-group trial. We hypothesized that the participants who received intensive and repetitive upper-limb training with coordinated hand movements assisted by the EMG-driven NMES-robotic hand would demonstrate improvements in hand function and muscular coordination of the fingers. Furthermore, motor gains after the training could contribute to the functional use of the affected hand in ADLs.



METHODOLOGY


EMG-Driven NMES-Robotic Hand

The EMG-driven NMES-robotic hand system used in this study is shown in Figure 1A. The system can provide assistance for finger extension and flexion of the paretic limb of patients with stroke.
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FIGURE 1 | The electromyography (EMG)-driven neuromuscular electrical stimulation (NMES)-robotic hand system: (A) the wearable system consisting of a mechanical exoskeleton of the robotic hand, a pair of NMES electrodes attached to the extensor digitorum (ED) muscle, and EMG electrodes on the ED and abductor pollicis brevis muscles; (B) illustration of the mechanical structure of the robotic hand; (C) the EMG and NMES electrodes’ configuration on the ED muscle.


The wearable robotic hand (Firgelli L12, Firgelli Technologies Inc.) provided individual mechanical assistance to the five fingers, and each finger was actuated by a linear actuator (Figure 1B) (28, 29). The proximal and distal section of the index, middle, ring, and little fingers were rotated around the virtual centers located at the metacarpophalangeal (MCP) and proximal interphalangeal (PIP). The thumb was rotated around the virtual center of its MCP joint. The finger assembly provided two degrees of freedom for each finger and offered a range of motion (ROM) of 55° and 65° for the MCP and PIP joints, respectively. The angular rotation speeds of the two joints were set as 22°/s and 26°/s at the MCP and PIP joints, respectively, during training.

The NMES electrode pair (30 mm diameter; Axelgaard Corp., Fallbrook, CA, USA), which provided stimulation during finger extension, was attached over the extensor digitorum (ED) muscle. The configuration for the EMG and NMES electrodes on the ED muscle is shown in Figure 1C. The outputs of NMES were square pulses with a constant amplitude of 70 V, stimulation frequency of 40 Hz, and a manually adjustable pulse width in the range 0–300 µs. Before the training, the pulse width was set at the minimum intensity, which achieved a fully extended position of the fingers in each patient. No assistance from NMES was provided during finger flexion to avoid the possible increase of finger spasticity after stimulation (30).

The abductor pollicis brevis (APB) and ED muscles were used as voluntary neuromuscular drives to control robot assistance and NMES assistance from the system to facilitate performance of phasic and sequential limb tasks, namely, hand closing and hand opening. The APB was selected as the driving muscle in the hand closing phase, since the EMG signals from the APB of the paretic limb after stroke are less affected by spasticity and are relatively easier to be controlled than the flexor digitorum (FD) muscle for finger movements in chronic stroke (31). EMG-triggered control was used in this study. Three times of the standard deviation (SD) above the EMG baseline in the resting state was set as a threshold level in each motion phase during training. In the “hand closing” phase, as soon as the EMG activation level of the APB muscle reached a preset threshold (3 SD above the baseline), the robotic hand would close with a constant speed (22°/s and 26°/s at the MCP and PIP joints, respectively) and provide mechanical assistance for finger flexion motions. In the “hand opening” phase, once the EMG activation level of the ED muscle reached a preset threshold (3 SD above the baseline), the robotic hand would open with a constant speed (22°/s and 26°/s at the MCP and PIP joints, respectively), and NMES would stimulate the ED muscle during the entire hand opening phase to assist finger extension motions. Once the assistance of the system was initiated, voluntary effort from the patient was not required and the assistance from the NMES and robotic parts would be continuously provided during the entire hand closing and opening phase in the defined ROM.

The EMG signals from the driving muscles captured using EMG electrodes (Blue Sensor N, Ambu Inc. with a contact area of 20 mm × 30 mm) were first amplified 1,000 times (preamplifier: INA 333; Texas Instruments Inc., Dallas, TX, USA), sampled at 1,000 Hz by using a data acquisition card (DAQ, 6218 NI DAQ card; National Instruments Corp.) and filtered by using a band-pass filter in the range 10–500 Hz. After digitization, the EMG signals from the APB and ED muscles were rectified and low-pass filtered (fourth-order, zero-phase forward and reverse Butterworth filter; cutoff frequency, 10 Hz) to obtain an envelope of EMG signals (i.e., the EMG activation level) in the real-time control.



Participants

After obtaining ethical approval from the Human Subjects Ethics Subcommittee of the Hong Kong Polytechnic University, participants in this study were recruited from the local districts through advertisement. A total of 20 patients were screened for the training during the subject recruitment. Fifteen participants with chronic poststroke hemiparesis met the inclusion criteria and were recruited in this study after obtaining their written consents. Inclusion criteria were as follows: (1) aged from 18 to 78 years (32, 33), (2) at least 6 months after the onset of a singular and unilateral brain lesion due to stroke, (3) both the MCP and PIP joints could be extended to 180° passively, (4) the spasticity during extension at the finger joints and the wrist joint was below 3 as measured by the Modified Ashworth Scale (MAS), ranged from 0 (no increase in the muscle tone) to 4 (affected part rigid) (34), (5) motor impairments in the affected upper limb ranged from severe to moderate as assessed by Fugl-Meyer Assessment (FMA) (15 < FMA < 45, with a maximal score of 66 for the upper limb) (35), (6) no visual deficit and able to understand and follow simple instructions as assessed by the Mini-Mental State Examination (MMSE > 21) (36), (7) detectable voluntary EMG signals from the driving muscle on the affected side (three times of the SD above the EMG baseline). Subjects were excluded because of the following conditions: (1) did not fulfill the above inclusion criteria, (2) currently pregnant, and (3) had an implanted pacemaker. Figure 2 shows the CONSORT flowchart of the experimental design.
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FIGURE 2 | The Consolidated Standards of Reporting Trials flowchart of the experimental design.




Training Protocol

All participants received the EMG-driven NMES-robotic hand-assisted upper-limb training, which consisted of 20 training sessions with the intensity of 3–5 sessions/week, within 7 consecutive weeks.


Session-by-Session Pretraining Evaluation Task

An evaluation was conducted at the beginning of each training session. Each participant was first subjected to a maximum voluntary contraction (MVC) test for the following five target muscles: APB, ED, FD, biceps brachii (BIC), and triceps brachii (TRI). EMG electrode pairs with center separation of 2 cm were attached to the skin surface of the muscles of interest according to the configuration specified in Cram’s work (37). Then, each participant was instructed to perform a bare hand evaluation task, which was used to monitor the muscle coordination during the recovery, as we did previously in EMG-driven hand robot-assisted upper-limb training of patients with chronic stroke (29). During evaluation, participants were seated at a table to maintain a vertical distance of 30–40 cm between the table surface and the participants’ shoulder.

While conducting the MVC test on the ED and FD muscles, participants were seated at a table and the paretic upper limb was placed on the table with elbow joint extended at an angle of 130°, the wrist was held by an experimental operator and positioned around its neutral position, and the finger positions were set by the operator to obtain an angle around 150° at the MCP joints of the index, middle, ring, and little fingers. During the maximum extension of the four fingers, the ED EMG signals were recorded; and during the maximum flexion, the FD EMG signals were captured. For the MVC test on the APB, the operator held the thumb in an extended position (around 30°) and asked the participants to conduct maximum thumb palmar abduction with the same configuration of the wrist and elbow joints as in the ED and FD MVC tests. During the MVC test on the BIC and TRI muscles, the paretic upper limb was positioned with the shoulder abducted at 70° and the elbow flexed at 90°. The MVC test on each target muscle was repeated twice and was maintained for 5 s. A 2-min interval was maintained between two consecutive contractions to prevent muscle fatigue. The maximum EMG amplitude recorded in the two repetitions was selected as the EMG amplitude of MVC for the target muscle.

The bare hand evaluation task, which was conducted after the MVC test, involved lateral and vertical arm reaching-grasping tasks (29). The participants were required to use their paretic limbs to perform the task (without assistance from NMES or the robotic hand) and complete it at their natural speed. In the lateral task, each participant was instructed to grasp a sponge (thickness 5 cm, weight 30 g) that was placed on one side of a table near the paretic side of the participant, transport the sponge 50 cm horizontally, release it, grasp it again, and return it to the starting point. In the vertical task, each participant was instructed to grasp the sponge on the midline of the lower layer of a shelf, lift it through a vertical distance of 17 cm, place it on the midline of the upper layer of the shelf, grasp it again, and place it back on the starting point. Both lateral and vertical tasks were repeated thrice, with a 2-min interval between two consecutive contractions to prevent muscle fatigue.

The EMG recording was started when the participant began to grasp the sponge (as soon as one finger touched the sponge) to when the participant released the sponge at the starting point (all the fingers left the sponge). The EMG signals from the target muscles (APB, ED, FD, BIC, and TRI) were first amplified 1,000 times, filtered by a band-pass filter in the range 10–500 Hz, and full-wave rectified. The EMG signals were sampled at 1,000 Hz by the data acquisition card and stored in the computer for off-line processing as we did previously (16, 17). In the early sessions of the training, only two participants could release the sponge without using their unaffected hands. A 10-s maximum time limit was set at the end of the attempt of release action for participants who could not release the sponge within 10-s by using their paretic hands. If their paretic hands could not release the sponge within 10-s, the participants could use their unaffected hands to remove the sponge. The EMG signals beyond 10-s were excluded for analysis. At the 20th session of training, five participants could release the sponge without using their unaffected hands.



Training Task Assisted with the EMG-Driven NMES-Robotic Hand

Participants were required to perform lateral and vertical arm reaching–grasping tasks with the EMG-driven NMES-robotic hand on the paretic side with same seating arrangement and movements as the previous evaluation. In each training session, the participants performed 30-min lateral and vertical tasks, respectively, with a 10-min interval between the tasks to prevent muscle fatigue. However, most of the participants (n = 12) could not sustain the weight of the paretic limb and the robotic hand without assistance. This was mainly due to weakness of the shoulder and elbow joints. Therefore, during the arm transportation, these participants were allowed to use their unaffected limb to provide self-aware minimal support at the wrist joint of the paretic limb. During the last session of the training, 10 participants could lift the affected limb while wearing the robotic hand.




Evaluation of Training Effects


Clinical Assessments

In this study, the clinical assessments were used for functional evaluation of each participant and are described as follows: the FMA (35) that the full score is 66 for the upper-limb assessment and has been subscaled into shoulder/elbow (42/66) and wrist/hand (24/66) (38), used for poststroke measurement of motor functional impairment in voluntary limb movements; the Action Research Arm Test (ARAT) (39), adopted to evaluate the upper-limb functions with hand tasks included holding/releasing objects with different shapes, sizes and weights; the Wolf Motor Function Test (WMFT) (40), applied to collect the information on the motion speed and functional ability related to different daily tasks; the Motor Functional Independence Measure (FIM) (41), used for evaluation of subject’s ADLs; and the MAS (34), adopted to measure the spasticity of the flexors related to the elbow, wrist, and fingers. Before the training, the aforementioned clinical assessments were measured thrice in 2 weeks every 2–3 days to obtain the stability of baseline. The same clinical assessments were also measured immediately after the last training session and 3 months after the training by a training-blinded assessor who was instructed not to communicate regarding the training details with the participants and was not informed about the research purpose and the training protocol of this study.



EMG Parameters

For the cross-sessional monitoring, two EMG parameters were calculated which were (1) the normalized EMG activation level of each target muscle and (2) the normalized EMG Co-contraction Index (CI) between a muscle pairs (16, 17). The EMG activation level of a muscle was calculated as follows:

[image: image1]

where [image: image1] referred to the averaged EMG envelope value of muscle i. The EMGi(t) was the EMG envelope signal after the normalization with respect to the EMG MVC value of the muscle, and T was the length of the signal. Figure 3 shows the representative EMG signals, and their normalized envelopes captured during a trial of lateral reaching–grasping task. To minimize the variations in the EMG levels of individual participant, the obtained EMG activation level in a session for an individual participant was further normalized using the following equation (Eq. 2), which consider the maximal and minimal EMG activation levels of a participant recorded across the 20 training sessions. The tendency of the EMG activation level (values varying from 0 to 1) of a participant across the 20 training sessions was obtained after this operation.
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where EMGN was the normalized EMG activation level of muscle i. The [image: image1] referred to the averaged EMG envelope value of muscle i. The [image: image1] was the minimum value of the averaged EMG envelope across the 20 training sessions, and the [image: image1] was the maximum value of the averaged EMG envelope across the 20 training sessions.
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FIGURE 3 | The representative raw electromyography (EMG) trials in a lateral arm reaching–grasping task (A) and the EMG envelopes after rectification and normalization (B).


The CI between a pair of muscles were introduced and applied in our previous study and expressed as follows:

[image: image1]

where Aij(t) was overlapping activity of EMG linear envelopes for muscles i and j, and T was the length of the signal. An increase in CI value represents an increased co-contraction phase of a muscle pair (broadened overlapping area), and a decrease in CI value indicates a decreased co-contraction phase of a muscle pair (lessened overlapping area). The CI value was also further normalized, similar to the EMG activation level, for obtaining the tendency of muscle coordination, which considers the maximal and minimal CI values of a participant recorded across the 20 training sessions and its equation (Eq. 4) was given as follows:
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where CIN was the normalized CI value between a pair of muscles i and j. CImin was the minimum value of the averaged overlapping activity of EMG linear envelopes, and CImax was the maximum value of the averaged overlapping activity of EMG linear envelopes across the 20 training sessions. Session-by-session recording of the varying patterns of the two EMG parameters provided information particularly relevant to muscle activation and muscle coordination. Furthermore, it provided quantitative descriptions of the progress of motor function recovery of the affected limb.




Statistical Analysis

The normality tests on the clinical scores and the EMG data by Lilliefors method were performed with a significant level of 0.05 (42). It found that the clinical score and the EMG sample had normal distribution (P < 0.05). One-way analysis of variance (ANOVA) with repeated measures (Bonferroni post hoc test) were used to evaluate the differences on the clinical assessments across different time points (thrice pretraining assessments, a posttraining assessment, and a 3-month follow-up assessment) and the EMG parameters (i.e., the normalized EMG activation levels and the CIs) across the 20 training sessions. The levels of statistical significance were indicated at 0.05, 0.01, and 0.001 in this study.




RESULTS

All recruited participants (n = 15) completed the EMG-driven NMES-robotic hand-assisted upper-limb training. The demographic data of the participants are shown in Table 1. Table 2 lists all clinical scores measured in this study (i.e., the means and 95% confidence intervals of each clinical assessment together with the one-way ANOVA probabilities with the effect sizes (EFs) for the evaluation with respect to the assessment sessions). Significantly difference clinical scores (P < 0.05, one-way ANOVA with Bonferroni post hoc test) are illustrated in Figure 4, which shows the FMA, ARAT and MAS scores evaluated at five time points: thrice pretraining assessments (Pre1, Pre2, and Pre3), posttraining assessments (Post), and 3-month follow-up assessment (3-month FU). Figures 4A–C show the variation in FMA scores at thrice pretraining assessments, posttraining assessment, and 3 months follow-up assessment. In Figure 4A, the FMA full score significantly increased after the training, and this increase compared with the pretraining values was kept for 3 months (P < 0.001, EF = 0.313, F = 7.96, one-way ANOVA with Bonferroni post hoc test). In Figure 4B, a significant increase of the FMA wrist/hand score was detected after the training, and the increments with respect to the pretraining value were maintained 3 months (P < 0.001, EF = 0.228, F = 5.18, one-way ANOVA with Bonferroni post hoc test). A significant increase in the FMA shoulder/elbow score after the training was observed compared with the pretraining values, and the increase was maintained during the assessment at the 3-month follow-up (Figure 4C; P < 0.001, EF = 0.320, F = 8.23, one-way ANOVA with Bonferroni post hoc test). The variation in ARAT score at five time points is shown in Figure 4D. A significant increase in the ARAT score after the training was observed, and this increase compared with the pretraining values was maintained for 3 months (P < 0.01, EF = 0.226, F = 5.12, one-way ANOVA with Bonferroni post hoc test). Figure 4E shows the variation in MAS scores at the finger, wrist, and elbow at five time points. A significant decrease in the MAS scores was observed in the assessments at different time points. The MAS scores at the elbow significantly declined after training, and these decreases compared with the pretraining values were maintained for 3 months (P < 0.01, EF = 0.214, F = 4.77, one-way ANOVA with Bonferroni post hoc test). Significant decreases were observed in the MAS score at the wrist (P < 0.001, EF = 0.224, F = 5.64, one-way ANOVA with Bonferroni post hoc test) and finger (P < 0.001, EF = 0.236, F = 5.41, one-way ANOVA with Bonferroni post hoc test) after the training, and these deductions with respect to the pretraining values were maintained during the 3-month follow-up.


TABLE 1 | Demographic characteristics of the stroke subjects.
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TABLE 2 | The means and 95% confidence intervals for each measurement of the clinical assessments, and the probabilities with the estimated effect sizes of the statistical analyses.
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FIGURE 4 | The clinical scores measured before, after, and 3 months later after the training (A) Fugl-Meyer Assessment (FMA) full score, (B) FMA wrist/hand score, (C) FMA shoulder/elbow score, (D) Action Research Arm Test (ARAT) score, (E) Modified Ashworth Scale (MAS) score at the elbow, the wrist, and the fingers, presented as mean value with two times SE (error bar) in each evaluation session. The significant difference is indicated by “*” (P < 0.05, one-way analysis of variance with Bonferroni post hoc tests).


Figure 5 illustrates the EMG parameters (i.e., the normalized EMG activation level and the normalized CI) that showed statistically significance variations during the evaluation across the 20 training sessions. A significant decrease in EMG activation level was observed in the FD (Figure 5A; P < 0.001, EF = 0.331, F = 7.29, one-way ANOVA with post hoc tests) and BIC muscles (P < 0.001, EF = 0.207, F = 3.85, one-way ANOVA with post hoc tests). Regarding the variation patterns of the EMG activation level of the FD muscle, the EMG level showed a rapid decrease of 50% over the first four sessions and was further declined by 19% from the 5th to 20th sessions. Concerning the variation patterns of the EMG activation level of the BIC muscle, the EMG level steadily decreased over the 20 training sessions, with a total decrease of 50%. No descending plateau was reached for the EMG levels of the FD and BIC muscles within the 20 training sessions. Figure 5B shows the significant decrease in CI of the FD and TRI muscles (P < 0.001, EF = 0.148, F = 2.56, one-way ANOVA with post hoc tests) and BIC and TRI muscle pair (P < 0.001, EF = 0.285, F = 5.88, one-way ANOVA with post hoc tests) during the evaluation across the 20 sessions of the training. Regarding the variation patterns of CI of the FD and TRI muscles and the BIC and TRI muscle pair, the CIs gradually declined and did not reach a plateau over the 20 training sessions. No significant increases or decreases were observed in the EMG parameters of other target muscles and muscle pairs.
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FIGURE 5 | The variation of electromyography (EMG) parameters recorded across the 20 training sessions associated with significant decreases (P < 0.05 with one-way analysis of variance with Bonferroni post hoc tests): (A) the normalized EMG activation levels of the flexor digitorum (FD) and BIC muscles during the bare hand evaluation. (B) The changes of the normalized Co-contraction Indexes of the FD and TRI and BIC and TRI muscle pairs with statistical significance during the bare hand evaluation. The values are presented as mean value with two times SE (error bar) in each session.




DISCUSSION

In this study, the recruited participants with chronic stroke showed stable baselines without significant variations in all clinical scores before the training. After 20 sessions of the upper-limb training assisted with EMG-driven NMES-robotic hand, motor function improvements associated with the improved clinical scores and cross-session recorded EMG parameters were observed in all the participants, and the improvements after the training could be maintained 3 months later.


Training Effects by Clinical Assessments

Results from the clinical assessments revealed that the voluntary motor functions and muscle coordination of the affected upper limb significantly improved after the training. The significant increase in the FMA (shoulder/elbow and wrist/hand) score after the training indicated an improvement in voluntary motor control at the joints of the entire paretic upper limb, and these motor function improvements were maintained at 3-month follow-up. A significant increase of 6 points in the FMA wrist/hand (max 24) score was observed after the training (mean admission score was 8 points). Compared with a similar study on robot-assisted hand training by using HapticKnob (10), motor improvement exhibited a significant increase of 1 point after the training (mean admission score was 8 points). Because the participants with chronic stroke in both studies practiced hand closing and opening movements through robot-assisted training, the training duration and intensity were also comparable, the additional improvements in hand functions in this study were probably due to the involvement of voluntary efforts from the affected limb and NMES during finger extension. The ARAT score is mainly related to finger movements as well as grasping, gripping, and pinching movements. The significant increase in the ARAT score indicated improvements in the muscle coordination of the fingers for fine precision grasping and joint stability of the fingers. The significant decrease in the MAS score at the elbow implied a release of flexor spasticity (muscle tone) in the elbow joint. The significant decrease in the MAS scores at the flexors of the wrist and fingers indicated that the spasticity of the distal joints was reduced. The muscle tone was graded subjectively by the examiner depending on the amount of the resistance encountered in response to passive movement (34). A higher MAS score reflects poorer control of synergic muscle activity as well as a tendency to stiffen a limb to compensate for poor control (21). Stroke survivors usually exhibit various compensatory motions while using their paretic upper limbs (30). For example, patients with stroke use trunk flexion instead of elbow extension to reach for objects. Similarly, forearm pronation and wrist flexion instead of a neutral forearm position and wrist extension to orient the hand for grasping. The decrease in the MAS scores of the elbow, wrist, and finger joints indicated improved muscle coordination and joint stability of the proximal and distal joints during arm reaching motions as well as during hand grasp and release motions after the training, and these significant improvements were maintained at 3-month follow-up. In our previous study on the EMG-driven robotic hand assisted upper-limb training of patients with chronic stroke (29), the MAS score of the finger joints decreased by a total of 0.5 points after the training with a mean admission score of 1.3 points. However, in this study, a total decrease of 1 point in the MAS score of the finger joints was demonstrated after the training with a mean admission score of 1.5 points. The additional decrease in the spasticity of the finger joints in this study may be due to the NMES assistance for finger extension during training. Further studies should be conducted to assess the effectiveness of training in poststroke rehabilitation of the upper limb assisted with the EMG-driven NMES-robotic hand by comparing the training results with the EMG-driven robotic hand assisted hand training in a randomized controlled trial.

A review on robot-assisted poststroke upper-limb rehabilitation (43) indicated that a significant improvement in the function of ADLs (i.e., FIM score) must be associated with a significant improvement in the motor function recovery (i.e., FMA score); however, no study has demonstrated significant improvement in ADL functions without motor recovery. Motor function recovery is considered a prerequisite for the ability to perform ADLs. In this study, significant motor function improvements (i.e., FMA and ARAT scores) have been observed, but the improvements in ADLs were not confirmed using the clinical outcome measures (i.e., WMFT and FIM scores). This might suggest that the motor function improvements after the training might not be transferred to the functional use of the upper limb to perform ADLs, which is a common observation in robot-assisted studies on patients with chronic stroke (44). This was probably due to the following features in persons with chronic stroke: (1) learned nonuse that could become a habit, and the limb may not be used in functional activities although the individual can move it (30) and (2) the unaffected limb attempts to execute all motor actions required for daily living (45). Further studies should be conducted on upper-limb rehabilitation of patients with subacute stroke using the assistance of the EMG-driven NMES-robotic hand, which might limit the occurrence of the learned nonuse and increase the functional use of the affected limb in ADLs. In contrast to the WMFT and FIM scores, the FMA, ARAT and MAS scores indicated that significant improvements in arm and hand functions could be maintained 3 months later after the training. This implied that upper-limb training assisted with EMG-driven NMES-robotic hand could provide motor function recovery for the proximal and distal joints of the impaired limb and support the retentive long-term upper-limb rehabilitation for patients with chronic stroke. It was also possible that the participants utilized the affected upper limb more confidently in the daily activities with the improved motor functions after the training, which led to the maintenance of the motor gain 3 months later. However, it did not lead to a significant improvements in the WMFT or FIM.



Training Effects by Cross-Session EMG Monitoring

The cross-sessional EMG monitoring reflected the recovery progress of the muscle coordination during the training program, which also monitored individual muscle activation and coordination patterns among the contracting muscles. The significantly improved muscular coordination of the proximal and distal joints also was achieved through the EMG-driven NMES-robotic hand assisted training, as revealed by both clinical scores and the EMG parameters (i.e., the normalized EMG activation levels and the normalized CIs). The decrease in the EMG activation levels could have two major reasons: (1) the reduced spasticity, which reduced the extra muscle activities (46), and (2) the decreased overactivation of muscles during the initial period of motor learning for a skill-requiring task (47). The significant decrease in the EMG activation levels of the FD and BIC muscle reflected the reduced spasticity of the related joints, which was also manifested as the decreased MAS scores in the elbow, wrist, and finger joints. The significant decrease in the normalized EMG activation levels of the FD and BIC muscle across training sessions also reflected a reduction of excessive muscular activities in the FD and BIC muscle in the bare hand evaluation task during hand opening, hand closing, and arm reaching movements. The reduction of excessive muscle activities suggested improved muscle coordination and voluntary motor controls during arm transportation and hand grasp movements. These improvements also contributed to a significant increase in the FMA (shoulder/elbow and wrist/hand) scores after training. The EMG level of the FD muscle exhibited a rapid decrease of 50% over the first four sessions, and it further declined by 19% from the 5th to 20th sessions in contrast to the relatively gradual decrease of the EMG level of the BIC muscle across 20 training sessions, with a total decrease of 50%. These results demonstrated similar patterns in the motor recovery under EMG-driven NMES robot-assisted upper-limb training as observed in our previous study on the wrist rehabilitation (23). In that work, the EMG activation level of the main flexor in the wrist (flexor carpi radialis) decreased faster in a 20-session EMG-driven NMES robot-assisted wrist training program, in comparison with the training only assisted with the EMG-driven pure robot (without NMES). It suggested that the combined treatment of the robot and NMES could speed up the recovery process (23). In this study, NMES assistance on finger extension may have contributed to the faster release of excessive contraction of the FD muscle, thus further improving muscular coordination of the finger joints. While the results of the EMG levels of the FD muscle showed the acceleration of the recovery process, the EMG levels of the FD and BIC muscles did not reach a plateau within the 20 training sessions. In a review of motor learning studies, the researcher indicated that the learning of a skilled movement is characterized by a plateau of little or no change in performance (48). Therefore, the further improvement in the recovery of the FD and BIC muscles could be obtained by providing additional training sessions.

In addition to the EMG activation levels, the CI revealed the coactivity of a muscle pair and the recovery progress on muscular coordination. Dewald et al. indicated that discoordination among muscles is one of the major factors for motor disability after stroke and highly related to the muscle spasticity and compensatory motions in the affected limb (49). Compensatory movements from proximal joints during motions at distal joints were commonly observed in poststroke survivors, which resulted in excessive co-contractions in muscles related to both the proximal and distal joints (6, 30). In this work, the evolutionary patterns of muscular coactivity within a joint and across joints in the upper limb were investigated by CIs among the related muscles. A decrease in the CI value of a muscle pair indicated a release of the co-contraction between the two muscles, i.e., the two muscles could contract more independently in the desired task. The significantly decreased CI of the FD and TRI muscles indicated the reduction of the coactivity between the elbow joint and finger joints, which suggested the improved isolation of the distal joint movements from the proximal joint. The reduction in cross-joint muscles (i.e., FD and TRI) also indicated reduced compensation movement from co-contraction on the elbow joint during hand closing and opening motions. The significant decrease in the CI of BIC and TRI muscle pair was observed, and it indicated that the muscle coordination for achieving reaching motions through the elbow flexion and extension was promoted. However, the CI of the FD and TRI muscles and BIC and TRI muscle pair did not reach a plateau within the 20 training sessions. Further decreases in the CI value could be obtained by conducting additional training sessions.

In this work, the motor function improvement was obtained at the elbow, wrist and fingers as reflected by the clinical scores and the EMG parameters. During the training, the assistance from the EMG-driven NMES robot was incorporated in the coordinated tasks related to the arm reaching/withdrawing and hand open/close of the whole upper limb. Multi-joint coordinated upper limb practice simulating daily activities is necessary for stroke survivors to regain meaningful motor functions after training, since the task practiced would be the motor function restored, e.g., task-oriented rehabilitation (50). In the conventional physical rehabilitation on the upper limb, it was hard for a human therapist (or a stroke patient himself/herself in independent practices) to support the arm motions and manage the movements of the distal joints, e.g., finger joints, at the same time. This was one of the reasons that most of stroke survivors experienced reasonable recovery in the proximal joints, whereas little in the distal (51). In this work, the EMG-driven NMES-robot managed the finger motions while the stroke participants practicing the whole upper-limb tasks, which led to the motor improvements at both the proximal and distal joints. It was also noticed that the motor gains measured by FMA for the shoulder/elbow and wrist/hand were both around 20% immediately after the training (8-point increment at the shoulder/elbow with a full mark of 42 and 5-point increment at the wrist/hand with a full mark of 24). Besides the coordinated physical practice of the whole upper limb, another reason associated with the proximal recovery was related to the competitive interaction between the proximal and the distal joints in rehabilitation after stroke (52). Proximal joints (e.g., the shoulder/elbow) could gain more than the distal, e.g., the wrist/fingers, due to the compensatory activities from the proximal joints, which was related to the reduced inhibitory function of the ipsilesional motor cortex. Physical training at a distal joint benefited the motor function at the proximal joints was also observed in our previous robot-assisted wrist rehabilitation even with a fixed position of the elbow joint(14, 23).




LIMITATIONS

It was understood that the combined treatment of NMES and robot could introduce additional muscle fatigue to the target muscle under stimulation, i.e., the ED muscle in this work, in a training program with multiple sessions. Accumulated fatigue in the stimulated muscle might result in an increase in the EMG amplitude of the target muscle across the sessions. Although normalized EMG signals were adopted in this work to minimize the cross-sessional difference in EMG detection, more sensitive EMG representations which are less affected by the muscle fatigue will be explored in our future study. In this work, there was no significant change observed in the ED EMG level, nor in the CIs related to the ED muscle across the training sessions. Randomized controlled trials will be conducted in future studies to compare the rehabilitation effectiveness of the EMG-driven NMES-robotic hand with other device assisted programs (e.g., EMG-driven robotic hand) and with the conventional manual treatment on the upper limb.



CONCLUSION

In this study, the training effects of the poststroke upper-limb training assisted with EMG-driven NMES-robotic hand were investigated through a single-group clinical trial on patients with chronic stroke. The measured outcomes (i.e., clinical scores and EMG parameters) indicated that significant motor function improvements were achieved after the training, which included an increase in the voluntary motor effort on the entire upper limb, improved muscular coordination, and released muscle spasticity in the proximal and distal joints, and the motor improvements could be maintained till 3 months later after the training. Evidence suggests that intensive and repetitive upper-limb training with coordinated hand movements assisted by the voluntary EMG-driven NMES-robotic hand facilitates hand function recovery and improves muscular coordination in the upper limb with long sustainability in patients with chronic stroke.
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Visual input could benefit balance control or increase postural sway, and it is far from fully understanding the effect of visual stimuli on postural stability and its underlying mechanism. In this study, the effect of different visual inputs on stability and complexity of postural control was examined by analyzing the mean velocity (MV), SD, and fuzzy approximate entropy (fApEn) of the center of pressure (COP) signal during quiet upright standing. We designed five visual exposure conditions: eyes-closed, eyes-open (EO), and three virtual reality (VR) scenes (VR1–VR3). The VR scenes were a limited field view of an optokinetic drum rotating around yaw (VR1), pitch (VR2), and roll (VR3) axes, respectively. Sixteen healthy subjects were involved in the experiment, and their COP trajectories were assessed from the force plate data. MV, SD, and fApEn of the COP in anterior–posterior (AP), medial–lateral (ML) directions were calculated. Two-way analysis of variance with repeated measures was conducted to test the statistical significance. We found that all the three parameters obtained the lowest values in the EO condition, and highest in the VR3 condition. We also found that the active neuromuscular intervention, indicated by fApEn, in response to changing the visual exposure conditions were more adaptive in AP direction, and the stability, indicated by SD, in ML direction reflected the changes of visual scenes. MV was found to capture both instability and active neuromuscular control dynamics. It seemed that the three parameters provided compensatory information about the postural control in the immersive virtual environment.

Keywords: virtual reality, balance control, entropy, center of pressure, head-mounted display


INTRODUCTION

Virtual reality (VR) has been used to improve balance in patients with stroke (1–3), and the usability and effectiveness have been examined (2–4). However, the mechanisms behind the new intervention and the effect of the virtual environment on balance control have not been fully understood.

The effect of vision information provided by immersive VR has been investigated with the experimental regime of comparing postural sway in the eyes-open (EO), eyes-closed (EC), and VR conditions (5–7). However, there has been no consistent conclusion yet. Horlings et al. showed that best stability was achieved in the EO condition, and a similar body sway was found in the EC and VR condition (5). However, Chiarovano et al. (6) and Robert et al. (7) reported no significant difference between the EO and EC conditions. In addition, it was found that the photo-rendered three-dimensional virtual environment did not increase body sway, but the optokinetic virtual scenes, such as a bundle of random dots moving in the same direction, will alter the postural control. In a word, how the visual stimuli generated by VR influence the postural control need further investigation.

Balance maintenance in the upright stance is a process of changing human body, by coordinating the muscle contractions, to make sure the center of mass (COM) of the body moving around the equilibrium position. The process of postural control has been widely investigated by means of a “motion capture system” (8) or a force plate (8, 9). With the latter apparatus, the center of pressure (COP) can be calculated with the reaction force data. To assess postural control, several parameters have been proposed and can be categorized into static parameters (e.g., position), dynamic parameters (e.g., velocity, root mean square, SD), and non-linear parameters [e.g., sample entropy, fuzzy approximate entropy (fApEn)]. SD of the COP displacement represents the average absolute displacement around the mean position of the COP trajectory (8), which has been employed by numerous researchers (10, 11). Velocity of the COP signal is said to describe the dynamic activity of the balance control by reflecting both the magnitude and frequency of the postural adjustment. Some investigations have shown its high reliability in anterior–posterior (AP) direction (8, 12). fApEn can be used to assess the irregularity of COP motion, and it might be a superior complexity measure in monotonicity and robustness to noise.

The aim of this study was to investigate the effect of visual information provided by VR on dynamic body sway in the upright stance. The virtual environments we used were optokinetic drums, rotating around different axes. 16 healthy subjects were enrolled in the investigation. When they put on the head-mounted display (HMD) device, they could see some black and white stripe-pairs moving in front of them, just like when they were sitting inside a large optokinetic drum. The reason we used the drum scene instead of the dot scene was that stripes were reported more effective in a virtual environment (13). The experiment included five kinds of visual input: EO, EC, and three different VR scenes. The parameters we used were mean velocity (MV), SD, and fApEn of the COP data.



MATERIALS AND METHODS


Participants

Sixteen healthy subjects (11 females, mean age: 22 years, range: 20–24 years) were enrolled by advertisements. All the participants had normal or corrected-to-normal eyesight and reported no history of ocular or neuromuscular disorder or vestibular dysfunction that can alter their balance. They all signed the written informed consent about the purpose and procedures of the study prior to the experiments, and they were free to withdraw from the experiment at any time. Ethical approval in accordance with the Declaration of Helsinki was provided by Guangdong Work Injury Rehabilitation Center.



Apparatus and Stimuli

The experimental devices included: (a) an HMD device (OculusRift Dk2, CA, USA) with a large field of vision (100°) and a high resolution LED screen (960 × 1,080 each eye), to show the VR scenes; (b) a desktop computer, with an Intel i7 CPU and an NVIDIA GTX 970 GPU, to create the VR scenes and drive the HMD device; (c) a multi-component force plate (Kistler type 9260, Kistler AG, Winterthur, Switzerland), placed stably on the ground to, to measure the change of force; (d) a control unit (Type 5233A2) with a built-in 8-channel charge amplifier equipped with filter bridges (cut-off frequency above to 7 kHz); (e) a data acquisition system, whose sampling frequency was set to 1,000 Hz; (f) a portable computer to record and analyze the data of the force plate (Figure 1A).


[image: image1]
FIGURE 1 | (A) Schematic diagram of experimental setup. Scenes generated using computer 1 and transmitted to head-mounted display (HMD). Subjects viewed scenes inside the (HMD) while standing on a force plate. The postural output is then amplified, collected by a multichannel data acquisition system (DAQ), and the data were sent to computer 2 for subsequent analysis. (B) Screenshots of the virtual optokinetic drum scenes around three coordinate axes from top to bottom: yaw (VR1), pitch (VR2), and roll (VR3).


There were five types of visual exposure conditions: EC, eyes open (EO), and three VR conditions. In the VR conditions, an optokinetic drum was generated and rotated around a certain axis. When the participants put on the helmet, they saw some black and white stripe-pairs moving in front of them, just like when they were sitting inside a large drum, whose inner surface was painted with 24 equal-width black-and-white stripe pairs (14, 15). The drum could rotate around three different axes, i.e., yaw (VR1), pitch (VR2), and roll (VR3), with a constant speed (five rounds per minute) (Figure 1B). These VR scenes were created with the 3D Unity engine (version 5.3.3, Unity Technologies, CA, USA) and were displayed at a constant rate of 41 frames per second in the HMD.



Experimental Procedures

To provide a comfortable experience to participants, we adjusted the HMD with individual’s pupil distance, measured with the built-in configuration utility, before the experiment. The experiment consisted of 10 trials, and one visual exposure condition for a trial. The five conditions were employed in a random order, but the same condition could not be employed in two adjacent trials, and each condition should be repeated twice. The duration of each visual exposure in a trial was 90 s, and there was a 1-min break between each two trials.

During the experiment, participants were required to stand on the force plate. Their feet should be put together, and their arms were required to be at their sides. In the EC condition, the subjects closed their eyes for the whole trial. In the EO trials, they were instructed to look at a fixed point in front of them. In the VR conditions, they put on the HMD device and were required to look straight ahead without attempting to follow the moving scenes. After the subject stood properly, the visual stimulus display and the data recording began synchronously.



Data Analysis

An application was developed in our laboratory using MABLE 2016a (MathWorks, Natick, MA, USA) to perform the data analysis. The length of the raw data of each trial was 90,000. The raw data were digitally filtered with fourth order zero-lag Butterworth low-pass filter, whose cutoff frequency was set to 20 Hz (16). The (AP) displacement and medial-lateral (ML) displacement of the COP were derived from the filtered data (Figure 2). We calculated values of MV and SD as follows:
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where APi and MLi were the COP displacement time series in AP and ML directions, respectively; N was the data length, i.e., 90,000; μAP and μML were the mean values of APi and MLi, respectively. SDAP and SDML represented SD of COP signal in AP direction and ML direction, respectively.
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FIGURE 2 | An example of center of pressure (COP) signal. (A) Planar COP trajectory. (B) Anterior–posterior and (C) medial-lateral displacement of COP varies with time, respectively.


We calculated MV of the COP signal in AP and ML directions as follows:
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where T was the sampling interval.

We also calculated fApEn to assess the complexity of the COP signal (17, 18). Higher values of fApEn means lower repeatability of vectors and predictability in the COP time series. As suggested by Lestienne et al. (19), it is necessary for the COP time series to be down-sampled before calculating fApEn, because the effective bandwidth of the COP signal, containing physiological information is 0–10 Hz, and signal oversampling could cause artificial colinearities, hence affect the variability data (20). We down-sampled the filtered COP to 20 Hz. After down-sampling, the length of the filtered COP data was 1,800, and we calculated fApEn in the following steps.

Given an N point time series {u(i):1 < i < N}, a vector sequence [image: image1] could be derived:
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And the maximum absolute difference between two different vectors of [image: image1] and [image: image1], [image: image1], could be calculated:
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[image: image1] (n, r) represented the similarity of the two vectors [image: image1] and [image: image1], and it could be obtained by the fuzzy membership function:
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Then, the following function averaged all of [image: image1] yielding φm:

[image: image1]

Finally, fApEn (m, n, r) was calculated in the following way:

[image: image1]

The parameter m was the vector length; n and r determined the similarity boundary (18). In this study, these parameters’ values were selected as follows: m = 2, n = 2, r = std × 0.2, where std was the SD of the down-sampled COP time series.



Statistical Analysis

The data were tested for statistical significance using 2 × 5 repeated measures analysis of variance (ANOVA) with a Bonferroni post hoc. Within-subject factor was visual condition (EO, EC, VR1, VR2, and VR3), and between-subject factor was Direction (AP and ML). All statistical analysis were performed with SPSS (version 19.0.0), and p = 0.05 was used as the minimal significance level.




RESULTS

Significant visual condition effect was found in MV, SD, fApEn parameters (Table 1). No significant effect was found in direction or direction × visual condition interaction on all three parameters (Table 1).


TABLE 1 | Results of two-way analysis of variance (MV, mean velocity; SD, standard deviation; fApEn, fuzzy approximate entropy).
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The box-whiskers-plots for MV, SD, as well as fApEn in both AP and ML directions are shown in Figure 3. A consistent trend could be observed in all three parameters, i.e., the lowest value was obtained in the EO condition, and the largest was in the VR3 condition. In addition, none of the parameters showed statistical difference when comparing the EC and EO conditions.
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FIGURE 3 | Comparisons of the five visual exposure conditions in terms of the three parameters in anterior–posterior (AP) and medial-lateral (ML) directions; (A,B) mean velocity (MV) in AP and ML direction, respectively; (C,D) SD in AP and ML direction, respectively; (E,F) fuzzy approximate entropy (fApEn) in AP and ML direction, respectively. The mean values of parameters are marked in squares. Asterisks denotes p < 0.05.


In AP direction, values of MV and fApEn in the VR2 and VR3 conditions were significantly higher than that in the EO condition (EO-VR2: p = 0.04 for MV, p = 0.004 for fApEn; EO-VR3: p = 0.003 for MV, p = 0.004 for fApEn). fApEn was noticeably larger in the VR1 condition than in the EO condition (p = 0.008). There was no statistical significance between each two conditions for SD.

In ML direction, MV in the VR3 condition was significantly larger than that in the EO (p = 0.01) and VR2 (p = 0.04) conditions. SD in the VR1 condition was remarkably greater than in the EO (p = 0.03) and VR2 (p = 0.018) conditions. And SD in the VR3 condition was significantly larger than that in the EO (p = 0.001) and VR2 (p = 0.002) conditions. Therefore, SD discriminated different Visual Conditions better in ML direction than in AP direction. However, fApEn yielded similar results for all visual conditions in ML direction.



DISCUSSION

The main objective of this work was to investigate how the visual feedback and different dynamic visual perturbations in a HMD affected the postural control of healthy young participants during upright stance in both AP and ML directions. In our study, MV and SD of the COP, measured with a force plate, were utilized to assess the dynamic behavior of the balance control, and fApEn was used to measure the complexity of the COP signal.


Trends in the Parameters

Although not every comparison of two visual exposure conditions showed significant difference, the three parameters presented a similar trend: the lowest value was obtained in the EO condition, and the largest value was obtained in the VR3 condition, no matter in which COP direction. Previous studies (6, 19, 21) have found MV and SD of COP were lower in EO condition, compared with EC condition, demonstrating the contribution of visual information to balance maintenance. Our results were in accordance with previous reports. The effect of VR scenes on postural stability could be investigated with inertial sensors, such as gyroscopes (5), and it was found that the postural sway, in terms of shoulder sway angle and its velocity, when viewing simulated 3D-VR scenes was similar to that when standing still with EC but significantly larger than that when standing still with EO. However, two recent studies (6, 7) reported that, in terms of COP parameters, data obtained were similar in the EO and EC conditions, and static filmed 3-dimensional virtual environment would not add unstable factor, compared to the EO condition, while simulated optokinetic scenes indeed affected the postural control. In our experiment, besides of amplitude of the COP signal, we also employed velocity and non-linear parameter, i.e., fApEn, to characterize the postural control performance. The three parameters yielded similar results in the EO and EC conditions, and our optokinetic drum scenes affected MV in both directions, SD in ML direction, and fApEn in AP direction. Our results were in agreement with those in the optokinetic dots experiment (6). The EO and EC conditions yielded similar fApEn, which was consistent with previous study, reporting that closing eyes did not produce striking effect on the complexity of postural control system among young people (22).



Meanings of the Parameters

Traditionally, MV and SD of the COP signal were considered as dynamic characteristics of balance control, and fApEn measured the regularity and complexity of the system. In detail, SD was said to characterize the spread of the COP amplitude, indicating postural instability, MV was considered as a more reliable quantity containing both spatial and frequency information of the COP signal (23) and fApEn revealed the coordinated muscle contractions that constrained the COM around the equilibrium position (24). In general, larger COP displacements (larger SD) would be companied with faster COP adjustments (higher MV) for the sake of balance maintenance, and this relationship could also be observed in our experiment. On the other hand, slower COP adjustment (lower MV) was considered to be associated with sensory feedback control (7), and sensory-input was assumed to increase neuromuscular intervention, hence generating a larger fApEn (24). However, this relationship was not observed in our experiment. Instead of considering MV as a parameter reflecting the cause of balance maintenance, such as sensory feedback, we will discuss an alternative interpretation that it was a measure of the performance of body adjustment due to balance control.

We started from the interesting opposing discrimination ability of SD and fApEn: SD was more discriminant in ML direction, and fApEn was more discriminant in AP direction. Since “the COP is the neuromuscular response to the imbalances of the body’s COM” (25), the fApEn should reflect the complexity of the neuromuscular response. Our results implied that the balance control in ML direction was more or less in the same pattern since the fApEn means for the five visual exposure conditions were similar, while the system complexity measures in AP direction fell into two levels, one for the EO condition, and the other for the VR condition. It suggested that the active neuromuscular intervention was more diverse and adaptive in AP direction. Opposed to fApEn, SD of COP amplitude was similar in AP direction but different in ML direction in our experiment. It seemed that the similar stable state in AP direction was associated with the multi-level active neuromuscular regulation complexity, while the spread of COP amplitude in ML direction could not be well controlled with similar neuromuscular regulation strategies under different visual exposure. In summary, optokinetic virtual scenes induced a more complex neuromuscular response in AP direction, and affected the stability in ML direction. Since the discrimination ability of MV was similar to fApEn, in AP direction, and SD, in ML direction, we speculated that MV was a measure of movement performance, reflecting both the active neuromuscular response and the instability induced by visual perturbation.



Influences of Visual Scenes

Abundant studies have revealed that visual information contributes to balance maintenance, but visual information could also be a perturbation to balance control. Here, we categorized visual scenes into physical and virtual ones, and static and dynamic ones. The widely used EO condition relates to the static physical scenes, since in most experiment, including ours, the participants were instructed to fix their sights to somewhere in front of them. An example of dynamic physical scene is realized by a “Swinging Room” apparatus (26), which is a large box suspended on four ropes above the floor, and it could swing along the ropes to provide a physical moving scene for a person standing still inside the box. In the experiment of ref (7), a static virtual scene was generated by rendering a photo into a three-dimensional one. The dynamic virtual scenes in the HMD always provide an immersive VR experience. The simplest kind of dynamic virtual scenes is optokinetic simulation (6, 13). In our experiment, we generated an optokinetic drum, which could rotate around different axes.

When standing on a firm platform, the static visual information could not affect the postural control, but the dynamic scenes induced postural sway, no matter whether it is physical or virtual (6, 7, 26). Our results also supported this claim. In addition, our results implied a direction-related influence of the dynamic virtual scenes. In our experiment, in the VR1 condition, the vertical stripes on the optokinetic drum were moving horizontally; in the VR2 condition, the horizontal stripes were moving vertically; in the VR3 condition, the radial stripes were moving in a counterclockwise direction. MV of the VR2 condition was significantly higher than that of the EO condition in AP direction, but not in ML direction, suggesting an induced body sway in AP direction by the VR2 scene. SD of the VR1 condition was significantly larger than that of the EO and VR2 condition in ML direction but not in AP direction, suggesting a modulation of body sway was induced by the VR1 scene. Previous literature also reported that the postural displacement induced by the motion of the visual scene was in the same direction as stimulus (27–29). The velocity of the visual scenes in the literatures ranges from 0.02 and 0.16 (18) to 1/3 Hz (30). Our study showed that this modulation could also be found in a faster moving visual scene (5 rounds/s × 24 pairs/round = 2 pairs/s, i.e., 2 Hz). Since the VR3 scenes contain more complex optic flow information that moving both in horizontal and vertical direction, MV of the VR3 condition was larger than the EO condition in both AP and ML direction. The direction-modulated postural sway in our experiment supported that vision is a source of proprioceptive information for balance control (26), no matter whether it is in physical or virtual environment.




CONCLUSION

We have shown that dynamic virtual environment could induce active neuromuscular regulation and instability. The parameters we have used to characterize balance control were MV, SD, and fApEn of the COP signal, measured with a force plate. We have demonstrated that fApEn revealed active neuromuscular regulation taking place mainly in AP direction, and MV was a measure indicating both active neuromuscular intervention and instability. These COP parameters should benefit quantification of the balance recovery.
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Robotic assistant-based therapy holds great promise to improve the functional recovery of stroke survivors. Numerous neural-machine interface techniques have been used to decode the intended movement to control robotic systems for rehabilitation therapies. In this case report, we tested the feasibility of estimating finger extensor muscle forces of a stroke survivor, based on the decoded descending neural drive through population motoneuron discharge timings. Motoneuron discharge events were obtained by decomposing high-density surface electromyogram (sEMG) signals of the finger extensor muscle. The neural drive was extracted from the normalized frequency of the composite discharge of the motoneuron pool. The neural-drive-based estimation was also compared with the classic myoelectric-based estimation. Our results showed that the neural-drive-based approach can better predict the force output, quantified by lower estimation errors and higher correlations with the muscle force, compared with the myoelectric-based estimation. Our findings suggest that the neural-drive-based approach can potentially be used as a more robust interface signal for robotic therapies during the stroke rehabilitation.
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INTRODUCTION

Stroke survivors manifest impaired hand functions, especially the finger extension of their affected side. The use of robot-assisted devices (e.g., orthosis) (1–3) has shown great promise as a rehabilitation or assistive tool for stroke survivors. In order to control the robot based on user intention, surface electromyogram (sEMG) signals have been widely used as the neural control signal of the assistive robots or orthoses (4–6). However, since the global electromyogram (EMG) can be regarded as a random process at the macro level, directly using EMG as a control input can mask the actual neural control information (7). Moreover, abnormal muscle activation generated from the affected side can lead to less accurate myoelectric control.

In contrast, motoneuron discharge timings have been introduced as a better neural interface to robotic control (7), because the discharge timings can reflect the input signal to the neuromuscular system, and can be more robust for decoding user intent than the traditional EMG-based approach. The motoneuron discharge timing can be extracted from EMG decomposition, and the descending neural drive to the motor unit (MU) pool then can be estimated based on the firing behaviors of the pool. The neural drive can overcome different inconvenient processes in EMG and motor unit action potential (MUAP) that can interfere myoelectric control, such as the crosstalk of multiple EMG channels (9), cancelation of the waveform of MUAPs (8), and variations of MUAPs generated by conductive process from muscle fibers to the skin surface or location shift of electrodes. In addition, the neural-drive-based approach could also overcome the variation or abnormal MUAPs due to the tremor and weakness on the affected side of stroke survivors.

Therefore, we quantified the performance of traditional EMG-based approach and the neural-drive-based approach on estimating the forces of individual finger (index, middle, and ring) extension of a stroke survivor. Our case study provided a promising approach that can help improve the utility of rehabilitation/assistive devices for hand functional recovery of stroke survivors.



MATERIALS AND METHODS


Case Report

We reported a case of an 88-year-old woman who suffered a hemispheric ischemic stroke ten years ago. Her Chedoke assessment scale on the hand section was 3 (moderate impairment). Her primary concern regarding her affected hand was muscular weakness in the hand muscles. The maximin force ratios of the finger extension on the affected side relative to the contralateral side were 0.48, 0.45, and 0.6 for index, middle, and ring fingers, respectively. In addition, the subject had difficulty generating forces with her little finger on her affected side. This study was carried out in accordance with the recommendations of the local Institutional Review Board (IRB) with written informed consent from the subject. The subject gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the local IRB. The written informed consent was obtained from the participant for the publication of this case report.



Experimental Setup

The subject sat upright in the experimental chair with the tested forearm comfortably placed on a horizontal table and the elbow supported on a foam pad. Her wrist was secured within two padded boards in a neutral position with respect to the flexion/extension to limit the use of her wrist. The four fingers (index, middle, ring, and little) were comfortably abducted. Each finger was secured to one load cell (Interface, SM-200N) for finger force measurement (with 1 kHz sampling rate). During the experiment, the subject was required to isometrically extend one designated finger (index, middle, or ring) each time. First, maximin voluntary contraction (MVC) of each finger was measured when the subject ramped up contraction force until it reached the maximum level and then maintained for 2 s. The average force value during the 2 s contraction plateau was taken as the MVC. After practice trials, she performed different tracking tasks. The subject was asked to track a targeted force trajectory shown on the screen by adjusting the muscle force of a designated finger. Two target trajectories were tested separately such as sine wave and trapezoid. Two contraction levels (20% or 50% MVC) were tested in each target. For the sine-wave target, the force oscillated either from 10% to 20% or from 25% to 50% at the designated force levels. Two repeated trials were performed for each condition. Additionally, the subject was instructed to only extend one of the designated fingers in each trial, but was allowed to activate other fingers, when she has difficulty isolating other fingers. The order of the finger and the contraction level was randomized during the experiment. A 3 min rest was provided between trials to avoid fatigue. The two sides were tested on two separate sessions separated by a week apart. A total of 24 trials (three fingers × two contraction levels × two tracking tasks × two repetitions) were recorded for each side. The force feedback of the designated finger was displayed via a custom-built program using Matlab (MathWorks, Inc.).

Surface EMG signals were recorded over the extensor digitorum communis muscle (EDC) using an 8 × 16-channel (Figure 1D) high-density (HD) EMG electrode array with an inter-electrode distance of 10 mm (OT Bioelettronica, Torino, Italy). The HD array was attached to the skin surface at the middle of olecranon process and the styloid process with a double-sided sticker. Prior to the array placement, the skin was scrubbed with abrasive alcohol pads and then cleaned with regular alcohol pads. The EMG signals were sampled at 2,048 Hz with a gain of 1,000 and filtered with a cutoff frequency at 10–900 Hz via EMG-USB2 + (OT Bioelettronica, Torino, Italy).


[image: image1]
FIGURE 1 | Exemplar root-mean-square map for index finger from both affected (A) and contralateral sides (C). (B) Root-mean-square map of panel (A) with background noise and motion artifact without filtering. (D) Experiment electrode placement. All root-mean-square maps were calculated from the trapezoid 50% contraction. All the X and Y axis labels indicate the row or column number of the electrodes.




Data Analysis

The neural-drive-based and EMG-based estimates were evaluated using a 500 ms moving window with an overlap of 400 ms between two adjacent windows. Different window parameters tended to influence both estimation approaches in a similar manner. A previous study (10) has demonstrated that the muscle activation of individual finger was localized to particular regions of the muscle. Similar results were further verified in the current study as shown in Figure 1. EMG signals in the channels with low amplitude may contain background noise or components from the co-contraction of other fingers. Therefore, only half of the channels with higher signal amplitude were selected for the decomposition and for the root-mean-square calculation of the EMG. Namely, signals from row 1–8, 5–12, and 9–16 were used for index, ring, and middle fingers, respectively.


Electromyogram-Based Estimation

The EMG amplitude has been shown to be the most important and common feature to control external devices. For example, previous studies (11, 12) have indicated that the root-mean-square of EMG exhibited superior performance among the different amplitude-based control features, especially for high-force contractions (≥ 25% MVC). Raw EMG signals were first filtered with a high-pass filter (4th order Butterworth with a cutoff frequency of 50 Hz) to reduce the influence of motion artifacts. A notch filter (2nd order IIR filter at 60 Hz with a bandwidth of 1 Hz) was used to reject the power-line interference. For each sliding window, the root-mean-square of each EMG channel was calculated and then was averaged across all channels as the force estimation. The average of the root-mean-square of HD EMG signals is defined as [1]:

[image: image1]

where xi(n) is the ith channel, n is the index of sample, N is the length of the EMG recording in samples, M is the number of EMG channels, and i is the index of EMG channel.



Neural-Drive-Based Estimation

Raw EMG signals were decomposed into individual MU discharge events using the FastICA method (13) that has been verified as an accurate decomposition algorithm by previous studies (14). All the details of the decomposition algorithm and the parameter selection have been described in Ref. (13, 14). After EMG decomposition, the discharge timings of each individual MU were obtained. The general extension step for EMG decomposition and limitations of the FastICA algorithm (e.g., repeatedly converge to the same MU) usually result in a decomposition output with replicas of the same MU. The replicated MUs were removed for further analysis. Then, the discharge timings of all unique MUs were pooled into a composite spike event train. The composite discharge rate was calculated by dividing the number of events within each window by the window length (500 ms).

The performance of the two approaches was evaluated by the root-mean-square error (RMSE) and the correlation coefficient between the actual force and the estimates. To reduce the interference from the residual muscle activation even when the subject was instructed to relax, the estimation values were subtracted from the baseline values of the initial 2 s of each trial. Due to potential neural-mechanical delay between the neural drive/EMG and the force, the lag cross-correlation coefficient was used to make up the delay before the RMSE and correlation calculations. The lag cross-correlation coefficient was used to find the time delay when the force and the estimate had the highest cross-correlation coefficient. Since the units of EMG (volts), neural drive (Hz) and force (N) are different, the values were all normalized by its maximum value before comparison, leading to a maximum value of 1 (7). The performance differences of the two approaches were compared statistically using paired t-tests.





RESULTS

A total of 48 trials were analyzed. The number of MUs (mean ± SD) obtained from the decomposition was 7.94 ± 3.60 on the affected side and 10.17 ± 3.17 on the contralateral side. Figure 1 shows the 2-D muscle activation map for index finger from both affected and contralateral sides under the condition of a steady contraction level at 50% MVC. The contralateral side revealed more concentrated and stronger muscle activation, compared with the affected side. The time-series plots of the two force estimation approaches and the corresponding actual forces for the two tracking tasks are shown in Figure 2. In general, the neural-drive-based estimate (in blue) showed a better approximation to the actual force (in red), compared with EMG-based estimate (in green). In addition, the overall results of the RMSE and correlation coefficient are summarized in Table 1. For most cases, the neural-drive-based approach is better than the EMG-based estimation.


[image: image1]
FIGURE 2 | Example time-series plots of four different contraction tasks. (A,B) Contralateral side. (C,D) Affected side. The corresponding root-mean-square errors (RMSEs) are presented and the correlation coefficients are shown in brackets. (E) Illustration of the decomposition results and the neural-drive-based estimation from trial (D). One channel electromyogram (EMG) signal with highest root-mean-square value is shown, and the corresponding waveforms of motor unit action potentials (MUAPs) in that channel are plotted.



TABLE 1 | Overall results of the root-mean-square error (RMSE) and correlation coefficient.

[image: image1]


Since four factors (three fingers × two contraction levels × two tracking tasks × two sides) were tested, the mean ± SE of the RMSE for each factor was obtained by averaging the values across all the trials among other factors (see Figure 3). Overall, the neural-drive-based estimates showed a significant lower error than the EMG-based estimates [paired t-test: t(47) = 3.473, p = 0.001]. We also observed similar trend for individual factors. Finally, the affected side also showed a larger RMSE than the contralateral side for the EMG-based estimation. Similarly, the neural-drive-based estimates showed a higher correlation with the actual forces than the EMG-based estimates [paired t-test: t(47) = 3.421, p = 0.001].


[image: image1]
FIGURE 3 | The grand mean ± SE value of RMSE and correlation coefficient of each factor [(A,E) finger, (B,F) contraction level, (C,G) tracking task, and (D,H) side]. The error bars represent the SE.




DISCUSSION

In this study, we investigated the feasibility of a novel neural drive estimation of the individual finger force of a stroke survivor, based on motoneuron discharge timings at the population level. The discharge timings of the motoneurons can directly reflect the high-level control from the brain. It provides an alternative control input for the simultaneous and proportional control of individual finger forces. In general, our results show that the neural-drive-based approach was superior to the classic EMG-based approach for a majority of the conditions, especially on the affected side.

Since the EMG signal is regarded as a random Gaussian process at the macro level and the information of high-level neural control can be corrupted in EMG signals. The EMG signal varies due to the variation and cancelation of the waveforms of MUAPs at the macro level. Inevitable, external factors, involving ambient background noise, electrode shift, and changes in electrode-skin contact, can also modify the signal properties. These drawbacks can limit the development of a robust and accurate robotic control interface for stroke rehabilitation. In contrast, the neural-drive-based approach intuitively has a better translation of the high level neural control, because the population probability/frequency of the discharge at the MU pool level directly encodes the descending input, without the various limitations in the EMG-based approach. Therefore, neural drive estimate reveals an improvement in the estimation accuracy of the muscle force. Previous studies have shown that the neural-drive-based approach can provide accurate estimation of motor output in different populations such as amputees following targeted muscle reinnervation and intact subjects (7). Our results on the stroke subject also showed consistently better performance in the neural-drive based approach. However, we still found some conditions (in italics in Table 1) showing that the EMG-based estimation is better than the neural-drive-based approach, especially in the index finger. One possibility is that the muscle activation generated from index finger of the stroke survivor is weak. The low signal-to-noise ratio (SNR) can decrease the accuracy of the decomposition (13).

Our preliminary results also showed that different factors (finger, contraction level, tracking task, and side) can affect the estimation of both approaches (see Figure 3). First (finger), the magnitude of sEMG signals from the EDC muscle compartment controlling the index finger was weaker than the other two fingers for this subject. Therefore, the low SNR from the index finger had the highest RMSE. Second (contraction level), EMG signals from the 50% contraction level had a higher SNR than the 20% condition, and more MUs can potentially be decomposed, which can lead to a better force estimation. Third (tracking task), the sine-wave contraction could induce more variations in the action potential amplitudes, compared with the trapezoid contraction, which could limit the neural-drive-based estimation. Nevertheless, the neural-drive-based estimation still revealed improved performance than the EMG-based estimation. Finally (side), the tremor during voluntary contractions on the affected side can cause more errors in EMG-based estimation than the contralateral side. In contrast, the neural-drive-based estimation showed similar performance across the two sides.

Our current study only tested a single stroke survivor. Although the results are promising, further testing involving a large subject cohort with different degrees of impairment is clearly needed. In addition, we did not test larger force levels above 50% MVC, because this particular subject had difficulty generating forces continuously at higher levels. During the experiment, the subject may inevitably perform co-contractions, especially during her ring finger extension. The EMG generated from co-contractions can potentially influence the estimation errors in both approaches. Our study was also limited to an offline analysis. Further studies on real-time decomposition are needed before the neural drive control method can be used for real-time applications. In general, our current work shows that the neural-drive-based estimation performed better than the EMG-based estimation for stroke survivors, especially on the affected side. This case study could provide a promising control input for robotics devices during stroke rehabilitation.
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Objective: The aim of this study was to detect the key changes during sit-to-stand (STS) movement cycle in hemiparetic stroke survivors using a five-phase kinematic and kinetic analysis.

Methods: Twenty-five subacute stroke survivors and 17 age-matched healthy adults participated in this study. The kinematic and kinetic parameters during STS cycle were measured using three-dimensional motion analysis system with force plates. The five standard phases of STS cycle were identified by six timing transitional points.

Results: Longer total time as well as larger changes were observed at the initial phase (phase I, 0.76 ± 0.62 VS 0.43 ± 0.09 s; p = 0.049) and at the end of hip and knee extension phase (phase IV, 0.93 ± 0.41 VS 0.63 ± 0.14 s; p = 0.008) in the stroke group than healthy group. Time to maximal knee joint moment was significantly delayed in the stroke group than in the control group (1.14 ± 1.06 VS 0.60 ± 0.09 s, p < 0.001). The maximal hip flexion was lower during the rising phase from seated position on the affected side in the stroke group than in the control group (84.22° ± 11.64°VS 94.11° ± 9.40°; p = 0.022). Ground reaction force was lower (4.61 ± 0.73 VS 5.85 ± 0.53 N, p < 0.001) in the affected side of the stroke group than in the control group. In addition, knee joint flexion was significantly lower at just-standing phase (T4) and at end point (T5) (5.12° ± 5.25° VS 8.21° ± 7.28°, p = 0.039; 0.03° ± 5.41° VS 3.07° ± 6.71°, p = 0.042) on the affected side than the unaffected side. Crucial decrease of knee joint moment at abrupt transitory (T2) and the maximal moment was also observed on the affected side in comparison with the unaffected side (0.39 ± 0.29 VS 0.77 ± 0.25 Nm/kg, p < 0.001; 0.42 ± 0.38 VS 0.82 ± 0.24 Nm/kg, p < 0.001).

Conclusion: The findings of movement decomposition analysis provided useful information to clinical evaluation of STS performance, and may potentially contribute to the design of rehabilitation intervention program for optimum functional recovery of STS after stroke.

Keywords: sit-to-stand, subacute stroke, kinematic, kinetic, rehabilitation


INTRODUCTION

The ability to stand up from a seated position is very important in performing activities of daily living independently. It is also a prerequisite for gait (1, 2). The execution of sit-to-stand (STS) can be affected by several factors, including age, seat height, armrests, feet position, muscle strength, and balance ability (3–6). Stroke survivors suffer from impaired mobility and walking ability (7, 8) and these common symptoms contribute to STS disability that further confines their activities of daily life (9). Stroke survivors are prone to fall during STS because of the reduced ability of standing up from a chair (10). The severity of fear of falling was shown to be correlated with Timed up and Go test (11). Previous study revealed that 37.2% of falls in stroke survivors occurred while changing position from STS (12). The standardized evaluation on effectiveness of intervention to improve STS performance is still insufficient. There is also divergence on the clinical efficacy of standard beside repetitive practice of STS in rehabilitation clinic (9). Thus, the ability of rising from a chair remains difficult to recover after stroke (13). It is necessary to have an improved understanding on STS characteristics during the action implementation to improve training task performance and to decrease the fall rate in hemiparetic stroke survivors (14).

Sit-to-stand movement is the bridge between static position to dynamic body activity from the biomechanical view and defined as a transitional movement to the upright posture (15). The dynamic of STS is usually described using kinematic and kinetic variables. STS is generally assumed as a symmetrical activity of the lower extremity in the sagittal plane in healthy individuals (15–17). Previous researchers demonstrated that the influence of standing up velocity, center of pressure sway, and muscle activation pattern were related to the functional capability (18, 19). Chou and co-workers used a 3D motion analysis system combined with force plate to investigate the relationship between STS and gait parameters. The results indicated that a shorter duration of standing up or less vertical force difference on body weight distribution was associated with better gait performance (20). However, detailed phase analysis in STS is still limited which affects the further understanding of the specific motion deficits in stroke survivors during STS.

Previously, some authors studied the phases of habit development during STS activity from a biomechanical aspect and used it for optimization analysis (16, 21). The kinematic and kinetic data suggested that STS movement cycle could be divided into four or five phases (22–24). Galli and co-workers found prolonged STS in the ascending phase and different vertical forces in people after stroke in comparison with healthy controls (24). However, which specific phases are particularly crucial during the STS motion remains unclear. Previous studies on STS motion reported a wide variety of testing protocols, including difference in seat height, initial joint angle, and foot placement which led to different kinematic and kinetic results and conclusions (16, 21–24). In addition, the kinetic and kinematic characteristics of the timing and transitional points during STS cycle were seldom explored. Quantitative data such as movement duration, joint angle, and moment of timing and phases reference during STS of hemiparetic subjects are scarce, especially in stoke patients at subacute stage. Detailed motion analysis that depends on movement decomposition may identify typical pattern of change during STS after stroke. This would then contribute to the design of subject-specific training program based on the timing point and phase data for stroke survivors to regain the ability to perform STS task.

Therefore, this study aimed to explore the kinematic and kinetic characteristics of STS based on phases and transitional points analysis in bilateral lower limbs of subacute stroke survivors, and to compare the characteristic changes with healthy adults. The results of the current study would contribute to the knowledge of movement characteristics in people after stroke during STS and assist the development or evaluation of rehabilitation intervention of this specific motor task.



MATERIALS AND METHODS


Subjects

Twenty-five subjects (17 male and 8 female, age from 43 to 77 years old) with subacute stroke (from 14 to 85 days after stroke) were recruited for this study. The characteristics of the stroke survivors were summarized in Table 1. Patients were selected according to the following inclusion criteria: (1) the occurrence of a first stroke with unilateral hemiparesis lesions confirmed by magnetic resonance imaging or computed tomography; (2) no more than 3 months after stroke; (3) ability to stand up and sit down independently more than six times from a standard chair; (4) abnormal 10-m walk time according to age. Abnormal 10-m walk time was defined as: (i) age <60 = total completion time of over 10 s or slower than 1 m/s, (ii) age 60–69 = over 12.5 s or slower than 0.8 m/s, (iii) age ≥70 = over16.6 s or slower than (0.6 m/s) (25); and (5) adequate mental and auditory capacity to follow oral commands (Mini mental state examination score ≥27).


TABLE 1 | Anthropometric characteristics of the subjects.
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Seventeen healthy controls matched for age, weight, leg length, and gender participated in this study to provide the reference data for STS movement. All subjects had no history of back pain, joints pain, and no diagnosed lower limbs musculoskeletal disorders within 6 months prior to data collection. This study was approved by the Human Subjects Ethics Sub-committee of the First Affiliated Hospital, Sun Yat-sen University, China (ethic number [2014]0.88). The study was conducted in accordance to the Declaration of Helsinki. All subjects provided informed written consent prior to enrollment.



Instrumentation

Vicon Motion Analysis System (VICON MX13, VICON Peak, Oxford, UK) was used for motion analysis. The locations of passive reflective markers taped to the skin overlying bony landmarks of the pelvis and lower limbs were: (1) the sacrum at the level of the posterior superior iliac spines; (2) anterior superior iliac spines; (3) lower lateral one-third and halfway points on the thighs; (4) lateral epicondyle of knees; (5) lower lateral one-third and halfway points of the shanks; (6) lateral malleolus; (7) the second metatarsal head; (8) the calcaneus at the same height as the second metatarsal head and; and (9) T10. Trajectories of reflective markers were recorded by six wall mounted infrared cameras. Two force plates (OR6-7, AMTI Inc., Watertown, MA, USA) embedded in the floor were used to record ground reaction force (GRF). Kinematic and kinetic data were captured using Vicon Nexus (version 1.7.1) and Plug-in-Gait. The data from VICON cameras were sampled at 100 Hz and the data from force plates were sampled at 1,000 Hz, simultaneously. The data from one frame of cameras parallel with 10 frames of force plate. Temporal, kinematic, and kinetic parameters were processed and analyzed using Polygon (version 3.5.1). A height-adjustable chair without back or armrests was used in the experiment.



Experiment and Tasks

All of the subjects sat on the chair with seat height adjusted to keep the hip and knee joints as closed to 90°as possible. Both feet were placed on the force plates at neutral position and shoulder width apart. Arms were crossed on the chest with head facing forwards at a horizontal direction (Figure 1). For a complete movement cycle, subject was asked to stand up, remained stood up for 10 s, and then sat down. This was repeated for 10 cycles. Only the data from STS were analyzed. Subjects had a break of 5 s in between each complete cycle. The subjects were asked to keep their trunks and heads at upright position and to remain stationary as much as possible prior to STS task. They then started to rise from a seated position after the oral cue was heard. The start of STS was defined as the point where trunk flexion first occurred and was marked by the forward movement of T10 marker (22). The endpoint of stable standing was defined as the stoppage of the trunk and lower-limb markers (24). The transitional points of STS action were measured from the data on one force plate and angular movement. The data of the right and left lower limbs were collected by two force plates and markers trajectories. The task was performed at natural speed of the subjects’ habit and ability. All subjects were asked to keep both heels in contact with the force plates without moving their feet during STS movement and between cycles. A line marked at 50% of the thigh length was aligned with the anterior border of the seated chair. Kinetic, kinematic, and temporal variables were measured at sagittal plane during STS movement.


[image: image1]
FIGURE 1 | Time point and phase definition in current study: T0, initial point of trunk flexion; T1, point of maximal hip flexion; T2, point of abrupt transitory knee extension; T3, point of maximal ankle dorsiflexion; T4, point of just standing with full extension of hip and knee; T5, end of sit-to-stand (stable standing). Phase I, forward transfer of trunk; Phase II, hip lifting off the chair and maximal hip flexion; Phase III, transitory knee extension point to maximal ankle dorsiflexion; Phase IV, maximal ankle dorsiflexion to point of just standing up in nearly full extension of the knee and hip; Phase V, stable standing.




Data Analyses and Statistics

The STS analysis was organized into phases that depend on kinematic variables, GRFs and momentum-transfer phase (13), STS movement has consistent pattern that can be divided into five phases and six transitional points based on biomechanical view and kinematic data (22, 24). The six transitional points are as follow: T0 = the initial point of trunk started to flex; T1 = the point of maximal hip flexion; T2 = the point where knee started to extend, which is also called abrupt transitory point; T3 = the point of maximal ankle dorsiflexion; T4 = just standing to full extension of hip and knee; T5 = end of STS (stable standing), also referred to as end point. The five phases of STS obtained from six timing points were defined as: (i) phase I—from T0 to before the hip left the seat (vector force begin to increase on force plate); (ii) phase II—from hip lifting off seat to T1; (iii) phase III—from T2 to T3; (iv) phase IV, from T3 to T4; and (v) phase V—from T4 to T5 (Figure 1).

Statistics analysis was performed using SPSS version 15.0. Descriptive statistics were computed for demographic characteristics and for all other parameters. Six trials with the smoothest and highest coincidence from the 10 recorded trials were included for data analysis according to reliability and validity of STS repetition (22, 24). The mean of the six STS cycles were computed for each subject. The Fisher’s exact test was used to compare the difference of gender ratio between the stroke group and the healthy group. Anthropometric data (age, body height and weight, leg length) for hemiparetic and healthy subjects were analyzed by independent samples t-test. Independent t-test was also used to assess the between group differences in timing phases and the time in point between stroke and healthy groups. The differences in joint angle, moment, and GRF of each transitional points at sagittal plane between the three groups (affected, unaffected, and healthy lower limbs) were assessed using one-way ANOVA. Statistical significant level was set as p < 0.05 (two tailed).




RESULTS

The stroke and healthy groups had no statistical significant difference in age and anthropometric parameters (Table 1).

The total timing of a STS cycle was calculated from T0 to T5 and was converted to 100%. Averaged joint angle curves of hip, knee, and ankle during STS movement in the affected, unaffected, and healthy group are shown in Figure 2.


[image: image1]
FIGURE 2 | Averaged joint angle curves of hip (A), knee (B), and ankle (C) during sit-to-stand (STS) movement in the affected side (blue), unaffected side (red), and healthy control group (orange).


Figure 3 shows the timing point from T1 to T5 and the five phases in the stroke and healthy groups. All timing transitional points were significantly delayed in the stroke group when compared with the healthy group (p < 0.05). Phase I and phase IV were significantly lengthened in the stroke group when compared with the healthy group (0.76 ± 0.62 VS 0.43 ± 0.09 s, p = 0.049; 0.93 ± 0.41 VS 0.63 ± 0.14 s, p = 0.008, respectively) (Figure 3A). The angle at T1 point of maximal hip flexion was significantly lower in the stroke group (84.22° ± 11.64°) than the healthy group (94.11° ± 9.40°, p = 0.022), and maintained more flexion at end point (T5) of STS. The knee angle of affected limb in full extension point (T4) (5.12° ± 5.25°) was less flexed than the unaffected limb (8.21° ± 7.28°, p = 0.039). There was significantly smaller flexion angle on the affected limb than the unaffected limb at the end point (T5) of STS cycle for the stroke group (0.03° ± 5.41° VS 3.07° ± 6.71°, p = 0.042) (Figure 3B).
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FIGURE 3 | Time point (A) and five phases (B) comparisons among the affected, unaffected side of stroke and healthy controls during sit-to-stand (STS) task (*p < 0.05).


The knee joint moment was significantly lower in the affected limb than unaffected limb at abrupt transitory point (T2) (0.39 ± 0.29 VS 0.77 ± 0.25 Nm/kg, p < 0.001). The unaffected knee moment of the stroke group increased significantly compared with the healthy group at T2 point (0.77 ± 0.25 VS 0.42 ± 0.22 Nm/kg, p = 0.006) (Figure 4B). GRF decreased significantly at affected lower limb (4.61 ± 0.73 N) in comparison with the unaffected lower limb (6.69 ± 0.86 N) and healthy lower limb (5.85 ± 0.53 N, p < 0.001, respectively).
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FIGURE 4 | Joint angle (A) and joint moment (B) at timing point comparison among the affected, unaffected side of stroke, and healthy controls (*p < 0.05).


The maximum knee joint moment was significantly lower on the affected limb than the unaffected limb in the stroke group (0.42 ± 0.38 VS 0.82 ± 0.24 Nm/kg, p < 0.001, Figure 5A). Time to maximal knee joint moment was significantly delayed in the stroke group when compared with the healthy group (1.14 ± 1.06 VS 0.60 ± 0.09 s, p < 0.001). Time to maximal ankle joint moment was significantly delayed in the unaffected limb of the stroke group when compared with the healthy group (1.89 ± 0.72 VS 1.16 ± 0.31 s, p = 0.027, Figure 5B).


[image: image1]
FIGURE 5 | Time to maximal joint moment (A) and Maximal joint moment (B) during transitional action among the affected, unaffected side of stroke, and healthy controls (*p < 0.05).




DISCUSSION

This study used 3D motion analysis to explore the phases and transitional points of kinematic and kinetic differences of lower limbs during STS motion in subacute stroke survivors and compared those with age-matched healthy adults.

All of the transitional points were significantly delayed and the total time of STS task was significantly longer in the subacute stroke group when compared with healthy adults (Figure 3A). The results of the motion analysis indicated that the increase in total STS time was mostly related to the delay in phase I and phase IV (Figure 3B), where the majority of the time was spent on trunk flexion before the hip left the seat, and before hip and knee joints reached full extension. The increased time observed during phase I means that slow velocity of standing up from a seated position derives from the initial stage. Reduced velocity is proportionate to the disability of standing up previously reported in literature (18). Our findings were in line with Galli and co-workers who also found hemiplegic adults had a prolonged initial phase of STS (24). These changes might be related to poor trunk control and weak muscle strength (13, 26, 27). The increased total time of the STS task caused by lower speed indicates rising from a seated position is a challenging activity for subacute stroke survivors. It is recommended to incorporate the training of lean forward speed at the early stage of rehabilitation. In addition, the time point of hip lifting off the seat (the beginning of phase II) previously reported was notably earlier than the T1 point observed in our study. This led to a negative data of phase II in some subacute stroke survivors. This reverse strategy may also influence the stability of posture control (22) that contributes to increase risk of falling (10). Therefore, findings of this study suggest that trunk forward flexion and hip flexion should be particularly trained in people after stroke to enable a higher speed to shorten phase I of STS and keep hip joint fully flexed at T1.

The body of literature suggested that hip flexion angle contributed to rising from a seated position in healthy subjects (28). The results of this study showed that people with subacute stroke decreased maximal hip flexion angle during T1 when compared with healthy adults before standing up from a seated position. This indicated the hip left the seat before getting sufficient flexion (Figures 2A and 4A). This partly explained that subacute stroke survivors might encounter difficulty to stand and easy to fall when lifting from a seated position. An interesting finding from our study was that the affected knee joint had close to full extension to maintain stability at upright position (T5) and the unaffected knee joint maintained a slight flexion to maintain postural stability (Figures 2B and 4A). In contrast, hip joint remained slightly flexed at end point (T5). The inability to achieve full hip extension and knee extension in lock position with stroke survivors might be related to the weakness of the gluteus maximus and quadriceps femoris (13) muscles. The higher ankle anterior–posterior swung between dorsiflexion and plantar flexion in the stroke group (Figure 2C) might be one of the factors that influenced the balance function of people after stroke (29).

It is important to detect the moment in joint angles when rising from a seated position, which requires larger hip flexion and knee extension than walking or climbing (3). Our results showed that the knee joint moment at the point of abrupt transitory extension (T2) (Figure 4B) and GRF were significantly lower on the affected side when compared with the unaffected side and control subjects. In addition, our study also found the maximal hip flexion moment was synchronous with maximal knee extension moment on the unaffected side of the stroke group and on the healthy group, with the timing point of maximum moment of knee joint occurred after extension began on the affected limb (T2) (Figure 5B). These findings revealed that difficulties in rising from seated position might be related to weakness of lower extremity muscle strength and abnormal moment timing point. Subacute stroke subjects depend much more on the unaffected limb while implementing the STS movement, especially when knee extension started (30). Therefore, it might need to increase knee extensors strength in subacute stroke survivors, especially at initial extension position to maintain symmetry of STS movement pattern. Our study showed an unequal GRF between affected and unaffected side, while the total GRF of the stroke group were similar with healthy adults. Impairments in muscles strength, postural control and balance were factors previously shown that contributed to asymmetrical weight-bearing in patients with stroke (20, 31, 32). Subacute stroke survivors put less weight on the affected limb and increased the load of the unaffected limb. Similar results were reported in previous studies (33, 34). All of these findings suggested that balance and weight-bearing training were needed for people with stroke to improve their motor function and posture control to regain ability of STS.

People with stroke have difficulties to rise from a seated position. This ability is not easily recovered due to muscle weakness, impaired motor control, and balance function. In our study, the results would assist the development of a targeted rehabilitation interventions to improve STS ability for people after stroke. The training of trunk leaning forward can begin as early as possible while the person after stroke can sit up, and focus on increasing the velocity and amplitude of trunk and hip joint flexion. The muscles strength of gluteus maximus and quadriceps femoris must be reinforced by exercise, and should be trained at early stage of bed rest. In addition, by means of designing exercises at bed rest stage and exercise that mimic STS motion to increase GRF at affected limb. Therefore, these results may give a cue and guidance to improve STS performance.

This study has several limitations which limits the interpretation and generalizability of the data. First, we only recorded the motion data and GRF during STS. We did not have electromyography recording of the lower limb muscles nor the objective muscle strength data from dynamometer. Further combination of kinematic, electrophysiological signals and muscle strength measurements could increase understanding on the mechanisms of motor control changes during STS following stroke. This would lead to a better understanding of the alteration of movement sequence. Second, we focused on lower limb kinematic and kinetics characteristics and did not consider movement of the upper body such as the neck and shoulders. This prevented the detailed analysis of whole-body posture comparison and evaluation between healthy control and people after stroke during STS.



CONCLUSION

The total time of STS task was significantly longer in people with subacute stroke when compared with the healthy controls. Knee moment, abnormal timing point, and GRF on the affected side during STS task were reduced. The observed kinematic and kinetic changes in subacute stroke survivors during STS provide suggestions to the clinical intervention of improvement of STS motor performance.
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This study applied a comprehensive electroencephalography (EEG) analysis for movement-related cortical potentials (MRCPs) and event-related desynchronization (ERD) in order to understand movement-related brain activity changes during movement preparation and execution stage of unilateral wrist extension. Thirty-four healthy subjects completed two event-related potential tests in the same sequence. Unilateral wrist extension was involved in both tests as the movement task. Instruction Response Movement (IRM) was a brisk movement response task with visual “go” signal, while Cued Instruction Response Movement (CIRM) added a visual cue contenting the direction information to create a prolonged motor preparation stage. Recorded EEG data were segmented and averaged to show time domain changes and then transformed into time-frequency mapping to show the time-frequency changes. All components were calculated and compared among C3, Cz, and C4 locations. The motor potential appeared bilaterally in both tests' movement execution stages, and Cz had the largest peak value among the investigated locations (p < 0.01). In CIRM, a contingent negative variation (CNV) component presented bilaterally during the movement preparation stage with the largest amplitude at Cz. ERD of the mu rhythm (mu ERD) presented bilateral sensorimotor cortices during movement execution stages in both tests and was the smallest at Cz among the investigated locations. In the movement preparation stage of CIRM, mu ERD presented mainly in the contralateral sensory motor cortex area (C3 and C4 for right and left wrist movements, respectively) and showed significant differences between different locations. EEG changes in the time and time-frequency domains showed different topographical features. Movement execution was controlled bilaterally, while movement preparation was controlled mainly by contralateral sensorimotor cortices. Mu ERD was found to have stronger contra-lateralization features in the movement preparation stage and might be a better indicator for detecting movement intentions. This information could be helpful and might provide comprehensive information for studying movement disorders (such as those in post-stroke hemiplegic patients) or for facilitating the development of neuro-rehabilitation engineering technology such as brain computer interface.

Keywords: electroencephalography analysis, movement-related cortical potential, event-related desynchronization, contingent negative variation, movement preparation, movement execution


INTRODUCTION

Stroke is one of the most important diseases that threatens human lives and commonly leads to motor impairments in stroke survivors (1). It is essential to understand movement-related brain activity patterns of both healthy people and stroke patients prior to investigating neural recovery mechanisms during stroke rehabilitation processes. Electroencephalograph (EEG)-based electrophysiological technology has been applied in the stroke research area (2–7) in addition to the rehabilitative treatment areas such as motor imagery (MI) and brain computer interface (BCI) (8–13). The aim of this preliminary study was to investigate the different features of movement-related brain activity changes during both motor intentions and motor execution in healthy people, hence facilitating the EEG-based investigational tool in future stroke rehabilitative studies.

Movement-related cortical potentials (MRCPs) and event-related desynchronization/synchronization (ERD/ERS) represent brain activity changes related to movement in the time and time-frequency domains, respectively. Bereitschaftspotential (BP) (14) is the early subcomponent of MRCPs and is believed to be generated by the supplementary motor area (SMA) (15), motor cortex, and cingulate gyrus (14, 16) and represents the motor preparation stage of movement. In addition to BP, a contingent negative variation (CNV) was reported to present in movement preparation stage (17, 18) and reflects motor expectancy and preparation. The late subcomponent, the motor potential (MP), has been proposed to be generated from the underlying motor cortex and partly due to afferents excited by the movement (14). The amplitude of the negativity of MRCPs may relate to the amount of energy required for the movement, while the MRCPs' onset time is interpreted as the length of time taken to plan and prepare the movement (19). Researchers using MRCPs to study motor skill learning found that expert performers showed smaller MRCPs' amplitude and later onset time for the grasped motor skill than beginning learners (19), which indicated that mastery of movement led to reduced energy demand. On the contrary, in cases in which patients with post-stroke hemiparesis performed movements with the paretic limbs, larger MP peak amplitudes were observed, indicating an enhanced energy demand for the lesioned hemisphere (2, 3). ERD refers to the phenomenon of oscillatory components' amplitude decrease resulting from sensory processing or motor behavior (20). Mu ERD is generally regarded as a reliable correlate of increasing cellular excitability in thalamocortical systems during cortical information processing (21) and is observed in motor observation, imagery, preparation, and execution stages. Delayed onset of mu ERD to movement preparation was observed consistently in patients with Parkinson's disease, and patients with somatosensory deficits after stroke showed reduced mu ERD during both movement preparation and actual performance (4, 5). These EEG-based results enhanced the understanding of the mechanisms underlying human movement disorders (14). Since MRCPs and ERD might have different topographical patterns and time course evolution over the movement stages (22), combining these EEG measurements might provide more comprehensive features for understanding movement-related brain functions and detecting movement intentions. Only a few studies have been conducted using the comprehensive EEG analysis method to investigate stroke rehabilitation mechanisms and suggested impairment-specific changes (4). Due to different protocol designs of each study and the small sample size of these studies, more studies combining temporary and oscillatory EEG data to analyze movement-related brain activity changes are necessary for understanding the whole picture of brain motor function.

Motor imagery is a dynamic state of mental rehearsal of movements accompanied by suppression of actual movement (23–25) and might be an alternative treatment for patients with stroke (26). Neuroimaging studies have demonstrated that motor imagery tasks activate brain regions that overlap with brain regions for movement execution (13, 27, 28),and primary motor cortex causes more exchange of causal information among motor areas during a motor execution task than during a motor-imagery task (29). Factors of MI design might affect study outcome, and the first-person perspective kinesthetic-dominant imagery might work better in reorganizing motor-somatosensory networks than other modalities (13). In this study, the ERP protocol created a first-person perspective motor intentions status with inhibition of actual movement, which might help further understanding of MI brain activity changes in electrophysiological aspect.

BCI appears to be a promising technology for helping patients with motor disabilities regain motor control (30, 31). A number of studies have demonstrated the feasibility and possible effects of BCI applied in post-stroke rehabilitation (10, 31–34). However, the technology for detecting motor intention still needs to be refined in order to enhance the accuracy. MRCPs or ERD are indicators commonly chosen to detect the motor intention and results at different accuracy levels (11, 12, 35). Brain activity frequency features seem to yield better accuracy than temporal features in terms of detecting motor intention (35). A study combining MRCPs and ERD/ERS signals for detecting the actual or imagined wrist movement of subjects in different directions reported an average accuracy of 81.5% on the test dataset for two different directions (36). Because of different protocol designs and small samples size of these studies, a better understanding of the movement-related brain activity in time and frequency domains in motor intention stages might add more evidence for optimizing the BCI indicator solution.

In this study, we investigated brain activity changes in both motor intention and motor execution stages in both time and time-frequency domains. Unilateral wrist movements of both arms were involved in this study to investigate the lateralization phenomenon. Several hypotheses were formed: (1) MRCPs and mu ERD would show different stage-specific topographical patterns; (2) brain activities under both movement intention and execution status would show different features in time and time-frequency domains; and (3) MRCPs and mu ERD would distinctly reflect motor intentions and hence, provide precise information for detecting motor intention.



METHODS


Participants

Thirty-three healthy volunteers (11 males and 23 females) with a mean age of 33.8 (±15.7 SD) years participated in the present study. The subjects were university undergraduate students, postgraduate students, or staff members. The study protocol was approved by the ethics committee of the First Affiliated Hospital of Sun Yat-sen University ([2013]C-068). The inclusion criteria consisted of several parameters: (1) healthy male or female adults; (2) aged 18 years or older; (3) right-handed; (4) interested in this study; and (5) willing to participate in the study as a volunteer, sign the study consent form, and comply with the study protocol. The exclusion criteria consisted of several parameters: (1) individuals with known diseases or conditions that could influence their ability to understand and perform the study tasks. These diseases or conditions included cognitive dysfunction that could affect accurate understanding of study tasks; (2) neural impairments or musculoskeletal disorders affecting upper limb motor function; and (3) other physiological and psychological conditions affecting the ability of accurate understanding and performing the study tasks. All participants were informed of the study protocol, and all questions were explained in detail. Signed informed consent forms were obtained before the study participation. All subjects were self-recognized as right-handed and confirmed by the Edinburgh Handedness Inventory (37) and were ERP study naive.



Experimental Settings and Data Acquisition

All experiments in the present study were conducted at the Laboratory of Brain Functional Informatics of Rehabilitation Medicine Department of the First Affiliated Hospital of Sun Yat-sen University in a shielded room, which provided insulation from electromagnetic signals and background noise distractions. Subjects were sitting in front of a table with both forearms resting on the table. A screen was put on the table to present the ERP paradigms at a 75 cm distance from the subjects on the eye level. A BrainAmp 32-channel amplifier from Brain Products (Munich, Germany) was used to record EEG data. Before the experiment, a 32-channel actiCap (Herrsching, Germany) was mounted onto the subject's head, and the Ag/AgCl electrodes were placed according to the extended international 10–20 system, referenced to the FCz and grounded to AFz (Figure 1A). The EEG electrode impedance was kept under 5 kOhm to ensure the quality of EEG recording data, and the sampling rate was 1,000 Hz. Electrooculogram (EOG) was measured by two electrodes, one above the middle point of the right brow to record the EOG vertically and another 2 cm placed aside the outer corner of the right eye in order to record the EOG horizontally.
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FIGURE 1. Experimental protocol. (A) EEG 32-channel cap used for the recordings. (B). Electrodes location on ECR. (C). E-Prime ERP experiment paradigms.



To measure the movement of wrist extension, EMG electrodes were put on the extensor carpi radialis (ECR) muscles on each side respectively. Before placement of the electrode, the skin was prepared by rubbing slightly with a skin prep gel and cleansing with an alcohol pad in order to reduce the impedance between the electrodes and skin. Bipolar Ag/AgCl round electrodes with a diameter of 2 mm were then put at the middle of proximal half of each forearm, 2 cm apart (Figure 1B). The electrodes were connected to the BrainAmp amplifier in order to synchronize EMG data with EEG data. The EMG electrode impedance was kept under 5 kOhm, and the sampling rate was 1,000 Hz.The single amplifier had an input impedance of 10 MOhm, common mode rejection ratio (CMRR) ≥90 dB, signal-to-noise ratio < 1 μVpp, and actual gain range of ±16.384 mV. The raw EMG was filtered by a Butterworth filter with low and high pass cut-offs of 1,000 and 0.016 Hz, respectively. The raw EMG was stored in the computer for digital processing offline (38). The EMG add-on component of the Brain Vision Analyzer software was used to analyze EMG data offline.

Software E-prime (Psychology Software Tools, Inc, USA) was used to present the visual directions or cues in the study. Subjects were instructed of ERP experiment tasks orally before the tests and in written words on the screen at the beginning of each test. The paradigm of IRM was to present a solid arrow picture pointing either to the left or the right (regarded as “go” signals in this study), and the subjects were requested to perform left or right wrist extension according to the arrow direction. The paradigm started with a white cross in the middle of a black screen as an attention point, which lasted for 800 ms to 1,000 ms randomly. The visual “go” signal pointing to the left or the right was then presented on the screen for a duration of 3,000 ms. The direction was randomly chosen by E-prime, and the arrow picture was followed by a black screen lasting for 2,000 ms. There were 40 trials for each side movement (8). The movement was performed once for each trial, and the subjects rested the arms on the table after the movement until the next required movement in the next trial.

In CIRM, a visual cue (a hollow arrow) containing the forthcoming “go” direction information was added 1 sec before the “go” signal in each trial. The CIRM paradigm began with a white cross in the middle of a black screen and lasted for 800 to 1,000 ms chosen randomly. A visual cue pointing to the forthcoming “go” direction was presented on the screen and lasted for 1,000 ms. After the cue, the visual “go” signal was presented and lasted for 2,000 ms followed by a black screen lasting for 2,000 ms. There were 40 trials for each direction and a total of 80 trials for CIRM. The subject was required to prepare for the movement when seeing the cue and perform the movement upon the presentation of the “go” signal. The movement was performed once for each trial, and the subjects rested their arms on the table after the movement until the next required movement in the next trial (Figure 1C).

Subjects practiced the required movement for 1 to 2 min for each test before the researcher started to record the EEG data. Between the two tests, subjects could take a short break if necessary.

All subjects completed the two tests in the same sequence. EEG, EOG, and EMG data were recorded synchronously by a PC system and analyzed offline later.



Data Processing

All data were analyzed offline using Brain Vision Analyzer 2.1 (Brainproducts, Germany) and Matlab 2014a (The MathWorks Inc., USA). EEG data were re-referenced by the common average of all channels and applied to all channels. Then ICA based Ocular correction was conducted semi-automatically. The Ocular components were classified by the Analyzer and confirmed by the researchers, then removed from the EEG data. A band-filter was applied with a low cutoff at 0.01 Hz (12 decimal/octave), and high cutoff at 50 Hz (12 decimal/octave). Laplacian method was used to remove volume conduction effects which lead to low spatial resolution (39). It has been proved that the Laplacian method, compared with other fixed spatial filter, such as bipolar and common average reference, can effectively improve the Signal-Noise-Ratio of the EEG signal for the ERD/ERS analysis (40). By subtracting the mean activity at surrounding electrodes from the channel of interest, a finite difference method is used to calculate the Laplacian derivations. EEG data were segmented from −1.2 to 3.0 s relative to the GO signal for both test. IRM EEG data were baseline corrected using −1.2 to 0 s as the baseline. While CIRM EEG data were using −1.2 to −1.0 s as the baseline since the visual cue was presented at the time of −1.0 s. Trials of movement sessions of each side were averaged within-subjects, and grand averaged among all subjects later. The peak information of MP and CNV was detected by BrainVision Analyzer and exported for statistics analysis. Matlab 2014a was used to calculate the time-frequency mapping and mu ERD. The segmented EEG data were transformed with an averaged Continuous Wavelet Transformation (CWT). The 8–12 Hz frequency band data were abstracted from the time-frequency mapping and transformed into mu ERD graph. The EMG activity onset for each trial was determined by crossing the threshold at 4 SD from baseline mean (3) in either direction. EMG peaks were detected by the Brain Vision Analyzer and exported with time and amplitude information.



Statistical Analysis

EMG onset and peak times and EMG peak value were compared between sides by t-test and compared between IRM and CIRM by paired sample t-test. The MP component in both tests and the CNV component in CIRM were calculated at C3, Cz, and C4 locations. All component information, including latency and each wave's amplitude, were compared among locations and sides by the one-way multivariate analysis of variance (one-way MANOVA). The MP latencies of IRM and CIRM were compared by paired sample t-test. The mean values of the time-frequency response were compared among C3, Cz, and C4 locations and among sides and movement stages by one-way MANOVA. To test the contra-lateralization feature of mu ERD and MRCP in motor intention/preparation stage, paired-sample t-tests of mu ERD mean values and CNV amplitudes among C3, Cz, and C4 location during unilateral movement preparation stage were performed. All statistical analyses was conducted with software IBM SPSS statistics 21. Statistical significance was set at 0.05 for all tests.




RESULTS


EMG

There were no significant differences found between right and left wrist movements with respect to average EMG onset and peak times and EMG peak value in both tests. There were significant differences of the EMG onset and peak times between IRM and CIRM with both left and right wrist movements (P < 0.01). The EMG onset and peak times were shorter in CIRM than in IRM for both right and left wrist movements (P < 0.01) (Figure 2). There was no significant difference in the EMG peak value between IRM and CIRM.
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FIGURE 2. Bar graphs showing averaged EMG onset time (A), EMG peak time (B), and MP latency (C) in IRM and CIRM. Error bars represent the SD. Significant differences are indicated by asterisks. (A) The average EMG onset time is shorter in CIRM than in IRM. (B) The average EMG peak time is shorter in CIRM than in IRM. (C) The MP latency was shorter in CIRM than in IRM at Cz during both side movements and at C4 during left wrist movement. *p < 0.05, ***p < 0.001.





MRCP and CNV

In the movement execution stage of both tests, the MP appeared bilaterally, with the largest peak at Cz (Figure 3). A One-way MANOVA was conducted to assess the differences in MP amplitude among different locations and on arm side movements. The multivariate effect was significant by locations in IRM and CIRM (F = 15.069, p < 0.01 and F = 14.248, p < 0.01, respectively). The post-hoc tests showed significant differences between Cz and C3 or Cz and C4 (p < 0.01) but not between C3 and C4 in both tests (Figure 4). The paired-sample t-test showed that there were significant differences in MP latencies between IRM and CIRM at Cz during both side movements and at C4 during left wrist movement (p < 0.01) (Figure 2). However, no significant differences were found in MP amplitude between IRM and CIRM tasks in all three locations.
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FIGURE 3. Grand Average of MRCPs of all subjects in IRM and CIRM. MP is presented in movement execution stage of both tests, and CNV is presented in movement preparation stage of CIRM. Negative Upwards.
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FIGURE 4. MP amplitude at C3, Cz, and C4 location in IRM and CIRM. There were significant differences between Cz and C3 and between Cz and C4 (p < 0.01), but not between C3 and C4 in both tests. Negative upwards. **p < 0.01, ***p < 0.001.



In CIRM, the visual cue divided the task into prolonged movement preparation and movement execution stages. A CNV wave presented during the movement preparation stage, peaking shortly after the “go” signal followed by the MP (Figure 3). One-way MANOVA analysis showed no significant multivariate effects on locations or sides. To test the contra-lateralization feature of CNV, a paired-sample t-test of CNV amplitudes between C3 and C4 locations was performed and showed no significant differences.



Time-Frequency Mapping and mu ERD

The time-frequency mapping and mu ERD calculated from the total average EEG data from all subjects are illustrated in Figure 5. The mean values of the time-frequency response in the 8–12 Hz mu rhythm band were compared among by one-way MANOVA. In IRM, there were two factors: (1) locations (C3, Cz, and C4) and (2) movement sides. No significant multivariate effects were found on locations or sides (F = 1.541, p = 0.217 and F = 0.116, p = 0.864, respectively). In CIRM, there were three factors: (1) locations; (2) sides; and (3) movement stages (movement preparation and execution). Significant multivariate effects were found with respect to stages (F = 5.920, p = 0.015) but not for locations (F = 2.642, p = 0.072) or sides (F = 0.226, p = 0.635).
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FIGURE 5. Time-frequency mapping and mu ERD during movement tasks in both tests. Frequency data was transformed from grand average EEG data of all subjects. 8–12 Hz frequency band data was abstracted from the time-frequency mapping and transformed into the mu ERD line graphs.



To test the contra-lateralization feature of mu ERD, the mean values of the time-frequency response in the 8–12 Hz mu rhythm band were compared among different locations by paired-sample t-test. During movement execution stage of both tests, there were no significant differences found between C3 and C4. During the movement execution stage of right wrist extension, there were significant differences found between C3 and Cz or C4 and Cz (P < 0.05). During the movement execution stage of left wrist extension, there were significant differences found between C4 and Cz (P < 0.05).

In the preparation stage of CIRM, mu ERD showed significant differences between C3 and C4 during both left and right wrist movements (p = 0.001 and p = 0.005, respectively). There were significant differences found between Cz and the contralateral sensory motor cortex area (C3 for right wrist movement, p = 0.006, C4 for left wrist movement, p = 0.001). Different from the phenomenon of Cz that showed the largest amplitude of MP and CNV, the mu ERD showed the least amplitude in Cz among the three locations (Figure 6).
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FIGURE 6. mu ERD at C3, Cz, and C4 in movement preparation and movement execution stage of CIRM. In the movement preparation stage, the contralateral sensory motor cortex (C4 for left wrist movement, C3 for right wrist movement) showed larger mu ERD than other locations (p < 0.05). In the movement execution stage, Cz showed the lowest amplitude of mu ERD and no significant differences found between C3 and C4. *p < 0.05, **p < 0.01






DISCUSSION

In the present study, we recorded and analyzed brain activity changes in the time and frequency domains during both motor preparation and execution stages. IRM used a motor response paradigm with visual picture instructions, which made a subject perform the required movements in a more impulsive manner compared to self-initiated movements (41). CIRM used a visual cue contenting the forthcoming movement information 1 sec before the “go” signals, which divided the motor task into two clearly separated periods (42). During the 1 sec from the cue to the “go” signal, the brain activity was under a state of motor intention, expectation, and preparation condition.

The EMG onset and peak times were shorter in CIRM rather than in IRM for both side movements, and the MP latency in CIRM was shorter than in IRM. This result confirmed the commonly observed phenomenon that given a cue and extra preparation stage, people respond to the “go” signal faster (Figure 2). The visual cue containing information relevant to the movement might combine the sensory stimuli responses with sensorimotor area and facilitate movement initiation. The effects of external cues were observed in previous studies and proved to be beneficial for speeding movement of patient with motor deficits (43, 44).

Generally speaking, in the time-voltage change domain, MP reflected the brain activity changes during the movement execution stage (45) while the CNV represented movement intention, expectancy, and preparation in the pre-movement stage (42, 46). In the movement execution stage of both tests in current study, MP amplitude showed no significant differences between C3 and C4, indicating that the movement execution involved the sensorimotor cortex bilaterally. Components of MRCP were proposed to be generated by summed excitatory postsynaptic potentials in apical cortical dendrites (47), which might be an explanation for the largest MP amplitude recorded at Cz. Bilateral excitatory postsynaptic potentials were transferable, and the central area (Cz) gathered the highest sum of potentials. CNV is a complex ERP component related to the cognitive process of stimulus anticipation. Although it was usually investigated with paradigms with cues contenting information differentiate from the “go” signal in previous studies, CNV was observed to be evoked with cues containing similar information to the “go” signal in this study and may mainly contribute to the movement expectancy and motor preparation to the forthcoming movement (42). In the movement preparation stage, CNV also showed a bilateral control phenomenon and the highest peak at Cz.

From the time-frequency mapping and mu ERD data results, we could observe bilateral control phenomenon in the movement execution stage of both tests. However, different from the MRCP findings, the amplitude of frequency changes was lowest at Cz (Figure 5). Since mu ERD was regarded as a reflection of brain activation (48) and has a maximum correlation with sensorimotor cortex area (49), we could assume that it has less transferable features than the cortex potentials, hence, it represents brain activity changes more precisely in the topographical view. In the movement intention/preparation stage, the mu ERD appeared mainly contralaterally, indicating that the brain excitability has a contralateral feature in the pre-movement period. Starting from the contralateral Rolandic region and becoming bilaterally symmetrical with the execution of movement, the mu ERD feature presented in this study was consistent with those from previous studies (50).

Combining EEG changes in the time and time-frequency domains during pre- and movement execution stages, we could see that the time courses of MRCP and mu ERD were aligned (Figure 7) and consistent with previous studies regarding movement-related brain activity changes (51), while each indicator showed different topographical features. This might suggest different neuronal mechanisms between the generation of the two phenomena (22). MRCPs mainly represent an increase in task-specific responses of the SMA and contralateral M1-S1 and partly reflect the afferents' excitation caused by the movement, while mu ERD reflects changes in the brain activation level such as cortical sensorimotor area involved in movement intention, expectancy, preparation, and execution periods. Taken together, the MRCPs and mu ERD structured a dynamic involvement of human primary, supplementary motor, and sensorimotor cortices for movement planning and execution (51). The combined EEG analysis method could provide more comprehensive information for the investigation of movement disorders such as the energy demanding and consuming information from MRCPs (52) and the brain activation information from mu ERD (48, 53, 54).
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FIGURE 7. MRCPs, mu ERD, time frequency mapping at C3, and right upper limb EMG during Right Wrist Extension in IRM.



Although the lateralization phenomena differed in MRCP and mu ERD features, it was clear that both contralateral and ipsilateral motor cortices were involved in motor tasks. Neural networks within and between hemispheres are necessary to coordinate motor functions not only for bilateral but also for unilateral movements. The neural network generating the coordination function between hemispheres was proposed to be the cingulate motor area and the cerebellum (55). The ipsilateral hemisphere involved in a motor task might contribute to the modulation, balance, or prohibition of the motor tasks. The present ERD results suggested that this bilateral movement coordination was mostly involved in the motor execution stage (Figure 5). The ipsilateral sensorimotor cortex might be an integral part of motor regulation (56). In the movement intention and preparation conditions, the oscillatory brain components showed stronger contralateral dominancy. This feature might have special value in investigational and clinical applications. Specifically, mu ERD could be a more sensitive indicator than MRCPs for BCI technology in order to detect movement intentions (8, 10, 49), especially if the direction information of movements are among study interests (36).

There were some limitations to the present study. The first one was that the initial part of MRCPs was mixed with a Visual Evoked Potential after visual stimuli in both paradigms, and it could not be precisely used to identify the onset of the BP component of the MRCPs. Hence only MP peak information was calculated and analyzed in this study. Another limitation of the study was that only right-handed subjects were recruited in this study. In the previous study, the contralateral preponderance of mu ERD was studied and showed a difference between right-handed and left-handed subjects (50). However, this phenomenon was not studied in this program with only right-handed subjects.



CONCLUSION

This study investigated brain activity changes during movement intention, preparation, and execution stages of wrist extension using the comprehensive EEG analysis method, which combined indicators such as MRCPs, CNV, time-frequency mapping, and mu ERD. EEG changes in the time and time-frequency domains showed different topographical features and might provide comprehensive information for studying movement disorders such as those in post-stroke hemiplegic patients. Additionally, movement execution was controlled bilaterally, while the movement intention was controlled mainly contralaterally by sensorimotor cortices. Mu ERD was found to have stronger contra-lateralization features in the movement intention stage and might be a better indicator for detecting movement intentions in neuro-rehabilitation engineering technology such as BCI.
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Background: Stroke survivors may lack the cognitive ability to anticipate the required control for palmar grasp execution. The cortical mechanisms involved in motor anticipation of palmar grasp movement and its association with post-stroke hand function remains unknown.

Aims: To investigate the cognitive anticipation process during a palmar grasp task in subacute stroke survivors and to compare with healthy individuals. The association between cortical excitability and hand function was also explored.

Methods: Twenty-five participants with hemiparesis within 1–6 months after first unilateral stroke were recruited. Twenty-five matched healthy individuals were recruited as control. Contingent negative variation (CNV) was measured using electroencephalography recordings (EEG). Event related potentials were elicited by cue triggered hand movement paradigm. CNV onset time and amplitude between pre-cue and before movement execution were recorded.

Results: The differences in CNV onset time and peak amplitude were statistically significant between the subacute stroke and control groups, with patients showing earlier onset time with increased amplitudes. However, there was no statistically significant difference in CNV onset time and peak amplitude between lesioned and non-lesioned hemisphere in the subacute stroke group. Low to moderate linear associations were observed between cortical excitability and hand function.

Conclusions: The earlier CNV onset time and higher peak amplitude observed in the subacute stroke group suggest increased brain computational demand during palmar grasp task. The lack of difference in CNV amplitude between the lesioned and non-lesioned hemisphere within the subacute stroke group may suggest that the non-lesioned hemisphere plays a role in the motor anticipatory process. The moderate correlations suggested that hand function may be associated with cortical processing of motor anticipation.

Keywords: stroke, subacute, motor anticipatory, cortical excitability, movement-related potential


INTRODUCTION


Cognitive Process of Movement Anticipation in Stroke Patients

Stroke is among the leading causes of long-term disability worldwide (1). It is one of the most severe issues encountered by the aging population (2). Seventy-five percent of stroke survivors have motor dysfunction that affects body coordination and motor skill (3). Motion prediction is a key component of cognitive function and is a high-level function that affects motor control (4). Motor function recovery is often measured in terms of motor execution, with little consideration given to the high level cognitive processes that feeds into the actual motor response (5). To execute activities of daily living such as reach and grasp, the upper extremity must apply the correct force, move the precise range and accurately coordinate multiple limb segments (6–10). The cognitive ability to anticipate the required movement control is therefore fundamental to hand motor performance. Published literature indicates that stroke patients lack the anticipatory ability of upper limb movement that is associated with palmar grasp (11–13). The lack of ability to anticipate was evidenced in the suboptimal application of force by producing markedly increased grip forces during lifting, holding and moving a hand-held object in patients with acute stroke (14). Patients with chronic stroke demonstrated a slower response to adapt to the perturbing force and exhibited smaller aftereffects when the perturbing force was unexpectedly removed than healthy controls (11).



Contingent Negative Variation

The electrophysiological processes associated with movement anticipation and the relationship between the electrophysiological changes and clinical impairment of hand function in stroke patients remain poorly understood (15). Contingent negative variation (CNV) is one of the electrophysiological substrates of motor anticipation. CNV was first reported by Walter et al. (16) as a slow-going, negative event-related potential (ERP) that reflects the cognitive processing (5). It refers to the sustained negativity that develops after the pre-cue (S1) and before the imperative stimulus (S2) that requires a response. If the interval between S1 and S2 is >2 s, CNV can be distinguished into initial CNV and late CNV (17). The late CNV that occurs before S2 is assumed to be the composition of a readiness potential and stimulus preceding negativity (18). The amplitude of late CNV is also modulated by the amount of advanced information provided by the pre-cue (19–21), which usually shows up as an increase in late CNV. Late CNV tends to increase when people perform intention-based action with advanced information provided by pre-cue (21–23). This is because pre-cue information enables people to have sufficient anticipation for the upcoming action (24). Source analysis suggests that there are multiple sources of the generation of late CNV. These include the cortical and subcortical generators of the (1) anterior cingulate cortex, (2) supplementary motor area, and (3) primary motor area, in particular the inferior parietal cortex (19, 25, 26). CNV is suggested to be an index of anticipation because it reflects the action preparation process (21, 27). Therefore, the CNV amplitude and latency represent cognitive processes of anticipation and movement preparation (28–30). Early literature reported that the time between the onset of brain potential recorded by electroencephalographic (EEG) and movement onset recorded with electromyography (EMG) were indicative of the preparation time for the required action (31). Studies of healthy individuals also indicated that non-dominant hand movement has an earlier onset of cortical potential when compared with the dominant hand movement. Thus, there is evidence to indicate that the longer anticipatory phase reflects the increase in computational demand when executing learned movement (32). In people with chronic stroke, CNV is significantly enhanced at the midline region with markedly slower response time during affected hand preparation (5). The increased amplitude of the midline region CNV correlates with a greater response-priming effect. Enlarged CNV amplitudes during intention-based actions are expected in people with stroke as they need to have increased cognitive preparation for the anticipation process when compared with healthy individuals. Similar findings were also reported in chronic stroke patients who had no residual paretic hand movements (33). Simultaneous recording of EEG and EMG indicated that early onset of cortical potential precede affected rather than unaffected hand movement.

To date, the cognitive process involved in movement anticipation during a palmar grasp task with advance pre-cuing in the subacute stroke population has not been studied using the CNV approach. Understanding the cortical regions that are involved during grasping preparation in the early stages of stroke can provide new insight into the neural plasticity mechanism for grasp motion recovery. The aim of the present study was to investigate the difference in the cognitive anticipation process between the lesioned and non-lesioned hemisphere in subacute stroke survivors and to compare the difference in the anticipation process with healthy individuals. This study hypothesized that subacute stroke patients demonstrated a statistically significant difference in CNV amplitude during intention-based action between the lesioned and non-lesioned side and that this differed significantly from healthy individuals. The study also investigated if the difference in the electrophysiological process was associated with a functional level as measured by the Action Research Arm Test (ARAT).




METHODS


Participants

Twenty-five participants (thirteen males and 12 females; aged 55.2 ± 8.4 years) with subacute stroke were recruited. Twenty-five age and gender matched healthy individuals (thirteen males and 12 females; aged 53.8 ± 7.9 years) were recruited as controls. The functional level of the participants with subacute stroke was assessed by the ARAT (34), which consists of a total of 19 tests of arm motor function including grasp, hold, pinch and gross motor movement. Each test is allocated an ordinal value of 0, 1, 2, or 3, with higher values indicating better arm motor status. The total ARAT score is the sum of the 19 tests, and the maximum score of the scale is 57 (35). All recruited participants were right hand dominant as assessed by the Edinburgh handedness inventory (36). Table 1 gives a summary of the demographic data of the sample population.



Table 1. A summary of the demographic data of the included subjects in the stroke group.
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The inclusion criteria for the subacute stroke cohort were as follows: (1) hemiparesis resulting from a unilateral subcortical lesion of the first occurrence of a stroke; (2) within 1–6 months of stroke occurrence; (3) magnetic resonance imaging (MRI) or computed tomography (CT) confirmed stroke; (4) age between 40 and 80 years old; (5) moderate to severe motor deficit of the affected upper limbs, having at least 10° of finger flexion and extension; (6) be able to sit at least 30 min without assistance; and (7) no severe cognitive impairment (Mini Mental State Examination >21) (37). None of the participants had any prior brain computer interface (BCI) experience. The exclusion criteria were as follows: (1) lacunar infarction; (2) massive cerebral infarction; (3) cerebellum or brainstem lesion; (4) open hand wound or hand deformity; and (5) visual field deficits. All of the healthy individuals had no history of psychiatric/neurological disease or musculoskeletal disorder.



Ethics Considerations

The study was approved by the Ethical Committee of The First Affiliated Hospital of Sun Yat-sen University. Data collection took place in the Department of Rehabilitation Medicine, The First Affiliated Hospital of Sun Yat-sen University. All of the participants were provided with a comprehensive explanation of the experimental protocol. They were given an information sheet about the study and encouraged to ask questions. Written informed consent was obtained from all participants.



Experimental Protocol

Data recording took place in an electrically shielded brain function laboratory. All participants were seated in front of a table. They were asked to place their shoulders at between 0 and 10° flexion, their forearms rested on the table with elbows flexed to 130°, and their wrists were oriented in a neutral position so that opening and closing of the hand occurred in the horizontal plane. Participants were asked to fix their gaze in the middle of the screen straight ahead, avoid eye movement and focus attention on task performance. All participants had one practice session before the ERP recording began.

Experimental Task and Procedure

All the participants first undertook 5 to 10 min of training to familiarize themselves with the entire procedure before the ERP recording began. At the beginning of the experiment, the introduction was displayed on the screen. The instructions given were as follows:

“Welcome to this experiment. During the experiment, you will see a fixated white cross appear on the screen to remind you to pay attention to the task. Then, you will see a picture of either a left hand grasp or a right hand grasp displayed on the screen accompanied by a sound to indicate a left or right hand grasp. At this stage, please keep both hands still. The screen will then turn to a grey window. During the grey window, please do a self-paced voluntary palmar grasp according to the previous cue. Throughout the experiment, please refrain from blinking and body movements, particularly during the opening and closing of the hands.”

After understanding the displayed instructions, participants pressed the space bar to start the experiment. Participants first performed a modified audio-visual task that resembled a palmar grasp movement. The fixated white cross appeared on the screen for 500 ms to remind participants to pay attention to the task. Simultaneous visual and auditory imperative cues (S1) were given for 2,000 ms. A picture was displayed on the screen accompanied by a sound to indicate a right or left side palmar grasp. During S1, the participant was required to acquire the visual and auditory cues and judge the palmar grasp task. The screen then turned to a gray reaction window (S2) for 3,000 ms. The participants performed a self-paced voluntary palmar grasp during the S2 window. The experiment consisted of 40 trials for each hand, giving a total of 80 trials. The order of the trials was randomized in each experiment. The inter trial resting interval was marked by a dark screen that was displayed for 2,000 ms. The sequence of events in the trials is illustrated in Figure 1. All the participants were asked to avoid blinking and making compensatory/additional movements during the opening and closing of the hand.


[image: image]

FIGURE 1. Experimental trial sequence. Key: ISI, inter stimulus interval.



EEG Signal Acquisition

The EEG data of each participant was recorded by a 32-channel QuickAmp amplifier and Ag/AgCl scalp electrodes (BrainProducts, Germany). The electrodes were positioned in accordance with the international 10–20 system (FP1, FP2, F3, Fz, F4, FC5, FC3, FC1, FCz, FC2, FC4, FC6, C5, C3, C1, Cz, C2, C4, C6, CP5, CP3, CP1, CPz, CP2, CP4, CP6, P3, POz, P4, POz, O1, O2; reference: FCz, ground: AFz). Data were recorded in DC mode with a sampling rate of 1,000 Hz. Electrodes were filled properly with conductive gel to maintain the impedance below 5 kΩ to ensure good quality recording.

For CNV amplitude analysis, topographic mapping was performed using six electrodes of interest. These electrodes were (i) F3 and C3 (left hemisphere), (ii) F4 and C4 (right hemisphere), and (iii) Fz and Cz (midline region). Figure 2 illustrates the topographic maps of participants when executing left or right hand movement tasks.
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FIGURE 2. CNV topographical distributions. (A) The window for the mapping was −100 to 0 ms relative to S1. Red contour lines indicate positive activity, blue contour lines indicate negative activity. The greyscale fill between the contour lines indicates amount of activation (positive or negative). The small circles on the topographies indicate the electrodes sites. The rows indicate the two groups studied during RHM and LHM. (B) The location of the six electrodes of interest.



EEG Signal Processing

EEG signal analysis was performed using the Brain Vision Analyzer signal processing software 2.0 (BrainProducts, Germany). During the EEG pre-processing, the average potential of the bilateral mastoid was used as a new reference. Eye movement artifacts were removed through the Ocular Correction Independent Component Analysis (ICA) (38). The removal of eye movement artifacts is a standard operating procedure when analyzing EEG signals. The number of trials or the quality of data were not affected. Inspection of the raw data was conducted with a 50 Hz notch filter and a 0.1–30 Hz bandpass filter. The EEG data were segmented into epochs of 500 ms pre to 3,000 ms post-aligned to the cue (S1) to acquire stimulus-locked ERPs, and the baseline was corrected to the first 200 ms of the epochs, which was the 200 ms time window before S1 onset. For each epoch, the late CNV onset time was calculated as the last time the signal crossed the zero line before the rise of the CNV (17) (see Figure 4), and the peak amplitude was calculated from 1,000 to 2,000 ms since this time window contained the maximal variation of the CNV potential. CNV onset time and peak amplitude features were extracted.

In this study, the left and right hemispheres of subacute stroke participants were labeled as “lesioned” and “non-lesioned.” The left and right sided lateralised scalp sites were flipped in the participants with the right hemispheric lesion, (e.g., C3 and F3 for the right lesions and C4 and F4 for the left lesion) (33) to enable statistical comparisons between the lesioned and non-lesioned hemisphere. Thus, the “left” hemisphere was always the lesioned hemisphere in the subacute stroke group.



Statistical Analysis

All statistical analyses were performed using SPSS Statistic 21. Descriptive statistics were conducted to describe the sample population. CNV onset time and peak amplitudes were analyzed with a mixed model ANOVA analysis that incorporated the within-subjects factors TASK (Left hand movement and Right hand movement) and the LATERALITY (midline, contralateral, and ipsilateral regions). The between-subject factor of GROUP was used to compare the subacute stroke group to the matched healthy control group (stroke vs. control) during right-hand movement (RHM) and left-hand movement (LHM) and to compare the lesioned and non-lesioned hemisphere within the subacute stroke group during RHM and LHM. The Greenhouse-Geisser method were used to adjust the p-value and degrees of freedom when the assumption of sphericity was not met. Separate ANOVAs were calculated for each level of LATERALITY, using the same mixed model ANOVA format. To further investigate the differences between these groups, subsequent independent sample t-tests were performed. The significance level for all statistical analysis was set at 0.05. Bonferroni-adjusted significance tests were performed to correct the p-values of electrodes for multiple comparisons. Thus, the corrected significance level for LATERALITY was α = 0.05 ÷ 6 = 0.008. Spearman's rank correlation analysis was performed to investigate the association between the ARAT and electrophysiological measures. The interpretations of Spearman's rank correlation coefficient were as follow: “slight” (0.0–0.2); “low” (0.2–0.4); “moderate” (0.5–0.7); “high” (0.8–0.9) (39).




RESULTS


Onset Time

The mixed model ANOVA analysis indicated a significant main effect of TASK (RHM, LHM) on the CNV onset time [F(1, 48) = 2.869, p = 0.028]. CNV onset time for patients with a subacute stroke was earlier than that of the control group both during RHM (p = 0.015) and LHM (p = 0.002). In addition, the difference was not statistically significant in CNV onset time between RHM (p = 0.323) and LHM (p = 0.202) within the subacute stroke group. Figure 3 illustrates the onset time for patients compared with controls.
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FIGURE 3. Onset time for the subacute stroke group in comparison to control group. Asterisks indicate significant differences within RHM and LHM (**p < 0.01; *p < 0.05).





Peak Amplitude

Analysis Between Subacute Stroke Group and Control Group

The mixed model ANOVA analysis on the CNV peak amplitude between the subacute stroke group and control group during RHM and LHM revealed a significant TASK × GROUP × LATERALITY interaction [F(5, 240) = 5.635, p < 0.001]. Furthermore, comparisons between the subacute stroke group and their match control group indicated a significant main effect of TASK for CNV peak amplitude [F(2.619, 125.713) = 3.390, p = 0.025]. Thus, separate ANOVAs were calculated for each level of TASK.

Comparison between subacute stroke group and control group within RHM condition

Analysis between the two groups during RHM indicated no significant LATERALITY × GROUP interaction [F(2.980, 71.520) = 1.605, p = 0.196]. Therefore, LATERALITY and GROUP were tested for individual effects. Significant GROUP effect [F(1, 24) = 9.379, p = 0.002] and LATERALITY effect [F(2.738, 262.837) = 4.364, p = 0.001] were observed. Then, subsequent independent sample t-tests revealed significantly larger CNV amplitudes in the subacute stroke group at midline (Fz, Cz), ipsilateral (F4, C4), and contralateral (C3, F3) electrodes than the control group when conducting right hand movement. Figure 4 gives the graphical representations of the CNV amplitudes during RHM. Table 2 illustrates the comparison of CNV peak amplitude between the two groups within RHM condition.
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FIGURE 4. CNV amplitudes for the subacute stroke group (red line) and control group (blue line) during RHM. The Y-axis represents CNV waveform (μV) and the X-axis represents time (ms). Negative is plotted upwards. Baseline is the first 200 ms of the epoch, i.e., 200 ms before S1 onset. The 0 ms point is S1 onset. Red/blue arrows represent the onset of the late CNV in patient group/control group. The gray time window indicated the time window to detect the peak amplitude.





Table 2. Comparison of CNV peak amplitude between subacute stroke group and control group within RHM condition.
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Comparison between subacute stroke group and control group within LHM condition

No significant LATERALITY × GROUP interaction [F(2.078, 49.883) = 0.905, p = 0.415] was observed in CNV amplitude between the subacute stroke group and the control group. Therefore, LATERALITY and GROUP were tested for individual effects. Analysis showed significant GROUP effect [F(1, 24) = 14.47, p = 0.001] and LATERALITY effect [F(2.920, 70.073) = 7.185, p < 0.001]. Further investigation of these effects revealed that there was a significantly larger CNV amplitude in the subacute stroke group at midline (Fz, Cz), contralateral (F4, C4), and ipsilateral (F3, C3) regions than the control group when conducting right hand movement. Figure 5 gives the graphical representations of CNV amplitudes for the patient and control groups during LHM. Table 3 shows the comparison of CNV peak amplitudes between subacute stroke group and control group within LHM condition.
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FIGURE 5. CNV amplitudes for the subject stroke group (red line) and control group (blue line) during LHM. The Y-axis represents CNV waveform (μV) and the X-axis represents time (ms). Negative is plotted upwards. Baseline is the first 200 ms of the epoch, i.e., 200 ms before S1 onset. The 0 ms point is S1 onset.





Table 3. Comparison of CNV peak amplitude between subacute stroke and control group within LHM condition.
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Comparison Between RHM and LHM Within the Subacute Stroke Group

Analysis indicated no significant LATERALITY × GROUP interaction [F(2.153, 51.669) = 0.856, p = 0.438]. Further analysis showed no statistically significant main effect of GROUP [F(1, 24) = 0.100, p = 0.755] or LATERALITY [F(2.372, 56.938) = 1.209, p = 0.051] on CNV amplitude between RHM and LHM within the subacute stroke group. Thus, there was no statistically significant difference in CNV amplitude between RHM and LHM in the subacute stroke group. Figure 6 shows the EEG traces recorded at each electrode during LHM and RHM in the subacute stroke group.
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FIGURE 6. CNV amplitudes for the subacute stroke group group during RHM (red line) and LHM (blue line). The Y-axis represents CNV waveform (μV) and the X-axis represents time (ms). Negative is plotted upwards. Baseline is the first 200 ms of the epoch, i.e., 200 ms before S1 onset. The 0 ms point is S1 onset.



When comparing laterality factors (contralateral, midline, ipsilateral) within the TASK movement condition (RHM and LHM), there was no statistically significant hemisphere LATERALITY effect on CNV amplitude during RHM [F(5, 65.715) = 2.015, p = 0.126].

During LHM, a significantly main effect of LATERALITY on CNV amplitude was observed [F(1.944, 46.663) = 3.820, p = 0.030]. Further investigation of the hemisphere LATERALITY effect revealed that midline electrodes (Cz) had a higher CNV amplitude than contralateral (C4) electrodes (p = 0.007).



Correlations Between CNV Peak Amplitude With ARAT in the Subacute Stroke Group

Figure 7 shows the results of Spearman's rank correlation coefficient analysis between the CNV peak amplitude observed at different regions and the ARAT within the subacute stroke group. During RHM, significant correlations were observed in the front-ipsilateral side (r = 0.510, p = 0.009), midline (r = 0.428, p = 0.033), and ipsilateral side (r = 0.442, p = 0.027). During the LHM condition, a significant correlation was observed in the front-contralesional side (r = 0.496, p = 0.012), midline (r = 0.446, p = 0.026), and contralesional side (r = 0.496, p = 0.012).


[image: image]

FIGURE 7. Correlation between CNV amplitude with ARAT in stroke participants. The Y-axis represents the rank of ARAT and the X-axis represents the rank of CNV. CNV recorded at midline, front-contralesional/front-ipsilateral side, and contralesional/ipsilateral side shown for RHM (black circles) and LHM (red circles).






DISCUSSION

The primary aim of this study was to investigate the difference in the cognitive anticipation process between the lesioned and non-lesioned hemisphere in subacute stroke survivors and to compared those with healthy individuals. The association between the electrophysiological process and the functional level as measured by the ARAT in the stroke group was also investigated.


Onset of CNV

Results of this present study are consistent with existing literature reporting extended anticipation time. We found that this occurred in the subacute stroke population when compared with the control group, as evidenced by the statistically significant early CNV onset time during left hand and right hand movement. This finding is consistent with a previous investigation that reported a significantly earlier onset time in the paretic hand movement than in the non-paretic hand movement in people with chronic stroke using movement-related slow cortical potentials (SCP) (33). This supports the theory that extended planning time is needed for the brain to start exciting the motor network that leads to movement execution of the paretic arm. The results of this present study are consistent with existing literature suggesting that extended anticipation (planning) time is present within the subacute stroke population when compared with a control group. This study however did not observe any difference in CNV onset time between the lesioned and non-lesioned side during LHM and RHM. This is contrary to previous studies that reported a significant difference in CNV onset time between paretic and non-paretic hand movement (5, 33). The different findings between the two studies are likely related to the difference in experimental design. In the study by Deecke et al. (40), slow cortical potential measurement incorporated both anticipation of an upcoming movement as well as the motor potential occurring at the time of movement execution. Thus, SCP did not only reflect the cognitive processing behavior but also the additional time required for motor network excitation. The study by Dean et al. (5), recorded CNV onset from S2 (response cue) until feedback (task execution), whereas this study measured from S1 (pre-cue) until S2 without task execution. Thus, the potentials reported by Dean et al., did not only reflect the anticipation but also the potentials during movement. The findings in this study demonstrated for the first time that the motion anticipation phase alone is earlier in subacute stroke participants than healthy participants. Furthermore, advanced motor anticipation occurred not only in the paretic hand but also in the non-paretic hand, as evidenced by the lack of difference in CNV between the lesioned and non-lesioned hemisphere.



CNV Amplitude Related to Motor Expectancy

This study evaluated motor anticipation with CNV elicited by a stimulus-locked open/close hand movement paradigm. People with motor impairment are expected to have a larger peak amplitude that reflects the increase in the brain's computational demand to execute a movement (41). The study observed a significantly larger peak amplitude of CNV during RHM (affected hand) in the stroke group over the contralateral (C3), midline (Fz and Cz), and ipsilateral (C4) regions than that in the matched control group. This finding is consistent with published literature and supports the notion of an increase in psychological anticipation during the affected hand movement. This study also observed an increase in the activity pattern at contralateral (C4), midline (Fz and Cz), and ipsilateral (C3) locations during the LHM (unaffected hand) in the stroke group when compared with the control group. This suggests that increased psychological anticipation activity also occurs during unaffected hand movement. This higher activity level may be related to the compensatory over activation in the non-lesioned hemisphere and the lack of cross hemispheric inhibition from the lesioned to non-lesioned hemisphere.

Within the stroke group, extensive anticipation activation was observed at the frontal, contralateral, midline, and ipsilateral regions during the affected hand movement. No difference was found between the contralateral (C3) and ipsilateral (C4) side, with a significantly larger peak amplitude observed at the midline (Cz) than ipsilateral (C4) side. This suggests that there is no definitive hemisphere laterality and that most of the anticipation activity originates from the midline region during affected palmar movement. This is consistent with studies that reported increased effort in response to the inability to control the process in the hemisphere (42–44). These results did not demonstrate the effect a pattern of larger CNV amplitude over the contralateral region, as reported in previous research in the chronic stroke population (5, 19, 45, 46). The difference in findings may be related to the chronicity of the sample population. Cortical map expansion has been repeatedly reported in animal (47) and human experiments (48) after cortical damage. The expansion happens during the early stages of a stroke due to neuroplasticity and up to 8 weeks after training had stopped (49). Once the sequence of the motor task is learned, the size of the mapping representation returns to its original size (50). The lack of a significant difference in CNV amplitude between the left and right hemisphere may suggest that the subacute stroke patients are still going through the learning process to regain the palmar grasp movement. Thus, cortical expansion is occurring during this stage due to the neuroplasticity process, and a significantly larger CNV amplitude is generated along with bilateral changes in the adaptive compensation function of the brain (41). This theory is given further support from early literature that has repeatedly shown that movement of the affected hand is associated with increased bilateral activation of sensorimotor cortex (51–54). The lack of difference in the peak CNV amplitude may also be related to the incongruous over activation that occurs in the unaffected hemisphere or to an imbalance in inter hemispheric inhibition (55–59).



Correlation Between Electrophysiological Measures and Clinical Scale

A higher ARAT score is indicative of higher motor function of the paretic hand (60). Though it appeared that a better ARAT performance correlated with a smaller CNV peak amplitude, it is not possible to draw a firm conclusion because there is insufficient data available from the high and low CNV amplitude comparison. This study observed the strongest significant positive correlation at the front-ipsilateral side, which suggests that motor function may be represented by neural pathway modulation that is responsible for motor function. The significant moderate correlations suggested that hand function may be associated with cortical excitability. The correlation level observed in this study may be affected by the spread of the data. A known limitation of the correlation coefficient is that it is affected by the spread of the data, i.e., the bigger the data range, the higher the chance of a high correlation (61).



Limitations

There are some important points regarding the limitations of this study. One limitation was that we recruited a relatively small sample size of subacute stroke participants and matched healthy controls (both groups n = 25). Future research will be needed both to enroll chronic upper limb hemiparesis stroke subjects and enlarge the sample size to explore the effects of neurophysiologic mechanisms identified in the present study. Second, this study focused on participants with moderate to severe motor deficits of the affected upper limbs. Further research is suggested to investigate whether stroke patients with mild motor deficits of the affected upper limbs can also elicit electrophysiological changes of motor anticipation. Third, the ERP has the characteristic of temporal resolution of the millisecond, which can accurately capture extremely weak signals from the brain and observe the cortical excitability of motor anticipation in real time (62). To explore further insight into the strict frequency locked cortical excitability of motor anticipation, event related synchronization technology is recommended for further research. The flipping of scalp sites may be considered a limitation. However, it is not uncommon in published literature that involves ERP or fMRI to flip the scalp site in an attempt to increase statistical power. In addition, the preliminary analysis of the present results indicated there was no statistically significant difference in CNV onset time or amplitude between patients with a left and right hemispheric lesion. Thus, the inverted electrodes in right-hemisphere lesioned patients were unlikely to alter the current findings.




CONCLUSIONS

This study investigated the electrophysiological changes of motor anticipation during a palmar grasp task in subacute stroke survivors. The earlier CNV onset time and the higher peak amplitude are indicative of increased brain computational demand during palmar grasp task post-stroke. These are indicative of an increase in brain computational demand during the palmar grasp task. The lack of difference in CNV amplitude between the lesioned and non-lesioned hemisphere in the subacute stroke group may suggest that the non-lesioned hemisphere may play a role in the anticipatory process. Further investigation is required to understand the role of the non-lesioned side in movement recovery and the impact of intervention on electrophysiological changes.
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Evaluation Pre 1 Pre2 Pre3 Post 3-Month follow-up One-way ANOVA
Mean (95% confidence interval) P-value (partial ) F-value
FMA
Full score 265(21.1-319)  283(22.7-338)  20.1(227-354)  42.4(36.3-485) 442 (38.0-50.3) 0000 (0.313) 7.96
Wisthand 80(5.4-106) 9.1(65-116) 9.1(6.4-11.7)  13.9(11.4-16.4) 14.3(11.7-169) 0.000"** (0.228) 518
Shoulder/sbow  18.5(15.1-21.9)  19.2(15.7-22.7) 20(159-241) 285 (24.5-325) 29.8(26.0-33.7) 0.000** (0.320) 823
ARAT 142(84-200)  147(82-205  147(88-205  27.1(20.7-33.4) 26.8(19.4-34.2) 0.001**(0.226) 512
WMFT
Score 405(297-512)  409(30.7-510)  39.5(295-49.5) 46(39.2-52.8) 49.3(42.4-56.2) 0532 (0.043) 079
Time 50.0(35.8-642)  49.6(35.6-63.6)  50.5(36.0-64.9)  39.6(30.0-49.3) 37.7(28.2-47.2) 0.424 (0.053) 098
FIM 65.0(638-66.1)  658(65.3-663)  65.6(64.7-665)  66.5(65.8-67.1) 65.7 (64.7-66.7) 0177 (0.085) 163
mAS
Elbow 1.7(13-2.1) 17 (12-2.1) 15(1.0-2.0) 0.8(0.4-12) 0.7 (0.4-1.1) 0.002* (0.214) 477
Wist 16(1.0-2.1) 15(1.0-2.1) 15(0.9-2.0) 06(0.2-1.0) 03(0.0-06) 0,000 (0.224) 564
Finger 15(1.021) 1.4(09-20) 1.3(0.8-19) 05(0.1-08) 04(0.1-07) 0.000"** (0.236) 541

Diferences with statistical significance (one-way ANOVA with Bonferroni post hoc tests) are marked with **" beside the P values. Significant levels are indicated s follows: * for
<0.05, ** for <0.01, and *** for <0.001.
FMA, Fugl-Meyer Assessment; ARAT, Action Research Arm Test; WIMFT, Wolf Motor Function Test; FIM, Functional Independence Measurement; MAS, Modliied Ashworth Score;
ANOVA, analysis of variance.
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Parameter F »

MV Visual condition 18.479 <0.001
Direction 1178 0.286
Direction x visual condition 1.699 0.193
sD Visual condition 10.332 <0.001
Direction 0.305 0.585
Direction x visual condition 2.379 0.055
fApEN Visual condition 9.002 0.001
Direction 1.768 0.194
Direction x visual condition 0.993 0.397

Bold font represents significance at p < 0.05 level.
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Characteristic Treatment group (n = 10) Control group (n = 10) Difference

P-value

Age (vears) 58.90 (8.28) 50.7 (15.82) 089
Gender, male/female 82 6/4 033
Time from stroke onset (days) 922.30 (693.95) 1,195.7 (1546.48) 062
Affected side, right/left 5/5 5/5 1.00
Hand dominance, right/left 10/0 on 030
Stroke type, hemorrhage/infarction 4/6 28 033
Site of lesion Putamen 3 3

Prefrontal cortex 2 3

Gorona radiata 1 1

Thalamus 3 2

Internal capsule 1 1
Upper extremity score via FMA 43.00(2.82) 44.00(8.01) 081
AOU score via MAL 151(0.78) 1.42 0.79) 080
QOM score via MAL 1.55(0.77) 1.36(0.71) 0.57

Data shown as average (SD) or number of observations.
AOU, amount of use; FMA, Fugl-Meyer Assessment: MAL, Motor Activity Log; QOM, quality of movement.
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Outcome measure  Treatment group
(n=10)
Upper extremity score via FMA
Baseine 43.00(2.82)
Postintervention 5220 (8.28)
Improvement 920 (4.64)
AOU score via MAL
Baseline 1.51(0.78)
Postintervention 261(0.66)
Improvement 1.10 0.65)
QOM score via MAL
Baseine 155 (0.77)
Postintervention 2.55(0.65)
Improvement 1.10(0.65)

Control group
(=9

45.44 (6.98)
50,00 (8.82)
456 (2.60)

1.40(0.83)
2.02(0.70)
061 (0.85)

1.33(0.74)
2,04 (0.68)
0.71(0.72)

Difference

P-value®
(2 value)®

<0.01(0.43)

0.02(0.52)

0.07 (0.43)

AOU, amount of use; FIMA, FugMeyer Assessment; MAL, Motor Activity Log; QOM

qualtty of movement.

“Between-group comparisons involved analysis of covariance.

“Effect size was assessed using the y’ value.
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Patients Healthy subjects  p-Value
Mean (SD) Mean (SD)
Nurmber of subjects 25 17
Sex (malefemale) 17:8 11:6 1.000
Age (years) 58.24(10.46) 57.53(6.63) 0792
Days of post-injury 4356 (23.65) -
Height (mim) 1,646 (73.43) 1617 (62.19) 0178
Body weight (kg) 66.24 (11.1) 64.45 (9.38) 0858
Leg length (mm) 843.32 (42.21) 829.12 (35.54) 0.337
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Placebo functional electrical

stimulation (FES)
Trunk P1 6.49 (2.00)
Tunk P2 15,81 (5.73)
Trunk ROM 7.31(6.77)
Shoulder P1 15.69 (4.75)
Shouider P2 31.75(16.25)
Shouider ROM 16,05 (14.64)
Elbow P1 90.10 (5.51)
Elbow P2 77.73 (14.71)
Eloow ROM -12.37 (11.74)

FES

806 (2.21)
13.44 (5.38)
5.37 (4.49)
16.71(4.52)
34.62 (15.31)
18.90 (14.93)
91.11 (2.73)
72.69 (16.44)
~17.40 (16.61)

Within subjects analysis
oM C195% P
-157 From ~3.14 10 0,005 0.054

237 From 0.08 to 6.42 0043
-193 From ~3.44 0 ~0.43 0015*
-0019 From —1.7210 1.68 0981
-2.86 From ~4.43 to —1.30 0001*
-2.84 From ~4.93t0 ~0.76 0011*
-1.01 From ~3.37 t0 3.98 0998

508 From 2.17107.90 0002*

508 From 0.42109.64 0.034'

ROM is range of movement (amplitude between the beginning and the end of the movement); a negative elbow range of motion indicates extension. P1 s the beginning of the

reaching. P2 s the end of the reaching.

Data are expressed as mean (SD). DM is difference of means. G 95% is confidence interval.

*p-Value < 0.05 using Student's t-test for related samples.
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