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Altered Corticomuscular Coherence (CMCoh) Pattern in the Upper Limb During Finger Movements After Stroke
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Background: Proximal compensation to the distal movements is commonly observed in the affected upper extremity (UE) of patients with chronic stroke. However, the cortical origin of this compensation has not been well-understood. In this study, corticomuscular coherence (CMCoh) and electromyography (EMG) analysis were adopted to investigate the corticomuscular coordinating pattern of proximal UE compensatory activities when conducting distal UE movements in chronic stroke.

Method: Fourteen chronic stroke subjects and 10 age-matched unimpaired controls conducted isometric finger extensions and flexions at 20 and 40% of maximal voluntary contractions. Electroencephalogram (EEG) data were recorded from the sensorimotor area and EMG signals were captured from extensor digitorum (ED), flexor digitorum (FD), triceps brachii (TRI), and biceps brachii (BIC) to investigate the CMCoh peak values in the Beta band. EMG parameters, i.e., the EMG activation level and co-contraction index (CI), were analyzed to evaluate the compensatory muscular patterns in the upper limb.

Result: The peak CMCoh with statistical significance (P < 0.05) was found shifted from the ipsilesional side to the contralesional side in the proximal UE muscles, while to the central regions in the distal UE muscle in chronic strokes. Significant differences (P < 0.05) were observed in both peak ED and FD CMCohs during finger extensions between the two groups. The unimpaired controls exhibited significant intragroup differences between 20 and 40% levels in extensions for peak ED and FD CMCohs (P < 0.05). The stroke subjects showed significant differences in peak TRI and BIC CMCohs (P < 0.01). No significant inter- or intra-group difference was observed in peak CMCoh during finger flexions. EMG parameters showed higher EMG activation levels in TRI and BIC muscles (P < 0.05), and higher CI values in the muscle pairs involving TRI and BIC during all the extension and flexion tasks in the stroke group than those in the control group (P < 0.05).

Conclusion: The post-stroke proximal muscular compensations from the elbow to the finger movements were cortically originated, with the center mainly located in the contralesional hemisphere.
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INTRODUCTION

Post-stroke motor recovery is usually associated with the cortical reorganization and adaptive learning experiences (1). Cerebral plasticity is the process by which the human body reorganizes neural networks and pathways after a stroke. Existing studies have found that the majority of motor recovery observed via cerebral plasticity reaches a plateau within the first 6 months after the onset (2, 3). Patients with chronic stroke (first onset over 6 months) regain the independence of the activities of daily living but always sustain upper extremity (UE) motor dysfunctions, e.g., muscle weakness, spasticity, and discoordination (4). Specifically, patients' distal UE segments, e.g., fingers and wrist, usually exhibit poorer functional recovery than the proximal elbow and shoulder parts (5). In our previous study (6, 7), we found that the dyscoordination observed following chronic stroke was particularly evident during distal UE joint motion tasks, and that stroke patients frequently relied on compensatory contractions from proximal UE muscles to substitute for a loss or reduction in hand function. However, Jones concluded that proximal compensations can be mistaken for recovery and constrain the potential motor restoration at the distal segments, leading to “learned non-use” or “learned dis-use” (8). Although such post-stroke behavioral deviation can further exacerbate motor impairments, the interaction between the cortical plasticity in chronic stroke and the dynamic muscular coordination in the upper limb has not yet been well-investigated.

Previous neuroimaging studies on motor restoration after stroke using positron emission tomography (PET), functional magnetic resonance (fMRI) imaging, and transcranial magnetic stimulation (TMS) have identified that post-stroke patients exhibit a reduction in brain activities at the lesioned side and a propensity to recruit the contralesional motor cortex when conducting tasks involving the arms (9–11). However, these methods were limited by the low temporal resolutions to reveal the transient relationship between the cortical and muscular dynamics in the investigation of the post-stroke compensatory mechanism to activate proximal muscle contractions in compensation for distal movements in the upper limb.

Electroencephalogram (EEG) and electromyogram (EMG) can capture faster dynamics in the cortex and peripheral muscles, respectively, comparing with the imaging techniques mentioned above. Furthermore, previous studies have found that the coherence between the two parameters can result in the demonstration of time-based functional connections in the neuromuscular pathways when subjects perform specific motion tasks (12, 13). This also makes it possible to identify the location of cortical sources and trace the neuroplasticity after stroke according to the coherence topography (14). The coherence between EEG and EMG was first described by Salenius et al. (15) and Gerloff et al. (16), who referred to it as corticomuscular coherence (CMCoh) to reflect voluntary descending control from the primary motor cortex to the effector muscles. Coherence can be calculated using both EEG and EMG signals, and it is typically observed within the frequency range of 13–30 Hz (Beta band) during the execution of steady-state isometric contraction and phasic movements (17). The maximum value (i.e., the peak CMCoh) denotes the most significant neuromuscular coupling of the coherent activities and location of the central generator over the whole motor cortex (18, 19). Mima et al. (20) first reported the topographical shift of CMCoh from the lesional side to the contralesional side observed among chronic stroke patients, which may be due to the contribution of lateral and/or medial premotor area control made to the muscles, as suggested by previous PET and electrocorticographic studies (21–23). Furthermore, the neuromuscular coupling between cortical commands and consequent muscle activities indicated by CMCoh values is usually not evident immediately after a stroke; rather, it seems to increase throughout the course of the recovery process gradually. Fang et al. (24) and Larsen et al. (25) reported that the CMCoh values in patients with acute and subacute stroke were weaker than those observed in unimpaired controls, while Chen and colleagues (26) found patients with chronic stroke demonstrated higher CMCoh values from the UE flexors than those in a control group. These studies have consistently indicated that data pertaining to the intensity and location of peak coherence could be employed to estimate the muscle representation areas after neural reorganization following stroke. However, most of the CMCoh studies on stroke patients to date investigating the cerebral-derived control on distal UE segments have been limited to EMG recording from distal muscles, e.g., the extensor carpi radialis muscle (19) or its antagonist muscle flexor carpi radialis (27) in wrist extension at the affected side. Rare studies have employed CMCoh to investigate the contractions of proximal muscles to compensate for distal motions, which could be traced back to a cortical-originated alteration in muscular discoordination at the peripheral.

The purpose of this study was to investigate the corticomuscular coordination pattern in the upper limb muscles during distal finger movements at the affected side of patients with chronic stroke, via a combination of EEG and EMG measurements.



MATERIALS AND METHODS

In the current study, we analyzed the CMCoh of both chronic stroke subjects and age-matched unimpaired subjects to make comparisons on their coherent activities between the motor cortex and effector muscles. The EMG parameters were also analyzed to evaluate the peripheral muscular coordination across the proximal and distal UE segments. For the stroke subjects, the experiment was performed on the affected hand, while the habitual hand was investigated in the case of the unimpaired subjects.


Experimental Setup
 
EEG and EMG Electrode Configuration

Figure 1A shows the experimental setup of this study. Each subject was comfortably seated in a chair in front of a 14-inch computer screen with his or her testing forearm placed in the neutral position on a horizontally fixed slab. A robotic hand orthosis consisting of a palm-wrist module and five individual finger assemblies (6, 7) was used to fix the wrist straight at a 0° angle. The index, middle, ring, and little fingers of the subjects were fixed at a position of 135° at the metacarpophalangeal (MCP) joint and 135° at the proximal interphalangeal (PIP) joints, which was at 50% open of the robotic hand orthosis, also with the thumb finger fixed at an angle of 180° at the MCP joint and 165° at the PIP joint. Then, the experimental upper limb of a subject was attached to the palm orthosis on the slab after wearing the robotic hand, as shown in Figure 1A. The weight of the robotic hand is 500 g. The patient arm after wearing the robotic hand was gravity compensated with this setting during the whole experiment. A 64-channel g.GAMMAsys active electrode EEG system referenced to left earlobe and ground at AFz was mounted on the subject's scalp according to the 10-20 system. The EEG signals from the 21 channels (i.e., CZ, C1, C2, C3, C4, C5, C6, CPZ, CP1, CP2, CP3, CP4, CP5, CP6, FCZ, FC1, FC2, FC3, FC4, FC5, FC6, as shown in Figure 1B) covering the sensorimotor area were adopted for the CMCoh analysis. All EEG signals were amplified 10,000 times (amplifier: g.USBamp, USA) before being band-pass filtered from 1 to 100 Hz with a 50 Hz Notch filter. EMG signals were collected from the antagonist muscle pair for finger extension/flexion, i.e., extensor digitorum (ED) and flexor digitorum (FD), and the antagonist muscle pair for elbow extension/flexion, i.e., triceps brachii (TRI) and biceps brachii (BIC), of subjects' UEs. Four pairs of EMG electrodes were attached to the skin surface of the four muscle bellies, with a 2-cm center separation. The reference electrode was attached to the surface of the olecranon. All EMG signals were amplified with a gain of 1000 (amplifier: INA 333, Texas Instruments Inc.) and filtered by a 10 to 500 Hz band-pass filter and the 50 Hz notch filter (7, 28). The impedances of all EEG and EMG electrodes were maintained below 5 kΩ. Both the EEG and EMG signals were synchronized with a sampling frequency of 1,200 Hz by a DAQ card (NI, USB-6009 14-Bit Multifunction DAQ USB) and stored for offline processing. Square wave markers (0.5 s in duration, 2 V for the start and 1 V for the end of the recording) were denoted onto the EEG and EMG trials for synchronized timing in the same recording. Furthermore, the EMG signals produced by the ED and FD were also used for later online processing in a visual feedback motion control evaluation of isometric finger contractions.
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FIGURE 1. (A) The experimental setup with an enlarged photo of the forearm and hand configuration; (B) top view of the 64-channel g.GAMMAsys cap with 21 channels selected for CMCoh analysis; (C) the interface of visual feedback for real-time contraction level control: The fixed yellow midline is the target contraction level, and the red pointer shows the real-time muscular contraction level.




Visual Feedback Interface

A self-programmed operation interface based on LABVIEW 2015 was used for visual feedback motion control during the experiment, as shown in Figure 1C. The background panel of the screen exhibited a color gradient from left to right, which indicated the variation of contraction level calculated from the real-time EMG of a target muscle. Two fixed aquamarine pointers denoted the acceptable ±10% of the target contraction level with an indicated range in the visual feedback during the dynamic control, as per the work of Meng et al. (19). The real-time contraction level indicated by EMG was calculated as follows:

[image: image]

where EMG(EDorFD)was the mean of the absolute real-time EMG envelope of the ED or FD muscle (i.e., rectified EMG with 10 Hz low-pass filtering) in a 100 ms windows under finger extension or flexion motion task; EMGmax(EDorFD) represented the average of the absolute EMG envelope value of the ED muscle in an isometric maximum voluntary extension (iMVE) or FD muscle in an isometric maximum voluntary flexion (iMVF) contraction conducted at the beginning of each experiment; EMGbase was the average of the absolute EMG envelope of the muscle during resting state; EMGc(EDorFD) represented the contraction level performed in response to the real-time visual feedback in the user interface (Figure 1C) at values ranging from 0 to 100% (0% represented resting status while 100% represented the maximal value from iMVE or iMVF). The isometric maximum voluntary contraction (iMVC) test would be introduced in the protocol later.




Subject Recruitment

After obtaining approval from the Human Subjects Ethics Subcommittee of the Hong Kong Polytechnic University, chronic stroke survivors (stroke group) and age-matched unimpaired subjects (control group) were recruited and subsequently underwent EEG-EMG assessments in an electromagnetic shielded laboratory.

The inclusion criteria for subjects with chronic stroke were as follows: (1) aged between 35 and 70 years old; (2) had a diagnosed unilateral brain lesion due to stroke onset more than 1 year, without other neurological deficits or secondary onset (3, 7) had sufficient cognition (as measured by the Mini-Mental State Examination [MMSE>21]), to understand the content or purpose of the study and follow simple instructions during the assessment (4, 29) had a unilateral UE motor impairment that ranged from severe to moderate, as measured by the Fugl-Meyer Assessment for UE (15 < FMA-UE <45, with a maximal score of 66) (5, 30) had ≤ 3 level muscle tension at the elbow, wrist, and fingers at the time of enrollment, as assessed by the Modified Ashworth Scale (MAS) (6, 31) had detectable voluntary EMG (i.e., three times SD above the baseline) from four UE muscles, i.e., ED, FD, TRI, and BIC, within the affected arm (32). The inclusion criteria for the unimpaired subjects were as follows: (1) aged between 35 and 70 years old; (2) no history of any neurological deficits; (3) no upper limb motor dysfunction due to any kind of osteoarticular or peripheral neuromuscular disease. Furthermore, subjects who were pregnant, had been previously diagnosed with severe dysphasia or hypertension, or participated in any intensive upper limb physical practice or botulinum toxin treatment within 1 year before the current experiment were excluded from participating in the research. According to the previous studies (26, 33, 34), the gender factor did not significantly affect the CMCoh parameters. Hence, we had no specific requirement on the gender in the recruitment process.

The final study population consisted of 14 chronic stroke patients and 10 unimpaired subjects. Written consent was secured from each participant after they were informed about the research purpose and content. Table 1 shows the demographic data of all subjects in both groups and the clinical scores of the subjects in the chronic stroke group.


Table 1A. (A) Demographic data of the stroke and age-matched control groups.
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Table 1B. Motor impairments of the stroke subjects measured by clinical scores.
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Experiment Protocol
 
iMVC Test

Each subject was instructed to conduct the iMVC test at the beginning of the experiment as follows: (1) Remain relaxed for 5 s to record the resting EMG levels over three repetitions; (2) execute distal UE joint iMVC movements, i.e., the fingers iMVE and iMVF, with the robotic hand orthosis at 50% open for 5 s over three repetitions; (3) execute proximal UE joint iMVCs, i.e., elbow iMVE and iMVF, for three times, respectively, with the arm fixed by an elbow orthosis with the shoulder abducted at 70° and the elbow flexed at 90°, as per our previous study (28, 35). The participants were provided with a 5 min rest period between two consecutive MVCs to prevent muscle fatigue. The mean values for the EMG envelopes of the three iMVCs of each agonist muscle (i.e., ED for finger iMVE, FD for finger iMVF, TRI for elbow iMVE, and BIC for elbow iMVF) were adopted as the maximum EMG amplitudes for the related muscles, denoted by EMGmax(i). The average of the EMG envelopes of the three resting motions of each muscle was denoted by EMGbase(i). All the raw EMG data obtained from the iMVC test were recorded and stored for further offline processing at a later stage. The elbow orthosis was removed after the iMVC test, while the palm and robotic hand orthoses continued to be used in the following finger motion tasks, as shown in Figure 1A.



Isometric Finger Extension/Flexion Tasks

After the iMVC test, each individual was instructed to conduct finger extension and flexion motions according to the same limb configuration presented in Figure 1A at different contraction levels. According to previous studies (19, 36, 37), constant and moderate (contraction level <50%) muscle contraction can demonstrate the most pronounced CMCoh in the Beta band range without the subject suffering from significant muscle fatigue, with less spontaneous discharges of muscles during the contraction compared with higher levels. The potential residual spontaneous discharges in the recorded EMG were further reduced by the baseline removal in Equation 1. In this work, four contraction schemes at 20 and 40% contraction levels for both finger extension (Ex) and flexion (Fx) were adopted as the motion target for CMCoh investigation, denoted as 20, 40% Ex, 20%, and 40% Fx. A summary of the schemes is provided in Table 2.


Table 2. The target contraction levels for the CMCoh investigation.
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Each subject randomly performed the four motion schemes in the experiment (Table 2). The subjects were provided with a visual instruction on the screen showing the name of the target scheme and subsequently performed isometric extension or flexion contractions with the fixed 50% opened robotic hand orthosis at an appropriate strength to try and maintain the position of the red pointer at the midline of the plate (i.e., the target scheme). The ideal control corresponded to a 0% deviation from the midline over 35 s, and the fluctuation needed to be maintained within the ±10% error region, which was the achievable range for stroke subjects in the preliminary study (19). Each motion scheme was repeated five times with a 2 min rest after two consecutive contractions to minimize the effect of fatigue. The EMG mean power frequency (MPF) was calculated offline and any data with 10% reduction in the MPF was treated as fatigue (38). No fatigue was detected during the trials. All subjects were also instructed to minimize the possible bite, eye blinking and body movement during the contraction.




EEG EMG Processing

All subjects were instructed to conduct 35 s contraction in each trial, and we omitted the last 5 s during the offline processing, and each contraction repeated for 5 times. Then, we chopped the signal trial into epochs with a unit length of 1,024 point/epoch when the sampling frequency was 1,200 Hz (19, 39, 40). In the current study, non-rectified EMG signals were used for the CMCoh calculation to minimize frequency distortion as a result of the rectification (41). A total of 150 s of EEG and EMG signals were collected from each subject over the course of the five trials, following which 175 epochs were obtained, i.e. (1,200*30/1,024)*5, with respect to each scheme presented in Table 2 and subsequently used for the coherence estimation as follows (42):
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where fxx(σ) and fyy(σ) represented the auto-spectrum of the selected EEG signal and EMG signal, respectively, and fxy(σ) represented the cross-spectrum of EEG and EMG. The confidence level was calculated according to the following equation:
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where α was the significance level (α was 95 in this study, corresponding to a P value of 0.05); N was the number of data epochs (N =175 in this study); and CL(α%) (0.0170 in this study) represented the coherence confidential limit, above which the coherence was considered to be significant.

The peak CMCoh of a target muscle (i.e., ED, FD, TRI, or BIC) was utilized to describe the highest significant coherence (19, 37, 40) among the 21 EEG channels and an EMG channel in the Beta band (13–30 Hz) during the finger extension and flexion movements. CMCoh topology was used to find the most related cortical activation area of the subjects in both groups.

In this study, EMG parameters were also adopted to investigate the muscle activation level and co-contraction pattern during the finger movements, (1) normalized EMG activation level (35) of ED, FD, TRI and BIC muscles; and (2) co-contraction index (CI)(35) between a pair of muscle (i.e., ED-FD, ED-TRI, ED-BIC, FD-TRI, FD-BIC, and TRI-BIC).

The EMG signals of a muscle i (i.e., ED, FD, TRI or BIC) were firstly normalized with the resting and iMVC EMG data expressed previously in iMVC Test as follows:
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Then the normalized EMG activation level was processed as follows:
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where [image: image] was the muscle activation level of muscle i, nEMGi(t) was the normalized EMG linear envelope of the muscle over the duration of five isometric contractions, and T was the length of the signal.

The CI between a pair of muscles could be expressed as:

[image: image]

where Aij(t) represented the overlapping activity of the normalized EMG linear envelopes (as per Equation 6) of a pair of muscles (i and j). The CI value was between 0 (no overlapping) to 1 (fully overlapping) as adopted in previous robot-assisted post-stroke training studies (6, 7, 35). Higher CI values indicated a more significant co-contraction observed within the muscle pair, and lower CI values suggested a separation in the muscle activation across the muscle.



Statistical Analysis

The Lilliefors method was used to conduct normality tests on both the CMCoh values and the EMG parameters. The findings revealed that the data were normally distributed (P > 0.05). The demographic data of the stroke and unimpaired control groups were examined for baseline differences using the independent t-test and the Fisher exact test. Subjects in both groups did not differ significantly in terms of age, gender, and the side of the experimental hand (P > 0.05). The amplitudes of peak CMCoh and EMG parameters were first analyzed using the independent t-test to compare the intergroup differences under different motion schemes. Subsequently, a paired t-test was performed to investigate the intragroup variation of CMCoh and EMG parameters with respect to the factor of contraction level (i.e., 20 and 40%) for each muscle when conducting extension and flexion motions. The statistical significance was set at 0.05 in this study. All statistical calculations in the study were performed using SPSS 24.0 (2016). The levels of statistical significance were also indicated at 0.05, 0.01, and 0.001.




RESULTS

All the stroke and unimpaired subjects completed the four motion schemes at the finger joints.


Corticomuscular Coherence

Figure 2 illustrates the representative CMCoh spectra of the four muscles with corresponding frequencies to the peak value and representative topographic maps of coherence of a stroke subject and an unimpaired subject during right hand 20% Ex and 20% Fx schemes. When conducting 20% Ex, significant peak ED, FD, TRI, and BIC CMCohs were observed in the contralateral (left) hemisphere in the unimpaired subject. By contrast, the stroke subject presented peak TRI and BIC CMCohs on the contralesional (right) hemisphere and peak FD CMCohs on the central region showing the post-stroke shift of cortical activations during the 20% Ex scheme.When performing the 20% Fx movements, the pronouced shift of the peak CMCohs can be also observed in the stroke subject, i.e., ED and FD CMCohs shifted to the central region, and TRI and BIC CMCohs shifted to the contralesional (right) hemisphere. Figure 2 represents the topography features of 64% stroke subjects (9/14) and 70% unimpaired subjects (7/10) in this work.
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FIGURE 2. (A) Representative CMCoh spectra with CL (α% = 95%, N = 175) level from the peak CMCoh channels of a right hemiplegic subject in right hand 20% Ex; (B–E) representative topographical CMCoh map with peak CMCohs: (B) the stroke subject in right hand 20% Ex;(C) a right-handed unimpaired subject in right hand 20% Ex; (D) the stroke subject in right hand 20% Fx; (E) the unimpaired subject in right hand 20% Fx. The peak CMCoh values, corresponding frequency (Hz) and channels in (B–E) are shown in the table below.
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Figure 3 demonstrates the variations in peak CMCohs of both groups under the two contraction schemes when conducting finger extension (Figure 3A) and flexion (Figure 3B) movements. The following could be observed in Figure 3A during extension tasks: (1) Peak ED CMCohs were significantly lower in the stroke group than in the control group at 20% Ex (P < 0.001, effect size [EF]=1.645, independent t-test, Table 3); (2) peak FD CMCohs were significantly lower in the stroke group than in the control group at 40% Ex (P < 0.001, EF = 1.098, independent t-test, Table 3); (3) there was no significant intergroup difference between the stroke subjects and unimpaired controls in terms of peak TRI and BIC CMCohs observed during finger extension movements at both 20 and 40% Ex schemes. Figure 3A also demonstrates the following in terms of the intragroup comparison during extension tasks: (1) Peak ED CMCohs at 20% Ex were significantly higher (P < 0.001, EF = 1.969, paired t-test, Table 3) than those at 40% Ex for the unimpaired control subjects; (2) peak FD CMCohs at 20% Ex were significantly lower than those at 40% Ex (P < 0.05, EF = 1.057, paired t-test, Table 3) in the control group; (3) there was no significant change in the peak TRI or BIC CMCohs between the 20 and the 40% Ex schemes in the control group; (4) by contrast, the stroke group showed significantly higher peak TRI and BIC CMCohs at 20% Ex than those at 40% Ex (TRI: P < 0.01, EF = 1.324, paired t-test, Table 3; BIC: P < 0.01, EF = 1.366, paired t-test, Table 3); (5) there was no significant intragroup difference in peak ED or FD CMCohs between the two extension schemes for the stroke subjects. Figure 3B demonstrates that there was no significant intergroup difference between stroke and unimpaired control subject and no significant intragroup difference between 20 and 40% Fx schemes in the peak CMCohs as observed. All the statistical results pertaining to the values of peak CMCohs are summarized in Table 3, including the means and 95% confidence intervals, together with the paired t-test probabilities and EFs with respect to contraction levels, and independence t-test probabilities and EFs with respect to the group.
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FIGURE 3. (A) The peak CMCoh values of each muscle (i.e., ED, FD, TRI, and BIC) of both groups (the control group: circles; and the stroke group: squares) in 20 and 40% Exs; (B) The peak CMCoh values for the muscles of both groups in 20 and 40% Fxs. 1 superscript for p ≤ 0.05, 2 superscripts for p ≤ 0.01, 3 superscripts for p ≤ 0.001. The significant inter-group difference is indicated by * (independent t-test), and # is used to indicate the significant intra-group difference (paired t-test).



Table 3. The means and 95% confidence intervals of the CMCohs in each muscle during different contraction schemes with paired t-test probabilities between the two contraction levels and the independent t-test probabilities between stroke and unimpaired control groups.
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EMG Parameters

Figure 4 demonstrates the normalized EMG activation levels observed in the four muscles during different contraction schemes. In each motion scheme, the EMG activation level of the agonist muscle, i.e., ED or FD, was maintained at around 0.2 or 0.4 (i.e. the 20 and 40% target level), respectively, during the finger extensions and flexions.
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FIGURE 4. The EMG activation levels of FD (A), TRI (B), and BIC (C) in 20 and 40% Exs, and the EMG activation levels of ED (D), TRI (E), and BIC (F) in 20 and 40% Fxs, for the two groups. 1 superscript for p ≤ 0.05, 2 superscripts for p ≤ 0.01, 3 superscripts for p ≤ 0.001. The significant inter-group difference is indicated by * (independent t-test), and # is used to indicate the significant intra-group difference (paired t-test).


Figures 4A–C shows the normalized EMG activation levels of FD, TRI, and BIC during finger extension. Significant intergroup differences were observed in the FD at 40% Ex (P < 0.05, EF = 0.915, independent t-test, Table 4A) and the TRI and BIC at both 20% Ex (TRI: P < 0.01, EF = 1.254, independent t-test; BIC: P < 0.05, EF = 0.964, independent t-test, Table 4A) and 40% Ex (TRI: P < 0.05, EF = 1.162, independent t-test; BIC: P < 0.05, EF = 1.085, independent t-test, Table 4A). Significantly lower FD but higher TRI and BIC activation levels were observed in the stroke group than those observed in the control group. Significant intragroup differences between the 20% Ex and 40% Ex contraction levels were observed only in the control group in the FD and TRI muscles (FD: P < 0.05, EF = 0.557, paired t-test; TRI: P < 0.05, EF = 0.955, paired t-test, Table 4A).


Table 4. The mean and 95% confidence intervals of EMG parameters during finger extension and flexion, with the intra-group paired t-test probabilities between the two contraction levels and the inter-group independent t-test probabilities.
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Figures 4D–F present the normalized EMG activation levels of ED, TRI, and BIC during flexion motion tasks. Significant intergroup differences were observed in the BIC at 40% Fx (P < 0.05, EF = 1.108, independent t-test, Table 4A) and in the TRI at both 20% Fx (P < 0.01, EF = 1.453, independent t-test, Table 4A) and 40% Fx (P < 0.05, EF = 1.166, independent t-test, Table 4A). Higher TRI and BIC activation levels were also observed in the stroke group than those in the control group. Significant intragroup differences were observed only in the control group in the ED and TRI muscles between the 20 and 40% Ex contraction levels (ED: P < 0.05, EF = 0.558, paired t-test; TRI: P < 0.05, EF = 0.656, paired t-test, Table 4A).

The varied patterns observed in the CI values between each pair of muscles are illustrated in Figure 5. During the extension schemes, significant intergroup differences in CIs between the stroke and unimpaired subjects could be observed in the ED-BIC, ED-TRI, TRI-BIC, FD-BIC and FD-TRI muscle pairs at both 20 and 40% Ex (P < 0.05, independent t-test, Table 4B). While ED-FD only demonstrated significant intergroup difference at 40% Ex (P < 0.001, EF = 1.319, independent t-test, Table 4B). Significant intragroup differences were observed only in the control group in the ED-FD (P < 0.05, EF = 1.655, paired t-test, Table 4B), ED-TRI (P < 0.05, EF = 0.956, paired t-test, Table 4B), and FD-TRI (P < 0.05, EF = 0.958, paired t-test, Table 4B) muscle pairs. During the flexion schemes, significant intergroup differences were observed in the ED-TRI at both 20% Fx (P < 0.01, EF = 1.488, independent t-test, Table 4B) and 40% Fx (P < 0.05, EF = 1.012, independent t-test, Table 4B), FD-BIC at 40% Fx (P < 0.05, EF = 1.147, independent t-test, Table 4B), FD-TRI at both 20% Fx (P < 0.01, EF = 1.581, independent t-test, Table 4B) and 40% Fx (P < 0.01, EF = 1.473, independent t-test, Table 4B), and TRI-BIC at both 20% Fx (P < 0.05, EF = 1.038, independent t-test, Table 4B) and 40% Fx (P < 0.05, EF = 1.113, independent t-test, Table 4B). The intragroup differences between 20 and 40% Fx could be observed in the ED-FD (P < 0.05, EF = 0.499, paired t-test, Table 4B), FD-BIC (P < 0.05, EF = 0.371, paired t-test, Table 4B) and FD-TRI (P < 0.05, EF = 0.351, paired t-test, Table 4B) muscle pairs in stroke subjects, while significant intragroup changes in unimpaired subjects were observed in the ED-FD (P < 0.01, EF = 1.128, paired t-test, Table 4B), ED-TRI (P < 0.05, EF = 0.656, paired t-test, Table 4B), FD-TRI (P < 0.05, EF = 0.658, paired t-test, Table 4B) muscle pairs.
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FIGURE 5. The CI between the muscles of both stroke subjects (squares) and unimpaired subjects (circles): (A) The CI values of different muscle pairs during the extensions; (B) the CI values of different muscle pairs during the flexions. 1 superscript for p ≤ 0.05, 2 superscripts for p ≤ 0.01, 3 superscripts for p ≤ 0.001. The significant inter-group difference is indicated by * (independent t-test), and # is used to indicate the significant intra-group difference (paired t-test).


Table 4 summarizes the statistical analysis of the EMG parameters, including the means and 95% confidence intervals, together with the paired t-test probabilities and EFs with respect to contraction levels, and independence t-test probabilities and EFs with respect to the group.




DISCUSSION

The participants in this study performed isometric finger extension and flexion movements at constant and moderate contraction levels. The values of ED, FD, TRI, and BIC CMCohs were significant (CMCoh (σ)>0.0170) in both stroke and unimpaired control groups, which suggested the existence of corticomuscular functional coupling from the motor cortex to the muscles in the four distal UE motion schemes (i.e., 20, 40% Ex, 20, and 40% Fx). Although the CMCoh could represent a descending control from the motor cortex to the muscles, high-value CMCohs did not indicate increased muscular output; rather, an increase in cortical control of the movement precision, e.g., either excitatory or inhibitory (39, 43). Therefore, the EMG parameters from the muscles were used to provide supplementary information to the significant CMCohs to support the identification of insights into the exact function of the coupling in the results. Distinct central rhythms and descending control of the UE muscles in both groups were observed in this study.


Finger Extension

The peak ED CMCohs of the unimpaired control group were significantly higher at 20% Ex than those observed at 40% Ex (Figure 3A). This was indicative of a higher assertion of cortical efforts in a more precise and agile motion control, which was consistent with the fact that most subjects exhibited more difficulties (higher degree of fluctuation of error) during the 30 s contraction tasks within the 20% scheme than they showed within the 40% scheme. We estimated the contraction accuracy for the two groups by evaluating the root-mean-square-error (RMSE) between the real-time contraction level of a target muscle (i.e., EMGc in Equation 1) in both extension and flexion and the target contraction level (i.e., 20 or 40% Ex and Fx). It was observed that during 20% Ex and Fx, the stroke (0.056 ± 0.033, mean ± standard deviation) demonstrated larger (P = 0.012, t-test) RMSE than the control (0.021 ± 0.022). However, there was no difference (P = 0.319, t-test) in RMSE between the two (the stroke: 0.051 ± 0.031; the control: 0.035 ± 0.037) during 40% Ex and Fx. The RMSEs showed no difference between the 20 and 40% contraction levels for the stroke group (P = 0.614, paired t-test). However, stroke participants reported verbally the experienced difficulties in controlling 20% contractions. Previous studies have found similar findings showing a correlation between motor cortical activation and the level of motion difficulties (44–47). The peak TRI and BIC CMCohs exhibited no significant changes between 20 and 40% Ex in the unimpaired subjects, implying uniform cortical effort over the two proximal muscles in the finger contractions.

The ED CMCoh patterns observed in the unimpaired group were not replicated in the ED of stroke subjects; however, they were observed across other UE muscles, especially the proximal UE muscles (i.e., TRI and BIC), which exhibited higher CMCohs than those of the FD during the 20% Ex. It demonstrated the cortical deviation of “learned-disuse” pattern after long-term loss of distal muscle functions and relevant proximal compensatory contractions (48, 49). The result was consistent with the EMG activation level results (Figures 4A–C) and the CI values (Figure 5A): Figure 4A demonstrated comparable FD EMG activation levels of both groups at 20% Ex and significant lower values in stroke group at 40% Ex, while Figures 4B,C illustrated significantly higher TRI and BIC activation levels at both 20 and 40% Ex in the stroke group than those in the control group. Besides, Figure 5A demonstrated that the co-contraction patterns between proximal and distal muscles of the chronic stroke patients, with significant higher CI values of ED-TRI, ED-BIC, FD-TRI, FD-BIC, and TRI-BIC at both 20 and 40% Ex, were different from those of the unimpaired controls. The EMG results illustrated that the proximal UE muscles were mainly activated by the brain during the finger extensions even at a lower contraction level and showed markable lower motion independence of the distal fingers in patients with chronic stroke. The shift of peak CMCoh values in Figure 2 further indicated that the activation of contralesional sensorimotor cortex mainly contributed to such brain-induced compensatory pattern in a “learned-disuse” behavioral change'. The neurophysiological basis could be associated the capability of the neurons and neuron aggregates to adapt to the brain lesion (50): As a result of damage to the brain neuron axon, its stump is extended to the target issues or neuron cells to facilitate the creation of new synapses (51). At the same time, normal axons in the proximity of the injured region grow and extend to the target neurons (52). Previous studies involving fMRI have predominantly reported a shift in corticomotor activations from the ipsilesional side to the contralesional side in chronic stroke patients (53, 54). However, there is a lack of evidence relating to the impact that ipsilateral/contralesional corticospinal connections have on the distal muscle control during hand movements after stroke (55–57). The results of the current study (Figure 2) suggested that the similar cortical location shift was mainly related to the compensatory effects of the proximal UE muscles. The synaptic pruning and recreation (synaptogenesis) of neurons potentially stimulate the proximal muscles to perform a compensatory function.

The peak ED CMCohs of the stroke group increased from the low-level contraction to the high-level task. This could be due to the muscle weakness of ED (41) and the fact that stroke patients need to recruit more cortical effort when performing a higher-level contraction task. Unlike the ED muscle, the peak FD CMCohs of the unimpaired control group were lower at 20% Ex than that at 40% Ex. This was because FD is the antagonist muscle to the ED muscle; as such, to maintain joint stability within the wrist at a higher extension contraction level (58, 59), the subjects needed to increase the level of cortical effort to perform FD contractions correspondingly. By contrast, the peak FD CMCohs of the stroke group decreased from low-level to high-level finger extensions and the values were significantly lower than those of the unimpaired control group. It raised a possibility that the weakened antagonism of FD muscle after the stroke as shown in the EMG parameters, i.e., lower FD activation level and lower ED-FD CI than the control, was subsequent to the central functional loss of ED, rather than an initiative weakness in the flexor muscle.



Finger Flexion

Larsen et al. reported a reduction in CMCoh immediately following stroke and indicated that CMCoh did not appear significantly in the early recovery of hand function (25). In the current study, we found significant peak CMCoh (CMCoh (σ)>0.0170) of all UE muscles in chronic stroke patients during both 20 and 40% Fx schemes. This suggested that the corticomuscular coupling has been reestablished during the chronic stage of stroke (19, 26). However, the reconstructed pattern could be different from that of the CMCohs observed among the movements of the unimpaired subjects. Even though the peak FD and ED CMCohs of the chronic stroke subjects during the flexion schemes have reached similar levels to those observed among the unimpaired subjects (Figure 3), the peak CMCohs of the distal muscles have shifted to the central region (Figure 2). This could be attributed to the activation of bilateral cortico-reticulospinal connections, as indicated in the study on primates performed by Soteropoulos et al. (60), which found that pontomedullary reticular formation contributed to the control of finger motions, especially those related to slow and fine movements.

In the unimpaired control group, the increment in peak BIC CMCohs and the reduction of peak TRI CMCohs observed from low-level to high-level contractions were associated with the stable EMG activation levels of both proximal UE muscles. The significant peak CMCohs of TRI and BIC could be related to the inhibition of the motions from the proximal muscles during the distal movements; i.e., the CMCoh of TRI was for the inhibition of the antagonist extensor and CMCoh of BIC was for the synergistic flexor during the finger flexion movements in the control (52, 61, 62).

Despite the fact that no significant intra-group and inter-group difference in peak TRI and BIC CMCohs was found, significant differences in the EMG parameters were observed between the stroke group and the unimpaired control groups as shown in Figures 4D–F, 5B. Figure 4D demonstrated significant increase of ED activation level from 20 to 40% Fx in the unimpaired group, while no similar variation was found in the stroke group. It is reasonable that most stroke patients had the extensor weakness and was used to the “learned-disuse” pattern. Figure 4E demonstrated that the TRI activation levels were significantly higher in the stroke group than those in the control group during both 20 and 40% Fx, and Figure 4F demonstrated that BIC activation levels were significantly higher in the stroke group than those in the control group during 40% Fx. Furthermore, Figure 5B showed that the CI values of TRI-BIC, ED-TRI, FD-TRI at both 20 and 40% Fx as well as the FD-BIC at 20% Fx were also significantly higher in the stroke group. The results indicated that the proximal muscles were abnormally activated during the finger flexions in chronic stroke. Similar to our previous work (6, 7, 35), the results as shown in Figures 4D–F illustrated synchronic co-contractions of TRI and BIC during the finger flexions and suggested that the proximal muscles compensated for the distal flexors after stroke. Besides, in the finger flexion movements of the current study, we found that the peak TRI and BIC CMCohs shifted from the ipsilesional side to the contralesional side in chronic stroke patients, similar to the patterns observed in their finger extension exercise (Figure 2). Similar findings were reported by Chen et al. in chronic stroke patients with flexion synergy, while the increment of CMCohs of proximal flexors was expressed as a result of increased shared neural drive to both proximal and distal UE flexors (26). These may reflect a possibility that the original inhibition corticomuscular coupling has changed to a facilitation function to activate the proximal compensatory movements for the finger flexion. More investigations are required to confirm the mechanism of neuromuscular coupling after a proximal shift to the contralesional side.

In this study, the stroke participants were chronic strokes with moderate motor impairments measured by clinical behavioral assessments (Table 1B). In the chronic stage, behavioral compensation was usually developed. Previous fMRI studies on both animals and humans suggested that increased neural compensation at the cortical level could be interhemispheric for behavioral restorations after stroke (63–65). Carey and Wilkins also detected a shift of corticomotor activations from the ipsilesional to the contralesional in chronic stroke patients (53, 54). The mechanism for the cortical center shift after stroke as suggested by Christian et al. (50) and Chechik et al. (51) was related to the neural plastic strategies by recruiting resources from contralesional (i.e., interhemispheric) and additional intrahemispheric areas. Similar shifts of peak CMCohs were captured in the stroke participants in this study (Figures 2B,D). It suggested that the cortical compensation happened in chronic stroke with moderate motor impairments. Furthermore, the CMCohs shifts were mainly related to the proximal muscles in the stroke group, i.e., TRI and BIC shifted to the contralesional side with higher intensities (Figures 2B,D), compared to the shifts in the FD and ED (ipsilesional and center areas). It suggested that the post-stroke compensation facilitated more neuroplastic activities on the proximal muscles at the cortical level than the distal finger muscles. The behavioral changes in relation to this proximal compensation were represented by the significant increases in EMG levels (Figure 4) and CI values (Figure 5) related to the TRI and BIC detected peripherally.




LIMITATIONS

The main limitation of this study is the small sample size. Despite the relatively small populations recruited, we observed consistent results on the corticomuscular variation patterns demonstrated by the stroke patients by both CMCoh and EMG parameters. More investigations with larger scales will be conducted in the future to investigate the mechanism of neuromuscular coupling after a proximal shift to the contralesional side, and also to track the CMCoh variations from early/subacute stroke to the chronic period.



CONCLUSION

Neuromuscular coupling during dynamic muscular contraction as measured by CMCoh and EMG parameters were adopted in this study to investigate the corticomuscular coordinating pattern of post-stroke compensatory activities from the proximal UE when performing distal motions at the affected side. The results suggested that the proximal UE compensatory action of the distal finger in chronic stroke patients was cortically derived, and the TRI and BIC were mainly activated from the contralesional side. This study confirmed the cortical activation shift in chronic stroke reported by other functional neuroimaging studies and further demonstrated that the cortical shift was concentrated within the proximal UE muscles as opposed to the distal agonist muscles. Specifically, the stroke patients needed to recruit more cortical effort of ED to conduct higher-level contraction. In contrast, the corticomuscular coupling to the FD during finger flexion was comparable in terms of the intensity and pattern in the peak CMCoh of the stroke subjects and the unimpaired subjects. However, the CMCoh results showed that, similar to that of the ED, the neural drive to FD shifted to the central region in chronic stroke subjects.
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