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Editorial on the Research Topic
 Understanding Altered Muscle Activation After Central or Peripheral Neuromuscular Injuries



Appropriate muscle activation plays a critical role in our daily motor activities. Therefore, quantification of muscle activation becomes an important way for diagnosing or assessing neuromuscular conditions, interfacing with machines, and assessing the efficacy of rehabilitation or assistive strategies. Recent developments in quantifying the neural control of muscles have provided an unprecedented possibility to probe into the nervous system for understanding motor impairment in pathological conditions. This Research Topic collected 15 articles that cover a wide range of novel methods or findings of muscle activation in various basic-scientific or clinical research following central or peripheral neuromuscular injuries.

In individuals with a neurological or neuromuscular condition such as a stroke or multiple sclerosis, commonly-reported movement deficits include muscle weakness, spasticity, and discoordination. Electromyography (EMG) is a non-invasive and easy-to-use probe for investigating the central nervous system's control of movements and peripheral muscular properties. It has been widely used in pathologic and rehabilitation studies. To access the stroke-induced weakness, Son and Rymer quantified the EMG-torque slops during isometric plantarflexion contractions with different ankle angles. They also used ultrasound to measure the muscle thickness and tissue stiffness. Their results reflect the reduced efficiency in muscular contraction following a stroke, which may be linked to the increased tissue stiffness. To understand the mechanisms underlying post-stroke spasticity and investigate its new treatment, Lu et al. measured the intramuscular needle EMGs before and immediately after dry needling to the flexor digitorum superficialis in stroke individuals with spasticity in finger flexors. Their preliminary results showed that dry needling leads to immediate spasticity reduction, suggesting that latent trigger points possibly exist in spastic muscles. To explore neural mechanisms underlying post-stroke discoordination, Guo et al. quantified corticomuscular coherence based on EEG and EMG recordings. Based on results from 14 stroke participants and 10 age-matched controls, they concluded that the post-stroke proximal muscular compensations from the elbow to finger movements were cortically originated. Also using the coherence method, Laine and Valero-Cuevas reported amplified intermuscular coherence in the alpha-band in individuals with Parkinson's disease compared with healthy control participants, suggesting that intermuscular coherence in the alpha-band can be an efficient biomarker for detecting the presence of Parkinson disease. Volitional control of the ankle dorsiflexors is commonly impaired after a spinal cord injury (SCI). Hope et al. reviewed the potential association between neurophysiological changes at the corticospinal and spinal levels with impaired volitional ankle control and spasticity after SCI. This review evaluated how changes in corticospinal transmission and spinal reflex excitability contribute to volitional ankle control and spasticity. Patients with multiple sclerosis can markedly reduce push-off and toe-clearance during gait compared to healthy individuals. Jonsdottir et al. evaluated whether altered neuromotor control, as represented by muscle synergies, improves with rehabilitation. This study investigated changes in ankle motor control and associated biomechanical parameters after a 20-session intensive treadmill training. The results showed a reorganization of distal leg muscle synergy related to neurophysiological changes induced by rehabilitation, which was associated with improved ankle performance and gait speed.

In recent years, the use of multichannel intramuscular and surface electromyographic recordings offers the potential to separate central and peripheral contributions of muscle activation, and therefore unravel unique features of neuromuscular diseases. Wilson et al. used intramuscular EMG decomposition to quantify discharge rate statistics of individual motor units in patients suffering from mild-to-moderate Parkinson's disease. Interestingly, the results showed that variability in motor unit discharge and elbow flexion/extension forces were the main factors that may contribute to motor dysfunction in this patient population. Other neuromuscular diseases can also exhibit distinctive modifications in the central and peripheral properties of individual motor units. Negro et al. employed motor unit decomposition and tracking from high-density surface EMG recordings to show disease-related central changes in a cohort of chronic stroke individuals after a fatigue task. The study demonstrated that fatigability in the affected side of stroke individuals is associated with impaired rate coding and recruitment of motor units. Similarly, Vieira et al. demonstrated that neural plasticity in stroke survivors could modify the peripheral properties of motor units in the medial gastrocnemius muscles. Specifically, the motor unit action potentials in the paretic muscles showed a more extensive distribution than the non-paretic side not explained by variations in anatomical factors (subcutaneous thickness), leading to a new generation of markers of neuromuscular plasticity in stroke individuals. Motor Unit Number Index (MUNIX) has been accepted as a neurological tool for indexing the number of functioning motor unit (MU) of the target muscle, which provides a susceptive biomarker for innervation conditions in patients with neurodegenerative diseases. Gao et al. examined the effect of channel number and channel location on the repeatability of MUNIX. High-density surface electromyogram (EMG) signals were recorded from the biceps brachii muscles. The study found a significantly improved repeatability (quantified by the coefficient of variation across trials) with the proposed multi-channel MUNIX approach. Higher variability of single-channel MUNIX was observed when the recording channel is positioned away from the innervation zone. This study identified potential sources of MUNIX variations, and provided novel perspectives to improve the repeatability.

Interestingly, EMG-based electrophysiological tools may also be used to assess the neural changes in motor disorders after neural stimulation interventions. Gogeascoechea et al. assessed modifications in the common synaptic oscillations in the neural drive to muscles after the applications of trans-spinal direct current stimulation in a cohort of spinal cord injury patients. Impressively, the estimated common synaptic input decreased after administering the stimulation protocol, and the effect persisted for tens of minutes. Repetitive peripheralmagnetic nerve stimulation (rPMS) is a putative adjuvant therapy that improves the mobility of patients with spasticity, Zschorlich et al. investigated the underlying mechanisms of rPMS in spasticity reduction. The study found that, after a 5-min rPMS, there is a significant reduction of tendon-reflex activity of the targeted muscle. The findings indicate that rPMS could be used as an adjuvant therapy to reduce spasticity during motor rehabilitation of locomotion or postural control. Amyotrophic lateral sclerosis (ALS) is a type of motor neuron disease that leads to progressive muscle atrophy and weakness. Shang et al. identified the characteristics of repetitive nerve stimulation (RNS) in patients with ALS, and further verified the electrophysiological exclusion criteria of ALS. The study compared the amplitudes of the compound muscle action potential (CMAP) between the trapezius muscle and the abductor digiti minimi in low-frequency RNS. CMAP decremental responses in RNS were common in ALS patients, suggesting abnormalities of neuromuscular junctions. The study also suggested the possibility to consider a decrement >20% in CMAP from RNS as a diagnostic exclusion criterion for ALS.

Lastly, EMGs are also widely used to interface with machines for rehabilitation purposes. Kadone et al. reported a case result in a patient with Thoracic Myelopathy due to ossification of the posterior longitudinal ligament. An EMG controlled Hybrid Assistive Limb was used to improve this patient's walking ability. Both kinematic and Kinetic data before and after a 10-session intervention were reported to demonstrate the post-intervention gate improvement and the altered central nervous system control for relative muscles, suggesting that an EMG-control rehabilitation tool can effectively result in functional regain. The combination of neural decoding and the application of therapeutic interventions may open up new opportunities to design real-time closed-loop control systems for rehabilitative applications. Accordingly, Nizamis et al. demonstrated the use of high-density surface (HD-sEMG) recordings to estimate the spatial distribution of HD-sEMG patterns in the forearm of patients suffering Duchenne muscular dystrophy for the future control of robotic exoskeletons. The results of this study showed unequivocally that patients, even with clear progressive alterations in hand/wrist motor control, can produce repeatable spatial muscle activation patterns, and they can be used for the myocontrol of wearable exoskeletons.
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Postural Muscle Unit Plasticity in Stroke Survivors: Altered Distribution of Gastrocnemius' Action Potentials
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Neuromuscular adaptations are well-reported in stroke survivors. The death of motor neurons and the reinnervation of residual muscle fibers by surviving motor neurons, for example, seem to explain the increased density of muscle units after stroke. It is, however, unknown whether reinnervation takes place locally or extensively within the muscle. Here we combine intramuscular and surface electromyograms (EMGs) to address this issue for medial gastrocnemius (MG); a key postural muscle. While seven stroke survivors stood upright, two intramuscular and 15 surface EMGs were recorded from the paretic and non-paretic gastrocnemius. Surface EMGs were triggered with the firing instants of motor units identified through the decomposition of both intramuscular and surface EMGs. The standard deviation of Gaussian curves fitting the root mean square amplitude distribution of surface potentials was considered to assess differences in the spatial distribution of motor unit action potentials and, thus, in the distribution of muscle units between limbs. The median number of motor units identified per subject in the paretic and non-paretic sides was, respectively, 2 (range: 1–3) and 3 (1–4). Action potentials in the paretic gastrocnemius were represented at a 33% wider skin region when compared to the non-paretic muscle (Mann-Whitney; P = 0.014). Side differences in the representation of motor unit were not associated with differences in subcutaneous thickness (skipped-Spearman r = −0.53; confidence interval for r: −1.00 to 0.63). Current results suggest stroke may lead to the enlargement of the gastrocnemius muscle units recruited during standing. The enlargement of muscle units, as assessed from the skin surface, may constitute a new marker of neuromuscular plasticity following stroke.

Keywords: motor unit, electromyogram, stroke, gastrocnemius, standing


INTRODUCTION

Motor impairment is a widely recognized consequence of stroke (1). Structural changes in the spinal motor neuron and its muscle fibers have been advocated a contributing factor for the loss of motor control in stroke survivors (2, 3). Indeed, loss of motor neurons, muscle atrophy and fiber-type grouping have been reported within 2–5 months after stroke (2–5). It is the loss of motor neurons that seems to lead to major, structural changes within the paretic muscle. More specifically, muscle fibers belonging to dead motor neurons seem to be re-innervated by surviving ones. This structural change is substantiated by increases in the size of motor unit action potentials and, more directly, by collateral sprouting and greater fiber density at chronic, stroke stages (6–8). In virtue of the increased number of fibers per motor unit, it seems therefore reasonable to ask whether these fibers span a larger region within the paretic muscle.

Different methodologies have been designed to assess the location of individual muscle units; i.e., fibers of single motor units. Muscle units may be assessed directly by staining and then locating glycogen-depleted fibers. Although this procedure was applied successfully to study the topography of cat muscle units (9), applying it in human muscles is currently unviable. Tracking action potentials of single motor units with a needle electrode moving along a corridor transverse to the fibers' direction constitutes an alternative method for assessing muscle units in humans (10). For muscles with large, physiological cross-sectional areas, however, this technique would provide a limited view of muscle units, as different corridors would have to be scanned. Recently, we have shown the surface representation of action potentials of medial gastrocnemius (MG) motor units, identified with intramuscular electrodes during standing, reflects well the distribution of muscle units (11). Notwithstanding these different, existing means, none, however, seems to have been considered to quantify the localization of muscle units following stroke.

Here we, therefore, investigate whether stroke affects the structure of MG muscle units recruited during standing. We specifically ask: how diffusely does the amplitude of action potentials of single, MG motor units distribute on the skin of paretic and non-paretic limbs? Upright stance approach was chosen because postural instability is one of the leading motor impairment observed after stroke (12, 13). Moreover, we selected MG because it seems to be greatly affected by stroke (7, 14) and because of its functional relevance to balance control (11, 15, 16). If reorganization of muscle units takes place extensively along MG, then, we would expect to detect surface potentials along a larger skin region in the paretic limb.



METHODS


Participants

Eight, ischemic stroke survivors were recruited (four females; range values; age: 47–64 years; height: 147–172 cm; body mass: 51–102 kg; months from stroke: 42–120). The presence of aphasia, cognitive impairment, other neurological diseases or lesions, rheumatologic or metabolic diseases, pregnancy, or any musculoskeletal disorders affecting the standing posture were exclusion criteria. All participants could stand upright without external support for 60 s. The experimental procedures were approved by the local Institutional Ethic Committee (reference number: 13611913.8.0000.5249). All participants gave written informed consent in accordance with the Declaration of Helsinki.



Experimental Protocol

Participants were asked to stand upright over a force-plate (AccuSwayPLUS, AMTI, Massachusetts, USA; Figure 1A), with their feet at a comfortable position. They were instructed to hang their arms loose alongside the body and to stand comfortably, without gross movements and without moving their feet. Two experimenters stood close to subjects at all times, to assist them in case of balance loss. Recordings started once subjects got acquainted with the standing tasks. At least two trials were applied, lasting 60 s each and with 5 min intervals. Given action potentials were occasionally not observed in both surface and intramuscular EMGs from the paretic limb in two subjects, additional trials were applied. Specifically, we provided these participants with visual feedback of their center of pressure (CoP) position and asked them to move it toward the paretic limb. After roughly 5 min of familiarization, participants could successfully load the paretic limb with at least 50% of their body weight (Figures 2A–C), according to the linear relationship between CoP lateral position and weight distribution between limbs (17). One trial per participant was retained for analysis; that providing the greatest number of clearly visible action potentials in surface EMGs detected from both sides. One participant did not show any motor unit action potential even when loading the paretic limb; signals recorded for this subject were disregarded.
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FIGURE 1. Standing posture and electrode positioning. While individuals stood at a comfortable stance (A) the feet position was marked on the force plate. These drawings were considered to quantify the approximate center of pressure (CoP) position corresponding to a symmetric weight distribution between limbs (see Methods, section Experimental Protocol). (B) shows the relative position between medial gastrocnemius (MG) and surface and intramuscular electrodes. Wire electrodes were inserted at the MG region corresponding to the central location between the most proximal, surface electrode, and the distal extremity of the superficial aponeurosis (see dashed line); for the example illustrated in panel (B), this region roughly corresponds to the position of the sixth electrode from top to bottom. The length of MG superficial aponeurosis was estimated as the distance between its distal extremity and the popliteal crease.
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FIGURE 2. Muscle activity and standing posture. (A) illustrates the CoP position along the lateral and anterior-posterior axes (top panel) and the surface (black traces) and intramuscular (gray traces) electromyograms (EMGs) detected during 10 s for a representative subject. EMGs are shown exclusively for the paretic (right) MG. The dashed line in the top panel denotes the CoP location where body weight distributes roughly symmetrically between limbs (Figure 1A). Note that action potentials are not present both in the surface and intramuscular recordings. When this subject shifted his CoP toward the paretic limb (B), action potentials could be clearly appreciated. An expanded view of EMGs (light gray rectangle) is shown in (D). Note there is a correspondence in the instants when action potentials were detected by the intramuscular electrodes and by the central though not by the distal nor proximal electrodes in the surface array. (C) shows the mean CoP position, calculated over the entire recording (60 s), while the subject stood at ease (black circle) and on his right leg (gray circle). Horizontal and vertical traces correspond to the standard deviation along the lateral and sagittal directions, respectively.





EMG Recordings

Intramuscular EMGs were detected with two pairs of Teflon-coated, stainless-steel wire electrodes (0.2 mm diameter; A-M Systems, Carlsborg, WA). Each pair was inserted in the paretic and non-paretic MG with a 25-gauge hypodermic needle. Two arrays of 16 silver bar electrodes each (1 × 10 mm; 10 mm inter-electrode distance; Spes-Medica, Battipaglia, Italy) were used to record 15 differential surface EMGs from each MG. Arrays were fixed to the skin with bi-adhesive pads filled with conductive paste (TEN 20 Conductive Paste, Weaver).

Wire and surface electrodes were positioned at specific MG locations (Figure 1). Initially, the location of the distal extremity of MG superficial aponeurosis [dashed line in Figure 1B (11)] was identified with ultrasound imaging (see “Muscle architecture” section). After that, the distance between this location and the popliteal crease was measured and marked on the skin. Wires were inserted halfway this distance. To ensure the tip of the wires would be located roughly beneath the surface array, needles were inserted obliquely to the skin. Finally, after shaving and cleaning the skin with abrasive paste, surface electrodes were aligned parallel to the muscle longitudinal axis. Amplification factor for both intramuscular and surface recordings ranged from 1,000 to 10,000 between participants (10–4,400 Hz bandwidth amplifier, EMG-USB2, OT-Bioelettronica, Turin, Italy). EMGs and ground reaction forces were digitized synchronously at 10,240 Hz (12 bits A/D converter; EMG-USB2, OT-Bioelettronica, Turin, Italy).



Estimating the Surface Representation of Motor Units

First, EMGs were band-pass filtered with a fourth order Butterworth filter (cut-off frequencies; intramuscular: 500–3,000 Hz; surface: 20–400 Hz). Instants of motor unit firing were then automatically identified through decomposition of intramuscular EMGs (17). Often, a greater number of motor units could be observed in surface than intramuscular recordings (Figure 2D). To obtain the greatest number of motor units per subject, the firing pattern of additional motor units was identified through decomposition of surface EMGs with a validated procedure (18). It should be noted this decomposition algorithm does not rely on the shape but on the finite duration of motor unit action potentials. Even though its potential to reconstruct pulse trains decreases in highly underdetermined mixtures [i.e., when few electrodes are used (19)], here we assess the surface representation and not the firing pattern of single motor units. In virtue of the gastrocnemius pennate architecture, action potentials of different motor units appear in different locations and with different shapes on the skin (11, 20), making it possible to distinguish different motor units in the surface EMGs (e.g., Figure 3). Given the degree of gastrocnemius activity fluctuates during standing (11), the quality of decomposition results should be not assessed with conventional metrics as e.g., the coefficient of variation of the inter-spike intervals. For this reason, we used the pulse-to-noise ratio to assess decomposition accuracy (21); this metric does not depend on how regularly motor units discharged.
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FIGURE 3. Motor unit action potentials in surface and intramuscular recordings. Short epochs (20 ms) of EMGs detected by wire and surface electrodes are shown. These epochs (thin traces) were obtained by triggering EMGs with the firing pattern of individual motor units, separately for each surface and intramuscular recordings. Thick traces were obtained by averaging the triggered EMGs. For this participant, three motor units were identified through decomposition of surface EMGs (cf. the first three columns from left to right). Note the similarity between waveforms obtained for the motor unit (MU 2) identified from decomposition of surface recordings and those obtained for the motor unit (MU 4) identified from decomposition of intramuscular EMGs.



Decomposed EMGs were considered to assess side differences in the distribution of muscle units following stroke. Muscle units' distribution was estimated based on the surface amplitude of action potentials, using a slightly modified approach to that described in our previous study (11). Briefly, we first averaged EMGs over 40 ms epochs, centered on the firing instants of each motor unit. The root mean square (RMS) amplitude was then calculated for each of the 15 averaged EMGs, providing the surface distribution of RMS amplitude values for individual motor units. As shown previously (11), the distribution of RMS values scales with the distribution of fibers within individual, MG muscle units; the more distributed the muscle unit is, the more diffusely the RMS values distribute on the skin. After that, we computed Gaussian curves that numerically minimized the mean square error (MSE) with respect to the RMS values obtained for EMGs detected over MG superficial aponeurosis:

[image: image]

where RMSi corresponds to the RMS amplitude obtained from the i-th channel, normalized with respect to the maximal RMS value across the array, whereas A was allowed to vary from 0 to 0.5 at 0.01 steps. The mean value (μ) of the Gaussian fitting spanned the RMS peak position ±2 cm and the theoretical standard deviation (σ), henceforth referred to as sigma, varied from 0.1 to 8 cm, both at 0.1 cm steps. Sigma values were then considered to assess how diffusely RMS values distributed on the skin [cf. Figure 3 in (11)]. Finally, sigma values were normalized with respect to the length of MG superficial aponeurosis (Figure 1B) to control for both side differences in muscle length (due e.g., to atrophy) and inter-individual differences. The normalized sigma values provide, therefore, a relative indication of how largely the amplitude of motor unit action potentials distributes along the MG physiological cross-sectional area [cf. Figure 1 in (22)].

The procedure considered above for the computation of MSE values is slightly different from that used in our previous study (11), where A was fixed at 0. This modified Gaussian curve allows for the compensation of baseline values different from 0, due both to noise and to the background activity not suppressed by averaging (Figures 3, 4). To assess potential differences in the quality of the Gaussian fitting between limbs, the coefficient of determination R2 was computed and then adjusted for the degree of freedom of the RMS variance (dofRMS = 15 − 1 = 14) and of the estimated error variance:
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FIGURE 4. Surface representation of motor unit action potentials. (A) schematically illustrates the relative position between surface electrodes and MG fascicles for a representative subject. (B) shows the spike triggered average potentials of motor units identified for EMGs detected from the paretic and non-paretic MG muscle, both from the skin surface and intramuscularly. The absence of an action potential in the bottom trace of the central panel indicates this motor unit was identified through decomposition of surface EMGs. Circles denote the root mean square (RMS) amplitude of each surface EMG. Note the greatest RMS values appear in correspondence of EMGs conveying the biggest potentials. Thick gray traces correspond to Gaussian curves fitted to the distribution of RMS values (11). These curves were estimated by considering the RMS values of surface EMGs detected by electrodes over the superficial aponeurosis (shaded area).





Muscle Architecture

Ultrasound images were acquired longitudinally from MG, with the US probe roughly centered where wire electrodes were inserted (7 MHz, 59 mm linear probe, Echoblaster 64, Telemed, Vilnius, Lithuania). Subcutaneous and MG thicknesses were quantified for the paretic and non-paretic limbs. The first was defined as the distance between the superficial aponeurosis and the skin-fat interface, whereas MG thickness was quantified as the distance between the superficial and deep aponeuroses.



Statistics

Given data distribution was not Gaussian (Shapiro-Wilk test, P < 0.03 in all cases), the Mann-Whitney test was applied to quantify the significance of side differences in sigma values, in the adjusted coefficient of determination and pulse-to-noise ratio. Differences in the thickness of subcutaneous and MG tissues between limbs were quantified with the paired, Wilcoxon test. Skipped-Spearman correlation analysis (23) was used to assess whether there was a monotonic, positive relationship between the ratio values (paretic/non-paretic) for sigma and subcutaneous thickness.




RESULTS


Gastrocnemius Motor Units Identified During Standing

Thirty-four motor units (13 in the paretic MG) were identified from EMGs collected from both limbs for the seven participants analyzed. The median number of motor units identified per subject in the paretic and non-paretic sides was, respectively, 2 (range: 1–3) and 3 (1–4). As shown in Figure 2, more units were decomposed from surface than intramuscular EMGs; close inspection of Figure 2B reveals that action potentials detected distally (from channel 3 to 5 at the first 50 ms) and proximally (from channel 9 to 11) belonged to different motor units, with the proximal though not distal potentials being detected by intramuscular electrodes as well (Figure 2D). When considering all participants, 16 and 20 motor units were decomposed from intramuscular and surface EMGs, respectively (two common units; Figure 3). Pulse-to-noise-ratio values were remarkably high for all units decomposed, varying from 25.3 to 36.5 dB (median value: 32.7 dB) for the non-paretic muscle and from 23.4 to 33.4 dB (30.4 dB) for the paretic muscle. No side differences in the pulse-to-noise ratio were observed (Mann-Whitney; P = 0.49).

Median values (interquartile intervals) for the adjusted coefficient of determination were 0.72 (0.60–0.89; N = 13 units) for the paretic and 0.81 (0.68–0.90; N = 21 units) for the non-paretic limb. No significant side differences were observed in the adjusted coefficient of determination (Mann-Whitney; P = 0.39), indicating the quality of Gaussian fitting in both sides was comparable.



Side Differences in the Spatial Distribution of Muscle Units

Action potentials in the paretic and non-paretic MG were represented locally in the surface EMGs. As shown for a representative participant in Figure 4, action potentials with high amplitude were detected by few consecutive channels, centered at different skin regions. This local representation resulted in RMS values distributed narrowly on the skin, leading to Gaussian curves with relatively small sigma values in both non-paretic (0.79 and 0.88 cm) and paretic (1.05 cm) muscles. Due to a shorter aponeurosis in the paretic MG (cf. shaded area in Figure 4), relative side differences were emphasized by normalizing sigma with respect to the length of MG superficial aponeurosis (normalized sigma; paretic MG: 6.3%, non-paretic MG: 3.8 and 4.2%).

Group analysis confirmed that action potentials of motor units in the paretic MG were represented over a significantly larger skin region than those from the non-paretic MG. The median sigma value in the paretic limb was significantly greater than that obtained for motor units in the non-paretic muscle (Figure 5A; Mann-Whitney; P = 0.037; N = 34 motor units). Side differences increased when normalizing sigma with respect to the length of MG superficial aponeurosis (Figure 1), measured separately for the paretic (range: 15–21 cm) and non-paretic limbs (16–22 cm). After normalization, the difference between median values in relation to the median sigma value in the paretic limb increased from ~11% (Figure 5A) to ~33% (Figure 5B; P = 0.014).
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FIGURE 5. The amplitude distribution of surface, action potentials. (A) shows the standard deviation (sigma) of the Gaussian curves fitted to the RMS distribution of motor unit action potentials identified from the non-paretic (white boxes) and from the paretic (gray boxes) MG muscles. Sigma values normalized with respect to the length of the MG superficial aponeurosis (see Figure 1B) are shown in (B). Thick horizontal lines denote the median values. Boxes and whiskers correspond, respectively, to the interquartile interval and the range values. Ratios between sigma values obtained from the paretic and non-paretic MG (ordinate) and ratios between subcutaneous thickness values computed for the paretic and non-paretic limb (abscissa) are shown in (C). The skipped-Spearman correlation coefficient and its confidence interval (23) are shown within (C).





Gastrocnemius and Subcutaneous Thickness

Different participants showed different degrees of structural muscle adaptations following stroke. For example, MG and subcutaneous thicknesses were similar in both limbs for subject 1 though not for participant 5, who showed thicker subcutaneous and muscle tissues for the paretic and non-paretic MG, respectively (Figure 6A). Notwithstanding these inter-individual differences, significantly thicker subcutaneous (Wilcoxon test; P = 0.046; N = 7 subjects) and thinner MG (P = 0.020, Figure 6B) tissues were observed in the paretic limb. No significant correlation was observed, however, for the paretic/non-paretic ratio values between sigma and subcutaneous thickness (Figure 5C; skipped-Spearman r = −0.53; confidence interval for r ranging from −1.00 to 0.63).
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FIGURE 6. Differences in subcutaneous thickness between limbs. Ultrasound images recorded from the calf of two participants are shown in (A). Images in the right and left were, respectively, taken from the paretic and non-paretic limb. The white lines superimposed on each image indicate the thickness of fat and MG tissues. (B) shows the distribution of subcutaneous (top) and gastrocnemius (bottom) thicknesses estimated for the seven participants. Thick horizontal lines denote the median values. Boxes and whiskers correspond, respectively, to the interquartile interval and the range values.






DISCUSSION

In this study, we combined intramuscular and surface EMGs to investigate structural changes in MG muscle units with stroke. Our results show action potentials of individual, postural muscle units were represented in relatively larger skin regions in the paretic than non-paretic MG (Figures 4, 5). Below we discuss the possible interpretations and potential implications of our findings.


The Surface Representation of Motor Unit Action Potentials Changes With Stroke

Enlarged distribution of muscle units after stroke seems the most plausible explanation to our current findings. As evidenced by electrophysiological studies, structural changes within the neuromuscular system may be characterized by two distinct processes, occurring at different time periods after stroke. For example, a few weeks after stroke, Lukács (8) elicited smaller compound action potentials from hand muscles in the hemiparetic than non-paretic side. Similarly, the number of motor neurons estimated by Arasaki et al. (5) in the hypothenar muscles of the affected side started to decrease within the first 30 h following infarction. These findings suggest a reduction in the number of motor neurons in the acute phase post-stroke. A restoration process seems to commence though at chronic stages, whereby surviving motor neurons innervate the residual muscle fibers (6, 7), increasing the number of fibers per motor unit in the paretic side (14). The open question is whether reinnervated fibers distribute locally or diffusely within, and possibly beyond the confines of, the territory of restructured units. Based on results reported in Figures 4, 5, surface potentials of single MG units are represented in a significantly larger proximo-distal region in the affected than non-affected side.

The amplitude distribution of MG surface potentials is mainly affected by two factors: the distribution of fibers within the motor units' territory and the subcutaneous thickness. Because of the MG in-depth pinnation, the superficial extremity of different MG fibers is located beneath different, proximo-distal skin sites (e.g., Figure 4). Surface electrodes positioned closer to the distal extremity of active fibers detect therefore greater potentials. For this reason, the standard deviation (sigma) of Gaussian curves fitting the amplitude distribution of surface potentials was observed to scale with the number and location of fibers of MG muscle units [cf. Figure 4 in (11)]. Specifically, muscle units distributed locally were observed to provide surface potentials with high amplitude values distributed narrowly along MG (i.e., small sigma values). While the possibility of quantifying the perimeter of the territory of MG motor units with this technique could be questionable (24), it seems to provide a clear indication on the distribution of muscle units (25). Side difference in subcutaneous thickness is a potential, competing cause for obtaining greater sigma values in the paretic limb (Figures 4, 5). Because of the tissue filtering effect, the amplitude of surface potentials decreases with the distance between intracellular action potentials and the skin (26); i.e., the subcutaneous thickness. Although we observed thicker subcutaneous layer in the paretic limb (Figure 6), corroborating previous evidence on thigh muscles (27), it unlikely explains the side differences in sigma values between limbs (Figure 5). If this were the case, in opposition to results shown in Figure 5C, we would expect to observe greater sigma values for subjects with thicker subcutaneous tissue. It seems, therefore, the wider representation of motor unit action potentials in the paretic gastrocnemius is more likely due to redistribution of muscle units rather than subcutaneous thickness.

A note here is important on whether sources other than the redistribution of muscle units could have affected their representation in the surface EMGs. In non-paretic muscles, larger motor units are expected to convey a greater number of muscle fibers, spanning a presumably larger region of the muscle physiological cross-sectional area (9). Nevertheless, there is neurophysiological evidence of selective degeneration of the large (high threshold) motor units chronically after a stroke (28). Here, we could not control for side-differences in the size of motor units, even because we hypothesized the size, that is the innervation ratio, of motor units in the paretic limb had increased after stroke (6, 8). However, motor unit action potentials were often not observed in the paretic limb. Only after subjects were provided with CoP feedback and asked to voluntarily transfer their weight a few units could be appreciated in the surface EMGs (Figure 2). Visual inspection of surface EMGs detected from both limbs further revealed a smaller number of units in signals detected from the paretic than non-paretic limb.

Notwithstanding the small number of units decomposed from both limbs, two reasons suggest these units belonged likely exclusively to the gastrocnemius. First, the representation of motor units from soleus muscles is expectedly negligible in differential surface EMGs collected with inter-electrode distances as small as that used here [1 cm; (29)]. Second, false positives resulting from the decomposition algorithm should be <5% (21), considering the average pulse-to-noise ratio values obtained for both limbs. Therefore, it seems reasonable to state the motor units recruited in both limbs were the first recruitable or most excitable units in the gastrocnemius, suggesting like-with-like comparisons are assessed in results presented in Figure 5.

As discussed above, the enlarged representation of surface potentials suggests that MG muscle units span a relatively larger region in the paretic side. Advancing any mechanisms potentially accounting for such spatial enlargement with stroke would be currently speculative and is beyond the scope of the present study. It is, however, worth noting that, during the reinnervation process, the region occupied by single muscle units in the cat MG was reported to depend on how proximally the regenerating axon branches within the nerve (30); if branching occurs before the main nerve trunks, the regenerating axon may establish large territories. Despite the mechanisms accounting for the enlargement of muscle units, here we show the action potentials of single MG motor units are represented in larger proximo-distal regions in the affected (Figure 5B) than the non-affected side.



Potential Implications of Enlarged, Muscle Units

Impaired control of standing has been reported for stroke survivors, as evidenced by large CoP displacements and asymmetric weight distribution (31, 32). While the etiology of stroke-induced, balance disorders is debatable (13), alterations of motor unit firing properties have been reported during standing. In stroke survivors exposed to postural disturbances, for instance, motor units show delayed activation (15), reduced synchronization within- and between-muscles (33) and prolonged inter-spike intervals (16). Our results seem to reveal a new marker of neuromuscular plasticity following stroke, the enlargement of MG muscle units. Considering MG contributes both to ankle plantar flexion and inversion (34, 35), enlarged muscle units may result in impaired regulation of force direction, possibly affecting the control of forward-backward and lateral body sways (36). Similarly, enlarged muscle units may result in a more uniform distribution of intramuscular pressure, compromising blood flow within MG (37). While further investigation is necessary to assess how changes in muscle unit distribution affect MG function, current results suggest muscle units may occupy a greater proportion of MG volume in the paretic limb of stroke survivors.



Future Perspectives and Limitations

An open question arising from this study concerns the generalization of current findings to different populations of muscle units and to different muscles. With the possibility of assessing motor units from surface EMGs collected with grids of electrodes (18), the generalization of current results to a broader population of MG units could be tested in more demanding and controlled conditions (e.g., isometric contractions). We, nevertheless, specifically focused the analysis on motor units recruited during standing, which are presumably the smallest within MG (11). Moreover, even though the median number of units identified here was roughly half of that reported in previous studies on healthy subjects (11, 24), multiple surface EMGs collected along MG were all of markedly low amplitude. Whenever a motor unit fired during standing, its action potentials were clearly appreciated in the surface EMGs (cf. Figure 2). The relatively low number of motor units identified in the present study may be a consequence of the active loading of muscles other than MG during standing in stroke survivors. Results presented here seem therefore to be representative of MG motor units in stroke survivors, at least of those recruited during standing.

One limiting issue we did not address here is whether side differences in the surface representation of MG potentials exist in healthy subjects. Stroke has been shown, for example, to affect the firing rate of motor units even in the non-paretic limb, possibly because of differences in corticospinal excitability between limbs in stroke survivors (38). It should be noted, however, the metric we used here is not sensitive to side differences in the synaptic drive; the spatial representation of motor units in the surface EMG depends on the number and location of their action potentials and not on how frequently action potentials are discharged. Moreover, it should be emphasized that, irrespective of any potential (mal)adaptation that the non-paretic limb could suffer because of e.g., long-term excessive usage, properties such as peak torque, rate of force development, and voluntary activation (via twitch interpolation techniques) have been shown to differ from those observed in the paretic limb (39, 40). Our results, therefore, adds by showing one potential mechanism for the uneven state of the paretic related to the non-paretic limb.
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Repetitive Peripheral Magnetic Nerve Stimulation (rPMS) as Adjuvant Therapy Reduces Skeletal Muscle Reflex Activity
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Background: The reduction of muscle hypertonia and spasticity, as well as an increase in mobility, is an essential prerequisite for the amelioration of physiotherapeutical treatments. Repetitive peripheral magnetic nerve stimulation (rPMS) is a putative adjuvant therapy that improves the mobility of patients, but the underlying mechanism is not entirely clear.

Methods: Thirty-eight participants underwent either an rPMS treatment (N = 19) with a 5 Hz stimulation protocol in the posterior tibial nerve or sham stimulation (N = 19). The stimulation took place over 5 min. The study was conducted in a pre-test post-test design with matched groups. Outcome measures were taken at the baseline and after following intervention.

Results: The primary outcome was a significant reduction of the reflex activity of the soleus muscle, triggered by a computer-aided tendon-reflex impact. The pre-post differences of the tendon reflex response activity were −23.7% (P < 0.001) for the treatment group. No significant effects showed in the sham stimulation group.

Conclusion: Low-frequency magnetic stimulation (5 Hz rPMS) shows a substantial reduction of the tendon reflex amplitude. It seems to be an effective procedure to reduce muscular stiffness, increase mobility, and thus, makes the therapeutic effect of neuro-rehabilitation more effective. For this reason, the 5 Hz rPMS treatment might have the potential to be used as an adjuvant therapy in the rehabilitation of gait and posture control in patients suffering from limited mobility due to spasticity. The effect observed in this study should be investigated conjoined with the presented method in patients with impaired mobility due to spasticity.

Keywords: muscle spasticity, muscle hypertonia, pain, cerebral palsy, reflex, magnetic stimulation


INTRODUCTION

Reducing muscle hypertonia or spasticity in order to regain independent mobility is an essential goal of a physiotherapeutical treatment in neuro-rehabilitation. The rapid normalization of the muscle tone is a criterion that can crucially influence the outcome of future rehabilitation or in training programs. An increase of hypertonia and stiffness in skeletal muscles is a common phenomenon that is associated with considerable discomfort or pain and refers to both chronic and acute cases, e.g., in post-stroke rehabilitation (1), or might also occur after strength training (2–4). Some form of intervention is, therefore, required, in case of spasticity interferes with function, or where long-term complications are expected (5). Based on the knowledge of the mechanisms responsible for muscular hypertonia, one option for patients could be a targeted treatment with repetitive peripheral magnetic nerve stimulation (rPMS), as adjuvant therapy that could improve the mobility of patients or athletes.

Some studies have been conducted to describe the implications of rPMS (reducing hypertonia, spasticity, and so forth) on spinal neuromuscular structures [for review (6)]. By employing a pulsed magnetic stimulation of the peripheral nerve a twitch can be triggered in a specific skeletal muscle. This twitch contraction is achieved initially through the triggering of an action potential in the associated motor nerve (7). The axon of the α-motor neuron conducts the generated action potential to the neuromuscular junction, thus triggering a twitch contraction in the muscle. A rPMS caused muscle activation is induced by a nerve stimulation and not by direct muscle activation (8). Depending on the stimulation frequency, the repetitive stimulation of the nerve can lead to muscle contraction in such a way that the individual twitches merge on higher stimulation frequencies. In this experiment, the magnetic stimulation was performed at the branches of the posterior tibial nerve, which resulted in an unfused twitch contraction of the triceps surae muscle. The stimulation frequency was chosen to be low enough, at five pulses per second, so that no complete merging of the individual twitches was observed.

The effect of a magnetic stimulation, especially on the peripheral nerves, has been described by some authors (9–17). Transcutaneous electrical nerve stimulation (TENS) shows some efficacy in treating spasticity (18, 19), as measured by a modified clinical Ashworth-scale. A significant reduction of the muscle tone after a TENS treatment (decrease in resistive torque) was observed (20), but it was not always associated with a decrease in reflex activity. In contrast to TENS, magnetic pulses can be applied painlessly to the efferent motor nerves at higher intensities, since the cutaneous receptors and their nerves are not stimulated to the same extent. Furthermore, rPMS can stimulate deeper nerve structures that cannot be targeted with TENS. It is of particular importance, in terms of a painless use in therapeutic rPMS applications, that the activation of the afferent sensory nerves is significantly lower with a magnetic stimulation (21, 22). A painless treating of motor nerve structures with a magnetic stimulation is possible. Whereas, the treating of peripheral nerves with an electric stimulation gives rise to significant pain symptoms (23–25). Different rPMS protocols have been used to successfully treat skeletal muscle spasticity, which could be defined by an increase of phasic and tonic stretch reflex activity, depending on the velocity of the muscle stretch (26). In an earlier study, it was found that it was possible to improve electrophysiological measures of spasticity by using a biphasic 12 Hz rPMS protocol for 8 s, followed by a 22 s rest, for a total of 30 min stimulation (27). Stimulations with 15 Hz of 3 s duration and 30 trains, with an inter-train-interval of 2 s, with 1,350 impulses in total, and with an intensity of 60 A/μs (40% of maximal stimulator intensity), applied to the rectus femoris muscle (28), or the triceps surae muscle complex (29), results in different effects.

A magnetic stimulation, with a 20 Hz repetition rate, was used by Struppler et al. (30) and Marz-Loose and Siemes (31), but with a different amount of impulses (5,000 and 2,000, respectively), and with different stimulation sites. A 50 Hz rPMS protocol was used to decrease spasticity (32) in six sessions, with a continuous theta-burst of 200 ms, at an inter-stimulus interval of 5 sec−1, with a repetition rate in a 60 s train, with 900 impulses and an intermittent theta-burst. The theta-mode consisted of 2 s trains, repeated every 10 s, with 900 impulses (300 s). The described intermittent theta-burst stimulation produced a cyclic activation-relaxation of the muscle (33).

A low-frequency stimulation with 3 Hz (34) was applied as an accompanying curative treatment to physiotherapy in post-stroke rehabilitation. This low- frequency rPMS was performed with 600 stimuli, in a series of 3 s, followed by 3 s rest, at a 60% intensity. All studies except one (29) reported positive clinical or physiological effects of the rPMS treatment. Despite these findings, the mechanisms of treating muscle tone, clonus, and spasticity, are still poorly understood (35, 36) and they are not ideally measurable, either mechanically (37), or by using clinical scales (38). A study of the reflex responses provides a quantitative representation of the effects of an rPMS treatment. One of the central questions in this context is: “under what conditions can the spinal motor circuits be influenced by means of targeted magnetic pulses?” Thus, the purpose of this study was to investigate the effect of 5 Hz rPMS on the regulatory spinal circuits. The underlying hypothesis was the following: the researchers presumed that the application of repetitive low-frequency pulsed magnetic fields to the peripheral nerves of the muscle would reduce the compound muscle action potential (CMAP) amplitudes of the tendon-reflex (T-reflex) activities of the soleus muscle. Since the measurement of muscle stiffness or spasticity, biomechanically encounters great difficulties, an investigation of the peripheral reflex processes serves as a quantifiable marker (31). A validation of the study's hypothesis, as given in the present paper, opens up the possibility of introducing rPMS, in order to treat the phenomenon of muscle hypertonia, in a wide range of applications in physiotherapy, and in the various forms of muscle training. To the best of the authors' knowledge, this study is the first, which addresses the effects of rPMS on tendon reflex response behavior of the soleus muscle in quantitative detail, and it provides a quantifiable parameter of muscle relaxation.



METHODS


Ethics Statement

The study was approved by the local ethics committee of the medical faculty of the University Rostock, Germany (Identifier No. A20160052), as required by the international standards of the Declaration of Helsinki (39). All participants gave written informed consent prior participation.



Participants

The study involved 38 subjects (40). Of these, 19 volunteers participated in the treatment group (TG; 12 men/7 women), with a mean age of 25.4 (±3.0), a mean height of 177.3 cm (±8.9 cm), and a mean body weight of 73.3 kg (±13.5 kg). This was while 19 subjects (14 men/5 women) participated in the control group (CG; sham stimulation), with a mean age of 27.5 (±4.4), a mean height of 177.1 cm (±8.6 cm), and a mean body weight of 72.3 kg (±10.0 kg). Those cases with metallic implants were excluded from the study (41). All of the subjects were healthy students and staff members, with unremarkable lower extremities, both in orthopedic and neurological terms, from whom informed consent was obtained (42). The participants had ample opportunities to familiarize themselves with the experiment and with the treatment.



Study Design

The investigation was conducted in a pre-test post-test design with matched groups. To rule out every other influence on the study and a reflex modulation beside the rPMS treatment, for example, a response decrease in the course of the experiment (43), we chose a control group design. In the control group, the identical procedure was performed as in the treatment group except the stimulator did not generate a magnetic field. The experiment initially involved the measurement of the Achilles tendon-reflex responses of the soleus muscle, by means of a linear-actuator reflex hammer (fifteen measurement trials) in a sitting position. The subjects were asked to maintain a right angle, both at the hip and at the knee joint during the reflex measurements. The tendon taps were applied with a time interval of at least 10 s in between, followed by 5 Hz rPMS, based on the protocol as described below. The stimulation was applied in a standing position to the posterior tibial nerve in the popliteal fossa, resulting in contractions of the triceps surae muscle. The magnetic stimulation of peripheral nerves is somewhat unfocal. We have tried to exclude any cocontraction with palpation of the tibial anterior muscle simultaneously. The subjects maintained a slight tension in the stimulated muscle over the entire stimulation period. In the third part of the experiment, the subjects were re-investigated in the sitting position, in order to ensure an identical reflex triggering. The re-examination of the T-reflex responses of the soleus muscle was carried out as described. Care was taken for the exact repositioning of the participants for the post measurements. Throughout the entire reflex measurements, complete relaxation of the soleus muscle was carefully controlled via online electromyography (EMG). Trials with a muscular activity >50 μV in a period of 100 ms prior to the reflex triggering were discarded. In order to check the uniformity of the experimental conditions when triggering the reflex responses, the impact forces were tested likewise. All of the impact forces were evaluated according to the peak values of the reflex hammer's impact.



Tendon Reflex

The T-reflex excitability of the soleus muscle was probed by a brisk mechanical impact elicited by a linear-actuator (Copley Controls, Canton, MA 02021, USA) at the Achilles tendon, with a thrust rod being moved in the acceleration mode. The actuator showed perfect repeatability and produced an absolute position accuracy of 0.35 mm. The control parameters were chosen as follows: (i) the reflex hammer (head of the thrust rod) exactly covered a distance of 40 mm from the home position to the impact point on the Achilles tendon; (ii) the home position of the actuator was defined by a contact of the reflex hammer at the Achilles tendon; and (iii) the development of the maximum impact force occurred within <12 ms, triggering supra-maximal reflexes (44). A tendon vibration due to the impact, as described (45), could not be detected when using the brisk actuator impacts.

The T-reflex of the soleus muscle was triggered in the sitting position, via an impact at the Achilles tendon (Figure 1). The level of the impact force depended individually on the elasticity of the biological structures (tendon, muscle, subcutaneous fatty tissue), with a minimum of 40 N, up to a maximum of 100 N, between the subjects. While there was some inter-individual variability, it was possible to trigger fairly uniform impacts in any given subject. The machine-controlled tendon taps produced constant supra-maximal impacts and elicited constant reflex responses. Methodologically, there was an important advantage in investigating the muscular relaxation via the T-reflex activity, as a measure at an interval scale level, in comparison to the commonly used Ashworth Scale (38).
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FIGURE 1. The sketch shows the subject had a fixed sitting position. The subjects were seated comfortably upright, with a knee angle and a foot angle each of 90°. The left foot was fixed with two stirrups on a tempered (30°C) footplate. The upper leg was secured at the topside; the arm and head positions were kept constant during the whole experiment. The reflex-triggering hammer (right side) was equipped with a force sensor, in order to record the impact forces at the muscle-Achilles tendon-complex.





Force Measurement

The force was measured during the impact that triggered the entire measuring process. The triggering threshold was 7 N, as accurately defined by the home position of the linear actuator. The reflex hammer fixed at the head of the thrust rod of the programmable linear actuator was equipped with a piezoelectric force sensor (Type 9011A, Kistler Instruments, Winterthur, Switzerland) and it measured the impact force at the Achilles tendon. The force-sensor data was prepared for the online presentation by using a Kistler charge amplifier type 5037A. The constant and comparable triggering of the reflex responses required an exact repositioning of the impact point at the tendon.



Electromyography—Recording and Sampling

The reflex responses were recorded by using a bipolar montage (46) of the cup-electrodes (HELLIGE baby-electrodes; GE medical systems, Milwaukee, USA), with an electrode area of about 12 mm2 (Ag/AgCl) and an inter-electrode distance of 20 mm, placed longitudinally over the belly of the lateral soleus muscle. The skin preparation procedures were applied before the electrode application, i.e., cleaning the skin with alcohol and hair-removal before the positioning of the electrodes. An electrode gel (HELLIGE, GE medical systems, Milwaukee, USA) was used to ensure optimal skin-electrode contact. The electrodes and the twisted wires were fixed to the skin with adhesive tape. The surface electromyograms were recorded with a custom-made differential-amplifier (x1000 amplification, input resistance 16 GΩ). The signals were recorded with a DAQ-Card 6024 (National Instruments, Austin, Texas, USA) at a 12-bit resolution and at a sampling rate of 10,000/s, using the DIAdem 8.1 (National Instruments, Ireland) signal processing program. The movement artifacts in the EMG were filtered with a Butterworth 2nd-order high-pass filter with a cut-off frequency of 5 Hz (47).



Magnetic Stimulation

The pulsed magnetic stimulation was carried out with a Magpro 30+ stimulator with the Mag-Option (MagVenture, Skovlunde, Denmark—formerly Medtronic) and a parabolic coil type MMC-140, with the convex side being used. The stimulator generated biphasic symmetric pulses, with a duration of 280 μs, and a magnetic flux density of a maximal 4.5 Tesla. The stimulation protocol that was chosen from preliminary tests was performed with a stimulus intensity of 60% of the maximum stimulator output, corresponding to a current flux of 94 A/μs. The stimulation intensity was the same for each subject and was clearly visible above the motor threshold. The stimulation was carried out with bursts of 15 stimuli each, at 5 stimulations per second, and with 750 pulses in total. The interval between the trains was 3 s with 50 trains, and the stimulation lasted 5 min. The same procedure (coil positioning, stimulation, and the like) was conducted in the sham group, but without exposure to pulsed magnetic fields.



Data Analysis

The peak-to-peak compound muscle action potential (CMAPpp) amplitude of the lateral site of the soleus muscle was recorded to characterize the reflex activity. The changes in CMAPpp were measured at the baseline condition and immediately after the magnetic stimulation or the sham stimulation. The CMAPpp amplitude measurements were made from the stationary EMG data (Butterworth high-pass filter). The algorithm added the absolute amplitude values from the lowest negative peak and the highest positive peak. In order to check the uniformity of the experimental conditions when triggering the reflex responses, the impact forces were observed online during each trial.



Statistics

The effects of the 5 Hz rPMS on the measurements of the spinal tendon reflex excitability were compared in the treatment group and the control group, using a mixed design analysis of variance (ANOVA) with between the group effects and the repeated-measure effects of time as the main factor. The data was analyzed by SPSS version 20.0 for Windows (SPSS Inc., Chicago, IL, USA). All of the values in the text, and figures, are expressed as mean ± SD. A P < 0.05 was considered significant.




RESULTS

The reflex response behavior of the skeletal musculature after the rPMS was measured in terms of the tendon tap triggered CMAPpp amplitude values. The CMAPpp amplitudes decreased after 5 Hz rPMS stimulation in the treatment group (Figure 2).


[image: image]

FIGURE 2. A raw data set of one subject shows the effect of before (left) and after (right) the rPMS. Each graph shows 15 peak-to-peak superimposed compound muscle action potential (CMAPpp) curves that were induced by a reflex hammer impact on the Achilles tendon. Mean CMAPpp amplitudes were ~4.2 mV at baseline and ~3.5 mV after the rPMS in this subject.



The ANOVA for repeated measures showed a significant interaction between the time and group [F(1, 36) = 16.789; P ≤ 0.001; ηp2 = 0.318]. The post-hoc analysis with a Bonferroni adjustment demonstrated that the CMAPpp amplitude significantly decreased after the 5 Hz rPMS treatment when compared to the baseline measurements (P ≤ 0.001). The CMAPpp amplitudes of the treatment group were 2.13 ± 1.54 mV in the pre-test and 1.63 ± 1.30 mV in the post-test, which meant a reduction of 23.7% (Figure 3). In contrast, the CMAPpp amplitudes of the control group revealed no significant differences (P ≤ 0.390) from the pre-test (2.30 ± 1.45 mV) to the post-test (2.26 ± 1.40 mV) and the change rates were−1.74%.
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FIGURE 3. Changes in the compound muscle action potential (CMAPpp) size before the repetitive peripheral magnetic stimulation (rPMS) and post stimulation. The dashed line represents the control group (CG) and the continuous line indicates the treatment group (CG). Each bar corresponds to the SD value. Note that the reflex responses significantly decreased in size only after the rPMS in the treatment group. ***Denotes a significant difference between pre- and post-test (***P ≤ 0.001) in CG.





DISCUSSION

The present paper demonstrates that a repetitive magnetic nerve stimulation (rPMS) with 750 stimuli at a stimulation frequency of 5 Hz reduces the T-reflex response of the soleus muscle. After the rPMS treatment, a substantial and significant reduction in the normalized CMAPpp amplitude after triggering the Achilles tendon reflex by −23.7% was found, in contrast to the control group (−1.74%). The pulsed magnetic stimulation of the muscles acted on the control state of the neuromuscular circuits; the reduction in the CMAP amplitude was apparently attributed to a significantly decreased excitation of the T-reflex triggered α-motor neurons. This means that the rPMS treatment of a muscle reduces a significant number of α-motor neurons from the triggering of an action potential. Presynaptic and/or postsynaptic processes may have influenced this.

The reason for the occurrence of such reflex inhibition after the treatment must remain unclear at this time since the functional processes of rPMS have not yet been fully explored. It is not known, for example, whether the effects of the magnetic stimulations take place via an orthodromic or an antidromic stimulation of the peripheral nerves. In the first case (orthodromic), the stimulation could directly act on the axons of the α-motor neurons and in the second case (antidromic), with a partial inactivation of the axon hillock. Alternatively, the stimulation could act on the axons of statically or dynamically oriented γ-motor neurons, or the muscle spindles, which would then induce secondary and indirect effects via spindle sensitivity changes. In the latter case (antidromic motor nerve stimulation), a reflex change via activation of a Renshaw inhibition is conceivable but not likely (48). Some investigations are hinting and speaking in favor of an effect being exerted on the γ-motor regulatory circuits by the magnetic stimulation, also influencing the tonus part of the γ-motor sensory system. This could, in part, explain the researchers' previous results (29), where no critical reduction of H-reflex activity was found after the rPMS, in accordance with the findings of Goulet et al. (19), who likewise found no substantial reduction of H-reflex activity after a TENS.

Thus, the sensory system's sensitivity appeared to decrease markedly. It is reasonable that this may be the explanation for the efficacy of an rPMS treatment. It is likely that the influence exerted by the magnetic stimulation of the tibial nerve caused a sensitivity reduction of the γ-motor regulatory circuit (see Figure 4). However, a conclusive differentiation among the possibilities as mentioned above would necessitate pharmacological interventions, which are impossible to obtain in healthy human subjects.
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FIGURE 4. The diagram shows the spinal circuitry that was possible involved γ-motor neurons (γ-MN), α-motor neurons (α-MN), Ia afferents (Ia), Ib afferents (Ib), or presynaptic mechanism (PSI), by near-muscle magnetic nerve stimulation. However, at this time, no conclusions can be reached about the mode of action of the magnetic stimulation on the spinal neuronal structures.



These findings might have a specific implication for clinical use, as there is varying evidence for the existing physiotherapeutic and pharmacological treatment approaches in the therapy of spastic syndrome. It is described in the literature, for instance, that there is a basically positive effect of a physiotherapeutical intervention (49), which is on the one hand, superior to a drug treatment alone, because of the side effects (50), but on the other hand, this still needs to be further investigated. Furthermore, anti-spastic drugs can improve spasticity on corresponding scales (e.g., on a modified Ashworth Scale), but the treatment is often not associated with an improvement in everyday activities. There was also no significant improvement in the gait parameters, as a result of the Botulinum toxin type A injection into the calf musculature (51, 52). In a combination with physiotherapy (53) or TENS (54, 55), positive effects were reported, which in turn, is still not sufficient for an unequivocal recommendation. However, in addition to controlled studies with a large number of subjects, systematic investigations of the dose-effect relationships of the various intervention combinations are lacking. Against this background, there is still room for new therapeutical methods. Based on this study's results, rPMS could indeed have a promising effect as an adjunct to other therapeutical methods. The duration of the outcome in healthy subjects and patients, the impact in a combination with other treatment approaches, and the usability and the feasibility in a clinical setting, should all be evaluated conjoined for a potential translation of rPMS into clinical practice with a quantitative tendon reflex measurement.

This study has some limitations. The stimulation of a peripheral nerve structure is not very focal. We used a large magnetic coil over the popliteal fossa, which limits specificity of stimulation in the posterior tibial nerve. It can not be ruled out that this peripheral stimulation causes further nerve structures to be excited. For this reason, we took care of the exact stimulation response and the fact that antagonistic muscles do not co-contract during the stimulation also. However, we cannot exclude subliminal influences on surrounding nerve structures (56). We only investigated healthy subjects, so it would be valuable to further verify whether the T-reflex is also altered in patient populations and whether that change is consistent with the positive effects found in the clinical assessments performed in earlier studies (34).



CONCLUSION

The results have demonstrated that the T-reflex was reduced after 5 Hz rPMS. This relaxing effect on the musculature was investigated in this experiment indirectly, by using the Achilles tendon reflex to represent the decrease in excitability of the α-motor neurons or the presynaptic effects. The artificial relaxation of the skeletal musculature has excellent practical benefits in a wide variety of fields. The use of rPMS in physiotherapy and neuro-rehabilitation is an important area where it can have significant effects; the therapeutical advances in spasticity and muscle hyperreflexia may also be achievable. In addition, the skeletal musculature tone can be reduced significantly after muscle training through an rPMS procedure.
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The purpose was to examine the immediate effects of dry needling to spastic finger muscles in chronic stroke. Ten chronic stroke patients with spasticity in finger flexors participated in this experiment. Dry needling to the flexor digitorum superficialis (FDS) muscle was performed under ultrasound guidance for about 30 s (about 100 times). Clinical assessment and intramuscular needle EMG readings were made before and immediately after dry needling. Immediately after needling, the FDS muscle was felt less tight to palpation and the proximal phalangeal joint rested in a less flexed position (p = 0.036). The MAS score decreased for FDS (p = 0.017) and flexor digitorum profundus (FDP) (p = 0.029). Motor unit action potential (MUAP) spikes decreased from 41.6 ± 5.5 to 6.7 ± 2.2 spikes/s (p = 0.002), an 84% reduction after dry needling. However, the pre-needling spike frequency was not correlated to MAS or resting position of the FDS muscles. Dry needling to the spastic finger flexors leads to immediate spasticity reduction, increased active range of motion, and decreased frequency of motor unit spontaneous firing spikes. The results suggest that latent trigger points possibly exist in spastic muscles and they contribute partly to spastic hypertonia of finger flexors in chronic stroke.

Keywords: spasticity, stroke, trigger points, EMG, dry needling


INTRODUCTION

Spasticity is a common disabling motor impairment after stroke. Though not fully understood, spasticity is a result of disinhibited descending excitatory inputs to spinal reflex circuitry, adaptive changes in intraspinal network and peripheral changes in spastic muscles (1). These excitatory inputs at least in part lead to hyperexcitable or spontaneous firing of motor units of spastic muscles (2). Adaptive changes occur in parallel, such as muscle fiber shortening and stiffening (3). They interact with each other in a vicious cycle, thus contributing to muscle overactivity and spasticity (4). Spasticity amplifies other motor impairments, e.g., weakness, and imposes significant limitations in patient's mobility and activities of daily living (5).

A wide spectrum of treatment options is available, including physical modality, stretching, oral medications to botulinum toxin injection and surgery to target different factors. Recently, there are clinical observational reports of dry needling for spasticity management after stroke. Dry needling is largely known to be effective for management of myofascial pain through breakdown of taut bands of trigger points (6). Unlike commonly used botulinum toxin therapy, dry needling causes immediate and short-term spasticity reduction, increased active range of motion, and improved gait (7). It remains unclear whether dry needling-induced spasticity reduction is mediated through the same mechanisms as for trigger points. The purpose of this study was to examine the immediate effects of dry needling to spastic finger muscles in chronic stroke and to explore the potential underlying mechanisms with intramuscular needle EMG recordings and analysis.



METHODS


Study Design and Participants

Ten chronic stroke survivors with spasticity in finger flexors participated in this experiment (6 males and 4 females; average: 61.1 ± 4.1 years of age; 5 right spastic hemiplegia, and 5 left spastic hemiplegia). Time since stroke ranged from 6 months to 8 years, with an average of 4.6 ± 0.7 years. These patients were scheduled to receive botulinum toxin injections, including to their finger flexors. They gave written consent prior to dry needling. The data were retrospectively analyzed with approval from local ethic committee.

Dry needling to the FDS muscle was performed prior to botulinum toxin injections. A 27 gauge botulinum toxin injection needle connected to the EMG machine (Nicolet Viasys Viking system, sampling rate at 48 k Hz with a band-pass filtering from 20–10 K Hz) was used. This type of needle is specifically designed and manufactured for intramuscular recording, stimulating and injection. The needle was inserted into the FDS muscle (typically 1.2–2.5 cm in depth) from the taut band found by palpation. The needle tip position was visualized under ultrasound imaging (M Turbo, SonoSite, Bothell, WA), and was further verified by stretching of the fingers at the proximal interphalangeal (PIP) joints that induced increase in EMG amplitude and frequency. Continuous dry needling was performed by the injecting physician under ultrasound guidance for about 30 s (about 100 pokes).

Measurements of modified Ashworth scale (MAS), passive and active range of motion (PROM/AROM), and resting position of finger flexors were taken in the 3rd metacarpal phalangeal (MCP), PIP and distal interphalangeal (DIP) joints before and immediately (between 5 and 10 min) after dry needling. Resting position was measured using a goniometer when the subject's hand was rested on a table. MAS for FDS was estimated by ranging the PIP joint, i.e., stretching the FDS muscle individually, while stabilizing the subject's wrist and MCP joints at the naturally resting positions. MAS for FDP was estimated by ranging the DIP joint, i.e., stretching FDP specifically, while stabilizing the shaft of the middle phalange. Firmness of taut band of FDS muscles was assessed as well. These clinical assessments were performed by an independent, experienced physical therapist. The body configuration, the wrist joint position in particular, was maintained the same before and after needling. Intramuscular needle EMG readings from FDS were taken before and immediately after dry needling to measure spikes of spontaneous motor unit action potentials (MUAPs). In order to reduce the shift of recording area before and after dry needling, the needle tip location was visually seen under ultrasound guidance, and the depth and location was verified by the markers on the screen.



Electromyogram Analysis

Intramuscular needle EMG readings were exported to a PC for further processing using Matlab (MathWorks Inc., Natick, USA). A custom program was developed in order to identify and locate MUAP spikes. An MUAP spike was defined as any spontaneous discharge with a magnitude >100 microvolt and a rise time < 4 microsecond (Figure 1C) (8). Frequency of spontaneous MUAP spikes (i.e., the average number of spikes per second) over a 10-s period was calculated.


[image: Figure 1]
FIGURE 1. Effects of dry needling on finger flexor spasticity after stroke. (A) Pre- and post-dry needling screen snapshots of resting spastic finger flexor EMG readings; (B) resting hand postures pre- and post-dry needling; (C) a representative motor unit action potential (MUAP). An MUAP must have a spike amplitude >100 uV with a rise time <4 ms; (D) Discharge rate of MUAPs pre- and post-dry needling.




Statistical Analysis

Paired t-test and Wilcoxon signed-rank test were performed to analyze the dry needling effects (PRE vs. POST) on interval measures (e.g., resting position) and ordinal measures (e.g., MAS score), respectively. A significance level of 0.05 was used.




RESULTS

Participants reported immediate relief of muscle tightness after dry needling (Figure 1B). The pain caused by dry needling was tolerated well by all participants. Immediately after needling, the PIP joints rested in a less flexed position (PRE vs. POST: 105.0 ± 5.8 vs. 112.1 ± 7.0 degrees, p = 0.036), while the resting positions for the DIP (113.6 vs. 125.3 degrees, p = 0.115) and MCP (120.5 vs. 120.3 degrees, p = 0.971) joints remained the same. The FDS muscle was felt less tight to palpation (3.4 ± 0.2 vs. 1.9 ± 0.2, p < 0.001) on a 1–5 taut band tightness scale. The MAS score decreased for FDS (2.3 ± 0.4 vs. 1.2 ± 0.4, p = 0.017) and FDP (2.2 ± 0.5 vs. 1.3 ± 0.5, p = 0.029), but no changes in MAS for the MCP joint (1.8 ± 0.5 vs. 1.3 ± 0.4, p = 0.17). There was no difference in PROM before and after dry needling. In majority of patients (7 out of 10), these joints could be passively ranged to the full extension, i.e., a ceiling effect. However, for those patients with residual voluntary finger extension (n = 2), active ROM increased by 23.5 degrees at the PIP joint, 10 degrees at the DIP joint and 10 degrees at the MCP joint. The needle EMG recordings showed that the spikes of spontaneous MUAPs decreased from 41.6 ± 5.5 spikes/s to 6.7 ± 2.2 spikes/s (p = 0.002), an 84% reduction after dry needling (Figures 1A,D). However, the pre-needling spike frequency was not correlated to MAS or resting position of the FDS muscles.



DISCUSSION

In our study, dry needling effectively and immediately reduced finger flexor spasticity, improved resting joint position and active range of motion in chronic stroke survivors with finger flexor spasticity. These effects were accompanied with a significant reduction of MUAP discharge rate of finger flexors by 84%.

Dry needling has been shown to break down muscle fibers and temporarily deplete acetylcholine neurotransmitters in animal studies (9), but EMG study in humans is rare. Our data show that dry needling is able to decrease MUAP spikes in humans. Spontaneous MUAP spikes are known to be reflective of motor units that are firing spontaneously or at subthreshold levels such that these motor units can easily be triggered by stretching or voluntary activation (2). Therefore, it is likely that concomitant reduction of finger flexor spasticity is resulted from temporary depletion of neurotransmitters. Though some muscle fibers were broken down by dry needling and such breakdown may contribute to MUAP reduction, the extent of MUAP reduction (84% reduction) and transit effects of spasticity reduction by dry needling (7) strongly argue against this relation.

On the other hand, it is known that trigger points develop as a result of excessive accumulation of acetylcholine at the motor endplate and intracellular Ca++ (10). Accumulated acetylcholine in the spastic muscles is likely to potentiate development of trigger points. Furthermore, muscle overactivity from sustained hyperexcitability and/or spontaneous firing of motor units could further facilitate and maintain trigger points in the spastic muscles. In turn, trigger points contribute to spastic hypertonia in a vicious cycle. The results of reduced muscle tightness and improved voluntary finger extension support the existence of trigger points in the spastic muscles and that breakdown of taut bands in trigger points contribute at least partly to the post-needling effects. The results also show that 30 s of dry needling has immediate effect on spasticity. Therefore, we believe that a combination of dry needling and botulinum toxin injection can enhance the outcome. The duration of the effect and the long-term cost/benefit of dry needling will be investigated in our future work by introducing a control group.



CONCLUSION

Dry needling to the spastic finger flexors leads to immediate spasticity reduction, increased active range of motion, and decreased frequency of spontaneous motor unit firing spikes. The results suggest that (latent) trigger points may exist in spastic muscles and they contribute partly to spastic hypertonia of finger flexors in chronic stroke.
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Objective: The objectives of this work were to identify the characteristics of repetitive nerve stimulation (RNS) in patients with amyotrophic lateral sclerosis (ALS) and further verify the electrophysiological exclusion criteria of ALS.

Methods: A total of 150 patients with ALS who were admitted to the Department of Neurology of Renmin Hospital of Wuhan University from January 2015 to December 2018 were enrolled. Clinical and electrophysiological data of the enrolled patients were collected. The differences in the amplitudes of the compound muscle action potential (CMAP) between the trapezius muscle (Trap) and the abductor digiti minimi (ADM) in low-frequency RNS were compared. Furthermore, we analyzed the associations between decremental responses and gender, onset age, duration of disease, onset site, Amyotrophic Lateral Sclerosis Functional Rating Scale—Revised (ALSFRS-R), disease progression rate, and CMAP amplitude.

Results: A significant decrement (≥20%) in at least one muscle was observed in 11.3% of the ALS patients, while decrements (≥10%) in at least one muscle were observed in 41.3%. The decremental percentage in the trapezius muscle was significantly higher than that in the abductor digiti minimi (P < 0.001). The onset age, duration of disease, onset site, and disease progression rate did not affect decremental responses. The decremental responses in RNS were more significant in ALS patients with low ALSFRS-R scores (P = 0.01). Moreover, there was a positive linear correlation between the CMAP amplitude and the decremental percentage of Trap and ADM in ALS patients.

Conclusions: CMAP decremental responses in RNS were common in ALS patients, suggesting abnormalities of neuromuscular junctions (NMJs). It is worthy of further discussion whether to consider a decrement >20% in RNS as a diagnostic exclusion criterion for ALS.

Keywords: amyotrophic lateral sclerosis, repetitive nerve stimulation, electrophysiological diagnostic criteria, compound muscle action potential, neuromuscular junctions


INTRODUCTION

Amyotrophic lateral sclerosis (ALS), the most quintessential motor neuron disease, affects both upper and lower motor neurons, and leads to progressive muscle atrophy and weakness (1). Mulder et al. (2) originally reported that decremental responses in low-frequency repetitive nerve stimulation (RNS) tests were observed in ALS patients. Subsequently, domestic and foreign studies have confirmed this phenomenon (3–5). The electrophysiological diagnostic criteria of ALS revised by the World Federation of Neurology Research Group on Motor Neuron Diseases pointed out that a significant compound muscle action potential (CMAP) decrement >20% in RNS was a diagnostic exclusion criterion for ALS (6). However, later studies demonstrated that a decrement >20% was observed in ALS patients (4, 7, 8). So far, none of the published studies has indicated the proportion of patients with a decrement of 20% or greater. And the exclusion criteria have not been extensively validated. In addition, the amplitude and incidence of decremental responses and the criteria for the positive decrement were inconsistent among previous research.

In this study, we described the amplitude and incidence of CMAP in low-frequency RNS of ALS patients and explored the correlations between decremental responses and clinical characteristics. We further validated the electrophysiological diagnostic exclusion criteria of ALS, which will enable a better understanding of the disease diagnosis.



METHODS


Patients

A total of 150 patients at the Department of Neurology of Renmin Hospital of Wuhan University were recruited from January 2015 to December 2018. According to the Awaji criteria (9), patients were classified into probable ALS (43 patients) and definite ALS (107 patients). All patients were subjected to rigorous neurological examinations, EMG examinations, blood tests, including serum acetylcholine (ACH) receptor antibodies, cerebrospinal fluid examinations, and imaging studies to exclude important ALS mimics. The exclusion criteria were as follows: (1) patients with a history of poliomyelitis; (2) patients with a positive response to ACH receptor antibodies; (3) patients with spinal cord tumor and with autoimmune disorders; (4) patients with other diseases affecting peripheral nerves, neuromuscular junction (NMJ), or muscles; and (5) patients without complete clinical records.



Method of RNS

All patients underwent routine electromyography performed on a Keypoint Workstation (31A06, Alpine BioMedApS, Denmark), including nerve conduction tests, needle electromyography, and RNS. The detection method followed the national guidelines (10). The surface electrode was stimulated and recorded, and the response to the stimulus was recorded 10 times each time. The accessory nerve was stimulated on the posterior border of the sternocleidomastoid. The ulnar nerve was stimulated on the wrist. The surface recording electrodes were used to record over the belly of the trapezius muscle (Trap) and the abductor digiti minimi (ADM), which respectively represented the proximal muscle and the distal muscle. The reference electrodes were placed on the tendon of the tested muscle. The skin temperature over the examined muscle was maintained at 33°C or above throughout the examination. Filters were set between 20 Hz and 3 kHz.



Study Design

The Amyotrophic Lateral Sclerosis Functional Rating Scale—Revised (ALSFRS-R) was used to calculate the monthly rate of change in ALSFRS-R, which represented the disease progression rate. The greater the value of progression obtained, the faster the disease progressed:
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The decremental responses at a frequency of 3 Hz were mainly analyzed. The baseline-to-negative peak amplitudes of the first and fifth CMAPs at the supramaximal intensity (1.25-fold maximal intensity for the M-wave response) were measured. The CMAP decrement in the peak-to-peak amplitude was measured by the decremental percentage of the fifth CMAP as compared to the first CAMP amplitude. Decremental responses of ≥10% were defined as positive. Patients were divided into the positive decrement group and the negative decrement group based on whether the decrement was ≥10%. The data on the lower side of the CMAP amplitude was the standard. The correlations between the decremental responses and ALSFRS-R scores and CMAP amplitude were analyzed.



Statistical Analysis

Statistics calculations were performed on the SPSS 22.0 software. The Kolmogorov–Smirnov test was used to evaluate whether the data were normally distributed. Parameters with a normal distribution were described as the mean ± standard deviation (SD), and those with a non-normal distribution were expressed as the median values (M) and interquartile range (Q). Continuous variables that were normally distributed were compared using Student's t-test. Mann–Whitney U-tests were implemented to analyze values with a non-normal distribution. The categorical variables were expressed as the number of cases (n) and percentage (%), and the chi-squared test was used for comparison between groups. Correlation analysis was performed using Spearman's test. P < 0.05 was considered to be significant.




RESULTS


General Information

There were 85 males and 65 females, with ages from 28 to 80 years (mean age of 56.66 ± 11.29 years), in the included patients. The median duration from symptom onset was 14.34 ± 12.69 months. The ALSFRS-R scores were in the range 24–46, and the median was 40.5. There were 75 cases with upper limb onset and 41 cases with lower limb onset. The rest of the cases were with bulbar onset.



RNS Results

The distributions of decremental responses are summarized in Table 1. When the CMAP decrement of ≥10% was used as a criterion, the positive decrement in at least one muscle accounted for 41.3% (62/150), most of which were in the proximal muscle (Figure 1). The CMAP decremental percentage ranged from 10 to 29.57%, with an average of 16.63% in patients with a positive decrement.


Table 1. RNS decremental amplitude and frequency in ALS patients.
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FIGURE 1. (A) Decremental frequency in the Trap and ADM of ALS patients. (B) Decremental percentage in the Trap and ADM of ALS patients. Trap, trapezius muscle; ADM, abductor digiti minimi.




Correlation Between Decremental Response and Clinical Features and CMAP Amplitude

Compared with the patients in the negative decrement group, the patients in the positive decrement group showed lower ALSFRS-R scores and CMAP amplitudes in both proximal and distal muscles (Table 2). There was a positive linear correlation between the CMAP amplitude and the decremental percentage in Trap and ADM of ALS patients (r = 0.219, P = 0.007; r = 0.184, P = 0.024, respectively; Figure 2).


Table 2. Comparison of positive and negative decrements in ALS patients.
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FIGURE 2. Correlations between the CMAP amplitude and decremental percentages in TRAP (A) and ADM (B). Decr(%), percentage of decremental response; CMAP, compound muscle action potential; Trap, trapezius muscle; ADM, abductor digiti minimi.





DISCUSSION

A number of studies have demonstrated that decremental responses were frequently observed in ALS patients. Nevertheless, the positive rate of decremental responses varied due to the diverse sample sizes, muscles, and decremental positive criteria. When the CMAP decrement of ≥10% was defined as abnormal, the positive rate of decremental responses was 77% in one study with 48 ALS patients (5), while that in another study including 192 patients in total was only 29% (3). The positive rate of the present study was 41.3%. All of these indicated that decremental positive responses in RNS were common in ALS patients.

In light of the revised ALS diagnostic criteria by the World Federation of Neurology (6), it is noteworthy that a CMAP decrement >20% was a diagnostic exclusion criterion for ALS. However, our study investigated that more than 20% of the patients had a decrement of ≥15%. Furthermore, more than 10% of the patients had a decrement of ≥20%. Although it has also been reported previously that the decremental percentage can reach 20% (4, 7, 8), the proportion of patients with such a characteristic was not mentioned. If the current electrophysiological diagnostic criteria were applied, more than 10% of ALS patients would be misdiagnosed. Consequently, it is worthy of further research whether a CMAP decrement >20% is an exclusion criterion for ALS.

The present study analyzed the distribution of the decremental responses in Trap and ADM. Consistent with previous research (3, 5), the investigation demonstrated that proximal muscles were more prone to show a positive decrement in RNS than do distal muscles, indicating a greater sensitivity of the proximal muscle to RNS. In severely atrophied muscles, the decremental responses of ALS patients were more pronounced (3, 11); however, it cannot be explained why more severely involved distal muscles, such as intrinsic hand muscles, in most ALS patients showed a less pronounced decremental positive response than did the proximal muscles. The lower safety factor of NMJ at the proximal muscle may be an interpretation (5). Besides, the study indicated that there was a positive linear correlation between the CMAP amplitude and the decremental percentage of Trap and ADM in ALS patients, which supported the decremental mechanisms of immature collateral sprouting and unstable NMJ transmission resulting from axonal degeneration. The Awaji diagnostic criteria indicated that electrophysiological and clinical evidence should be considered equally when judging the lower motor neuron (LMN) involvement in ALS patients (9). The decremental positive responses in RNS meant an impaired LMN (12). Accordingly, when the Awaji diagnostic criteria were applied, the decremental positive responses can be deemed as an additional evidence of the LMN involvement (12).

The ALSFRS-R score, as a significant predictor of prognosis, was extensively applied to assess the severity of the disease (7). The patients in the positive decrement group had lower ALSFRS-R scores compared with those in the decremental negative group, suggesting that the former were worse. Some studies have shown that the disease progressed more rapidly in ALS patients with a positive decrement (4, 8, 13, 14), but others contradicted this (5, 7, 15–17). If the RNS decrement responses were not related to the disease progression, the interpretation of the mechanism of decrement responses, the early neural reinnervation, may need to be corrected (5). It may be possible that the disease progression was too rapid to form the collateral sprouts in extreme cases. Therefore, the correlation between the RNS decremental responses and the disease progression rate in ALS patients is still confused. Consequently, advanced research is essential to clarify that the decremental positive responses are monitoring indicators of disease progression.

Moreover, this study showed that the onset of ALS did not affect the RNS decrement responses, which was consistent with previous research (8, 18). However, some studies have shown that patients with upper limb onset had higher decremental percentages compared with those with other sites of onset (7, 17). The underlying reason for these differences is unclear. It was speculated that the limited number of patients with lower limb and bulbar onset as well as the different types of muscles studied may be the underlying interpretations. In any case, more specifically designed research would be necessary to settle this issue. Besides, the patients' gender, onset age, and disease duration did not affect the RNS decremental percentages.

The decremental responses of ALS patients suggest the instability of NMJ transmission. The underlying mechanism of decremental responses remains controversial. One explanation is that, as the disease progresses, the anterior horn motor neurons of the spinal cord degenerate; then, the muscle fibers dominated by these neurons show denervation, leading to the corresponding NMJ structure changes. The remaining motor neurons around the degenerative neurons dominate the muscle fibers by the collateral sprouts, and new NMJ structures form. Before the new NMJ structures are fully mature, the motor neurons have degenerated and lost. Along with the repeated cycles, these highly immature reinnervations cause an intermittent conduction block in the newly formed nerve endings, eventually leading to a decremental response (4, 19). Another possible explanation is that the disease arises from distal axons or NMJs and proceeds to the cell body in reverse. This is the “dying back” hypothesis (17). Fischer et al. performed a good deal of pathological experimentation on the SOD1-G93A mice model and found that NMJ destruction and axon degeneration occurred before motor neurons degenerated. An autopsy on a single ALS patient showed denervation and reinnervation changes in muscles, where the motor neurons remained structurally intact (20). The mechanism of “dying back” remains unclear. A possible explanation is energy deficiency resulting from the hypermetabolism and malnutrition of ALS, which could lead to NMJ dysfunction (17).

In conclusion, the decremental positive responses are common in ALS patients, but the pathophysiological mechanisms remain unclear. Advanced research is necessary to discuss whether the decremental percentage >20% is a diagnostic exclusion criterion for ALS patients. Patients with lower CMAP amplitudes were more prone to show decremental responses, both in the proximal and distal muscles. Besides, the onset age, duration of disease, and onset site of ALS do not affect RNS the decremental responses.
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Control of muscles about the ankle joint is an important component of locomotion and balance that is negatively impacted by spinal cord injury (SCI). Volitional control of the ankle dorsiflexors (DF) is impaired by damage to pathways descending from supraspinal centers. Concurrently, spasticity arising from disrupted organization of spinal reflex circuits, further erodes control. The association between neurophysiological changes (corticospinal and spinal) with volitional ankle control (VAC) and spasticity remains unclear. The goal of this scoping review was to synthesize what is known about how changes in corticospinal transmission and spinal reflex excitability contribute to disrupted ankle control after SCI. We followed published guidelines for conducting a scoping review, appraising studies that contained a measure of corticospinal transmission and/or spinal reflex excitability paired with a measure of VAC and/or spasticity. We examined studies for evidence of a relationship between neurophysiological measures (either corticospinal tract transmission or spinal reflex excitability) with VAC and/or spasticity. Of 1,538 records identified, 17 studies were included in the review. Ten of 17 studies investigated spinal reflex excitability, while 7/17 assessed corticospinal tract transmission. Four of the 10 spinal reflex studies examined VAC, while 9/10 examined ankle spasticity. The corticospinal tract transmission studies examined only VAC. While current evidence suggests there is a relationship between neurophysiological measures and ankle function after SCI, more studies are needed. Understanding the relationship between neurophysiology and ankle function is important for advancing therapeutic outcomes after SCI. Future studies to capture an array of corticospinal, spinal, and functional measures are warranted.

Keywords: corticospinal tract, spinal reflex circuit, Hoffman-reflex, transcranial magnetic stimulation (TMS), spastic gait, motor-evoked potentials (MEPs), clonus, stiffness


INTRODUCTION

Walking is a high-priority goal for most persons with spinal cord injury (SCI) (1). For walking to be the primary means of mobility, several conditions must be satisfied including low energy expenditure, good safety, and adequate speed for practical community-based walking (2). Each of these conditions is highly dependent on a number of factors, including the degree of control present at the ankle (3). Likewise, ankle control is influenced by a multitude of interrelated factors such as muscle strength, timing of activation, and spasticity, which collectively determine gait mechanics (4–6). Without adequate ankle dorsiflexion, foot drop during the swing phase of gait can impair foot clearance, contribute to decreased stride length, and increase likelihood of falls (7). Secondary gait deviations often develop to achieve foot clearance, including excessive hip and knee flexion, limb circumduction, or lateral trunk sway with pelvic hike. These deviations increase the energy cost of walking and decrease the likelihood that walking is a safe and feasible means of mobility (3).

Ankle-related impairments after SCI are attributed to neurophysiologic changes in both corticospinal tract (CST) transmission (8) and modulation of spinal reflex circuit (SRC) excitability (9) (Figure 1). To better understand the influences of CST transmission and SRC excitability, two commonly performed electrophysiological measures are utilized: cortical motor evoked potentials (MEPs) and Hoffman reflex (H-reflex). Both measures are commonly used as non-invasive probes of the underlying neurophysiology of CST transmission and SRC excitability, respectively. Decreased descending transmission impairs volitional control of the dorsiflexors (DF) and reduces the activation of inhibitory inputs to the plantar flexors (PF), further contributing to aberrant SRC activity. It is important to note that while the H-reflex is commonly used as a measure of excitability of the monosynaptic Ia SRCs, this reflex measure reflects oligosynaptic inputs (10).


[image: Figure 1]
FIGURE 1. Spinal pathways. Spinal pathways that likely contribute to ankle control and the development of spasticity including reciprocal inhibition, presynaptic inhibition, and non-reciprocal Ib inhibition.


Some study findings suggest that the reorganization of the cortical motor representation after SCI results in decreased volitional drive through the spared spinal pathways. Evidence indicates that training and neuromodulation approaches directed at increasing volitional drive can increase the amplitude of MEPs (11, 12), restore normal cortical organization (13, 14), and improve volitional muscle activation (15, 16). Altered activity of SRC, due to reorganization of spinal circuits and disruption of normal SRC modulation from descending corticospinal input, can result in several signs and symptoms commonly associated with spasticity after SCI. These symptoms include clonus or hyper-reflexive response to afferent input (i.e., stretch, touch, cold temperatures), muscle stiffness (hypertonia), and spontaneous involuntary muscle contractions (spasms) (17, 18). The maladaptive changes to the circuits controlling the DF and PF following SCI have been described (19–21); however, the relationship between decreased CST descending drive and disrupted SRC modulation with volitional ankle control (VAC) (dorsiflexion during gait, toe tapping, etc.) and/or spasticity remains unclear.

In order to improve functional outcomes after SCI, several recent advances have focused on neuromodulation of the corticospinal and spinal circuits. These advances have been summarized in a recent review (22), and include non-invasive stimulation of afferent inputs such as peripheral nerve somatosensory stimulation, whole body vibration, and transcutaneous spinal cord stimulation. These modalities directly modulate SRC excitability and indirectly activate corticomotor circuits (23). There are also techniques that directly target increased CST descending drive such as transcranial direct current stimulation and repetitive TMS (24). All of these neuromodulatory approaches have been shown to improve functional outcomes, including walking function, when used as an adjuvant to therapy (23). Although these advances show promise for improving walking, to truly optimize functional outcomes it is necessary to understand how neuromodulation of the CST and the SRCs impact variables that are elemental to walking function, such as ankle control and spasticity. As a precursor to exploring the impact of neuromodulation, a better understanding of how neurophysiological measures are related to VAC and spasticity is needed.

To elucidate the respective roles of CST transmission and SRC excitability in disrupted ankle control, we conducted a scoping review to summarize what is known and to identify existing gaps in the literature in order to frame more precise questions for future studies (25). The objectives were to (1) summarize the state of the literature (study designs, methods, evidence of an association), (2) identify existing gaps (variability, contradictions, lack of evidence), and (3) propose future directions (based on existing gaps). Addressing these objectives is important to understand the relationship between corticospinal and spinal neurophysiological measures in the DF and PF and their association with ankle-related function. A better understanding of this association will (1) facilitate the development of more targeted therapeutic strategies for improving ankle control, (2) refine spasticity management, and (3) enhance quality of life for persons with SCI.



MATERIALS AND METHODS

In the current review, we used the five stages of a scoping review outlined by Arksey and O'Malley (26): (1) identify the research question, (2) identify relevant studies, (3) select studies for inclusion, (4) [extract and] chart the data, and (5) collate, summarize, and report the results.


Inclusion/Exclusion Criteria

To determine the scope and extent of the literature, we used inclusion and exclusion criteria that focused on the association between neurophysiological measures and VAC and/or spasticity measures in persons with SCI. For inclusion, all studies had to include adults (mean age ≥18 years old) with SCI. Studies that compared measures obtained from persons with SCI to individuals with other neurological disorders or non-injured individuals were eligible for inclusion. Studies had to include the H-reflex and/or MEPs as measures of spinal and corticospinal neurophysiological changes, respectively. Peripheral nerve stimulation to evoke H-reflexes and transcranial magnetic stimulation (TMS) to evoke MEPs have been shown to be repeatable and consistent in both the DF and PF muscles (27, 28). Studies had to include at least one of these approaches to be eligible for inclusion in the review. To address the relationship between neurophysiological excitability and ankle functional measures, studies had to include at least one measure of VAC (e.g., ankle strength, ankle tapping, foot drop/toe drag during walking) and/or ankle spasticity (e.g., ankle clonus, ankle stiffness). Studies were excluded if subjects who lacked volitional ankle movement were enrolled or if ankle-specific results were not reported. Only studies published in English were included. Case studies, non-peer reviewed sources (e.g., dissertations, conference abstracts, unpublished data), theoretical simulations or models, and reviews were also excluded from the final review.



Sources and Search

In consultation with a medical librarian, the following databases were searched for articles published between the time of database inception to April 2018: PubMed (includes MEDLINE), Ovid-Medline, and EBSCO-CINAHL. The search terms were chosen to capture articles that included persons with SCI, spinal or corticospinal neurophysiological testing, and functional testing of the ankle DF or PF. The details of the terms and search combinations are described in Table 1. To restrict the population of interest to SCI, the following search terms were always used in combination with the other terms across all databases: (Spinal Cord Injury [Title/Abstract] OR SCI[Title/Abstract] OR spinal damage [Title/Abstract] OR spine damage [Title/Abstract] OR spine injury [Title/Abstract] OR spinal injury [Title/Abstract]). Syntax was adjusted accordingly for each database.


Table 1. Detailed search terms.
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Screening/Extraction

Article screening was performed using an iterative approach, with 3 screeners (JMH, RZK, and SPE) participating in article selection and review. During the initial screen, the reviewers did not discuss the identity of the articles being considered for inclusion until the end of each screen. At least two of the screeners had to select each study for it to be included in the subsequent screen. There were three total screens: (1) title and abstract, (2) full-text, and (3) full-text with data extraction. For the title and abstract screen, authors only had access to the titles and abstracts to determine relevant studies. During the title and abstract screen, all authors were instructed to examine the text for population, neurophysiological tests of SRC excitability and/or CST transmission, and measures of VAC and/or spasticity. The neurophysiological tests of SRC excitability included measures of H-reflex modulation: reciprocal inhibition, presynaptic inhibition, low-frequency depression, Ib inhibition, ratio of the maximum H-reflex to maximum direct motor response (H/M ratio), and cutaneomuscular -conditioned soleus H-reflexes. Neurophysiologic tests of CST transmission included MEP amplitude and latency. The VAC studies included functional measures such as: DF and PF strength, foot clearance during walking, tapping task, active range of motion (the range of joint movement through which the subject is able to volitionally move the ankle), walking distance, and walking speed. Spasticity studies included biomechanical measures of stretch-induced spastic responses such as: clonus duration, number of oscillations during clonus, and PF reflex threshold angle. If the abstract met all the inclusion criteria, then it was included in the full-text screen. For the full-text screen, authors assessed whether each study met inclusion criteria by skimming through each article once. Finally, during data extraction, the authors determined the relevance of the articles in a more in-depth manner by carefully reading the selected text, while simultaneously extracting specific information from each article. The following information was extracted from each article: study design, study aims, population, participant injury severity, neurophysiological tests, VAC and/or spasticity assessments, and the relationship, if any, between the last two measures. A hand search was conducted on citations in relevant review articles to identify additional articles during the first two screens, and on the articles assessed during the data extraction screen. During the final screen, review articles were excluded.

All articles selected for the final inclusion were grouped based on whether SRC excitability or CST transmission was assessed. The articles were further grouped by whether contributing authors utilized measures of VAC or measures of spasticity. Some articles directly determined the relationship between neurophysiological measures and VAC and/or spasticity via correlation or linear regression analyses. In other articles there was no formal testing of the relationship between neurophysiological measures and VAC and/or spasticity. These latter articles were defined as having an indirect relationship.




RESULTS


Overview of Included Articles

In total, 1,538 records were identified in the database searches. After duplicates and dissertations were removed, 454 articles remained, which were subjected to a title and abstract screen. Fifty-five articles were read in full following the title and abstract screen and 18 additional articles were removed for not meeting all inclusion criteria. The remaining 37 articles were assessed for eligibility during the data extraction phase, 22 of which were eliminated for being reviews or not meeting criteria. In addition to the 15 remaining articles, two articles were identified for inclusion during the hand search, bringing the total included article count to 17. Of the 17 included articles, seven had interventional study designs, 10/17 contained measures to assess the relationship between SRC excitability and some aspect of VAC and/or spasticity, and 7/17 articles contained measures of the relationship between CST transmission and VAC. The screening process is illustrated in Figure 2.


[image: Figure 2]
FIGURE 2. PRISMA flow diagram. PRISMA flow diagram of the Screening process followed during the scoping review (29). For more information, visit www.prisma-statement.org.


The final 17 articles included in this review were published between 1994 and 2017. Neurophysiological data from 277 participants with SCI were captured across all studies. Some participants may be represented more than once, as some lead authors had multiple manuscripts included: Barthélemy (2 articles) (8, 30), Manella (3 articles) (6, 15, 31), and Wirth (4 articles) (32–35). The number of SCI subjects per study ranged from 7 to 40 (median = 15).


Demographics of Subjects Enrolled in Included Studies

The majority of subjects had chronic SCI with an initial onset ≥12 months prior to study enrollment. Two of the 17 studies included only subjects with acute or subacute SCI (34, 36). Three studies included subjects with subacute or chronic SCI (32, 33, 35). Of studies that reported subject sex, all had an equal or larger proportion of men to women. While all studies included subjects with motor-incomplete SCI, six also included subjects with motor-complete SCI (6, 37–41). Most studies included a control group of non-injured or “healthy” participants (12/17) (8, 30–32, 34–38, 40, 42, 43), while two studies also included subjects with hemiplegia (32, 37). Participant demographics for each included article are illustrated in Table 2.


Table 2. Study characteristics and participant demographics.
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SRC Excitability Articles

There were 10 studies that examined changes in SRCs. Four of 10 also included measures of VAC (15, 36, 38, 43); all four included correlation and/or association analyses to quantify the relationship between SRCs and VAC. Nine of 10 studies with SRC measures also had measures of ankle spasticity (6, 15, 31, 36–41); only six of these articles included correlation and/or association analyses to quantify the relationship between SRC excitability and spasticity (6, 15, 31, 36–38). There were 3/10 SRC articles that assessed both VAC and spasticity (15, 36, 38).



CST Transmission Articles

There were seven studies that examined changes in CST function, all of which included measures of VAC (8, 30, 32–35, 42). Six of seven performed correlation and/or association analyses to quantify the relationship between CST function and VAC (8, 30, 32–35). One study of CST transmission included subjects with stroke in addition to subjects with SCI without separating the data of those individuals prior to performing linear regression analysis, making it difficult to parse out SCI results from results of participants with stroke (32). None of the studies examining CST transmission included measures of ankle spasticity.




Relationship Between SRC Excitability and VAC

Disrupted modulation of SRC excitability after SCI has been associated with decreased VAC. This impaired ability to voluntarily activate ankle DF can negatively impact walking function (8). In the current review, 3/4 studies that included measures of SRC excitability and VAC (Table 3) provide evidence of a direct association between these measures (15, 36, 43). All three studies that support a direct relationship between SRC excitability and VAC had interventional study designs (15, 36, 43). Among the VAC measures included in these studies were foot clearance, foot tapping, DF strength, PF strength, active range of motion, and walking distance over time. Although evidence of an association between SRC excitability and VAC is clear, there was a wide range of SRC measures and interventions used across these studies (Table 3).


Table 3. Is there a relationship between SRC excitability and volitional ankle control?

[image: Table 3]

In contrast to the three interventional studies that provided evidence of a relationship between SRC excitability and VAC, the observational study captured during this review (38) assessed Ib inhibition from the medial gastrocnemius onto the soleus H-reflex. The authors concluded that Ib inhibition is not affected by SCI. This may suggest that the descending spinal circuits that modulate Ib SRCs differ from those that modulate Ia SRC excitability.



Relationship Between SRC Excitability and Ankle Spasticity

The development of spasticity in the ankle PFs is associated with poorer functional outcomes, interfering with ability to walk and perform daily tasks such as transfers (17). Of the nine studies with measures of ankle spasticity (Table 4), six provided evidence of an association with SRC excitability (6, 15, 31, 36, 40, 41). Only four of those six studies used statistical tests to quantify the relationship between SRC excitability and spasticity (6, 15, 31, 36). Five of the six studies that provided evidence of an association had an interventional design (15, 31, 36, 40, 41). Overall, these six studies had a large spectrum of interventions, assessments of spasticity, and measures of SRC excitability (Table 4).


Table 4. Is there a relationship between SRC excitability and ankle spasticity?

[image: Table 4]

Additionally, the two studies that did not support an association between measures of spasticity and measures of SRC excitability were observational (Table 4) (37, 38). One of these studies was described above in the section on VAC (38), wherein Ib inhibition from the medial gastrocnemius onto the soleus H-reflex was not found to be influenced by SCI. The authors likewise concluded that there was no relationship between excitability of this circuit and the Achilles tendon reflex testing. The other study (37) assessed the level of heteronomous Ia facilitation between the quadriceps and the soleus H-reflex amplitude as an index of presynaptic inhibition. The authors concluded that while there was less presynaptic inhibition in those with SCI, there was no relationship between the amount of presynaptic inhibition and the Ashworth scale scores. This conclusion directly conflicts with studies that have assessed presynaptic inhibition in other circuits and concluded that decreased presynaptic inhibition is associated with spasticity (44, 45).

Of the 6 interventional studies with assessments of SRC excitability and ankle spasticity, only one did not provide evidence of an association (39). In this study, clonus duration decreased more after body weight supported treadmill training compared to standing on a tilt table; however, there was no change in H/M ratio associated with either intervention. The lack of change in H/M ratio may be due to methodological issues, as prior studies have shown that the maximum H-reflex is less sensitive to modulatory influence than are submaximal reflex responses.



Relationship Between CST Transmission and VAC

Damage to the CSTs associated with SCI has been associated with deficits in walking ability and balance (46). There is evidence that CST transmission is also related to VAC in all seven of the articles in which the relationship between CST transmission and VAC was assessed (Table 5).


Table 5. Is there a relationship between CST transmission and volitional ankle control?
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In contrast to the SRC studies, none of the CST transmission studies used an intervention; all had observational designs. Six of seven studies used direct measures of correlations or linear regressions to assess the relationship between CST transmission and volitional measures (8, 30, 32–35). Seven of 7 studies assessed MEP amplitude and latency in the TA. Functional measures including foot clearance, maximal movement velocity of the ankle, walking speed, walking distance over time, timing of dorsiflexion during walking, and ankle strength were all related to CST transmission. In one of these studies, a prospective cohort design was used to record longitudinal changes in the first six months after SCI. MEP amplitude, gait speed, DF muscle strength, and rate of activation increased significantly over time (34).




DISCUSSION


Summary—State of the Literature

While empirical evidence suggests there is an association between (1) measures of SRC excitability and VAC, (2) SRC excitability and spasticity, and (3) between CST transmission and VAC, the relationship between these measures in the literature is confounded by inherent variability in the neurophysiological measures and the wide range of functional measures utilized across the studies. To gain a better understanding of the evidence that does exist regarding the relationship between the underlying neurophysiological tests and ankle control, biomechanical, and functional outcomes were more closely examined and compared to specific neurological tests within and between studies (Tables 3–5).


Relationship Between SRC Excitability and VAC

After SCI, control of dorsiflexion depends on the extent to which hyperexcitability of the soleus SRCs degrades normal ankle kinematics. Ankle control can be examined using a variety of functional measures. It is important to determine the underlying mechanisms involved with each of these measures, as this knowledge could support the development of more effective rehabilitation strategies. The findings of this scoping review provide evidence that different components of ankle control may be associated with distinct measures of SRC excitability.

For the measure of ankle control during tapping tasks, 2 studies (15, 43) support the conclusion that the number of repetitions of ankle movements during a timed tapping task is associated with H-reflex excitability as measured by presynaptic and reciprocal inhibition. The relationship between ankle strength and reflex excitability is less clear, as two studies indicate there could be an association between strength and amplitude of the conditioned H-reflex responses (15, 36), while another did not (38). In addition to the divergence of findings, and perhaps the reason for the divergence, the type of H-reflex test used for each of these studies varied (see Table 3). For the two studies that measured active range of motion in the ankles, the first study demonstrated a possible association between this functional outcome with low frequency depression and presynaptic inhibition (15), while the other demonstrated a change in reciprocal and presynaptic inhibition, but not active range of motion (43). Lastly, in the study in which toe clearance during walking was measured, there was an association between change in toe clearance and reciprocal inhibition (15). Although most of these studies included correlations between SRC excitability and VAC measures, due to the variability of the tests, there is a strong need for additional studies to quantify the relationship between these two constructs.



Relationship Between SRC Excitability and Ankle Spasticity

The ability to achieve adequate dorsiflexion during functional tasks, such as walking and transfers, can be hindered by involuntary muscle contractions and stiffness associated with spasticity in the ankle plantar flexors. It is important to understand how commonly used tests of SRC excitability are associated with biomechanical measures of spasticity to develop more effective neuromodulatory strategies. In comparison to the number of studies that included measures of SRC excitability and VAC, there is a noticeably larger amount of studies dedicated to measuring SRC excitability and ankle spasticity. There are several biomechanical assessments to measure ankle spasticity, including: spinal cord assessment tool for spastic reflexes (SCATS), modified Ashworth scale, Achilles tendon reflex, and the ankle clonus drop test. These biomechanical tests can provide insight into properties such as ankle stiffness, clonus duration, and number of clonus oscillations. The large variety of biomechanical spasticity measures used across studies and the different types of SRC excitability measures utilized, make it difficult to quantify the relationship between the biomechanical measures of responsiveness to stretch and electrophysiologic SRC excitability measures. However, there is evidence that some biomechanical measures of spasticity may be associated with different components of SRC excitability (see Table 4).

One sensitive biomechanical measure of spasticity is the reflex threshold angle in the plantar flexors. One study provided evidence that reflex threshold angle appears to be related to reciprocal and presynaptic inhibition (15), while another showed it may be related to H-reflex excitability (31). Of the 6 studies that included measures of clonus duration, three provide evidence that there may be a relationship between clonus duration and cutaneomuscular conditioned-reflex (36), H-reflex excitability (40), and low frequency depression (15). The same number of articles demonstrated a potential association between number of oscillations during ankle clonus and H-reflex excitability (6, 40, 41). Only one study demonstrated evidence of a relationship between ankle stiffness, measured using the modified Ashworth scale, and cutaneomuscular conditioned-reflex (36). Though there is some evidence of an association between measures of SRC excitability and functional outcomes related to spasticity, an increased amount of attention into the specifics of these measures and the underlying mechanisms that impact them is needed for a better understanding of this relationship.



Relationship Between CST Transmission and VAC

Spinal cord injury diminishes the capacity of the CST to transmit descending neural signals, thereby limiting both strength and speed of VAC in the dorsiflexors. Measures of VAC included: tapping tasks, ankle strength, toe clearance during walking, and gait measures. Both MEP amplitude and latency were shown to have some evidence of a relationship with each component of ankle control (see Table 5). It should be noted that although there were some differences in the methodologies used across studies, there was less variability between measures in the CST transmission studies than there were in the SRC excitability studies.

The coordination and timing of VAC can be assessed during tapping tasks to match a rhythmic tone. In the four studies that assessed VAC during tapping tasks, there was an association between maximal movement velocity and measures of CST transmission (32–35). Ankle strength is another important component of VAC. For the measure of ankle strength, two articles demonstrated an association between strength with MEP latency (33) and MEP amplitude (34), while two other articles did not support a relationship between those measures (35, 42). Foot drop/toe drag can be assessed by measuring toe clearance and ankle angle during swing phase. Toe clearance during walking was measured in two articles that assessed CST transmission (8, 30). Both articles demonstrated that maximum toe elevation was associated with MEP amplitude and latency. Lastly, 4/6 studies that contained some measure of gait parameters and stepping ability, presented evidence of an association with CST neurophysiology (8, 30, 35, 42). Additional work is warranted in this area to understand how measures of CST transmission relate to ankle spasticity, as none of these studies included any spasticity measures. There would be great value in future studies that include CST transmission and SRC excitability measures in conjunction with ankle-related functional and biomechanical outcomes.




Existing Gaps—Limitations
 
Limitations of Included Studies

The greatest limitation in the currently available literature related to the relationships among CST transmission, SRC excitability, spasticity, and function was the large variability in measures used in the studies. Overall, there was a wider range of neurophysiological measures in the studies that assessed SRC excitability than in the studies that assessed CST transmission. Although all of the reported neurophysiological measures assessed changes in SRC excitability, the studies tested different circuits at different timepoints, which may result in significant changes being observed in one study while non-significant results were observed in another. For example, although presynaptic inhibition and reciprocal inhibition both impact reflex excitability, the interneurons involved are not the same. Given that changes in the CST transmission can influence the SRC excitability, it is unfortunate that no articles included both corticospinal and spinal neurophysiological measures.

There was also variability in the types of measures used to assess spasticity and VAC in the studies which assessed SRC excitability and the articles that assessed CST transmission. In the articles that addressed SRC excitability, the studies included different biomechanical measures of ankle spasticity. None of the included CST transmission articles assessed spasticity. Both measures are important for assessing factors that influence changes in gait parameters after injury. Increases in voluntary control and decreases in spasticity are both beneficial for improving walking function in persons with SCI. Future studies should assess both volitional and spasticity related measures of the ankle.



Limitations of Review

The search strategy was potentially limited for two main reasons. The search included only studies of SRC excitability that used measures based on the H-reflex test and studies of CST transmission that used MEPs as neurophysiological measures. Studies which utilize other neurophysiological measures along with VAC and spasticity measures may have been excluded, potentially limiting the scope of this review. We chose to use H-reflex and MEPs as the primary measures of interest because they are both widely used, non-invasive neurophysiological tests with good reliability. However, despite being commonly used measures, H-reflexes and MEPs cannot isolate or provide information about the integrity of all pathways that may influence neuromotor control of the ankle (i.e., rubrospinal tract, reticulospinal tract, vestibulospinal tract, and group II afferent nerve pathways).




Conclusions and Future Directions

Based on the available literature there is evidence of an association between neurophysiological excitability with VAC and spasticity after SCI. Future studies assessing these relationships are important for the development of better targeted therapies such as whole body vibration, peripheral nerve somatosensory stimulation, transcutaneous spinal stimulation, and transcranial direct current stimulation to improve walking and balance in individuals affected by SCI. There is great potential for this knowledge to guide therapists in the use of non-invasive stimulation to increase descending drive or decrease spasticity. While it may be difficult to isolate interventions to either CST transmission or SRC excitability alone, it is important to understand neurophysiologic contributions to ankle control given its relevance to safe and efficient ambulation within clinical populations with central nervous system disorders. Studies that employ a battery of neurophysiologic and functional measures to assess both SRC excitability and CST transmission in persons with SCI are warranted.
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Motor Unit Number Index (MUNIX) is a technique that provides a susceptive biomarker for monitoring innervation conditions in patients with neurodegenerative diseases. A satisfactory repeatability is essential for the interpretation of MUNIX results. This study aims to examine the effect of channel number and location on the repeatability of MUNIX. In this study, 128 channels of high-density surface electromyography (EMG) signals were recorded from the biceps brachii muscles of eight healthy participants, at 10, 20, 30, 40, 50, 60, 70, 80, and 100% of maximal voluntary contraction. The repeatability was defined by the coefficient of variation (CV) of MUNIX estimated from three experiment trials. Single-channel MUNIX (sMUNIX) was calculated on a channel-specific basis and a multi-channel MUNIX (mMUNIX) approach as the weighted average of multiple sMUNIX results. Results have shown (1) significantly improved repeatability with the proposed mMUNIX approach; (2) a higher variability of sMUNIX when the recording channel is positioned away from the innervation zone. Our results have demonstrated that (1) increasing the number of EMG channels and (2) placing recording channels close to the innervation zone (IZ) are effective methods to improve the repeatability of MUNIX. This study investigated two potential causes of MUNIX variations and provided novel perspectives to improve the repeatability, using high-density surface EMG. The mMUNIX technique proposed can serve as a promising tool for reliable neurodegeneration evaluation.

Keywords: channel number, high-density, motor unit number index, repeatability, surface electromyography, innervation zone


INTRODUCTION

Motor Unit Number Index (MUNIX) has been accepted as a neurological tool for technically friendly indexing the number of functioning motor unit (MU) of target muscle (1). Being better tolerated, easier and quicker to perform than motor unit number estimation (MUNE), MUNIX has been proved an as reliable biomarker for assessing MU loss in different patient populations, including amyotrophic lateral sclerosis (ALS) (2), spinal cord injury (SCI) (3), multifocal motor neuropathy (MMN) (4), post-polio syndrome (5), stroke (6) and spinal muscular atrophy (SMA) (7). Specifically, studies have shown that MUNIX is capable of detecting motor neuron loss in early stages of ALS before the patient has obvious weakness (8).

A reproducible MUNIX is crucial to the acquisition of credible observations for interpretation. The repeatability of MUNIX can be affected by multiple factors, including the variation in electromyography (EMG) signals and electrode positioning. Variations in compound muscle action potential (CMAP) signals and surface EMG contraction signals, and randomness of surface interferential patterns (SIP) selection can affect MUNIX results. Furthermore, suboptimal electrode placement has been suggested as the most recurrent source of errors and systematic mistakes (9). The repeatability of MUNIX has been reported in both healthy and patient subjects, measured by coefficient of variation (CV), interclass correlation coefficients (ICC) and/or correlation coefficients (CC) (8–11). CV values up to 52.9% has been observed in healthy and ALS patients (10, 12–15). It is therefore necessary to find solutions to improve the repeatability of MUNIX; nonetheless limited effort has been made.

Recent advances of high-density surface EMG has enabled the non-invasive acquisition of abundant spatiotemporal information and consequently advanced analysis techniques (16–19). In this study, we aimed to employ high-density surface EMG measurements to examine the repeatability of MUNIX in relation to the number and location of recording channels. Specifically, a multi-channel MUNIX (mMUNIX) method was proposed to generate a more reproducible MU quantity index.



MATERIALS AND METHODS


Participants and Consent

Eight healthy subjects (two females, mean age 27 ± 4 years) without history of neurological diseases were recruited at the University of Houston. Subjects were well-informed of the experiment procedure, potential risks of the study and gave written informed consent. The experiment protocol was approved by the University of Houston and University of Texas Health Science Center-Houston institutional review board.



Experiment Protocol

The experiment procedure followed our previous study (20). Briefly, the biceps brachii muscle of the dominant arm was selected for MUNIX calculation. After skin preparation, two high-density surface EMG grids were placed adjacently to cover the muscle, as shown in Figure 1A. Each grid features an 8 by 8 surface electrode configuration, with an electrode diameter of 4.5 mm and an inter-electrode distance (IED) of 8.5 mm (TMSi, Enschede, the Netherlands). The reference electrode was placed on the medioepicondyle of the same arm and ground on the idle arm with a Velcro strap (TMSi, Enschede, the Netherlands). Subjects were seated in a mobile Biodex chair (Biodex, Shirley, NY) and instructed to perform three isometric elbow flexions at maximal voluntary contraction (MVC). Then three sets of experiment trials were performed. Each trial included contractions at 10, 20, 30, 40, 50, 60, 70, 80, and 100% MVC with visual feedback from a screen monitor and supramaximal compound muscle action potential (CMAP) elicited by electrical nerve stimulation. Rectangular stimulation with a pulse width of 0.2 ms was delivered to the proximal musculocutaneous nerve using a DS7 current stimulator (Digitimer Ltd, Welwyn Garden City, United Kingdom). The optimal stimulation site was determined by maximizing the CMAP response at a consistent stimulation intensity of 25 mA. Then stimulation intensity was increased in steps of 5 mA until no further increase in CMAP amplitude observed (21). Adequate interval was given between two consecutive contractions or stimulation to avoid muscle fatigue. All EMG signals were acquired via a 136 channel Refa amplifier (TMSi, Enschede, The Netherlands) at a sampling rate of 2,048 Hz, and stored for offline processing.


[image: Figure 1]
FIGURE 1. (A) placement of high-density surface EMG grids, (B) An example of EMG signals acquired at nine contraction levels from three trials, (C) Examples of SIP epoch selection at submaximal (60% MVC) and maximal (100% MVC) contractions, (D) Potential mapping from one representative CMAP recording.




MUNIX Calculation

Data analysis was performed using Matlab R2015 (The Mathworks, Natick, MA). Contraction EMG signals were bandpass filtered at 10–500 Hz and notch filtered at 60 Hz using second order Butterworth filters, as shown in Figure 1B. CMAP recording was high pass filtered at 1 Hz and notch filtered at 60 Hz, exampled by Figure 1D. Stimulation artifact was identified and suppressed as described in a previous study (22). Very briefly, the artifact was identified using a Savitzky-Golay filter and Otsu thresholding. Then the contaminated data points were replaced by a spline interpolation. As the compound action potential propagates, morphological and temporal alterations of the CMAP recordings were observed from different surface channels. Therefore, the high-density CMAP profile was obtained on a channel-specific basis by identifying the onset and offset of each CMAP measurement. SIP epochs were extracted from EMG trials at each contraction levels, with a length of 300 ms (614 data samples). Ten randomly selected epochs were extracted from each contraction level; whereas only 5 from 100% MVC because of the shorter duration of stable contractions at maximal force, as shown in Figure 1C. The final SIP pool consists of 85 different SIPs (8 submaximal contraction levels * 10 epochs/level + 1 contraction level of 100% MVC * 5 epochs/level). The SIP pool was employed to construct 10 different combinations of SIP epochs for MUNIX calculation by randomly selected one epoch in each level (SIP epochs at 100% MVC were used twice).



Effect of Channel Number on MUNIX Repeatability

Single-channel MUNIX (sMUNIX) was calculated for each recording channel using the high-density SIP and CMAP profile. To evaluate the effect of channel number on the repeatability of MUNIX, a multi-channel MUNIX, denoted here as mMUNIX, was proposed. The method was inspired by a previous high-density MUNE approach (20, 23). Concretely, mMUNIX was calculated as the weighted average of multiple sMUNIX, with the weights defined as:

[image: image]

where A(k) denotes the CMAP negative peak amplitude of the k-th channel, W(k) denotes its corresponding weight. mMUNIX was calculated, respectively, based on the N channels (N = 2, 4, 8, 16, 32, 64, and 128) with the top N largest CMAP amplitude.



Effect of Channel Location on MUNIX Repeatability

As the CMAP area correlates with the MUNIX, the electrodes near IZ can often acquire larger CMAP response and consequently larger MUNIX (24). As innervation zone (IZ) closely related to the origin of EMG signals, the sMUNIX repeatability with respect to the IZ was also studied. The IZ was detected by treating each axial column as an evenly-spaced linear sensor array, and IZ was defined as the point of symmetry in the bipolar signals of each column, as shown in Figure 2 (25). If phase reversal was observed in two neighboring bipolar channels, the IZ was identified as the monopolar channel in the middle that contributes to both bipolar channels. If a bipolar channel with near-zero signal amplitude separated the signal phase reversal; the midpoint of the two monopolar channels which contribute to the attenuated bipolar channel was identified as the IZ (16, 26–28). Therefore, a spatial resolution of 4.25 mm (half of the inter-electrode spacing) and 8.5 mm was achieved for IZ detection in the axial and mediolateral directions, respectively. IZ mapping was determined at 20, 50, and 100% MVCs, which are the commonly force levels used for IZ detection (29). The channel label was defined by its minimal distance to the IZ on a column-basis, as shown in Figure 2. In Figure 2, the three labeled columns are to show three representative cases of IZ distributions: (1) one IZ located between two neighboring channels, (2) one IZ located on one channel, and (3) two distinct IZs. Concretely, a channel was labeled as k (k = 1, 2, …, 13) if the distance from the closest IZ was smaller than k IED but no less than k − 1 IED.


[image: Figure 2]
FIGURE 2. IZ identification and examples of channel labeling based on its distance to IZ in three representative cases: (A) one IZ located between two neighboring bipolar channels, (B) one IZ located on one bipolar channel, and (C) two distinct IZs. The gray dots mark the location of EMG electrodes, the red bars mark the location of IZ detected. The black traces are representative bipolar signals during voluntary contraction. The red lines mark the propagation of IZ.




Statistical Analysis

The consistency between mMUNIX and conventional MUNIX was evaluated by Pearson correlation coefficient (PCC). The variability of MUNIX was evaluated by the CV of all three experiment trials. To assess the effect of channel number on MUNIX repeatability, CV of sMUNIX (single-channel MUNIX) and mMUNIX (multi-channel MUNIX) were compared. To assess the repeatability of sMUNIX with respect to the IZ, the sMUNIX values was grouped and compared based on the channel label.




RESULTS

mMUNX and sMUNIX were successfully calculated for all eight subjects. The conventional MUNIX can be represented by the sMUNIX of the channel with largest CMAP response, which is also equivalent to the mMUNIX when N = 1. Table 1 summarizes the conventional MUNIX and mMUNIX results averaged across three trials and PCCs for all eight subjects. For conventional MUNIX, an average MUNIX of 103.8 ± 16.4 was obtained, ranging from 89.5 to 135.7. A very strong correlation (PCC > 0.98) between the conventional MUNIX and all mMUNIX results was observed. The mMUNIX value decreased when more channels were included for calculation.


Table 1. mMUNIX results (Mean and standard deviation) and PCCs of all subjects.
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The CVs of mMUNIX based on different channel number N were summarized in Table 2. Comparison between the repeatability of mMUNIX and conventional MUNIX was performed using a paired student's t-test, with p-values summarized. A significant lower CV of mMUNIX was observed. The overall CV decreased with the inclusion of more channels; yet in 3 of 8 subjects tested, the CV of mMUNIX increased when N was 64 or 128.


Table 2. CV of mMUNIX results with different channel number N.
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Figure 3 shows the sMUNIX, CMAP area and CV mapping in two representative subjects. The sMUNIX mapping tends to correlate well with the CMAP area. CV mapping suggested relatively stable sMUNIX near the IZ regions yet more variable observations away from the IZ. Table 3 summarizes the results of CV of sMUNIX with respect to its distance to the IZ. Analysis showed higher sMUNIX CV in channels further from the IZ, yet no statistical signficant difference was observed after Benjamini-Hochberg correction. A larger CV variation was observed in sMUNIX of channels far away from the IZ.


Table 3. The CVs of mMUNIX results based on its distance from IZ.
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FIGURE 3. CMAP (Left), MUNIX (Middle), and CV (Right) mappings from two representative subjects.




DISCUSSION

In this study, MUNIX was evaluated in eight healthy subjects using high-density surface EMG, and results were consistent with previous studies (1, 8, 15, 30). A novel mMUNIX method has been proposed, by including additional recording channels and taking into account spatiotemporal EMG information. Our results suggested a high consistency between mMUNIX and conventional MUNIX, whereas mMUNIX was significantly more repeatable. Furthermore, sMUNIX estimations showed a relatively stable MUNIX estimation in a wide range of recording site, albeit the repeatability decreased when moving the channel position away from IZ.

Limited effort has been made to improve the repeatability of MUNIX. Ahn et al. employed a digital instrument to improve the MUNIX reproducibility by reducing the variations in SIP signals (31). Peng et al. demonstrated that the inclusion of additional SIP epochs at lower contraction levels can significantly improve the repeatability (20). Bezerra et al. found that the averaging across multiple measurements could generate more repeatable MUNIX (32). To control for the experience-related variations and improve the automation of MUNIX calculation, in this study, the MUNIX repeatability was evaluated by taking into consideration all three previously proposed methods. This explains that the relatively low trial-to-trial CV compared to previously reported results (9, 33).

In this study, the performance of mMUNIX have been assessed by PCC and CV. The strong correlation (all >0.98) between mMUNIX and standard MUNIX, in addition to the significantly reduced variability, has evidenced the validity of proposed mMUNIX technique. The improved repeatability of mMUNIX may be attributed to the addition of more spatiotemporal EMG information from a broader muscle area, whereas conventional MUNIX is performed with only one EMG channel positioned at where the largest CMAP is obtained. Additive myoelectric information is expected to provide a more comprehensive sampling of the motor unit information and therefore benefit MUNIX repeatability. The mMUNIX can be clinically performed by searching for the N locations with the top N largest CMAP response, and calculating the weighted average of the N sMUNIX values. As MUNIX stands out due to its simplicity in implementation, using more channels can complicate the experiment protocol and system demands. This remains a trade-off between improving the repeatability and the inclusion of more channels. It is also interesting to note that in 3 of 8 subjects tested, the CV of mMUNIX increased when N was 64 or 128, i.e., a large number of EMG channels were included. This could be explained in part by the noise introduced by channels that were positioned outside the target muscle region.

Previous high-density surface EMG based MUNE methods defined the weight by the size of the single motor unit potential (SMUP) rather than the CMAP (20), as MUNE is often sensitive to the SMUP estimation (34). However, in MUNIX calculation, no direct estimation of SMUP size was provided. Therefore, assigning weight based on motor unit size is not feasible. We have found that weights determined by the CMAP and root-mean-square of SIPs were similar while CMAP often provide more stable weight estimations (Data not shown).

The repeatability of MUNIX at non-optimal locations was also evaluated. Conventional MUNIX requires the placement of recording electrode at the surface location where the maximal CMAP was observed, which correlates with the region where neuromuscular junctions, indicated by IZ, are densely distributed. As the CMAP area correlated with the MUNIX, the electrodes near IZ can often acquire larger CMAP response and consequently larger MUNIX. We have observed an increased variability of sMUNIX when moving further away from the IZ region, which may also explain the increased variations of mMUNIX when N is very large. However, the repeatability of sMUNIX is not very different unless the electrode is positioned very far from the IZ. As the sample size is relatively small, it is possible to achieve the level of significance by increasing the subject size. Our results suggest that rather than searching for the optimal site with maximal CMAP, suboptimal placement close to the IZ may also provide reasonable MUNIX estimation with similar level of repeatability, as shown in Figure 3. The consistency of electrode positioning can be ensured by anatomical landmarks. The similar mappings of CMAP amplitude and MUNIX estimation of these subjects suggested that MUNIX estimation relies largely on the size of the CMAP, which is consistent with previous findings (8). The mappings of CMAP amplitude and MUNIX CV have shown a very interesting negative correlation, which corresponds with our results that MUNIX variability increases with the electrode-IZ distance. However, it should be noted the study was only tested in healthy participants, whether similar observation holds under pathophysiological conditions requires further study. Moreover, the three trials in this study were performed without removal and re-attaching the electrode grids, which also in part explained the small trial-to-trial variability. The variations of mMUNIX across different visits require further studies.

A correlation between MUNIX value and with the size of CMAP area was observed (8, 35, 36). However, MUNIX can provide more information and is proved more sensitive than CMAP alone (1, 4, 36). It had to be underlined that MUNIX does not estimate the actual quantity of existent MUs, but more of an “index” that related to the number of motor neurons (30, 36). Although not carrying physiologically meaning, MUNIX provides a reliable biomarker to detect neurodegenerative diseases.
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Disorders of the central nervous system sometimes cause severe sensory motor paralysis accompanied by gait impairment. Recently, there are several reports on the effectiveness of robot-assisted gait training for patients experiencing these issues. The purpose of this case report was to assess the neuromechanical effect of a wearable robot suit HAL (Hybrid Assistive Limb) during post-operative gait training in a patient with gait impairment due to compressive myelopathy caused by ossification of the posterior longitudinal ligament (OPLL). For this purpose, we compared lower limb muscular activities while the patient was walking with and without the robot through a course of treatment sessions by (i) gait phase-dependent muscle usage analysis, (ii) muscle synergy analysis, and (iii) muscle network analysis. The results show (i) enhanced activity of the extensor muscles for weight-bearing in the initial sessions by using HAL and reduced knee extensor and increased hip extensor activations for achieving larger steps and faster gait in the later sessions; (ii) involvement of a greater number of synergies during walking with HAL than without HAL; and (iii) modulated muscle network property during walking with HAL remaining until the next HAL session. The patient's gait was improved after completing HAL sessions, acquiring close to normal joint profile with greater range of joint movement, faster walking speed, and larger step length. We discuss that the muscular activity modulation during walking with HAL suggests altered control of the muscles by the central nervous system during post-operative walking. Activity-dependent sensorimotor augmentation by HAL is discussed in the context of recovery of gait control by the central nervous system. The relationship between the altered control and the achieved gait recovery requires further investigation.

Keywords: myelopathy, gait recovery, Hybrid Assistive Limb (HAL), ossification of posterior longitudinal ligament (OPLL), muscle activity analysis, synergy analysis, muscle network analysis, exoskeleton robot


INTRODUCTION

Disorders of the central nervous system sometimes cause severe sensory motor paralysis accompanied by gait impairment. There are several recent reports on gait improvement after clinical intervention using wearable exoskeleton-type robots in patients with gait disturbance after central nervous system disorders; for example, ReWalk (1), Indego (2), Ekso (3), Lopes (4), Lokomat (5, 6), MindWalker (7), and HAL (8).

Robot suit HAL (Hybrid Assistive Limb; Cyberdyne, Tsukuba, Japan) assists motion of the bilateral hip and knee joints during walking in accordance with voluntary motion intension of the user (9). It actuates the electric motors embedded in the hips and knees of its exoskeleton in real time, amplifying bioelectric activation of the relevant muscles which are detected using surface electrodes attached on the hip and knee muscles. Previous studies using HAL for myelopathy (10–12), spinal cord injury (13–17), and post-surgery rehabilitation after total knee arthroplasty (18) reported improvement of walking ability after HAL training.

Ossification of the posterior longitudinal ligament (OPLL) is characterized by heterotopic ossification of the ligament usually at the cervical and thoracic spine (19, 20). Stenotic reduction of space for the spinal cord within the spinal canal due to the ossification induces spinal cord compression, resulting in severe myelopathy. The myelopathy is degenerative, categorized similarly to those caused by other reasons, including ossification of the ligamentum flavum, degenerative disc disease, and spondylotic myelopathy (21). Surgical treatment for spinal cord decompression is recommended when symptomatic neurological deterioration is observed, including gait disturbance, bladder disorder, and a myelopathic hand (22–24); otherwise, the risk of cervical spinal cord injury is suggested (25, 26). After decompression surgery, patients are prescribed with a rehabilitation program.

Analysis of myelopathic gait can be found for patients with cervical myelopathy due to cervical spondylosis and/or OPLL who were able to autonomously ambulate before and after decompression surgery (27). Compared with cervical myelopathy, neurological deterioration in thoracic myelopathy is rather concentrated in the lower limbs: lower limb numbness and weakness and an unsteady gait (28). Post-operative motor paralysis was observed in more than 30% of thoracic patients who underwent surgery for OPLL, more than 20% of whom underwent additional surgery to achieve recovery (29). Post-operative paralysis of thoracic OPLL patients tends to be severe, in accordance with the duration and severity of compression before surgery, even when enough decompression is obtained by surgery (30, 31). While the existing studies on gait of myelopathy patients deal with patients who could ambulate autonomously before and after surgery (27), here, we consider a case who had difficulty walking before and after surgery for thoracic OPLL.

The spinal cord has been considered to be housing the spinal locomotor network which coordinates the rhythmic limb motion during locomotion, based on evidences from non-human species and partly from humans (32, 33). For the recovery of spinal locomotor function after injury, the importance of sensory input of movement based on activity is suggested (34, 35). As well, the importance of task-specific active training is suggested to enhance plasticity of the supraspinal neural networks to adapt to the injured spinal cord in the generation of a closer to normal gait (36). Since HAL assists activity-based joint motion during locomotion and, hence, assists in providing coherent sensory input to the spinal cord through assistance of actual performance of the motion intended by the neural system, we think that HAL can provide an effective method for the recovery of gait after spinal cord disorder. Actually, gait improvement after training using HAL has been reported for patients after spinal cord injury (references cited above), among which, Shimizu et al. (17) reported reactivation in some of the paralyzed muscles of chronic spinal cord injury patients during walking with HAL. Compressive myelopathy and spinal cord injury are both spinal cord disorders leading to disturbance or impairment of gait, the difference being that the former is caused by chronic degeneration while the latter is caused by acute injury. Sensory input to the spinal cord achieved by HAL during walking is expected to be effective also for gait improvement of patients with severe thoracic myelopathy, bringing changes to the way the nervous system controls muscles during walking.

In previous studies on the application of HAL for post-operative gait rehabilitation of OPLL patients with thoracic myelopathy (10–12, 37–39), gait improvement is reported by comparing the state of the patient before starting and after finishing the entire robot-assisted intervention. However, this comparison hinders examination of the effect of the robot during the training per se, as well as how it differs from training without the robot. In this study, the gait and muscle activity during walking using the robot were recorded and analyzed in a patient with gait impairment due to thoracic myelopathy caused by OPLL. The purpose of this study was to examine the immediate effect of the robot on gait control and to discuss how it varies through intervention sessions. As far as we know, this is the first study showing the muscular activity changes during walking using HAL in a patient who had post-operative gait impairment after myelopathy. In this study, we analyze and compare the lower limb muscle activities during walking with and without HAL in each session of post-surgery rehabilitation. The analysis is made of three parts: gait phase-dependent amplitude analysis, muscle synergy analysis, and muscle signal network analysis.

Muscle synergy analysis is based on the idea that coordinated control of multiple muscles by the central nervous system is structured with the combination of a comparatively smaller number of basic synergy patterns (40) to simplify the control strategy by reducing the number of controlled variables (41–43). The neural basis of muscle synergies is reported as housed in the spinal cord (44) and the formation of spatiotemporal synergies by the brain (45) based on evidence from non-human species. Muscle synergy analysis is used to assess the efficacy of rehabilitation (46) as a physiological marker in patients suffering from stroke or trauma (47), an assessment tool of motor coordination in patients with cerebral palsy (48), and as a tool to evaluate recovery of bilateral control in stroke patients (49, 50). While an altered muscle synergy of incomplete spinal cord injury patients during walking has been reported (36, 51), there are no reports so far concerning muscle synergies of myelopathy patients, as far as we searched.

Muscle network analysis (52) is a rather recently proposed method to investigate the structure of the signal network among muscles by analyzing the measured electromyography (EMG) in the frequency domain using methods of coherence analysis and complex graph analysis (52). It is based on the findings that the synchronous rhythm of neural firings coordinates the whole body signaling of the neural system, including the brain and reaching to the muscles (53, 54). Muscle network analysis and coherence analysis are utilized in several literatures to investigate the central nervous system's control of motion in a pathologic population (55, 56). This is the first study to apply muscle network analysis to gait of myelopathy patients.



CASE PRESENTATION


Patient

The case was a 64-year-old male patient (height, 165 cm; weight, 90 kg; body mass index, 33 kg/m2) who had severely paralyzed lower limbs. The case, having had spent 10 years without subjective perception of symptoms after obtaining a diagnosis of cervical ossification of the posterior longitudinal ligament (OPLL) and lumbar spinal stenosis (LSS), was sent to a nearby hospital by emergency transportation after having difficulty standing. Frequent falls were experienced, about a month prior to this event. At the hospital, paralysis of the lower limbs was recognized by manual muscle test (MMT) as 0, 1, and 2 on the right and 2 and 3 on the left, together with sensory paralysis on the trunk and the lower limbs. The case was then transferred to our hospital for consideration of surgical treatment.

At the moment of transfer, MMT scores deteriorated on the right lower limb (Table 1, Before Surgery). Voluntary movement of the limb was not possible lying on a bed. The left lower limb maintained the MMT scores and showed voluntary movement slightly; however, standing was not possible. Sensory disorder included hypesthesia on the trunk and the bilateral lower limbs, and pain and dysesthesia around the trunk and bilateral groin regions. CT and MRI showed compression on the spinal cord due to cervico-thoracic OPLL ranging from C2 to L1 (Figures 1A1,A2). On these examinations, thoracic myelopathy due to compression by the OPLL and instability at Th6/7, Th7/8, and Th8/9 were considered as the principal causes of the pathology. Surgical treatment was performed, including C3-T1 laminoplasty and Th2-12 posterior decompression and fusion, following which gradual improvement of the lower limb motor functions was observed. Posture training was started in a seated posture 9 post-operative days (POD), in a standing posture using a tilt table 10 POD, and then using parallel bars at 28 POD. Lower limb MMT scores improved, but then stayed flat for 20 days, which led to the prescription of HAL gait training at 43 POD (Table 1). The patient was in our hospital for 83 days before being transferred to another hospital for continuing treatments.


Table 1. Clinical assessment scores pre- and post-HAL.
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FIGURE 1. (A) CT (left) and MRI (right) images of the cervical spine (A1) and thoracic spine (A2) before surgery. Ossification of posterior longitudinal ligament (OPLL) was observed in the cervical and thoracic spine (from C2 to L1), where the spinal cord was being compressed. Diffuse idiopathic skeletal hyperostosis (DISH) was also observed from C4 to L2. Herniated disc was observed at Th8/9. (B) The patient walking overground using Hybrid Assistive Limb (HAL) in the seventh HAL session. An All-in-One Walking Trainer device was also used to provide weight support and for safety. An assistant pulled the device in accordance with the patient's gait. (C) Walking distance using HAL in each session. The distance gradually increased through the sessions.




Hybrid Assistive Limb

A double-legged HAL was used in this study. HAL has an exoskeleton structure corresponding to the pelvis, bilateral thighs, shanks, and feet of the patient, weighing 14 kg in total. Bracings, hinged plates, and shoes are used to tighten the exoskeleton structure to the user by belts. It has electric motors at the bilateral hip and knee joints of the exoskeleton to assist sagittal motions of the hip and knee joints of the user. The electric motors are actuated by amplifying the bioelectric neuromuscular activation of the relevant muscles to support voluntary joint motions. In mechanical sense, the interaction of HAL and the user is based on the force that they apply to each other through the bracings, supporting plates, and shoes. Disposable surface electrodes (Vitrode L, Nihon Kohden, Tokyo, Japan) were attached to the HAL's cables and pasted bilaterally on the surface of the hip flexor (tensor fasciae latae), hip extensor (gluteus maximus), knee extensor (vastus lateralis), and knee flexor (biceps femoris) muscles of the patient. The motor torques were generated in real time in accordance with the user's muscle activity: T_hip = G_hip_flex*A_hip_flex-G_hip_ext*A_hip_ext and T_knee = G_knee_flex*A_knee_flex-G_knee_ext*A_knee_ext are the hip and knee joint torques, where G_* are gain parameters, and A_* are the filtered activation of the muscles, respectively. The motors' force is transmitted to the user's limbs through the exoskeletal structure, the bracings, and shoes to realize intended limb motions. The gain parameters were manually adjusted for the patient's comfort during walking in each session.



HAL Sessions

Gait training using HAL (Figure 1B) was applied starting at 43 POD, followed by two or three sessions per week, 10 sessions in total, spanning a 28-day period. One session lasted about 1 h, including a 10-m walking test without using HAL (NoHAL), attachment of HAL, gait training using HAL (HAL), and detachment of HAL. HAL gait training included 20 min of overground walking activity at a comfortable pace on a 25-m oval course, with rest interval. All-in-One Walking Trainer (Ropox A/S, Naestved, Denmark) was used with a harness to provide weight-bearing support, in all walking (NoHAL and HAL) in all sessions. Weight support was manually adjusted in each session to provide minimum necessary weight support for the patient to keep walking in an appropriate posture. The All-in-One and HAL are completely separate and independent systems. There was no systematic interaction or shared control between them.



Measurement

Pre–post-evaluations before the first HAL session (PRE) and after the last HAL session (POST) included clinical assessment of MMT of the major lower limb muscles, Functional Independence Measure—Motor General (FIM-M), Barthel Index (BI), functional ambulation category (FAC), and the 10-m walking test. During the 10-m walk test, gait kinematics was recorded using a motion capture system (Vicon MX with 16 T20s cameras, Vicon, Oxford, UK) sampling at 100 Hz. Sixteen autoreflective markers were placed on the anatomical landmarks according to a Plug-in Gait marker set: anterior superior iliac spine, posterior superior iliac spine, lower lateral 1/3 surface of the thigh, flexion–extension axis of the knee, lower lateral 1/3 surface of shank, lateral malleolus for the ankle, posterior peak of the calcaneus for the heel, and the second metatarsal bone of the toe.

In all HAL sessions, lower limb muscle activity was recorded during walking without HAL (NoHAL) and during walking with HAL (HAL) using a wireless surface EMG measurement system (Trigno Lab, Delsys, Natick, MA, USA) sampling at 2 kHz. In both NoHAL and HAL, the patient walked with the All-in-One walking device. EMG sensors were placed bilaterally on the gluteus maximus, vastus medialis, medial hamstrings, tibialis anterior, and medial gastrocnemius muscles after cleaning the skin over the muscle bellies with alcohol swabs. Foot marker movements were recorded at the same time in synchronization with EMG using the motion capture system for the purpose of gait phase detection.



Data Processing

Marker positions of the motion capture data were converted to joint angles using the Plug-in Gait model of Vicon Nexus software (version 2.2.3). The rest of the processing was performed using custom scripts on MATLAB 8.4 R2014b (MathWorks, Natick, MA, USA). The flexion/extension angle of the hip and knee joints and the dorsi/plantar flexion angle of the ankle joint were extracted and divided into steps according to the height of the toe and heel markers. EMG data were first filtered with a band-pass filter (30–400 Hz), rectified and locally integrated using a 200-ms moving window to obtain an integrated EMG (iEMG) profile, which was then divided into steps according to the height of the toe and heel markers. The joint angle and iEMG profiles of each step were time-normalized to 101 points, with 0% representing a heel strike which initiates a cycle and 100% representing the subsequent heel strike which terminates the cycle. Data of multiple steps were averaged on the normalized time domain to obtain an averaged joint angle and iEMG profile of an averaged step. The averaged angle profiles were used to compare gait between PRE and POST, and the averaged iEMG profiles were used to compare muscle activity between NoHAL and HAL of each session. Gait was also compared between NoHAL and HAL by the ratio of total iEMG during the stance phase of the measured muscles.

Muscle synergy analysis was also used to compare the muscle activities between HAL and NoHAL. iEMG of the measured 10 muscles was decomposed into muscle synergy patterns and temporal coefficients by the non-negative matrix factorization (NNMF) method (57) against each of the possible number of synergies ranging from 1 to 10. Supposing that there are m muscles, n data samples, and k synergies, the factorization algorithm gives a decomposition of the muscle activity matrix M (m × n) into M = SC + E, where S is an m × k matrix containing k muscle synergies, C is a matrix containing temporal coefficients, and E is residual. For each of the assumed number of synergies, the fitting of the synergy patterns to the original iEMG patterns was evaluated in terms of variances accounted for (VAF) to estimate the number of synergy patterns underlying in the measured EMG data (58). In equation, [image: image], where Xij is the muscle activity and Yij is the reconstructed muscle activity of the ith muscle in the jth sample.

Muscle network analysis (52, 55) was also used to compare the muscle activities between HAL and NoHAL. Following the references, raw EMG data of each measured muscle was band-pass-filtered (20–70 Hz), resampled at 200 Hz, and rectified using Hilbert transform. The power spectral density (PSD) of each muscle was evaluated first to investigate the frequency range where the EMG signals have power. Welch's method was used here, with window length 1 s and overlap 0.75 s. Then, intermuscular coherence (IMCOH) was computed using Welch's method and the same window parameters for all pairs of the measured muscles. Coherence is commonly used to investigate coupling between neural activities (59, 60).

These data were then used to calculate the network measures clustering coefficient (CC) and global efficiency (GE) of a muscle network graph whose nodes are the measured muscles and whose arcs between the nodes are weighted by the IMCOH values. This gives a network representation of the measured muscles with their pairwise connectivity in the frequency domain. Supposing wij(f) IMCOH of the ith and jth muscles after normalization in frequency domain, we calculated CC as the average of triplet multiplication of the connection weights 3wij(f)wjk(f)wjk(f), sufficing i ≠ j, ≠ k, k ≠ i. GE was calculated as the average of the connection weights wij(f), sufficing i ≠ j. CC and GE were, respectively, averaged through a lower (2–22 Hz) and a higher (22–44 Hz) frequency range. CC is known to provide an indication of the extent of functional segregation of a network, while GE indicates the extent of functional integration of a network (61). We then, in order to investigate the causal relationship of CC and GE between HAL and NoHAL, CC and GE during HAL were tested against, respectively, CC and GE during NoHAL in the next session using a linear regression.




RESULTS


HAL Sessions

The patient completed 10 HAL sessions without any serious adverse events. The observed issues were redness on the skin due to attachment of the electrodes and minor scratches due to interference with belts and harnesses. All of these cutaneous issues disappeared promptly.

The patient did not manage to walk using HAL in the first session, in which stand-up training was provided in place. In the third session, gait data was not recorded because the patient reported perception of fatigue. Starting from the second session, the patient monotonically increased the walking distance using HAL (Figure 1C).



Pre- Post-comparison

Clinical assessments (Table 1) showed improvements after HAL in the FIM-M score, BI, and FAC. The 10-m walking test was not available in PRE because he could not manage to complete 10 m even with weight support. The 10-m walking test in POST was completed using the handrail of the walking device with a practical walking speed, step length, and cadence. MMT scores improved after the surgery in most of the muscles and improved after HAL in some of the muscles.

Pre–post-joint angle comparison demonstrated greater extension of the hip joint during stance and greater range of flexion motion during swing in POST than in PRE (Figure 2, left). In PRE, when the patient did not complete the 10-m walk, the joint angles and gait parameters were extracted from the several steps that he managed to perform. The knee joint showed greater extension during stance and greater range of flexion and extension during swing in POST than in PRE, and double knee action for shock absorption was observed in the earlier phase of stance in POST (Figure 2, middle). The ankle joint showed greater range of motion through the cycle, with greater planter flexion in the early phase of stance and greater dorsi-flexion at the end of stance and initial swing in POST than in PRE (Figure 2, right). Walking speed was faster and step length was greater in POST (Figure 3, left and middle). The swing-to-cycle duration ratio was comparable between PRE and POST (Figure 3, right).


[image: Figure 2]
FIGURE 2. Joint angle profiles in the sagittal plane PRE [before starting the first Hybrid Assistive Limb (HAL) session] and POST (after the last HAL session). Joint angles from the right and left sides are separated into steps and averaged. 0% corresponds to a heel contact and 100% corresponds to the subsequent heel contact on the same side. Vertical lines indicate the moment of toe lift.
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FIGURE 3. Gait parameters during walking in PRE and POST.




Gait Changes in HAL Sessions

Comparing gait with HAL (HAL) and without HAL (NoHAL), the walking speed and step length were greater in HAL than NoHAL through the sessions (Figure 4, left and middle). The ratio of swing duration to cycle duration increased through the sessions in HAL and decreased in NoHAL; it was greater in HAL at the initial sessions and in NoHAL in the later sessions (Figure 4, right). Cadence was greater in NoHAL in most sessions (Supplementary Figure 1).


[image: Figure 4]
FIGURE 4. Gait parameters during walking with HAL (HAL) and without HAL (NoHAL) in each of the Hybrid Assistive Limb (HAL) sessions.




Muscular Activity Changes in HAL Sessions

Activation of the vastus medialis (VM) and gluteus maximus (GM) during stance was greater in HAL than in NoHAL in the second session (Figures 5A,B), but not in the fourth session (Figure 5B). Activation of VM was smaller and GM was greater in HAL than in NoHAL during stance in the seventh and 10th sessions (Figures 5A,B). The ratio of activation of VM in HAL per NoHAL during stance (Figure 5C, left) showed that the activation was initially increased with HAL (second session) and then decreased in the later sessions, typically in the 10th session. As for GM (Figure 5C, right), the activation was initially increased with HAL (second session), then slightly decreased (fourth and fifth sessions), and then increased through the later sessions.


[image: Figure 5]
FIGURE 5. Activity of the quadriceps and gluteus maximus muscles compared during walking with HAL (HAL) and without HAL (NoHAL), in each of the Hybrid Assistive Limb (HAL) sessions. (A) Band-pass-filtered EMG data of the right and left sides in the second and 10th HAL sessions. The gray shaded areas indicate the stance phase. (B) Muscle activity profile through a gait cycle, averaged from multiple steps, in the second, fourth, seventh, and 10th HAL sessions. (C) Ratio of muscular activities during walking with HAL with respect to without HAL in each of the HAL sessions. (D) Variances accounted for (VAF) ratios representing the ratio of the measured muscle activities that can be reconstructed using the computed muscle synergies, for the cases of the number of muscles synergies being 1 (top left), 2 (top right), and 3 (bottom left). Bottom right shows the mean VAF averaged among the sessions for each case of the number of muscle synergies varying from 1 to 10 (*p < 0.05, by a paired t-test).


Muscle synergy analysis showed smaller VAF in HAL than in NoHAL in each of the sessions in cases of one and two synergy patterns (Figure 5D, top left and right, respectively). Averaging through the sessions showed a significantly smaller VAF in HAL than in NoHAL in cases of one and two synergies (p < 0.05; Figure 5D, right bottom). Since VAF represents the percentage of reconstruction using the restricted number of synergy patterns, the smaller VAF in HAL meant involvement of a greater number of synergy patterns in HAL than in NoHAL.

Muscle network analysis showed the PSD residing mostly below 40 Hz (Figure 6A). IMCOH varied through the sessions for NoHAL and HAL (Figure 6B). CC and GE showed a statistically significant correlation in linear regression between CC during HAL and CC during NoHAL of the next session (p = 0.0079178 < 0.01, R2 = 0.785; Figure 6C, top left), as well as in regression between GE during HAL and GE during NoHAL of the next session (p = 0.0088224 < 0.01, R2 = 0.776; Figure 6C, top right). Conversely, no statistical significance was observed in the regression between CC during NoHAL and CC during HAL in the next session (p = 0.68, R2 = 0.039). It was also the case for GE (p = 0.66, R2 = 0.041; Figure 6C, bottom row).


[image: Figure 6]
FIGURE 6. Muscle network analysis of EMG during walking without Hybrid Assistive Limb (HAL) and with HAL in each session. (A) Power spectral density (PSD) of the measured muscles in the second and 10th HAL sessions. (B) Intermuscular coherence (IMCOH) between the measured muscles in the second, fourth, seventh, and 10th HAL sessions, averaged through frequency. The order of the muscles is the same as in the muscle list in (A), from top to bottom and from left to right. Color scale is shown on the right. (C) Linear regression of the clustering coefficient (CC) during HAL and CC during NoHAL in the next session (top left), CC during NoHAL and CC during HAL in the next session (bottom left), global efficiency (GE) during HAL and GE during NoHAL in the next session (top right), and GE during NoHAL and GE during HAL in the next session (bottom right). The scatter plot is plotted and regressed for the averages on the lower frequency ranges (blue, 2–22 Hz) and higher frequency ranges (green, 22–44 Hz).





DISCUSSION

In order to evaluate the effect of gait training using robot suit HAL, gait and lower limb muscle activity were recorded through HAL sessions and analyzed in a thoracic myelopathy patient who experienced a severe sensory motor paralysis and gait impairment before and after spine surgery. After the HAL sessions, the patient improved gait, with greater range of joint motion, faster walking speed, and greater step length (Figure 3). After transferring to another hospital, the patient was able to walk independently using a cane 2 months after HAL and achieved independent walking without a cane 11 months after HAL.

Disturbed gait of cervical myelopathy patients has been reported in the literature, characterized by a slower walking speed, shorter step length, longer step time, reduced range of joint motions (62–64), and altered timing and duration of muscle activities (65). After surgery for cervical decompression, improvement is observed in walking speed, step time, step length, and joint motions (66–68) and in knee kinetics (69). While the existing studies dealt with cervical myelopathy patients who could ambulate autonomously before and after surgery, in this study, we dealt with a thoracic myelopathy patient who had difficulty walking before and after surgery. When the patient became able to take a few steps, walking speed was slow, step length was short, and the range of joint motion was small (Figures 2, 3). These variables were improved after finishing the HAL training (Figures 2, 3).

In the second HAL session, when the patient started to walk using the walking device, he needed a large amount of weight support and could barely move his legs. The step length was very small without HAL. The activity of the measured muscles was also minor without HAL (Figure 5A, top row). However, using HAL, the step length was greater (Figure 4, middle) and the extensor muscles (quadriceps and gluteus maximus) were activated more during the stance phase than without HAL (Figure 5A, second row and Figure 5B, left). The activation ratio of HAL against NoHAL of these muscles was >1 (Figure 5C). This is contrary to the idea that muscle activations might reduce with robotic assistance (70). We consider that it is because, due to HAL's assistance, the muscle activities were made functionally effective in the actual performance of gait generation and that it generated an activity-based sensory feedback to the neural system, possibly leading to plasticity in the sensorimotor activity of the spinal locomotor network (35) and supraspinal networks related to gait control (36). Gait parameters of walking speed, step length, and percentage of stance duration showed greater values in HAL than in NoHAL (Figure 4). The greater limb motions could have led to sensory signal-driven activation of the spinal cord by the proprioceptive feedback (71).

Ivanenko et al. (72) showed changes in the amplitude of EMG activation of the lower limb muscles along with increased body weight support in healthy participants, demonstrating the importance of sensory information of the plantar pressure on the sole of the foot for the generation of normal muscular activity. Coming back to our patient, the patient's weight-bearing was very weak without HAL, so the weight was mostly supported by the unweighing device. Contrarily with HAL, with the assistance of HAL which generates joint torques by amplifying the sensed muscle activity, the patient was able to better bear weight on his feet. HAL assists the patient's weight-bearing only when the patient's extensor muscles are active, and this assures consistent signaling of sensorimotor interactions in the patient's central nervous system. Passive weight support devices, for example long-leg brace (LLB), which completely locks the knee joint, can support the weight-bearing of patients with weak knee joint control. However, in this case, the patient does not need to activate the knee extensor muscles since the rigid frame of the LLB supports the weight irrespective of the muscle activity. Shimizu et al. (73) showed the effectiveness of HAL over LLB for the activation of lower limb muscles in spinal cord injury patients. The contribution of the step signal-dependent afferent information to the neural control of locomotion by the spinal cord is considered, based on observation of a loading and velocity-dependent increase of EMG activity in spinal cord injury patients with reduced supraspinal input (74).

In the following sessions, the iEMG ratios were slightly <1 in the fourth and fifth sessions (Figure 5C), but the gait assisted by HAL showed greater step length (fourth session; Figure 4, middle) or percentage of swing duration (fifth session; Figure 4, right), which are a necessary characteristic of larger gait, and it continued through the rest of the sessions. In the later sessions, the iEMG ratio was reduced in the quadriceps and increased in the gluteus maximus using HAL (Figures 5A–C). It was represented by gait, by its faster speed and greater step length and percentage of swing duration walking with HAL (Figure 4). The percentage of swing duration was comparative between the initial session without HAL and the later sessions with HAL. We consider that the increased activity of the hip extensor contributed to stance stability for better swing motion of a contralateral leg as well as to faster propulsion. The reduced activity of the knee extensor contributed to a smoother landing and shock absorption by double knee action. These were observed in the POST gait without HAL (Figure 2), having greater joint range of movement and closer to normal angular profiles, including a smooth double knee action during the initial to mid-stance phase. The activation ratio of HAL against NoHAL was closer to 1 in the later sessions in comparison to the initial session (Figure 5C). This is because the weight-bearing without HAL mentioned above was not an issue in the later sessions. Adjustment of muscle activity for achieving larger steps in the later sessions did not cause such a drastic change in the amplitude of muscle activity.

Muscle synergy analysis showed significantly smaller VAF in HAL when the number of synergies were restricted to one or two (Figure 5D, right bottom), suggesting that a greater number of basic synergy patterns was incorporated during walking with HAL. Reduced number of muscle synergies is known in locomotion of incomplete spinal cord injury patients (51) and of stroke patients (75). Lack of muscle synergies corresponding to posture control is known in spinalized cats (76). The neural implementation of muscle synergies is reported as being housed in the spinal cord (44, 77), and the brain is also considered as forming a spatiotemporal pattern of synergies (45). Considering these evidences, increased synergies during walking with HAL suggest, first, that the spinal control of gait is altered with HAL and, second, the myelopathic spinal cord of the patient is activated with HAL to deal with more degrees of control in view of the simplified synergies of neurological patients (47, 51, 75, 78), together with the adapted activity of the supraspinal networks utilizing the increased synergy of the spinal cord to control gait (36, 46).

Muscle network analysis showed a statistically significant correlation of CC and GE during HAL to those during NoHAL in the next session (Figure 6C, top row). But a similar analysis on the correlation of CC and GE during NoHAL and those during HAL in the next session did not show statistical significance (Figure 6C, bottom row). Considering that CC and GE respectively indicates the extent of functional segregation and integration of a network (61), the result suggests that the muscle network property is modulated during HAL, and the modulated gross structure is maintained until the next session. Naro et al. (55) showed that CC and GE during gait of patients with a type of muscular dystrophy are different from those of healthy people and discussed that their gait problem not only depends on the deterioration of the muscles but also on the deterioration of the signaling system of the muscle network utilized by the central nervous system. The modulation of CC and GE with HAL also suggests modulated control of muscles by the central nervous system during walking with HAL. Recent studies on the cortical control of muscle synergies discuss that beta-band frequency (13–30 Hz) and piper rhythm frequency (around 40 Hz) are used for communication between the cortical networks and the spinal cord for the purpose of formation, control, and maintenance of muscle synergies (79, 80). Our muscle network analysis used a frequency band of 22–44 Hz as the higher part of frequency band based on the PSD of each muscle. The modulation of the muscle network took place in this frequency band, suggesting a relationship between the modulation of muscle synergy and muscle network during walking with HAL, though further detailed investigation is necessary to clarify this relationship.

There are some reports on neural activity changes by HAL in recent literature: brain activity changes in the primary motor cortex of subacute stroke patients immediately after using HAL (81), cortical excitability changes in the primary somatosensory cortex of spinal cord injury patients after 3 months of training (16), muscle synergy changes in the lower limbs of stroke patients (50), segmental coordination changes in in the lower limbs of myelopathy patients after surgery for thoracic OPLL (11), and activation in some muscles of chronic spinal cord injury patients during and after HAL training (17).

Israel et al. (70) observed that, during walking with a robot which autonomously assists limb motion (hence, the legs were passively moved), activation of leg muscles was significantly reduced. They discussed that the reduction is not effective for activity-dependent plasticity of the spinal and supraspinal locomotor circuitry (34). In this study, we reported an increased muscular activity at the initial sessions and commitment of more synergy patterns during walking with HAL throughout the sessions. Instantaneous change of muscle activation and synergies by using HAL in each session suggested that the changes are in the neural control rather than musculature. Indeed, the muscle signaling network was modulated during walking with HAL and sustained until the next session, suggesting that a greater extent of plasticity may be taking part during HAL walking. It was considered that HAL's assistance based on bioelectric signals might have helped induce modulation in the control of the muscles by the central nervous system, non-invasively. Studies using invasive methods showed the importance of feeding proprioceptive sensory signal to the spinal cord for recovery of supraspinal control and locomotion (82, 83). Activity-based sensorimotor augmentation by HAL can be a non-invasive method to effectively alter central control of gait.

A limitation of the study is that, as a case report, the data are from only one subject. Generalization of the results is not reasonable, considering broad variations of gait impairment. As shown by our results, muscular activity modulation by the robot varies through the course of recovery. Future studies may include examination of muscular activity modulation in multiple subjects of various levels of gait impairment and recovery.

Another limitation of the study may be that mechanical parameters such as HAL's assistance level (gain parameters of the equations in section Hybrid Assistive Limb) were not recorded. On the other hand, from the view point of neuro-rehabilitation, neuromechanical observations from physiological data rather directly evaluate changes in neural control of gait. Advances in the analysis of muscle activity during assisted movements (84–86) may help further research in this direction.

In conclusion, the muscular activity modulation by HAL observed in a patient with gait impairment due to severe myelopathy suggested that HAL may be effective in modulating central control of gait of the patient by its activity-based sensorimotor augmentation. The relationship between the altered gait control during walking with HAL and achievement of gait improvement requires further investigation with more cases.
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Parkinson's disease (PD) is typically diagnosed and evaluated on the basis of overt motor dysfunction, however, subtle changes in the frequency spectrum of neural drive to muscles have been reported as well. During dynamic actions, coactive muscles of healthy adults often share a common source of 6–15 Hz (alpha-band) neural drive, creating synchronous alpha-band activity in their EMG signals. Individuals with PD commonly exhibit kinetic action tremor at similar frequencies, but the potential relationship between the intermuscular alpha-band neural drive seen in healthy adults and the action tremor associated with PD is not well-understood. A close relationship is most tenable during voluntary dynamic tasks where alpha-band neural drive is strongest in healthy adults, and where neural circuits affected by PD are most engaged. In this study, we characterized the frequency spectrum of EMG synchronization (intermuscular coherence) in 16 participants with PD and 15 age-matched controls during two dynamic motor tasks: (1) rotation of a dial between the thumb and index finger, and (2) dynamic scaling of isometric precision pinch force. These tasks produce different profiles of coherence between the first dorsal interosseous and abductor pollicis brevis muscles. We sought to determine if alpha-band intermuscular coherence would be amplified in participants with PD relative to controls, if such differences would be task-specific, and if they would correlate with symptom severity. We found that relative to controls, the PD group displayed amplified, but similarly task-dependent, coherence in the alpha-band. The magnitude of coherence during the rotation task correlated with overall symptom severity as per the UPDRS rating scale. Finally, we explored the potential for our coherence measures, with no additional information, to discriminate individuals with PD from controls. The area under the Receiver Operating Characteristic curve (AUC) indicated a clear separation between groups (AUC = 0.96), even though participants with PD were on their typical medication and displayed only mild-moderate symptoms. We conclude that a task-dependent, intermuscular neural drive within the alpha-band is amplified in PD. Its quantification via intermuscular coherence analysis may provide a useful tool for detecting the presence of PD, or assessing its progression.

Keywords: coherence, EMG, biomarker, manual tasks, alpha-band, kinetic tremor, action tremor


INTRODUCTION

The evaluation of Parkinson's disease (PD) is currently dominated by subjective clinical ratings of symptom severity, such as the Unified Parkinson's Disease Rating Scale (UPDRS). The coarse nature of this examination, along with the diversity of possible symptoms, has driven a search for more direct, quantitative measures of neural dysfunction which can objectively assess the early presence and progression of the disease.

The frequency spectrum of neural activity within the motor system is altered in PD. Neural oscillations are ubiquitous in the healthy motor system, but PD is characterized by a particularly large variety of abnormal oscillations. Tremor at rest (rest tremor) typically has a frequency of ~3–6 Hz, while “action tremor” extends from ~6–15 Hz and occurs during voluntary static (postural action tremor) or dynamic (kinetic action tremor) muscle activation (1–6). Further, PD is associated with increased corticomuscular drive in the range of 15–30 Hz during static contractions (7–11), as well as reduced neural drive to muscles in the 30–50 Hz range in unmedicated patients (12).

During motor behavior, coactive muscles often share a portion of their neural drive which synchronizes their activities at different frequencies. This entrainment of muscle activity by a common source of oscillatory neural drive can be quantified in the frequency domain by calculating the coherence between their EMG signals (13–20). Intermuscular coherence associated with postural action tremor (21) or rest tremor (22) in PD suggests that the distribution of tremulous neural drive across muscles could be an important feature of the disease, and one which cannot be assessed reliably within the context of typical clinical evaluations. Clinical evaluations, and indeed most scientific studies, have focused on the visible/overt forms of tremor, but it has been known for decades that in PD, dynamic voluntary activity consistently evokes kinetic action tremor in the alpha-band (~6–15 Hz) which simultaneously affects multiple muscles and is observable in EMG even when no visible tremor is apparent (1).

In fact, this kinetic action tremor is the strongest and most consistently-evoked form of non-overt tremor in PD (1, 4, 23–25), and can be found in most individuals with PD. While kinetic action tremor is often described as an amplification of the ~6–15 Hz physiological tremor seen in healthy adults due to its similarity in frequency and the fact that this frequency doesn't change with loading (4, 26), its underlying neurophysiology in PD is not well-understood, especially since ~6–15 Hz neural drive to muscles can come from a variety of different sources (27–36). Also, compared with other manifestations of PD, kinetic action tremor has received relatively little attention.

Most previous studies of action tremor in PD have focused on forces, motions, or individual muscles rather than the coherence of tremor-generating drive across muscles. If the relevant descending drive is fundamentally intermuscular, then action tremor should not only depend on action, but also on the dynamic coordination among muscles required by a given task, as this is known to influence the strength of ~6–15 Hz intermuscular neural drive (16, 19, 32, 37, 38). While elevated intermuscular coherence between anatomically-synergistic muscles has been found during static voluntary tasks in PD (7, 11), these findings may not extend to dynamic actions, or to functionally-different muscles whose coordination can change depending on task.

The aim of this study was therefore to characterize intermuscular coherence during voluntary dynamic tasks in participants with PD, compared to age-matched controls. Specifically, we tested two tasks: (1) rotation of a dial between the thumb and index finger, and (2) dynamic scaling of isometric precision pinch force. These tasks were chosen because they evoke different levels of coherence (especially between 6 and 15 Hz) between the first dorsal interosseous (FDI) and abductor pollicis brevis (APB) muscles (19), and because dynamic multifinger manipulation with the fingertips evokes strong functional coupling among the fingers (39).

Our primary hypotheses were that (1) intermuscular coherence would be larger in PD, especially at ~10 Hz during both dynamic tasks, (2) the task-dependent modulation of intermuscular coherence seen in controls would be preserved in PD, and (3) the amplification of alpha-band coherence would correlate with clinical severity, since dynamic tasks should preferentially utilize neural pathways known to deliver alpha-band drive to muscles, and which are known to be disrupted in PD, such as the cerebello-thalamo-cortical circuit (30, 40–42). Given that intermuscular coherence analysis has been suggested as a potential avenue for biomarker development (11), and that we lack simple, cost-effective methods for detecting the presence of PD and the severity of neural damage, a secondary aim was to determine the ability of coherence measures to discriminate between PD and control groups, as this would justify future efforts to develop clinically-applicable metrics using EMG.



METHODS


Participants

We recruited 16 individuals with mild-moderate severity Parkinson's disease (age: 62.3 +/– 8.6, 8 male) and 15 control participants (age: 60.5 +/– 10.3, 9 male). The details of the patient population are shown in Table 1. All participants with PD were on their normal medication, and in the ON state at the time of testing. All were diagnosed with idiopathic Parkinson's disease, and all but one were on dopaminergic medication. All participants understood the task and scored >23 on the mini mental status exam. Our sample size is intended to be sufficient for detection of large differences and correlations, and is in line with similar recent literature [e.g., Flood et al., (11)] where such effects were found.


Table 1. Patient characteristics.

[image: Table 1]

All participants gave written informed consent prior to participation and all procedures were approved by the University of Southern California Institutional Review Board.



Experimental Setup

We asked participants to pinch or rotate a custom-made dial (diameter: 3 cm) between the thumb and index finger, as described in Laine and Valero-Cuevas (19) (see Figure 1). Both tasks generate a physiological tremor in the muscles of the thumb and index finger, and coherence between their EMG signals varies across tasks even without related changes in the shape of their power spectra. Therefore, these tasks alter the extent to which alpha-band neural drive is shared among muscles rather than simply altering its amplitude. Briefly, the dial held a potentiometer to track rotation angle and a miniature load cell (ELB4-10, Measurement Specialties, Hampton, VA) under the index finger to measure pinch force. Surface EMG sensors (Biometrics, Newport, UK) were placed over the first dorsal interosseous (FDI) and abductor pollicis brevis (APB) muscles of each hand. All signals were acquired at 1,000 Hz using a Biometrics LTD DataLINK system (Biometrics, Newport, UK). Visual feedback of rotation or force was provided using custom software designed in MATLAB (The Math Works, Natick, MA). We instructed participants to prioritize the production of a smooth force or rotation effort, guided/paced by the target sinusoid. This instruction was intended to reduce the likelihood that participants with involuntary tremors would focus on counteracting them rather than executing the prescribed slow voluntary action. Each participant completed four, 3-min tasks with each hand, (2 trials for each of 2 tasks, described below). Practice trials were given prior to recordings, and breaks between each task were given to prevent fatigue. The order of tasks and hands was randomized for each participant, and subjects did not find these simple tasks fatiguing.
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FIGURE 1. Behavioral Task: Participants grasped a small dial between the thumb and index finger and either (1) slowly scaled their pinch force using visual feedback to track a 0.1 Hz sinusoid spanning 1–3 N, or (2) rotated the dial back and forth over 45 degrees at 0.1 Hz using visual feedback of dial rotation. A miniature load cell at the index finger pad measured pinch force, and surface EMG was recorded over the first dorsal interosseous (FDI) and abductor pollicis brevis (APB) muscles. The EMG signals were used to calculate intermuscular coherence. The bottom panels show coherence profiles for each task from three example individuals in the control group (top) and in those with Parkinson's disease (PD, bottom). The displayed identification numbers correspond to the participant descriptions in Table 2.


Task 1: Dynamic modulation of isometric pinch force. With each hand separately, participants pinched the dial and slowly varied their pinch force between 1 and 3 N by tracking a sinusoidal target displayed on screen. The vertical height of the cursor was controlled by pinch force and while the horizontal position moved left-to-right across the screen automatically as a function of time, taking 30 s before looping back to the left. The sinusoidal target had a peak-to-peak period of 10 s, such that the frequency of force modulation was 0.1 Hz. We chose this frequency for ease of tracking and used it for all participants to avoid potential effects of movement speed on our EMG measurements. Practice trials were given to familiarize each participant with the task prior to recordings.

Task 2: Dial rotation. In this task, subjects rotated the dial back and forth +/– 22.5 degrees with each hand separately. Visual feedback was provided as before, but with the vertical position of the cursor controlled by rotation angle. To ensure that pinch force remained similar across tasks, the cursor color changed to indicate if pinch force exited the 1–3 N range during the task. All participants were able to maintain pinch force within this range and made few errors after initial practice.

EMG signals were high-pass filtered using a zero-phase 4th order Butterworth filter with a cutoff at 250 Hz, then rectified and normalized to unit variance as in our previous study (19). This follows the general recommendations for accentuating the timing and density of motor unit action potentials within the surface EMG signal (43–47). It should be noted that the extreme high-pass filtering may be a precaution more than a universal necessity, and that surface EMG signals can be expected to contain some degree of noise or amplitude cancellation which can distort coherence measures when assessing low frequency neural drive (e.g., <5 Hz) or using high contraction levels (48), neither of which are a concern in the present study. The two trials for each task for each hand were concatenated, yielding a total of 6 min of data per hand. The first few (~5) seconds of each trial were trimmed manually to ensure that stable tracking had been obtained prior to analysis.



Coherence Analysis

Coherence between EMG signals describes the frequency content of their synchronized activity. Coherence between the EMG signals of the FDI and APB muscles was calculated using the “mscohere” function in MATLAB, specifying segment sizes of 2 s, tapered with a Hann window, and overlapped by 0.5 s. Prior to statistical comparisons, the raw coherence values (C) were first converted to Fisher's Z values using the formula Fz = atanh [sqrt(C)]. Then, for better comparison with previous work, and to provide a more standard index of statistical strength, we converted the Fz values to standard Z-scores using the formula Z = Fz / √ (1/ 2L)—bias. In this formula, L is the degrees of freedom derived from the number of segments used in the coherence calculation (49–51), and the bias was calculated as the mean uncorrected Z-score between 100 and 500 Hz, since this frequency range contains no physiological coherence (19, 52). Coherence profiles for three individuals from each group are shown in the bottom panels of Figure 1.



Statistical Testing

Statistical evaluation of coherence is often simplified by binning the frequency spectrum into a few common bands of interest. The exact boundaries for each band can vary across studies, and such boundaries may change when evaluating pathology. Therefore, to address our main hypotheses, we allowed relevant frequency bands to be defined from the data itself, using a non-parametric version of statistical parametric mapping (SPM), as described previously (53, 54). This is a random-permutation test that assigns p-values to regions of interest (corrected for multiple comparisons) within a “map” of cross-group differences calculated over space, time, or (in our case) frequencies (55). To map group differences in coherence across frequencies, we used an effect size measure, Cohen's D, as our initial statistic. This was then smoothed over frequencies using a gaussian window spanning 4 Hz. We defined regions of interest, or “clusters,” as any group of consecutive frequencies (min width = 3 Hz) exceeding a threshold. The threshold can be set arbitrarily but we automated this by using the 95% confidence interval for our Cohen's D values, calculated with respect to their mean and standard deviation from 100 to 500 Hz, where no true group level differences in coherence should exist. The above-threshold area of each cluster was tested for statistical significance based on a 10,000 iteration random permutation test, as described previously (55).

Using the above procedure, we identified differences in intermuscular coherence between controls and participants with PD for (1) the rotation task, (2) the scaling task, and (3) the difference between rotation and scaling (rotation-scaling, per hand). The latter addresses whether any effects of PD on intermuscular coherence are task-specific. For each, we also created box and whisker plots to visualize how the average coherence within each statistically significant frequency band varied across individuals. To better assess variability across individuals rather than hands, data from both hands were averaged per individual. A Cohen's D effect size as well as a p-value (derived from a random-permutation test) were also calculated for this binned/averaged data. Since it is possible that PD may have stronger effects on one hand, we confirmed the appropriateness of averaging across hands by calculated an absolute laterality index for each individual (the absolute difference in coherence between hands divided by their sum), and comparing across groups, again using a random-permutation test.



Correlation Analysis

The intermuscular coherence values above were tested for correlation with the total UPDRS score, as well as with its subsection II (activities of daily living) and subsection III (motor evaluation). To be conservative, this was conducted using a non-parametric Spearman's rank correlation. The correlation coefficients and associated p-values were obtained using the “corr” function in MATLAB. This analysis tested for a non-zero correlation between coherence and symptom measures. With so few participants, an exact magnitude of correlation cannot be determined with high precision. We therefore calculated a 95% confidence interval around each correlation measure using a 10,000 iteration bootstrap procedure.



Discriminability

We evaluated the extent to which the data above could classify a participant as being a member of the PD or control group. To do this, we constructed Receiver Operating Characteristic curves (ROC curves) for each task [for a brief overview, see Eng (56)]. Each point on an ROC curve describes the fraction of patients who could be correctly identified (true positive rate, y-axis) using a particular threshold value for discrimination, while at the same time misclassifying some proportion of the controls (false positive rate, x-axis). Defining these proportions for every possible threshold produces the ROC curve. The area under the curve (AUC) is 1 for perfect discrimination and 0.5 for random chance. Our SPM analysis identified that the greatest difference of coherence between PD and control groups occurred in the alpha-band for both tasks (5.8–16.6 Hz for the rotation task and 4.4–15.6 for the scaling task). Using this information, we extracted a single measurement from each coherence spectrum, herein referred to as the alpha-ratio, by calculating the fraction of total intermuscular coherence (between 2 and 80 Hz) falling within the alpha-band (defined per task, as described above). This ratio-based normalization strategy has been used previously for reporting tremor measures (23, 57), and in our case, it reduces inter-subject variability from sources that could influence all frequencies at once (e.g., noise or cross-talk) while emphasizing the overall shape of the coherence spectrum. ROC curves were first constructed for each task. Then, for a final combined analysis, we created an ROC curve after averaging all 4 alpha-ratios obtained for each participant (2 hands × 2 tasks).



Task Performance

All participants could execute the task with both hands. Because systematic differences in the overall frequency/magnitude of error corrections could influence alpha-band drive to individual muscles (58, 59) we used a 10,000 iteration permutation test to determine if fluctuations in force/rotation about the target sinusoid differed significantly between groups. Here, performance was quantified as the standard deviation of pinch force or rotation angle after filtering out the 0.1 Hz modulation associated with the voluntary task of tracking the target sinusoid. Task performance was also tested for correlation with alpha-band drive using Spearman's rank correlation.




RESULTS

For both tasks, alpha-band coherence between the FDI and APB muscles differed between the PD and control group. For the rotation task, coherence differed within the frequency range of 5.8 to 16.6 Hz, with p < 0.001 (see Figures 2A,G). The scaling task showed significant difference between groups from 4.4 to 15.6 Hz, with p < 0.001 (Figures 2B,H). The difference between the two tasks (rotation—scaling) showed a range of interest between 7.8 and 12.2 Hz (Figures 2C,I), but was not statistically significant (p = 0.58). Intersubject variability was generally high (Figures 2D–F).
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FIGURE 2. Parkinson's disease (PD) affects intermuscular coherence in the alpha-band (6–15 Hz). The three columns represent analyses of group differences in intermuscular coherence (Control, black, 15 participants; Parkinson's, red, 16 participants) during the rotation task (left), the force scaling task (middle), as well as the difference between the two tasks (rotation minus scaling, right). All plots include data from both hands of each participant. (A–C) shows the grand average FDI:APB coherence in each task. (D–F) shows the interquartile range (IQR) of coherence z-scores across subjects at each individual frequency sample. (G–I) shows the statistical difference between groups (expressed as Cohen's D), calculated at every frequency. The horizontal dashed lines represent a statistical threshold for identifying frequency bands of interest for further statistical testing (see Methods). The gray bars show the bands of interest identified for each condition, with an * indicating that the band as a whole differed significantly between groups (p < 0.05, corrected for multiple comparisons).


Figures 3A–C show the consistency of alpha-band differences in intermuscular coherence between controls and participants with PD, for each task separately, as well as and their difference. For these plots, the coherence values are averaged across both hands per individual, since we found that there were no group differences (PD vs. CT) in the laterality of coherence between right and left hands (p = 0.55, p = 0.36, and p = 0.57 for rotation, scaling, and their difference, respectively). For consistency, we defined the alpha-band per task according to the precise frequency ranges identified in our SPM analysis. Using a generic 6–15 Hz frequency range for all tasks produced nearly identical results. Generally, a substantial degree of overlap between groups was apparent due to high inter-subject variability. Nonetheless, this binned/averaged alpha-band coherence measure showed significant differences between groups (p = 0.04, p = 0.02) for rotation and scaling tasks, respectively. Within each group, coherence in the alpha-band was task-dependent, differing significantly between scaling and rotation tasks (p = 0.008 and p = 0.005 for control and PD groups, respectively), but again, the magnitude of this difference did not differ between groups (p = 0.95). Coherence differences between groups had Cohen's D effect sizes of 0.75, 0.91, and 0.58, for the rotation task, the scaling task, and their difference, respectively.
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FIGURE 3. Individual alpha-band coherence profiles differ between groups and correlate with UPDRS. (A–C) Box plots summarizing the mean coherence values for each participant calculated over the frequency range of significant difference (both alpha-band, see Figure 2). Both rotation (A) and scaling (B), but not the difference between tasks (C), showed significantly (p < 0.05) larger values in the Parkinson's Disease group relative to controls. (D–F) Total UPDRS scores vs. mean coherence (as plotted above). The correlation between UPDRS scores and alpha-band coherence was strongest for the rotation task and statistically significant (D, rho = 0.058, p = 0.018, see Table 2). + symbols indicate outliers. ° symbols show the individual data from each participant, as summarized by the box plots. * symbols show individual data from each participant with PD.


Within the PD group, it is possible that coherence within the alpha-band covaries with symptom severity. We therefore tested the hypothesis of a non-zero correlation between coherence (as plotted in Figures 3A–C) and the total UPDRS score for each individual (Figures 3D–F and Table 2). Table 2 shows the Spearman correlation coefficients between coherence in the alpha-band and the total UPDRS score, as well as the two main subsections of the UPDRS score: the motor symptoms score (Part III), and the self-evaluation of daily activities (part II). The 95% confidence interval around each correlation value is shown as well. Moderate correlations were found for coherence within the rotation task but not the force scaling task or their difference. Overall, the correlation between intermuscular coherence and symptom severity was not restricted to (or strongest for) the motor-only portion of the scale (UPDRS III), suggesting a more general relationship with disease state.


Table 2. Spearman's correlation (rho) between mean coherence within the alpha-band, and patient symptom severities, as per the UPDRS, along with 95% confidence interval (CI) boundaries.
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To determine if the accuracy with which controls and participants with PD performed the visuo-motor tracking related to coherence metrics, we compared the standard deviation of rotation angle or pinch force (after removing the 0.1 Hz target frequency), separately across groups. Task performance did not differ across groups (p = 0.67 and p = 0.86, respectively). This implies that any changes in alpha-band neural drive did not substantially contribute to tracking error, and indeed, neither group showed a significant correlation between tracking performance and alpha-band coherence in either task.

Finally, we sought to determine if a single coherence index calculated for each individual could be used to discriminate between groups. For this analysis, we calculated the proportion of total coherence (2 to 80 Hz) falling within the alpha-band for each task/hand (the “alpha-ratio”). This is a simple way to reduce inter-subject sources of variability and focus on the contribution of alpha-band coherence to the overall shape of the coherence spectra. We confirmed that the alpha-ratio showed no group differences in laterality between hands (p = 0.41 and p = 0.8 for rotation and scaling tasks, respectively), and therefore averaged across hands to obtain a single ratio for each individual, per task. Figures 4A,B shows a clear separation between PD and control groups for the rotation (p < 0.001, Cohen's D = 1.96) and scaling task (p = 0.001, Cohen's D = 1.22). Since the purpose of this test was to determine the potential for coherence measures to discriminate between groups, we did not include an evaluation of the change in coherence between tasks, as there were no group differences in this measure. Instead, we averaged the alpha-ratio values obtained from the scaling and rotation tasks together (Figure 4C) to obtain a single, combined alpha-ratio per individual, which also differed significantly between groups (p < 0.001 Cohen's D = 1.84). We constructed Receiver Operating Characteristic Curves for the alpha-ratios derived for each task and their combination (Figures 4D–F). To quantify the overall discriminability, we calculated the area under the curve (AUC), which yielded values of 0.9, 0.84, and 0.96 for rotation, scaling, and their combination, respectively. These high values indicate that excellent separation between groups was possible in our study population, and that nearly all patients could be correctly classified, with practically no false positives (misclassified controls).
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FIGURE 4. Alpha-ratio (i.e., proportion of total intermuscular coherence within the alpha-band) can discriminate participants with PD from controls. Top row: Box plots showing the average alpha-ratio (across hands) for each individual. Results are shown for rotation (A), scaling (B), individually, as well as their combination (C). Both rotation (A) and scaling (B) showed reasonable separation between groups, but the combination of both (average) per individual resulted in the least overlap (C). (D–F) Receiver Operating Characteristic (ROC) curves for the metrics shown above. Area Under the Curve (AUC) values indicate strong-to-excellent discriminability in all cases.




DISCUSSION

In this study, we describe a robust and consistent PD-related amplification of alpha-band (~6–15 Hz) intermuscular coherence between finger muscles evoked during simple dynamic actions. Slow rotation of a dial between the thumb and index finger produced the strongest coherence, but the same effect was also observed during isometric modulation of precision pinch force. Clinical ratings of symptom severity (as per UPDRS) correlated significantly with the increased magnitude of intermuscular coherence during the rotation task only. The global alpha-ratio (proportion of total coherence within the alpha-band) provided an index which allowed excellent discrimination between controls and participants with PD within our study sample. This provides valuable information for future development of simple, practical measures of neural dysfunction in PD.


Kinetic Action Tremor in PD

The disruptions in neural drive that we have characterized in this study appear to be an intermuscular component of Parkinsonian kinetic action tremor (1, 4, 23, 60). In 1963, Lance et al. noted anecdotally that in PD a 5–15 Hz tremor was (i) always present at the beginning of a muscle contraction, (ii) was sometimes sustained during the static portion of a contraction, and (iii) was usually visible within EMG traces as a synchronous “grouping” of action potentials within and across contracting muscles—even when the tremor itself was not detectable by eye. Action tremor is distinct from rest tremor [or its re-emergence during steady contraction (2)] in that is higher in frequency (6–15 vs. 3–5 Hz), enhanced during dynamic action rather than reduced, and it is not attenuated by dopamine replacement in PD (4).

There is currently no standard clinical procedure for quantifying 6–15 Hz action tremor, perhaps because it is often invisible without special equipment and can be difficult to distinguish from “normal” physiological tremor (discussed further below). Most previous literature quantifies the magnitude of tremulous activity at a particular muscle or joint [e.g., (4, 60–63)]. However, if action tremor stems from an inherently common neural drive to multiple muscles, then it makes sense to use intermuscular coherence to quantify it and avoid reliance on limb/task/person-specific forces and motions.

Although the idea that tremor-generating neural drive in PD is inherently distributed to multiple muscles has received some support (21, 22), there has been less effort to identify the particular muscles/tasks in which an intermuscular action tremor is most reliably evoked and detected. So far, an amplified intermuscular coherence within the alpha-band has been reported only for static tasks such as isometric knee extension (11) or across two sides of a puckered upper lip (7). However, the alpha-band drive underlying action tremor in PD is best observed during dynamic actions (1, 4), where additional neural control circuitry may be required (64). Also, previous findings have described amplified coherence across anatomically synergistic muscles which naturally share a substantial amount of their neural drive (17). This makes it difficult to disambiguate changes in overall signal strength from an effect of PD on the process of “binding” of muscles into functional synergies through neural synchronization (65). Our results seem to suggest that a natural intermuscular alpha-band drive is amplified in PD. Further, the modification of this drive across different tasks is preserved, indicating that the amplification is not especially task-specific. This may indicate that the neural circuit which distributes alpha-band drive across muscles is still functional, even if overdriven.



Neural Origins of Parkinsonian Kinetic Action Tremor

Action tremor has been described as an amplification of naturally present physiological tremor rather than something that exclusively emerges in PD (4, 60); a notion that is well-aligned with our current data. Because the origins of physiological tremor are likely multifactorial (27–36), the effects of PD on each potential source of alpha-band neural drive to muscles must be considered. There are at least four potential sources for alpha-band neural drive in healthy individuals, and they are not mutually exclusive: (1) the stretch reflex system, (2) the motor cortex, (3) the brainstem (specifically reticulospinal output), and (4) the cerebellum (via the cerebello-thalamo-cortical circuit). We favor the latter, according to the following rationale.

If alpha-band drive is measured within the output of a single muscle, it may simply reflect cycles of excitation around the monosynaptic Ia afferent reflex loop of that muscle (27, 33, 34, 58, 66). However, this mechanism would not easily explain coherent ~10 Hz activity across different muscles, which can be observed even between muscles in different hands in healthy adults (32, 38). Mechanical coupling among muscles may serve to link afferent feedback without need for monosynaptic connectivity, and a potential role for spinal interneuron pools in coordinating afferent activity across multiple muscles cannot be ruled out, but to our knowledge, there is no evidence that either mechanism could explain the generation of intermuscular coherence between the FDI and APB within the context of our task. Also, an origin in the peripheral reflex system would imply that stretch reflex or H-reflex amplitudes should be elevated in PD, which is not the case (67, 68). PD can, in some cases, disrupt task-dependent stretch reflex modulation (68), suggesting upstream mismanagement rather than pure peripheral dysfunction.

Studies of neural drive to individual muscles have indicated potential cortical involvement in alpha-band Parkinsonian tremor (12–18 Hz) during steady contraction of the wrist extensors (69, 70), although a subsequent delay analysis suggested that the cortical activity might not generate this drive, but instead, it may receive an efference copy from a subcortical source (69). Also, steady muscle contractions do not usually produce alpha-band corticomuscular coherence (EEG-EMG), even when intermuscular coherence (EMG-EMG) in this range is simultaneously observed (38, 71). For these reasons, it seems unlikely that our findings reflect an amplification of corticospinal output.

The reticulospinal pathway may also produce an alpha-band drive to muscles. Acoustic startle stimulates the reticulospinal pathway (72) and produces a brief wave of 12–16 Hz (73) coherent activity in bilateral pairs of muscles. However, involuntary reactions to acoustic startle may not directly predict reticulospinal contributions to intermuscular coherence during voluntary tasks. The potential association between acoustic startle responses and intermuscular coherence during voluntary tasks has never been fully explored, and current evidence is indirect. For example, spasticity in chronic stroke is thought to relate to overdriven reticulospinal drive to muscles (74, 75), and both alpha-band intermuscular coherence (76, 77) and responses to acoustic startle are increased in spastic muscles of stroke survivors (78, 79). However, if PD amplifies reticulospinal output, startle responses should be increased in magnitude or consistency relative to controls, but they are not (80). The preparation of brainstem output by upstream circuits may, however, be abnormal in PD since acoustic startle does not produce the usual acceleration of reaction times (the “StartReact” paradigm) in people with PD-associated freezing of gate (81). Therefore, the amplified alpha-band drive in PD may involve reticulospinal pathways, but probably not through an overall change in the excitability of the pontomedullary reticular formation.

Finally, the frequency spectrum of neural drive to muscles may be substantially influenced by the cerebellum via its actions within the cerebello-thalamo-cortical (CTC) circuit. The cerebellum oscillates in synchrony with the motor cortex at frequencies between 10 and 40 Hz (82), and slow movements of the finger produce coherent alpha-band oscillations between muscle activity and the cerebellum, thalamus, and motor cortex (30). In addition to a possible influence on the cortex and corticospinal output to muscles, the deep cerebellar nuclei may also transmit a 10 Hz oscillation to muscles through modulation of the brainstem and reticulospinal tract output (82–84). In theory, output from the deep cerebellar nuclei to the cortex and brainstem could be amplified (disinhibited) in PD since Purkinje cell damage is associated with the disease (42, 85, 86). Regardless of the precise pathway to muscles, a wide variety of studies have implicated general CTC dysfunction in PD (40–42, 87–89). Further, dysfunction of the CTC is consistently associated with the generation of tremor in both PD (90–92) and the more common, but often-associated (93) condition known as essential tremor (94–99). In fact, medication in PD may reduce rest tremor by reconnecting cerebellar communication with the cortex through the ventrolateral thalamus (92), and a similar mechanism may explain the levodopa-reversible loss of 40 Hz corticomuscular drive in PD (12), since inactivation of the cerebellar cortex disrupts gamma-band cortical activity (100). In this view, basal ganglia dysfunction, as in PD, almost inevitably implies cerebellar network dysfunction. In fact, these structures have been described recently as nodes within a larger, tightly-interconnected network (101).

Taken together, it is clear that damage to this cerebellar circuit is not only plausible within our study population, but would very likely produce changes in alpha-band drive to muscles. Given the strong associations between cerebellar activity, cortical activity, and alpha-band spindle discharge during slow movements (102), it is likely that cerebellar-circuit dysfunction could both directly and indirectly influence the frequency spectrum of neuromuscular oscillations in PD. In addition to shaping neural oscillations, cerebellar circuit dysfunction can be expected to influence a variety of non-motor functions as well (86, 91, 103–106) and this might explain why correlations between coherence and UPDRS scores were not restricted to the direct motor evaluation in our study. That said, a specific or exclusive role for the CTC in the present study not possible to determine, and will require further research.



Intermuscular Coherence as a Potential Clinically-Practical Biomarker in PD

We found that the proportion of total coherence within the ~6–15 Hz range was sufficient to statistically separate groups in either task. When all ratio values obtained from each individual were averaged together, it allowed for excellent discrimination between our two groups (AUC of 0.96). If this level of discriminability were to generalize to the larger population, it would meet or exceed the performance of the best MRI-based diagnostic biomarkers to date (107, 108) and yet not require expensive neuroimaging, invasive collection of cerebrospinal fluid, extensive patient history, etc. To be clear though, much larger studies would be needed to evaluate the readiness of any putative biomarker for clinical translation. Our intent in exploring discriminability between groups was not to establish an application-ready feature set or threshold for optimal real-world classification, but rather to provide evidence that EMG-based measures have clinical potential, since they have rarely been explored in this capacity. In fact, the only other EMG-derived measure which has achieved such strong discrimination between PD and controls was calculated from the cross-trial distribution of EMG burst durations in the biceps during fast elbow flexions in temporarily-off-medication patients (57). The neural mechanisms that contributed to that effect were not identified, and the measurement equipment and procedure itself was somewhat specialized and not well-suited for widespread clinical implementation. Our simpler method, with further refinements, seems more practical for common application and to complement other non-invasive biomarkers, such as those derived from olfaction (109, 110), or finger movements (111, 112).



Limitations

An important consideration in this study is that we recorded from participants who were on their normal medication, as this was a sample-of-convenience. To our knowledge, there is no evidence that medication could explain the increased alpha-band neural drive we observed, especially since tremor in this frequency range is not enhanced or attenuated by medication (4, 113). Of course, if it were attenuated, then presumably unmedicated participants would show even stronger differences from controls, strengthening our classification ability. Medication may have normalized 30–50 Hz intermuscular coherence in our study, as this frequency band is dopamine-dependent (12), but again, if our analysis were applied to unmedicated participants we would expect better discrimination between PD and controls, not worse. In PD, dopamine depletion in the basal ganglia is already extreme by the time of symptom onset (e.g., ~80% loss in the putamen) making it difficult to detect or study the early stages of the disease (114). Thus, a method capable of detecting both low dopamine and amplified physiological tremor could contribute to such efforts, especially if combined with PD-sensitive metrics of finger movement speed/timing (111, 112). This would, in turn, enable the early initiation of neuroprotective strategies once they become available. Of course, any claims concerning translational/diagnostic capabilities at this point is speculative. Our sample size does not allow us to accurately characterize the strength and variability of effects across the total population of people with PD. Effect size estimates such as Cohen's D may be inflated in smaller studies, while skewed distributions or outliers may have the opposite effect. That said, our study is appropriately powered to detect the strong effects that are most likely to be of scientific and translational relevance, as well as to justify/enable their investigation in larger cohorts. Additionally, determining the optimal battery of task parameters will require future work. For example, it may be that features of visual feedback, the speed of the required dynamic action, the particular muscles measured, etc. may all be important variables. Also, this study focused on kinetic action tremor, however, the postural form of action tremor which emerges during static contractions may yield complementary information. A final limitation regarding intermuscular coherence analysis is that it measures the relative proportion of shared vs. total EMG signal variance, and thus changes to both intramuscular (muscle-specific) and intermuscular (shared) neural drive can alter coherence. Separation of shared and muscle-specific neural drive can be accomplished using methods based on motor unit analysis [e.g., Laine et al., (17)], and may represent a valuable direction for future investigation. At present though, it is clear that tasks designed to evoke kinetic action tremor from functionally-coordinated muscles provide a clear window into the nervous system, which holds value for the assessment of PD and its progression.
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The slope of the EMG-torque relation is potentially useful as a parameter related to muscular contraction efficiency, as a greater EMG-torque slope has often been reported in stroke-impaired muscles, compared to intact muscles. One major barrier limiting the use of this parameter on a routine basis is that we do not know how the EMG-torque slope is affected by changing joint angles. Thus, the primary purpose of this study is to characterize the EMG-torque relations of triceps surae muscles at different ankle joint angles in both paretic and non-paretic limbs of chronic hemispheric stroke survivors. Nine male chronic stroke survivors were asked to perform isometric plantarflexion contractions at different contraction intensities and at five different ankle joint angles, ranging from maximum plantarflexion to maximum dorsiflexion. Our results showed that the greater slope of the EMG-torque relations was found on the paretic side compared to the non-paretic side at comparable ankle joint angles. The EMG-torque slope increased as the ankle became plantarflexed on both sides, but an increment of the EMG-torque slope (i.e., the coefficient a) was significantly greater on the paretic side. Moreover, the relative (non-paretic/paretic) coefficient a was also strongly correlated with the relative (paretic/non-paretic) maximum ankle plantarflexion torque and with shear wave speed in the medial gastrocnemius muscle. Conversely, the relative coefficient a was not well-correlated with the relative muscle thickness. Our findings suggest that muscular contraction efficiency is affected by hemispheric stroke, but in an angle-dependent and non-uniform manner. These findings may allow us to explore the relative contributions of neural factors and muscular changes to voluntary force generating-capacity after stroke.

Keywords: EMG-torque relation, stroke, muscular contraction efficiency, force-length relation, muscle weakness


INTRODUCTION

Weakness of voluntary muscle contraction is a dominant clinical feature after hemispheric stroke, and the severity of such weakness is correlated with a stroke survivor's independence in performing many functional tasks (1). This reduction in voluntary muscle strength is typically the most obvious motor deficit (2), and many clinical phenomena observed in chronic stroke survivors could be attributed to a loss of strength rather than to a loss of control (3).

In addition to muscle weakness, muscular contractions in stroke-impaired muscles often appear less efficient than in contralateral muscles or in analogous muscles of intact subjects, potentially contributing to impaired voluntary force generation. To illustrate this assertion further (4), reported that in approximately half of the tested human stroke survivors, during sustained isometric voluntary contractions at different intensities, the slope of the biceps brachii (BB) electromyogram (EMG)-force relations was significantly greater on the paretic side than on the non-paretic side. A similar finding was also observed in paretic first dorsal interosseous (FDI) muscles of chronic stroke survivors (5), implying that paretic muscles may require the recruitment of more motor units to achieve a given muscle force, and thus, display inefficient muscular contractions.

It is evident then, that altered motor unit behavior may result in inefficient muscular contractions. For example, abnormally low mean motor unit firing rates were observed in paretic tibialis anterior (TA) muscles (6, 7) and in paretic BB muscles (8). There is also evidence for additional altered motor unit behavior, including compressed motor unit recruitment threshold ranges during isometric contractions of the paretic BB muscles (8), impairments in firing rate modulation in paretic BB muscles (9), disorganization in the rank order of recruitment in paretic FDI muscles (10), and a compressed range of motor unit firing rates in paretic FDI muscles (11). Moreover, a recent simulation study revealed that the recruitment compression and a compressed “onion-skin” firing pattern can potentially also contribute to voluntary muscle weakness (12). In addition, the slope of EMG-force relation was reported to increase in concert with compressed motor unit recruitment threshold ranges and reductions of mean motor unit firing rates (13). Although these earlier studies support the idea that altered neural factors can contribute, these neural factors may not be enough to explain a complicated EMG-force relation, because the EMG-force relation is an outcome of both neural and muscular factors.

In particular, muscular changes may also contribute to voluntary muscle weakness (14–17). Although our understanding of muscular changes after hemispheric stroke is still limited, it is relevant to note that decreased muscle thickness is often associated with reduced force output at a given level of muscle activation. In addition, the maximum isometric muscle force varies depending on the muscle length (18), and this force-length relation may also be substantially altered after stroke. For example, the width of the active force-length curve seems narrower in the paretic medial gastrocnemius (MG) muscles (19) than in the equivalent contralateral muscles. Such altered contractile properties may lead to modified torque-angle curves, showing a significant reduction in the magnitude of the torque at joint angles where muscle length is short (3, 20–22), potentially resulting in a higher slope of the EMG-torque relation at such a short length. This outcome is likely because the effective torque at shorter lengths is smaller at a given EMG. Furthermore, material properties of muscle tissues seem to contribute to muscle mechanics, revealing that a stiffer material surrounding contractile elements of muscle tissues can reduce fascicle strain as well as muscle force (23–26). Based on these observations, it is likely that muscular factors can also play a part in the abnormal EMG-torque relation observed in chronic stroke survivors.

In light of these uncertainties, the purpose of this study is to characterize the EMG-torque relations of calf muscles at different ankle joint angles on both paretic and non-paretic sides in chronic stroke survivors, and thus, to understand how the slope of such relations (i.e., muscle efficiency-related parameter) is altered by changing joint angles. We hypothesize that the slope becomes greater as calf muscle lengths shorten because the operating range of calf muscles is usually located in the ascending limb of active force-length curve, so that the maximum force gradually decreases with shortening muscle lengths (27–29). We also hypothesize that as the muscle length becomes shorter, a greater increase in the slope is more likely to be observed on the paretic side than on the non-paretic side. This is because the width of the active force-length curve may be narrower on the paretic side (19) and thus, the relative reduction in the magnitude of peak forces on the paretic side becomes greater at comparable muscle lengths.

As a secondary goal, we also seek to characterize the relation between the maximum joint torque at each joint angle and the EMG-torque slope at this joint angle. Our hypothesis here is that the greater the slope, the smaller the maximum joint torque. This is because the slope is a measure of muscular contraction efficiency.

In order to better understand the potential impact of intrinsic muscular changes of muscular contraction efficiency after, we propose to assess associations between the relative slope-related parameter and the relative shear wave speed (SWS) and between the relative slope-related parameter and the relative muscle thickness. SWS is a non-invasive measure of tissue stiffness (30), and it has been shown that shear waves travel faster in paretic MG muscles than in non-paretic muscles of chronic stroke survivors (31, 32).



METHODS

Participants

Nine male chronic stroke survivors participated in this study (age: 56.9 ± 7.8 yrs.; height: 174.8 ± 7.3 cm; weight: 81.1 ± 8.9 kg; time since stroke: 8.1 ± 4.1 yrs.). Inclusion criteria were: (1) chronic stroke survivors (more than 6 months after stroke); (2) age 18–75 years; and (3) medically stable with medical clearance to participate. Exclusion criteria were: (1) other physical impairments such as orthopedic injuries or recent surgeries in lower limbs; (2) knee or ankle contractures >10°; (3) unstable neurological or cardiovascular conditions that may affect the candidate's performance; (4) cognitive limitations, such that the subject cannot follow instructions; (5) anti-spasticity drug injections (such as botulinum toxin) in the 3 months prior to participation; and (6) musculoskeletal pain that interferes with participation in this study. All participants were ambulating independently and were not currently receiving physical therapy. They had no history of botulinum toxin treatments for at least 6 months before testing. Written informed consent was obtained from all participants prior to testing and Northwestern University's Institutional Review Board approved all procedures.



Experimental Setup

Participants were seated upright in a fully-adjustable chair with the trunk and thigh firmly strapped to the chair. The foot was secured to the footplate where a 6-axis force-measuring sensor (Omega160, ATI Industrial Automation, Apex, NC, USA) was installed. The knee joint was extended as much as possible to a comfortable position. The ankle center of rotation (defined as the mid-line between the malleoli) was aligned with the rotation axis of the dynamometer. A slight adjustment in the subject's posture was then allowed to make sure the subject was comfortable throughout the experiment (in most cases, the knee was flexed ~10°).

Single differential surface EMG (sEMG) electrodes (GRASS, Asto-Med, Inc., West Warwick, Rhode, Island) were placed over the muscle belly of the MG, the lateral gastrocnemius (LG), the soleus (SOL), and the tibialis anterior (TA), in order to record activity in each muscle. A ground electrode was attached to the patella. The area for the electrodes was cleaned with alcohol pads before electrode placement.

A shear wave elastography ultrasound system (Aixplorer Supersonic Imagine, Aix-en-Provence, France) with a linear transducer array (4–15 MHz, SuperLinear SL15-4, Vermon, Tours, France) (30) was used to record the MG muscle thickness and SWS under passive conditions at each designated angle. The transducer was positioned directly adjacent to the EMG electrode of the MG muscle, avoiding interference between the transducer and the EMG electrode, and was then secured to the shank using a custom holder, in order to minimize translation, and pressure induced by the transducer.

During the experiment, voluntary isometric plantarflexion torque and EMG signals were recorded at a sampling rate of 2 kHz and synchronized through a data acquisition (DAQ) system (NI USB-6259 BNC, National Instrument, Austin, TX, USA).



Procedures

To investigate the effects of changing ankle joint angle on the slope of EMG-torque relations, five different ankle angles were chosen: maximum plantarflexion (PF), maximum dorsiflexion (DF), neutral, and two intermediate angles. The maximum PF and DF positions were determined while the ankle joint was passively moved by the experimenter. Then, two intermediate angles were set as angles between maximum DF and neutral or maximum PF and neutral. Positive angles indicate dorsiflexion and negative angles plantarflexion.

At each designated ankle angle, and in a randomized order, ultrasound images from the MG muscle were captured while the muscle was relaxed. The region of interest (RoI) for SWS measurements was manually located over the muscle belly. Subjects were then asked to perform maximum voluntary isometric contractions (MVICs) in ankle plantarflexion for 5 s each, with a 1 min break between each MVC trial. The average value of three maximum MG muscle activations for each MVC trial was used to calculate the level of the MG muscle contraction intensity for visual feedback. The subject was then asked to perform sustained isometric plantarflexion contractions at four different contraction levels (i.e., 0, 20, 40, and 60%MVIC) for 5 s. Three isometric plantarflexion contractions were elicited at each designated contraction level randomized. A 30 s rest period between repetitions was provided. Two sessions were separately conducted for both paretic and non-paretic sides.



Data Analysis

Torque signals were processed by applying a zero-phase second-order Butterworth low pass filter with a cut-off frequency of 6 Hz, followed by the root mean square (RMS) envelope with a moving window of 500 ms. The maximum isometric plantarflexion torque was determined using peak RMS envelope values corresponding to three MVC trials. EMG signals were processed by applying a zero-phase second-order Butterworth bandpass filter (bandwidth: 20–450 Hz), followed by the RMS envelope with the same moving window, in order to obtain RMS EMG values. The average value of the 1-s segment in each trial was estimated to represent the RMS EMG and ankle plantarflexion torque. This segment was determined by the minimum variability (i.e., standard deviation) of the 1-s window of each processed torque signal.

Afterward, the EMG-torque relations for MG, LG, and SOL muscles were derived, using the RMS EMG and the torque values. Considering the load-sharing among the calf muscles for the ankle joint, the arithmetic mean values of the calf muscles' RMS EMG (ALL) were calculated and then used to characterize the EMG-torque relation. A linear fitting was conducted to determine the slope of the EMG-torque relations (Figures 1A–E).


[image: Figure 1]
FIGURE 1. Representative EMG-torque relations at different ankle joint angles from maximum dorsiflexion to maximum plantarflexion (A–E). Overall, the EMG-torque slope on the paretic side (in blue) is greater than on the non-paretic side (in red). Moreover, the more the ankle plantarflexion, the greater the EMG-torque slope. (F) Greater changes in the EMG-torque slope on the paretic side with increasing ankle plantarflexion angle.


To determine how the EMG-torque slope would be affected by changes in joint angle and by the stroke, the relationship between the slope and the joint angle was determined as S = aA2 + b, where S is the slope, A the joint angle, a the scaling factor, and b the intercept. As the slope was monotonically increased with increasing ankle plantarflexion, the maximum DF angle was subtracted by the joint angle (i.e., shift all the joint angle data to start from zero), so that the intercept b indicates the slope at the maximum DF angle. The greater coefficient a indicates the more increment in the slope, as the ankle joint becomes plantarflexed (Figure 1F).

The relation between the maximum joint torque (T) at each joint angle and the slope (S) at corresponding angles was characterized as T = cS−1, where c is the shape coefficient. The smaller coefficient c, the quicker decay in the torque as the slope increases (Figure 2).


[image: Figure 2]
FIGURE 2. Representative relationship between maximum torque (T) at each ankle angle and EMG-torque slope (S) at the corresponding angle. The smaller coefficient value, the quicker decay in T as S increases.


Image processing was performed to obtain the MG muscle thickness and SWS of the MG muscle. The MG muscle thickness was measured as the distance between superficial and deep aponeuroses (33). The RGB-colored map in RoI of each image was converted into SWS, and the average value of SWS over the largest muscular region was calculated for each image (34). All the data processing was performed, using custom-written software in MATLAB (Mathworks, Natick, USA).



Statistical Analysis

The RMS EMG and the maximum joint torque were compared between sides using repeated-measures ANOVA. Within-subject factors were the side (i.e., paretic or non-paretic) and the ankle joint angle. Multiple comparisons were done with Bonferroni adjustment. IBM SPSS Statistics (Version 21, IBM, New York, USA) with the significance level (α) of 0.05. The partial eta squared ([image: image]) was used to report the effect size for each comparison.

Further statistics were tested with a significance level α < 0.05, using custom-written software in MATLAB (Mathworks, Natick, USA). The Kolmogorov-Smirnov test was performed to assess the assumption of the normal distribution for the fitting parameters (i.e., the coefficient a, b, and c) as well as ankle joint range of motion. As all the variables did not satisfy the assumption (p < 0.05), the Wilcoxon signed-rank test was conducted to evaluate the paired difference in the variables between the paretic and non-paretic sides. Cohen's dz (35) was then calculated for the standardized mean difference effect size for within-subjects design (36). The data were described as the median value and the interquartile range (IQR).

The Spearman ranked correlation coefficient was calculated to determine the relationship between the relative (i.e., non-paretic/paretic) coefficient a and the relative (i.e., paretic/non-paretic) maximum plantarflexion torque, the relative SWS, or the relative muscle thickness. As the coefficient a value was greater on the paretic side, the relative coefficient a was calculated as the ratio of the non-paretic to the paretic values and thus, the smaller relative coefficient a indicates the less efficient muscular contraction on the paretic side compared to the non-paretic side.




RESULTS

The total number of subjects examined was 9 for MG and LG analyses and 8 for SOL and ALL analyses. This is because we excluded the subject when reporting SOL and ALL as the EMG recording from the SOL muscle was not successful in one of our subjects.


Passive Range of Motion at Ankle Joint

The passive range of motion at ankle joint on the paretic side (32.0°; IQR = 30.0–40.0) was significantly smaller by ~25% than on the non-paretic side (42.0°, IQR = 37.3–45.0) (p = 0.031, dz = 0.992). Although the median maximum PF (30.0°, IQR = 30.0–35.3) and DF (−3.0°, IQR = −6.3–1.5) on the paretic side was smaller than on the non-paretic side (PF: 34.0°, IQR = 30.0–37.8; DF: −5.0°, IQR = −11.3 to −3.8), there was no significant side-to-side difference in the maximum PF (p = 0.156, dz = 0.548) or in the maximum DF (p = 0.063, dz = 0.816).



Effect of Joint Angles on Maximum RMS EMG and Joint Torque

When compared to the non-paretic side, the maximum RMS EMG on the paretic side was significantly smaller in the MG (p = 0.003, [image: image] = 0.683) and LG (p = 0.003, [image: image] = 0.685) muscles, but not in the TA (p = 0.122, [image: image] = 0.272) and SOL (p = 0.096, [image: image] = 0.307) muscles (Figure 3). However, the maximum RMS EMG was not a function of the ankle joint angles in all the muscles (TA: p = 0.104, [image: image] = 0.734; MG: p = 0.093, [image: image] = 0.747; LG: p = 0.366, [image: image] = 0.521; SOL: p = 0.172, [image: image] = 0.666). Moreover, there was no significant interaction between the side and the ankle joint angle in all the muscles (TA: p = 0.387, [image: image] = 0.507; MG: p = 0.271, [image: image] = 0.586; LG: p = 0.247, [image: image] = 0.604; SOL: p = 0.427, [image: image] = 0.481). Note that the magnitude of TA RMS EMG was considerably smaller than the other muscles, which indicates that the potential effects of muscle co-contraction would likely be negligible.


[image: Figure 3]
FIGURE 3. Maximum RMS EMG in tibialis anterior (A), medial gastrocnemius (B), lateral gastrocnemius (C), and soleus (D) muscles at each ankle angle. Negative angles indicate dorsiflexion. *a significant difference in pairwise comparisons between the side (p < 0.05).


The overall magnitude of the maximum joint torque on the paretic side was significantly smaller than on the contralateral side (p = 0.001, [image: image] = 0.776; Figure 4), showing significant differences at all the angles (p < 0.01). Furthermore, the maximum joint torque increased as the ankle joint became dorsiflexed (p = 0.029, [image: image] = 0.845), showing that the maximum joint torque at the dorsiflexed angles beyond the neutral angles was significantly greater than at the plantarflexed positions (p < 0.05). There was a significant interaction between the side and the ankle joint angle (p = 0.049, [image: image] = 0.808).


[image: Figure 4]
FIGURE 4. Maximum joint torque at each ankle angle. Negative angles indicate dorsiflexion. *a significant difference in pairwise comparisons between the side (p < 0.01). †a significant difference in torque between dorsiflexed angles and plantarflexed angles (p < 0.05).




EMG-Torque Relations

As the ankle angle became more plantarflexed, the slope of the EMG-torque relations increased progressively (Figure 5). Table 1 summarizes the coefficient a and b for each calf muscle and ALL. For the MG muscle, the coefficient a on the paretic side was significantly greater than on the non-paretic side (p = 0.008, dz = 0.549), indicating the greater increase in the slope as the ankle joint becomes plantarflexed. There was no significant difference in the coefficient b between sides (p = 0.359, dz = 0.089), indicating that the slope was not significantly different at the maximum DF angles.


[image: Figure 5]
FIGURE 5. Changes in EMG-torque slope as a function of ankle angle. Note that the effects of changing the ankle angle on the EMG-torque slope are more significant on the paretic side than on the non-paretic side. Markers and lines indicate raw data and fitted results from each individual (in different colors), respectively.



Table 1. The coefficient a and b values for the slope of EMG-torque relations (S) and ankle plantarflexion angle (A). S = aA2 + b.

[image: Table 1]

Similar results were found in the other muscles. The coefficient a on the paretic side was significantly greater than on the non-paretic side (LG: p = 0.004, dz = 0.548; SOL: p = 0.008, dz = 0.802; ALL: p = 0.008, dz = 0.601), whereas there was no significant difference in the coefficient b between sides (LG: p = 0.250, dz = 0.501; SOL: p = 0.547, dz = 0.357; ALL: p = 0.945, dz = 0.315).



Torque-Slope Relations

For all the cases, the maximum voluntary isometric plantarflexion torque was smaller as the slope of the EMG-torque relations was greater (Figure 6). Table 2 summarizes the coefficient c for each calf muscle and ALL. The coefficient c was significantly smaller on the paretic side than on the non-paretic side (MG: p = 0.020, dz = 1.190; SOL: p = 0.016, dz = 1.326; ALL: p = 0.016, dz = 1.321) except for LG (p = 0.098, dz = 0.627). However, the coefficient c for pooled data from both sides was not significantly different with the coefficient c on the paretic side for all cases (MG: p = 1.000, dz = 0.053; LG: p = 0.074, dz = 0.622; SOL: p = 0.109, dz = 0.666; ALL: p = 0.742, dz = 0.040).


[image: Figure 6]
FIGURE 6. Relationship between maximum torque at each ankle angle and EMG-torque slope at the corresponding angle. Note that the greater slope, the smaller torque. The quicker decay in the torque is shown on the paretic side than on the non-paretic side, whereas there is no significant difference between the paretic and pooled data. Markers and lines indicate raw data and fitted results from each individual (in different colors), respectively.



Table 2. The coefficient c values for normalized maximum plantarflexion torque at each joint angle (T) and slope of EMG-torque relations (S). T = cS−1.

[image: Table 2]



Correlation Analysis

A strong linear relationship was observed between the relative coefficient a and the relative maximum torque for MG (r = 0.783; p = 0.017; Figure 7A), SOL (r = 0.762; p = 0.037; Figure 7C), and ALL (r = 0.881; p = 0.007; Figure 7D). However, no significant relationship was found for LG (r = 0.617; p = 0.086; Figure 7B).


[image: Figure 7]
FIGURE 7. Relationship between the relative maximum torque and the relative coefficient a in medial gastrocnemius (A), lateral gastrocnemius (B), soleus (C), and the average of the muscles (D).


For the MG muscle, the relative coefficient a was smaller as the relative SWS measured at the neutral position was greater (r = −0.733; p = 0.031; Figure 8A). However, the relationship between the relative coefficient a and the relative muscle thickness was not significant (r = 0.017; p = 0.982; Figure 8B).


[image: Figure 8]
FIGURE 8. Relationship of the relative (non-paretic/paretic) coefficient a with the relative (paretic/non-paretic) shear wave speed (SWS) (A) or muscle thickness (MT) (B) measured in medial gastrocnemius.





DISCUSSION

To summarize, the purpose of this study was to investigate: (1) the effect of changes in ankle joint angles on the muscular contraction efficiency of the calf muscles (i.e., the slope of EMG-torque relations); (2) the relation between the maximum joint torque at each joint angle and the EMG-torque slope at this angle; and (3) the association between the relative coefficient a and the relative muscle thickness or SWS. This is in order to understand the impact of intrinsic muscular changes on muscular contraction efficiency after stroke.

Our results show that the paretic side has a greater slope coefficient a (i.e., more increment in the slope as a function of ankle plantarflexion angle) and smaller c (i.e., steeper decay in the maximum torque as a function of the slope). There was also a strong linear relationship between the relative joint torque and the relative coefficient a, in the case of MG, SOL, or ALL. For the MG muscles, the relative coefficient a (i.e., muscular contraction efficiency) was negatively correlated with the relative SWS (i.e., muscle stiffness).


The Slope of EMG-Torque Relations Serves as a Measure of Muscular Contraction Efficiency

The greater coefficient a on the paretic side indicates that the slope of EMG-torque relations on the paretic side is greater than on the non-paretic side at comparable ankle angles, as also reported earlier (4, 5). Interestingly, the slope of EMG-torque relations has also been used in the field of sports exercise to understand the relative contribution of neural factors and muscle hypertrophy to muscle strength gain in response to muscle strengthening protocol (37). To illustrate, the slope of EMG-torque relations becomes lower as muscle strength increases (37, 38). Although the phenomena induced by training are different (i.e., one is the strength gain due to exercise and the other is strength loss due to injury), the common message may be that the slope of EMG-torque relations is a useful biomarker for muscular contraction efficiency.

Our results showed further that there is a strong relationship between the slope of EMG-torque relations at each joint angle and the normalized maximum joint torque at the corresponding joint angle (Figure 6), suggesting that the absolute slope of EMG-torque relations may be used to estimate the maximum joint torque-capacity. We also found that the relative coefficient a showed a strong positive relationship with the relative maximum joint torque (Figure 7), which further suggests that the relative coefficient a may be used as a measure of muscular contraction efficiency. This finding is also supported by earlier findings that a greater increase in the cross-sectional area resulted in a greater decrease in the slope of EMG-torque relations (37).



Effect of Joint Angle Changes on the Slope of EMG-Torque Relations

Based on our finding that the magnitude of RMS EMG at all the measured angles was significantly lower in the MG and LG muscles on the paretic side, the reduction in the magnitude of neural drive seems a primary factor contributing to the reduction in maximum joint torque on the paretic side. In addition, we also found that the effects of changes in joint angle on the slope were more significant on the paretic side than on the non-paretic side (i.e., greater coefficient a), although the magnitude of RMS EMG on both sides was not significantly different among the joint angles (i.e., relatively consistent magnitude of neural drive). These findings suggest that muscular changes after stroke, such as muscle atrophy, changes muscle architecture, or changes in material properties, can also contribute to the reduction in muscular contraction efficiency.

The slope increase with increasing ankle plantarflexion (i.e., the coefficient a) seems to be associated with active muscle force-length properties. As the practical operating range of calf muscles is usually located in the ascending limb of active force-length curve (27–29), the muscle length becomes shorter as the ankle joint becomes more plantarflexed. Given that the magnitude of force production is smaller at shorter muscle length in the ascending limb, the slope of EMG-torque relations will become greater at a shorter length, characterized here as the coefficient a in this study. The greater coefficient a on the paretic side can then be explained by an altered active force-length curve after stroke such as narrower width of the curve (19) or by an altered torque-angle curve such as shortened range of the curve (3, 20–22). Since the reduction in the magnitude of peak forces at shorter muscle lengths becomes greater with a narrower curve width, the slope of EMG-torque relations is likely greater on the paretic side than on the non-paretic side.

Our correlation analysis revealed a strong negative relationship between the relative coefficient a and the relative SWS measured at the neutral ankle position (Figure 8A), potentially suggesting that the stiffer the muscle, the lower the muscular contraction efficiency. This result can be supported by an earlier simulation study showing that the increased intramuscular fat on the MG muscle resulted in lower force production for a given muscle activation (39). These observations indicate that altered material properties of muscle tissue can also affect muscular contraction efficiency and thus, further investigations are needed to understand how the connective tissues play a role in the voluntary force production.

We could not establish such a relationship between the relative coefficient a and the relative muscle thickness (Figure 8B). To better understand this, given a general agreement that the torque-generating capacity is positively correlated with the muscle thickness or cross-sectional area (40), further correlation analyses were conducted (Figure 9). Although no significant relationship was found between the relative torque and the relative muscle thickness (Figure 9A), there were three data points that seemed as outliers (circles filled with different colors). Interestingly, compared to the non-paretic side, those data points had a relatively well-preserved muscle thickness (Figure 9B) but a considerably affected torque-generating capacity (Figure 9A) as well as a significant effect of ankle joint angle on the slope of EMG-torque relations characterized by the coefficient a in this study (Figure 9C). Although it is uncertain, we speculate that those three participants might exhibit a more severe deficit in neural factors rather than in muscular changes. Collectively, it is likely that the relative contributions of neural factors and muscular changes can vary across the clinical spectrum in chronic stroke survivors. Further studies are required to define the relative contribution of both neural factors and muscular changes to voluntary force generating-capacity after stroke.


[image: Figure 9]
FIGURE 9. (A) Relationship between the relative (paretic/non-paretic) muscle thickness (MT) and the relative maximum torque. Relationship of the relative (non-paretic/paretic) coefficient a with the relative MT (B) or the relative torque (C). Note that three data points seem as outliers (circles filled with different colors), which had the relatively well-preserved MT but very low relative coefficient a, suggesting that chronic stroke survivors may potentially have the different relative contribution of both neural factors and muscular changes to voluntary force generating-capacity after stroke.




Limitations

A significant reduction in the RMS EMGs on the paretic side may sometimes be attributed to non-physiological factors. For example, the relative distance/orientation between the surface electrode location and the innervation zone may be different depending on the ankle angle as well as the contraction intensity (especially in a pennate muscle) (41), ultimately affecting our sEMG signals. This is likely because the pennation angle and fiber length of the MG, LG, and SOL each change with ankle plantarflexion as well as with contraction intensity (42).

Moreover, there have also been reports of altered muscle architecture in the calf muscles after stroke (16, 17, 43, 44), potentially leading to different magnitude of such influences across the participants and across the sides. However, such influences were not distinguishable in our results because the maximum RMS EMG at each ankle angle did not significantly differ on both sides and the magnitude in paretic calf muscles was systematically lower than in contralateral muscles at all measured ankle angle (Figure 3).

Increasing subcutaneous tissue thickness also tends to decrease the sEMG amplitude (45, 46). However, our ultrasound data showed no significant difference in subcutaneous tissue thickness between sides (p = 0.055, dz = 0.517). Moreover, the muscle thickness between sides was not significantly different between sides (p = 0.074, dz = 0.691). Based on these observations, it appears that the decreased RMS EMGs on the paretic side may be likely due to a reduction in neural drive rather than to changes in the subcutaneous tissue/muscle thickness.

It is also important to note that the muscle volume or cross-sectional area may not be a good measure of torque-generating capacity likely due to a loss of active muscle fibers and the substitution of non-contractile tissue (15, 47). Accordingly, more detailed characterization of muscular changes after stroke would help us better understand underlying mechanisms of inefficient muscular voluntary contraction in chronic stroke survivors.

In addition, the magnitude of load-sharing is not readily estimated during voluntary contraction, and thus the average RMS EMG from the calf muscles was used to estimate the overall contribution to the joint torque. Considering that the calf muscle volume does not seem to be affected in a uniform manner after stroke (47), the average RMS EMG may not be accurate enough to represent the overall contribution.

Body mass normalization for torque data is widely accepted, particularly when strength-related outcomes are compared across individuals with varying body masses (48, 49), given a general agreement that muscle strength is positively related with body mass (50). Although we confirmed that our results were not affected by the normalization, there is an issue with such an approach. This is mainly due to non-uniform muscle atrophy across different muscles as well as changes in muscle composition after stroke (47). It is required to establish a reasonable way to compare strength-related outcomes between sides, accounting for muscular changes such as muscle quality (51, 52).

Lastly, our findings are potentially limited by relatively small sample size and by all male participants and thus, special care should be taken to generalize our findings especially due to gender difference in muscle architecture (53).




CONCLUSION

In summary, this study examined the EMG-torque relations of calf muscles at different ankle joint angles on both paretic and non-paretic sides in chronic hemispheric stroke survivors. The greater slope of the EMG-torque relations was found on the paretic side compared to the non-paretic side at comparable ankle joint angles (i.e., the greater coefficient a on the paretic side), indicating that muscular contraction efficiency may be affected after stroke but in a muscle length-dependent and non-uniform manner. Moreover, the relative coefficient a showed a strong relationship with the relative ankle plantarflexion torque or the relative SWS, but was not correlated with the relative muscle thickness. Based on such a discrepancy between the relative reduction in torque-generating capacity and in muscle thickness, our findings suggest that the relative contributions of neural factors and intrinsic muscular changes may vary substantially across the range of chronic stroke survivors. Further studies are needed to explore the relative contribution of both neural factors and muscular changes to voluntary force generating-capacity after stroke.
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Duchenne muscular dystrophy (DMD) is a genetic disorder that results in progressive muscular degeneration. Although medical advances increased their life expectancy, DMD individuals are still highly dependent on caregivers. Hand/wrist function is central for providing independence, and robotic exoskeletons are good candidates for effectively compensating for deteriorating functionality. Robotic hand exoskeletons require the accurate decoding of motor intention typically via surface electromyography (sEMG). Traditional low-density sEMG was used in the past to explore the muscular activations of individuals with DMD; however, it cannot provide high spatial resolution. This study characterized, for the first time, the forearm high-density (HD) electromyograms of three individuals with DMD while performing seven hand/wrist-related tasks and compared them to eight healthy individuals (all data available online). We looked into the spatial distribution of HD-sEMG patterns by using principal component analysis (PCA) and also assessed the repeatability and the amplitude distributions of muscle activity. Additionally, we used a machine learning approach to assess DMD individuals' potentials for myocontrol. Our analysis showed that although participants with DMD were able to repeat similar HD-sEMG patterns across gestures (similarly to healthy participants), a fewer number of electrodes was activated during their gestures compared to the healthy participants. Additionally, participants with DMD activated their muscles close to maximal contraction level (0.63 ± 0.23), whereas healthy participants had lower normalized activations (0.26 ± 0.2). Lastly, participants with DMD showed on average fewer PCs (3), explaining 90% of the complete gesture space than the healthy (5). However, the ability of the DMD participants to produce repeatable HD-sEMG patterns was unexpectedly comparable to that of healthy participants, and the same holds true for their offline myocontrol performance, disproving our hypothesis and suggesting a clear potential for the myocontrol of wearable exoskeletons. Our findings present evidence for the first time on how DMD leads to progressive alterations in hand/wrist motor control in DMD individuals compared to healthy. The better understanding of these alterations can lead to further developments for the intuitive and robust myoelectric control of active hand exoskeletons for individuals with DMD.

Keywords: Duchenne muscular dystrophy, forearm, hand, high-density surface electromyography, motor control, myocontrol, principal component analysis (PCA), wrist


INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X chromosome-linked recessive neuromuscular disease (1). The absence of dystrophin causes progressive weakness of skeletal, respiratory, and cardiac muscles and leads to severe physical disability and shortened life expectancy (2). Improved care standards and the recent introduction of assisted ventilation, in the later stages of the disease, contributed to the increase of their life span (3). This has led to increasing numbers of adults with DMD (4) who experience low quality of life and external aid dependency (5, 6).

In DMD individuals, the support of the upper extremity is central for ensuring daily life independence (7). Wearable devices such as hand/wrist exoskeletons can provide a functional solution by assisting individuals with DMD in performing activities of daily living (ADL) (7). However, dynamic active hand support currently remains a challenge (4), with passive hand orthoses (8) still representing the main clinical approach. Bushby et al. (9, 10) suggested that the treatment of individuals with DMD should become more multidisciplinary as well as promote further the use of technology. However, the effective use of active orthoses requires the accurate decoding of motor intention, which represents an important yet not well-addressed challenge (11).

The clinical golden standard for non-invasive motor intention decoding (12), control of robotic devices (13), and characterization of muscle activity (14) is low-density surface electromyography (sEMG). The most common approach involves bipolar sEMG, where muscle activation is measured with the placement of two closely placed electrodes above the muscle belly (15, 16). sEMG is currently biased by superposition of electrical potentials that compromise signal amplitude estimation, the need for identifying optimal electrode placement, skin–electrode impedance, power line interference, and physiological properties (intermuscular fat, skin humidity, etc.) (15). Despite the fact that sEMG is broadly used in amputee research (14, 17–19) to characterize forearm activity, in degenerative disorders such as DMD, there is a lack of understanding on how these individuals activate their forearm muscles to achieve functionally relevant tasks. A possible way to address this challenge is the use of high-density sEMG (HD-sEMG).

HD-sEMG is a non-invasive technique that collects high-resolution myoelectric signals from tens of monopolar electrodes, i.e., >60 electrodes simultaneously (20). With respect to conventional low-density approaches, HD-sEMG enables determining how large muscles, such as those in the human forearm, activate not only in the temporal domain but also in the spatial domain (14). This information can be used to create heatmaps encoding the spatial distribution of HD-sEMG amplitudes during different hand/wrist-related tasks (19). Such heatmaps can capture distinct HD-sEMG patterns associated to specific tasks, plus variations in amplitude, and repeatability over time. This is central for taking into account the manifestation of inhomogeneities in the control of the muscular fibers, something crucial to understand in pathological muscle activation (21). Moreover, this can be used to explore myocontrol in pathological populations when combined with currently used machine learning classification techniques (22). Currently, HD-sEMG is performed with a large number of cables and is biased by heavy and sizable amplifiers which limit its use in dynamic situations, such as the control of wearable exoskeletons (23).

HD-sEMG spatiotemporal analysis and pattern recognition were never applied to DMD individuals. The use of HD-sEMG can give insights in dimensionality and spatiotemporal similarity between healthy and DMD participant and additionally open a window to study hand/wrist motor control in DMD via a number of analyses and understand the hierarchical motor control in DMD and differences with respect to healthy people. Repeatability, spatial distribution, and distinguishability of HD-sEMG patterns together with HD-sEMG classification performance are important requirements for understanding the altered DMD motor control and use our findings in the context of robotic exoskeleton applications.

In this paper, we characterize HD-sEMGs of three individuals with DMD during seven hand/wrist-related tasks and compare with a baseline of eight healthy participants. This work is motivated by the near absence of a systematic and detailed spatiotemporal characterization of forearm muscle activations in individuals with DMD. First, we create HD-sEMG heatmaps and analyze them with principal component analysis (PCA) to identify the number of orthogonal muscle activation spatiotemporal patterns. Second, we characterize the ability of DMD individuals to produce repeatable and spatiotemporally distinguishable HD-sEMG patterns across tasks, as well as their amplitude distribution. Third, we employ pattern recognition to quantify the potential of each DMD individual to perform activities as those required for the control of assistive robotic exoskeletons. We hypothesize that participants with DMD will show lower activations, they will perform less repeatable patterns and show differences in dimensionality because DMD's central nervous system (CNS) acts on an impaired musculoskeletal apparatus, which may in turn lead to CNS adaptations. Finally, we hypothesize that myocontrol performance will be lower in DMD compared to the healthy participants.



MATERIALS AND METHODS


Participants

The experiment was carried out by seven healthy female and one male adults (age: 21.4 ± 1.2 years, forearm length: 24.8 ± 1.8 cm, forearm circumference at 20% of length: 25.9 ± 1.8 cm), without any hand-related impairment, and three male adults with DMD (age: 22.3 ± 2.5 years, forearm length: 24.2 ± 2.9 cm, forearm circumference at 20% of length: 25.5 ± 3.9 cm).

The DMD participants had different levels of hand function. Participant one (DP1, 20 years old) was able to use his hands functionally, and no contractures relevant to hand/wrist movement were observed. Participant two (DP2, 22 years old) was able to functionally use his hand but experienced a decrease in strength and minimal contractures relevant to hand/wrist movement. Participant three (DP3, 25 years old) was not able to use his hands at all and was affected by immediate onset of fatigue during its use. Extensive contractures relevant to finger movement were observed, and only minimal movement of the fingers was possible (see Supplementary Video). All participants were able to perform the experimental protocol.

The Medical Ethics Committee of Twente approved the study design, the experimental protocol, and the procedures (Protocol number: NL59061.044.16). The study was conducted according to the ethical standards given in the Declaration of Helsinki in 1975, as revised in 2008.



Experimental Setup and Signal Acquisition

The experimental setup (Figure 1) included several components, and it was designed to record HD-sEMG signals from the forearm in a repeatable and systematic way. Muscular activity was measured with a 128-channel amplification system (REFA 128 model, TMS International, Oldenzaal, The Netherlands). We used 64 monopolar electrodes around the forearm to acquire the raw sEMG signals. The signals were recorded with a decimal gain of 26.55 before the analog-to-digital converter (ADC); however, this gain factor is compensated by the acquisition software (Polybench, TMS International, Oldenzaal, The Netherlands), after the ADC. Additionally, REFA includes a first-order analog low-pass filter placed before the ADC with a −3 db point at 6.8 kHz. The 6.8-kHz low pass helps to make the REFA immune to high-frequency electromagnetic interference such as mobile phone networks. The analog signals were sampled with a frequency of 2,048 Hz and digitally converted with a 24-bit conversion (a resolution of 0.018 μV per bit, 300 mV dynamic range). The ADC of the device has an anti-aliasing digital low-pass filter with a cutoff frequency of 0.2 * sample frequency. This filter inside the ADC is used to convert the 1-bit signal with a high frequency into a 24-bit signal with a lower frequency. The acquisition software was executed in a host laptop (Lenovo Thinkpad T490, Lenovo, Beijing, China) with a Windows 10 operating system (Microsoft Corporation, Washington, USA). A computer screen was used to provide visual feedback of the task to the participants.
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FIGURE 1. The figure shows the process of the electrode placement. (A) The flexible custom-made sleeve that was used for marking the skin of the participant. The sleeve is flexible only around the circumferal direction and stiff along the longitudinal direction of the arm. (B) The marked skin of the participant. The longitudinal inter-electrode distance (LID) is fixed at 2 cm (L), while the circumferal inter-electrode distance (CID) depends on the forearm width of each participant. (C) The participant with all the 64 electrodes placed. The imaginary line (red line) that connects the lateral epicondyle and the styloid process of the ulna was used as the border between the dorsal and ventral side of the forearm. The placement of the electrodes starts right above this line, with electrode number one placed proximally (at 20% of forearm length from the elbow) and eight distally. The rest of the electrode rows are placed counterclockwise as someone is looking at his right arm. (D) This way, electrodes 1–32 were placed over the dorsal side (see sketch) and 33–64 over the ventral side of the forearm. The center of gravity (COG) is also shown for this gesture.


Electrode placement and configuration were based on previous work (19) that normalized the electrode locations to each participant's arm circumference in order to account for different forearm thicknesses (Table 1). The inter-electrode distance in the longitudinal direction of the forearm was kept constant at 2 cm for covering the entire forearm (24).


Table 1. Participant information.
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First, we cleaned the skin of the dominant forearm of the participant with alcohol. Then, we measured the forearm length from the lateral epicondyle until the styloid process of the ulna and the forearm circumference at 20% of the forearm length from the elbow (Figure 1). The participant had to wear a perforated sleeve (Figure 1) with equally placed holes and elastic only along the circumferal direction to ensure that the electrode placement was standardized for all participants. We used a non-permanent marker to mark the skin of the participant (Figure 1) and then visually inspect the markings before applying the electrodes.

Conductive gel was applied to each of the 64 electrodes with a syringe, and they were subsequently attached to the forearm. The first row of electrodes was placed above the imaginary line between the lateral epicondyle and the styloid process of the ulna and the last row below in such a way that the line lay in the middle between the two rows of electrodes (Figure 1). The first electrode was attached proximally starting at the 20% of the forearm length from the elbow. Electrodes were placed from proximal to distal and in counterclockwise direction (from the perspective of a right-handed participant). This way, electrodes 1–32 were placed over the dorsal side (mostly extensor muscles) and 33–64 over the ventral side (mostly flexor muscles) of the forearm. The reference electrode was placed at the distal end of the forearm, over the head of the ulna.

Participants performed seven different gestures involving hand and wrist motions (Figure 2). The chosen gestures included: hand open/close, thumb flexion/extension, wrist flexion/extension, and index extension. These were chosen as they are involved in the most frequent ADL (25). First, each participant was instructed to perform all gestures without constraints (dynamic) with maximal voluntary effort in a single recording. This way, we recorded the maximum voluntary contraction (MVC) for every electrode across all gestures. For every gesture, 10 repetitions of 3 s contractions were performed, together with 10 repetitions of 3-s resting periods between the contractions (Figure 2). The participants were instructed to perform all movements in a comfortable fashion in order to avoid forceful contractions that may elicit co-contractions of agonist–antagonist muscle groups.
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FIGURE 2. The 10 repetitions of third Duchenne muscular dystrophy (DMD) participant (DP3) for wrist extension that were used to acquire the average normalized map. The lower part shows an example of the protocol followed to record the data. In this example, the participant was instructed to extend his wrist for 3 s and then rest for 3 s. This was repeated 10 times. The same procedure was followed for all the seven gestures.


The timing of the gestures was dictated with the use of visual feedback. The visual feedback illustrated via photographs of human hands which gesture had to be performed. The sequence of images served to instruct the participant as a metronome when to perform the gesture (image of gesture appearing for 3 s) and when to relax (image of relaxed hand appearing for 3 s). Additionally, the measurements were performed in the morning in order to avoid effects of the end-of-the-day fatigue, especially for the participants with DMD. Furthermore, the participants had short breaks between gestures in order to rest.



Signal Processing and Analysis

All signal processing and data analyses were performed in Matlab 2018b software (The MathWorks Inc., USA). The raw sEMG signals were processed offline in order to compute the envelopes for each of the 64 electrodes per gesture and per participant. First, the raw data were filtered with a band-pass filter (fourth-order Butterworth, 20–450 Hz). Additionally, a second-order digital infinite impulse response notch filter (cutoff frequency of 50 Hz, Q factor of 50) was used to remove the power line noise (50 Hz for the EU). Despite its main limitation (signal distortion around the attenuated frequency), notch filtering is the mainstream technique for powerline signal removal (26), and a narrow bandwidth with a high Q factor can already address this (27). For highly powerline-contaminated signals, spectral interpolation may be more appropriate (27). The signals were subsequently rectified and filtered with a low-pass filter (third-order Butterworth, 2 Hz). Our choice for the cutoff frequency was motivated by the low-frequency dynamic tasks involved in this study (28) and our previous study on real-time sEMG control of a hand exoskeleton (29). The resulting envelopes were visually inspected segmented, according to the acquisition protocol, to 10 contractions and periods (each lasting approximately 3 s) and normalized. A threshold was selected to define the onset of the activity, and the next 3 s after the onset were chosen as a contraction period. The threshold was defined as the time that the signal exceeded 10 standard deviations of the baseline (non-contraction) activity similar to Di Fabio (30), and the final segmentation was additionally assessed visually. The maximum value of the envelope of each electrode across the complete dataset was used as a normalization value for each electrode. This value was acquired using a moving average window of 1 s in order to account for signal artifacts. Signal quality was visually assessed both in the time and frequency domains, and faulty channels were replaced by linear interpolation of their surrounding neighboring channels (8-neighborhood) (14). Different local conditions were applied to faulty electrodes placed in the longitudinal extremes (<8 neighboring channels).

Every 3-s contraction was further segmented in 1-s segments by keeping only the middle second of the contraction (steady-state phase) and discarding the transient phase (31). For every electrode, the average of this 1-s contraction was calculated and used to construct 10 heatmaps per gesture (Figure 2). For the visual inspection of the forearm activity per gesture, we constructed activity heatmaps by averaging the 10 repetition heatmaps (Figure 3).
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FIGURE 3. The heatmaps of two representative gestures for the three participants with Duchenne muscular dystrophy (DMD) and one healthy participant. (A–D) show wrist extension heatmaps for DP1 (A), DP2 (B), DP3 (C), and HP6 (D). (E–G) show wrist flexion heatmaps for DP1 (E), DP2 (F), DP3 (G), and HP6 (H). Regarding wrist extension, all participants exhibit similar activation patterns. However, for wrist flexion, there is higher variability in the activation patterns within participants. X marks show the center of gravity (COG) for each heatmap. Only the activations that are higher than 80% are used to calculate the COG.


We analyzed the data to assess HD-sEMG pattern repeatability, peaks, and dimensionality, as well as individuals' potential to generate activation patterns suitable for myocontrol applications for both healthy and DMD participants. The raw data used for this analysis are available online (32). All signal processing and data analyses were performed in Matlab 2018b software (The Mathworks Inc., USA). In the remainder of this section, we describe a set of analyses aimed at investigating differences between DMD and healthy participants at the level of motor control properties (Motor Control Properties section) and myocontrol performance (Myocontrol Performance section).



Motor Control Properties
 
Activation Pattern Repeatability Tests

The degree of repeatability across repetitions per participant was calculated using squared Pearson correlation. Each heatmap (8 × 8) was reshaped into a vector (1 × 64) before the calculation of the squared Pearson correlation (33). The coefficient was extracted among the 10 repetitions per gesture and per participant. For every gesture, this resulted in 45 unique comparisons between the 10 repetitions and thus 45 coefficients per gesture (Figure 4).
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FIGURE 4. The histogram of squared Pearson correlation between the 10 repetitions for all gestures and for all participants. High correlation shows similarity between the repetitions and thus high repeatability. Both healthy and Duchenne muscular dystrophy (DMD) participants achieved similarly high repeatability on the tasks. The full vertical lines represent the mean and the dashed the standard deviation. The number of unique comparisons between 10 repetitions is 45 multiplied by the seven gestures makes 315 unique comparisons per participant. That explains the total of 2,520 events in the healthy histogram compared to the 945 in the DMD.




Spatiotemporal Activation Pattern Tests

The temporal distribution of activations between healthy and DMD was calculated via normalized and absolute activations per repetition of each gesture (Figure 5A). A normalization factor was calculated across all gestures and repetitions. For each gesture, the maximum absolute and normalized value of the 64-electrode heatmap were calculated for every participant and each repetition and plotted.


[image: Figure 5]
FIGURE 5. (A) The maximum normalized (left) and absolute (right) activation for each of the 10 repetitions of each gesture for all participants. Healthy participants generally performed the tasks with low levels of maximum normalized activation, while participants with Duchenne muscular dystrophy (DMD) showed higher levels of maximum normalized activation during the tasks. However, the maximum absolute activations were higher for the healthy participants. The full vertical lines represent the mean and the dashed the standard deviation. (B) The average center of gravity (COG) for the seven gestures for the healthy participants (black) and the participants with DMD (red). Healthy participants (gray shaded area) show on average a broader spatial distribution of the seven gestures than the participants with DMD (red shaded area). The red line represents the imaginary line that connects the lateral epicondyle and the styloid process of the ulna and was used as the border between the dorsal and ventral side of the forearm (see also Figure 1). The COG coordinates are normalized over the forearm circumference (COGx) and length (COGy).


Figure 5B shows the average spatial distribution of the healthy and DMD participants. The spatial distribution of the sEMG potentials over the 8 × 8 normalized heatmap was calculated using the center of gravity (COG) by calculating the dorsal–ventral and the proximal–distal position of it as proposed by Elswijk et al. (34). The COG was calculated over electrodes presenting activations equal or larger than 80% of the maximal value of the heatmap (Figure 3). This way, only clusters of electrodes with a high peak amplitude were considered for the calculation of the COG in order to focus on the most relevant area of activation for each gesture.



Activation Pattern Dimensionality Tests

The 10 heatmaps, one per gesture repetition, were used to construct one single average heatmap per gesture per participant (Figure 3) that was used for the motor control analysis. We quantified differences in dimensionality of orthogonal and uncorrelated sEMG patterns between the healthy and DMD participants via a PCA (35) to the gesture-specific heatmaps per participant. For every participant, we performed a PCA to the concatenation (64 × 70) of the sEMG heatmaps of all gestures and repetitions per participant [64 electrodes × (7 gestures × 10 repetitions)]. The number of PCs needed to reconstruct the original seven gesture heatmaps was identified per participant by means of the variance explained (VE), and it was taken as the number of PCs that summed together explained more than 90% of the total variance. This number was used to explore the repertoire of orthogonal and uncorrelated sEMG patterns produced by the two groups of participants (Figure 6A).


[image: Figure 6]
FIGURE 6. (A) The percentage of variance explained as a function of the number of cumulative principal components (PCs). More than 90% of the variance (blue dashed line) of the data of the participants with Duchenne muscular dystrophy (DMD) is explained by three PCs, while for the healthy by five. The full lines represent the mean and the dashed the standard deviation. For clarity, we include only up to 10 of the 63 components, as those explain more than 99% of the variance explained. (B) The averaged squared Pearson correlation between the seven gestures of both groups of participants in the form of a similarity matrix. High correlation shows similarity between the gestures. Both healthy and DMD participants show correlated gestures; however, this phenomenon is more prominent in the DMD participants. A high value shows high correlation where one is the maximum (diagonal). The number of unique comparisons between the seven gestures is 21 per participant.


Additionally, we calculated the squared Pearson correlation between all the gestures per participant (the same way as we did for the repeatability, Activation Pattern Repeatability Tests section). The coefficient was extracted from the average normalized heatmap of the 10 repetitions per gesture and per participant. For every participant, this resulted in 21 unique comparisons between the seven gestures and thus 21 coefficients per participant. We averaged the correlation values of the healthy participants and the participants with DMD separately to identify which gestures are mostly correlated per population, and we presented this in the form of a similarity matrix (Figure 6B).




Myocontrol Performance

We explored participants' gesture recognition performance via an offline pattern recognition algorithm applied to the band-pass filtered data (fourth-order Butterworth, 20–450 Hz) of each participant. We used a linear discriminant analysis (LDA) (36) to recognize each of the gestures performed. LDA is a commonly used pattern recognition algorithm for prosthetic control (37) and already commercialized by COAPT LLC (Chicago, USA) (38, 39). We chose it for the ease of implementation, classification speed, and high accuracy compared to other similar approaches (40). The 10 steady-state segments for every gesture were concatenated and created a 10-s vector. We trained the classifier by extracting four time-domain features from the raw segmented data including mean absolute value, zero crossing, slope sign change, and waveform length (41). We chose for a feature extraction window of 200 ms (with an overlap of 100 ms), which would be within acceptable range for real-time myoelectric applications (42). The classifier was validated with a three-split Monte Carlo cross-validation approach (43). Each time, a different part of the segmented data was used for training (always 70%) and testing (always 30%). The average off-line classification accuracy of these three trainings was used as performance metric per participant. Additionally, we tested how the offline classification accuracy per participant was affected by the number of gestures that had to be classified.




RESULTS


Motor Control Properties
 
Activation Pattern Repeatability

As illustrated in Figure 4, DMD individuals exhibited comparable correlation values to healthy individuals. The average R2 coefficient was 0.89 ± 0.12 (mean ± SD) for DMD and 0.89 ± 0.13 for healthy participants between repetitions. An example of the 10 repetitions for a DMD participant can be seen in Figure 2.



Spatiotemporal Activation Patterns

Figure 5A shows the normalized and absolute activations of both participant groups. The normalized activation was on average higher for the DMD (0.63 ± 0.23) than for the healthy participants (0.26 ± 0.2). The maximum normalized value observed for participants with DMD was one (only DP3) and the minimum 0.3 (DP2), while for healthy were, respectively, one (only HP1) and 0.05 (HP8). The maximum absolute activation of the DMD participants was on average 35 ± 19 μV, while for healthy individuals, it was 89 ± 358 μV. The maximum value observed for participants with DMD was 108 μV (DP1) and the minimum 18.6 μV (DP3), while for healthy, were. Respectively. 628 μV (HP1) and 8.5 μV (HP8). Due to the difference in the number between the healthy and DMD participants, we have fewer repetitions for the DMD individuals, i.e., seven gestures multiplied by 10 repetitions per participant, which means 210 for the DMD vs. 560 for the healthy. Figure 5B shows the COG for the seven gestures in the electrode space for both participant groups. Healthy participants show a broader spatial distribution for the seven gestures. Wrist flexion and close hand appear to be spatially close. Along the dorsoventral direction, on average, thumb extension was at the dorsal limit (COGx = 18.9%), while close hand was at the ventral limit (COGx = 68%). In the proximodistal direction, wrist flexion was at the proximal limit (COGy = 41%), and thumb flexion was at the distal limit (COGy = 75%). Participants with DMD showed on average a close clustering of the seven gestures. Thumb extension and wrist flexion were the most spatially close gestures. In the dorsoventral direction, on average, open hand was at the dorsal limit (COGx = 20%), while close hand was at the ventral limit (COGx = 61%). In the proximodistal direction, the same gestures were again the limits, with close hand being the proximal (COGy = 47%) and open hand the distal (COGy = 69%).



Activation Pattern Dimensionality

The participants with DMD needed on average three PCs to explain >90% of the total variance of the seven gestures and 10 repetitions (Figure 6A). The same variance threshold was crossed on average by five PCs for the healthy participants. For the healthy group, PC1 explained 45%, while the same component explains 61% of the total variance for the DMD group.

Figure 6B shows which gestures were the most similar (by means of the squared Pearson correlation). The healthy participants exhibited correlations R2 > 0.3 on average between two gestures. The highest correlations were found between hand open and thumb extension (0.39 ± 0.2) and wrist extension (0.36 ± 0.17). The participants with DMD exhibited R2 > 0.3 on average across nine gestures. Those were found between close hand and wrist flexion (0.45 ± 0.23); between hand open and index extension (0.38 ± 0.23), thumb extension (0.46 ± 0.33), thumb flexion (0.34 ± 0.27), and wrist extension (0.62 ± 0.23); between index extension and thumb extension (0.47 ± 0.15) and thumb flexion (0.36 ± 0.04) and wrist extension (0.31 ± 0.16); and finally between thumb extension and thumb flexion (0.42 ± 0.21).




Gesture Recognition for Myocontrol

The LDA classifier was trained using the seven gestures. Figure 7 shows the results of the off-line classification accuracy as a function of the gestures that had to be recognized. The average off-line classification accuracy of the DMD participants was always lower than the average of the healthy participants. When all the gestures were included, this accuracy reached 93.6 ± 4.2% for the healthy and 81.6 ± 14% for the DMD participants. The off-line accuracy stopped dropping at six gestures for the participants with DMD, while for the healthy participants, this happened at three (Figure 7).


[image: Figure 7]
FIGURE 7. The difference in average off-line classification accuracy for healthy and Duchenne muscular dystrophy (DMD) participants as a function of the gestures needed to be identified by the linear discriminant analysis (LDA) classifier. The full lines represent the mean and the dashed the standard deviation.





DISCUSSION

In this study, we measured HD-sEMG activity from the forearm of eight healthy and three DMD participants during seven hand/wrist-related tasks. We performed analyses in order to characterize the differences in activation patterns shape, repeatability, and dimensionality, as well as gesture recognition between healthy and DMD individuals.

The three participants with DMD showed motor control alterations in terms of dimensionality and spatiotemporal activations compared to the healthy population, supporting our hypothesis. These alterations were mainly expressed by the COGs across DMD gestures being more closely located than COGs across healthy gestures and comfortable muscle activations close to their maximal contraction level (0.63 ± 0.23). Also, participants with DMD showed a higher correlation between gestures, and when their gesture space was decomposed to its PCs, 90% of it was explained by fewer components (3) than for the healthy (5). Differences were also found between DMD participants likely due to different stages of the disease. However, in terms of repeatability per gesture, the two populations showed an unexpected clear similarity. Despite the consequences of muscular degeneration and minimal hand/wrist motion (especially for DP3, Supplementary Video), the myocontrol potential for the DMD participants is remarkably present and comparable to the healthy participants, disproving our hypothesis. However, the existing differences, due to the specificities of individuals with DMD, need to be addressed while developing myocontrol algorithms.

The results indicated that repeatability was intact for the participants with DMD and comparable to that of the healthy participants (Figure 4). This is an important requirement for robust and repeatable pattern recognition-based myocontrol (44) of assistive robotics.

Participants with DMD exhibited lower absolute activations and higher normalized activations compared to the healthy participants (Figure 5). This shows that participants with DMD operate closer to their maximum effort, as opposed to healthy participants, in order to perform simple hand/wrist-related tasks, and yet they produce lower absolute sEMG activity. This constant high effort can have detrimental consequences for the muscle integrity of people with DMD and even speed up disease progression or lead to disuse of the hand. Assistive wearable robotics may be able to decrease the mechanical load on the muscles and promote daily use (7, 45). This result, together with the fact that the most progressed participant (DP3) presented simultaneously the maximum normalized and the minimum absolute sEMG activity, agrees with previous studies stating that the disease progression results in lower absolute sEMG amplitude (46) and also in higher effort and fatigue (47). DP1 and DP3 exhibited comparable trends between each other. For DP1, we observed high absolute activations (around 100 μV, comparable to healthy participants) and on average medium absolute activations. DP2 showed lower absolute activations (around 60 μV), however also medium absolute activations. Regarding spatial distribution of the activation patterns, healthy participants showed lower spatial similarity than participants with DMD (Figure 5B). It appears that on average for the DMD participants, the seven gestures used in this study, engaged only a subset of the electrodes, closely clustered to each other compared to the healthy participants. Similarly, to lower spatial similarity, healthy participants (Figure 6) exhibited a higher degree of dimensionality, as expressed by the larger repertoire of orthogonal and uncorrelated sEMG patterns they can produce across the seven hand/wrist-related gestures and 10 repetitions. The healthy population needed five PCs to explain at least 90% of the variance in the original data, while DMD participants needed three, except DP1 that needed four. Additionally, the higher correlation between the gestures points toward the fact that, in terms of sEMG activation patterns, there is more similarity in DMD. This may provide another indication (together with variability in maximum activation) of how the progress of the disease affects motor control, since DP1 is the least affected participant. The decrease in dimensionality may be partially attributed to the increased level of co-contractions between agonist and/or antagonist muscle groups that we observed in the DMD participants when performing the tasks and further supported by a recent hand motor performance study in people with DMD (48). Co-contractions may be elicited by the effort of the participants to stabilize their wrist during the tasks, but further work is needed to explore this hypothesis.

According to the muscle synergies hypothesis, the CNS uses specific simplified commands (muscle synergies) in order to act efficiently upon the redundant musculoskeletal system and complete a motor task (49). In the case of DMD, the intact CNS and neural pathways are acting upon a progressively limited musculoskeletal system. This may lead to progressive adaptations in the CNS, similar to those observed in stroke survivors (50) expressed via compensatory movements (51), co-contractions, and lower dimensionality. Regarding gait analysis in DMD, it was shown that gait motor control complexity is minimally affected by the disease (in the early stages) (52); however, for the more complex hand and wrist control, there is no evidence. Considering the sEMG measurement for the participants with DMD as the neural output (53), it is not yet understood if the observed commonalities between different gestures can be attributed to the impaired musculoskeletal system (i.e., more similarities in how motor units process incoming axonal spike trains) or to adaptations in the CNS (i.e., increased common synaptic input to alpha motor neuron pools). Future work will employ HD-sEMG in combination with decomposition techniques (54) in people with DMD to provide further insights.

According to our results, there is potential for the robust decoding of hand/wrist motor intention in individuals with DMD. This can enable individuals with DMD to control a high-tech hand orthosis with multiple degrees of freedom. However, there was a noticeable decay of the LDA off-line classification performance when more gestures were added for the participants with DMD, which was larger than the one for the healthy participants (Figure 7). Despite the lower performance, the classification performance is on average larger than 80% for all the seven gestures and more or equal to 90% for up to four gestures. Together with the ability of the DMD participants to create repeatable HD-sEMG activation patterns, this result shows the potential of myocontrol for decoding of hand/wrist motor intention across a key selection of gestures. Currently, the implementation of HD-sEMG in dynamic control of wearable exoskeletons is limited by a number of factors, such as the number of cables between amplifiers and electrodes, as well as large amplifiers. This lack of portability restricts measurements in dynamic conditions (motion) and induces movement restrictions, user discomfort, and signal artifacts (23), therefore limiting control of wearables. However, recent developments show promising steps toward more portable amplifiers that reject movement artifacts and powerline interference, while at the same time do not obstruct movements and ensure tight placement of the electrodes (23, 55). To this point, the main limitation of portable amplifiers is the relatively limited number of electrodes provided [32 (23) and 16 (55)]; however, they open new avenues for HD-sEMG control of exoskeletons.

The current performance of classification could be optimized with the development of DMD-tailored classification algorithms, which will take into account the specificities of the disease. Such specificities are the progression of the disease (co-contractions and fatigue), the low sEMG signal to noise ratio (46), and the differences in the motor control strategies (higher spatial similarity, lower dimensionality in terms of orthogonal and uncorrelated sEMG patterns, higher activation levels during low-intensity tasks). Further tailoring can be made by building numerical neuromusculoskeletal models of specific DMD individuals that can provide additional features for classification (56–58). The observed lower spatial dimensionality in the HD-sEMG may suggest that sEMG data compression before classification might be a strategy due to the lower variability that individuals with DMD present. This can be achieved by first lowering the dimensionality of the feature space of the raw data based on dimensionality reduction techniques such as PCA or partial least squares (PLS) (59) and use the resulting data as an input to an LDA classifier. Further, reduction of the number of electrodes can be achieved based on detection of heatmap areas carrying common and individual information (19). The higher spatial similarity is an important finding of this study that can be considered for guiding such decisions. More extensive research with individuals with DMD is necessary to identify the relevant feature space and test the performance of various classifiers and electrode numbers and configuration in order to inspire DMD customized classifiers.

We included in our case study three participants with DMD with large functional variability in order to explore a larger spectrum of the disease instead of a cluster of cases with similar characteristics. However, DMD is a disease with large functional heterogeneity due to different progression patterns (60) and our limited sample does not cover the complete spectrum. However, our study is limited by the low number of participants with DMD. This is an unavoidable limitation due to the low number of available participants. We also intended to comply with the ethical and legal standards while conducting our study by not recruiting participants who are already involved in other studies at the same time. Hence, our conclusions and results need to be taken as indicative until research is performed with more participants, which will allow for more general and strong conclusions.

Additionally, we did not monitor the level of contraction during the conduction of the measurements. We explicitly asked our participants to perform all movements comfortably, but we did not control this condition. It is known from the literature that different contraction levels elicit a small shift in the main activity area, however not significantly altering the spatial distribution of HD-sEMG in the forearm (14). Another limitation of this study is that the selection of the seven gestures used for acquiring and analyzing the data was based on gestures involved in common ADL (25), and each gesture was analyzed separately. However, in reality, ADL involves multiple combinations of the selected gestures in some case simultaneously, which would result in the activation of more than one muscle region when combined finger and wrist movements are occurring in order to allow for object grasping and manipulation. In such case, the spatial distribution of the sEMG activations will not be so clearly segmented. Therefore, before applying our findings for myocontrol targeting ADL, we need to take caution and further test the validity of our findings in situations demanding a higher degree of complexity (combination of gestures).

Future work will evaluate the application of our protocol to more participants with DMD in order to investigate further the characterization of forearm electromyograms for individuals with DMD and come to more general conclusions regarding this very diverse population. Moreover, we are interested in the exploration of online classification performance implemented outside of the lab in order to resemble daily-use conditions. An extended protocol in order to decode the neural drive (54) in DMD would offer further insights regarding the source of the differences in hand/wrist motor control observed in our analysis between participants with DMD and healthy participants. Next to that, the use of non-negative matrix factorization (NMF) may give further insights regarding muscle group synergies in hand movements in DMD (61). Lastly, an analysis of the homogeneity of activations needs to be carried out using HD-sEMG, as it is known that different joint positions and contraction strength and duration may cause muscles to activate in a non-homogeneous manner (21). The results of this study together with the future studies will be further used for the development of myocontrol algorithms for the robust control of an active hand exoskeleton (29, 62), developed within the Symbionics project (63) for individuals with DMD.



CONCLUSION

We characterized the forearm electromyograms spatiotemporally of three individuals with DMD and compared to eight healthy individuals. For the first time, we propose a systematic analysis on how the disease affects the distribution of HD-sEMG pattern in the forearm and the repeatability and activation distribution of these patterns. Additionally, we explored the potential for the myocontrol via decoding of motor intention from the forearm muscles of individuals with DMD. We performed this study in order to get a better understanding of DMD hand/wrist motor control with regard to exoskeleton applications. Future studies will focus on testing sEMG for the real-time decoding of hand/wrist motor intention with individuals with DMD. Moreover, we will implement and test the feasibility of sEMG control with a new active hand exoskeleton for individuals with DMD.
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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.

Keywords: stroke, compensatory contraction, upper limb, corticomuscular coherence (CMCoh), finger motion


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.

[image: Table 1]


Table 1B. Motor impairments of the stroke subjects measured by clinical scores.

[image: Table 1]



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.


[image: Figure 4]
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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Individuals with Parkinson's disease (PD) demonstrate deficits in muscle activation such as decreased amplitude and inappropriate bursting. There is evidence that some of these disturbances are more pronounced in extensor vs. flexor muscles. Surface EMG has been used widely to quantify muscle activation deficits in PD, but analysis of discharge of the underlying motor units may provide greater insight and be more sensitive to changes early in the disease. Of the few studies that have examined motor unit discharge in PD, the majority were conducted in the first dorsal interosseous, and no studies have measured motor units from extensor and flexor muscles within the same cohort. The objective of this study was to characterize the firing behavior of single motor units in the elbow flexor and extensor muscles during isometric contractions in people with mild-to-moderate PD. Ten individuals with PD (off-medication) and nine healthy controls were tested. Motor unit spike times were recorded via intramuscular EMG from the biceps and triceps brachii muscles during 30-s isometric contractions at 10% maximum voluntary elbow flexion and elbow extension torque, respectively. We selected variables of mean motor unit discharge rate, discharge variability, and torque variability to evaluate motor abnormalities in the PD group. The effects of group, muscle, and group-by-muscle on each variable were determined using separate linear mixed models. Discharge rate and torque variability were not different between groups, but discharge variability was significantly higher in the PD group for both muscles combined (p < 0.0001). We also evaluated the asymmetry in these motor variables between the triceps and biceps for each individual participant with PD to evaluate whether there was an association with disease severity. The difference in torque variability between elbow flexion and extension was significantly correlated with both the Hoehn and Yahr scale (rho = 0.71) and UPDRS (rho = 0.62). Our findings demonstrate that variability in motor output, rather than decreased discharge rates, may contribute to motor dysfunction in people with mild-to-moderate PD. Our findings provide insight into altered neural control of movement in PD and demonstrate the importance of measuring from multiple muscles within the same cohort.

Keywords: motor unit, Parkinson's disease, EMG, biceps brachii, triceps brachii


INTRODUCTION

A hallmark of Parkinson's disease (PD) is the presence of an abnormal pattern of muscle activity when performing voluntary movements (1–4). This abnormal pattern is characterized by decreased EMG amplitude and the presence of multiple agonist bursts with highly variable duration rather than a single fused agonist burst. These changes in surface EMG patterns during voluntary movement are observed early in disease progression (4). Previous studies have provided evidence that abnormalities in muscle activation, and the accompanying deficits in motor output, are more pronounced in extensor muscles compared to flexor muscles. Ballistic elbow extension movements in people with PD are associated with increased slowing and more agonist bursts when compared with flexion movements (5, 6). Similarly, deficits in isometric force generation and movement velocity are greater in elbow extension than flexion, and these relative differences persist in both the off and on medication states (5–7). Greater deficits in extensor compared to flexor muscle function in PD have also been demonstrated in the lower extremity (5–10). These reductions in strength and movement speed have been ascribed to impairment in the ability to activate the agonist muscle rather than to co-contraction of agonist-antagonist muscles.

Surface EMG, which provides an interference signal of the electrical activity of its constituent motor units, has provided a substantial amount of information about abnormal muscle activation in PD. Yet, specific characteristics of the underlying motor unit discharge, such as discharge variability, cannot be extracted from the interference signal without its decomposition into individual motor unit spike trains (11). Further, individual motor unit discharge patterns may be more sensitive to disturbances of motor control and may thereby yield information that is not available with analysis of the interference EMG signal. Therefore, an investigation of motor unit discharge patterns may provide novel insight into the mechanisms of impaired muscle activation and asymmetry of extensor vs. flexor muscle function in PD. However, few studies have examined the activity of individual motor units in PD. The majority of those that have examined motor unit discharge were conducted in the first dorsal interosseous (FDI) muscle, and no studies have measured motor units from extensor and flexor muscles within the same cohort. Findings from these initial characterizations of motor unit firing abnormalities in PD include significantly lower firing rates in the finger extensors (12) and FDI (12–14), increases in firing rate variability in the FDI (12, 15, 16), alterations in recruitment order in the tibialis anterior (17), disturbances in rate modulation of the biceps brachii and FDI (18), and pauses in firing of the FDI, sometimes lasting up to 3 min in severe cases (14).

Given the differences in movement impairment between extensor and flexor muscles in PD and the paucity of studies with flexor and extensor recordings in the same person, the purpose of this study was to examine motor unit discharge rates and discharge variability in an elbow extensor (triceps brachii) and an elbow flexor (biceps brachii) in individuals with PD in the off-medication state compared with control individuals without PD. We chose to include individuals with mild-moderate motor impairment rather than more severe impairment due to the feasibility of testing them in the off-medication state. We hypothesized that discharge rates are decreased and that discharge variability is increased in individuals with PD compared to controls in the triceps but not the biceps. We also hypothesized that increases in discharge variability, if found, would be accompanied by increased torque variability, and decreases in discharge rates, if found, would be accompanied by decreases in maximal strength. Finally, we investigated in the PD group whether the postulated differences in discharge rate, discharge variability, and torque variability between muscle groups was associated with disease severity.



MATERIALS AND METHODS

Ten individuals with mild-to-moderate PD and nine age-matched control individuals without PD were included in the study. Participants with PD were included if they (8) had idiopathic PD with a tremor sub-score <2 according to the motor subsection (part III) of the UPDRS, (1) had no cognitive impairments [defined as Montreal Cognitive Assessment (MoCA) score > 26], (5) had no other previously known neurological disorders, (15) had no known injuries or other diseases that might interfere with motor function of the tested upper limb, and (12) were not currently on medications that may influence motor unit output such as selective serotonin reuptake inhibitors (SSRIs) or calcium channel blockers. Table 1 provides a summary of demographic information of the participants with PD. Nine of the 10 participants in this group were taking between one and three medications for PD-related symptoms (amantadine, ropinirole, levodopa/carbidopa, and/or pramipexole), and the remaining participant did not take any medication for PD. The control group consisted of seven men and two women with a mean ± SD age of 67.7 ± 6.2 years.


Table 1. Demographic information for participants with Parkinson's disease.
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Participants with PD were tested in the practically defined “off” medication state that followed a 12-h period of withdrawal from their PD medications. The control participants had no known history of neurological disorders and no known injuries or diseases that might interfere with motor function of the tested upper limb. All participants were required to abstain from caffeine for 12-h before the experiment to remove any possible effects of caffeine on motoneuron function (19, 20). Motor testing as well as a clinical assessment of disease severity using the motor subsection (part III) of the UPDRS and classification according to the Hoehn and Yahr scale (21) was conducted in all participants (both PD and controls). Control participants showed no abnormalities on the UPDRS (score = 0). The dominant limb was tested for all participants with the exception of one control participant (due to an injured shoulder muscle) and one participant with PD (due to excessive tremor in the dominant limb). All participants provided written informed consent to participate in the study, which was approved by the Institutional Review Board of Northwestern University in accordance with the ethical standards stipulated by the 1964 Declaration of Helsinki for research involving human participants.


Experimental Procedures

Participants were seated in a Biodex chair (Biodex Medical Systems, Shirley, NY) with their tested arm fixed in 75° shoulder abduction, 45° shoulder flexion (horizontal adduction from the frontal plane), 90° elbow flexion, 15° pronation, and a neutral wrist and finger posture (22, 23). The participant's shoulder and waist were secured to the chair with straps to minimize auxiliary movements of the trunk. The forearm and hand were encased in a fiberglass cast and coupled via a weight-bearing ring-mount interface to a six-degree-of-freedom load cell (Model 45E15A; JR3, Woodland, CA). Prior to the main experimental trials, participants were asked to generate maximal efforts in elbow flexion and in elbow extension. Maximum voluntary torque (MVT) was calculated as the average of three consecutive maximum torque values within 10% of one another without the last repetition being the greatest. Real-time visual feedback of elbow flexion/extension torque was given through a computer monitor in front of the apparatus, and participants were given vigorous verbal encouragement through the duration of the MVT measurements.

For experimental trials, participants completed isometric contractions in elbow flexion and in elbow extension at 10% MVT. A green circle on the computer screen represented real-time visual feedback of elbow flexion/extension torque, and a red circle target was displayed to represent 10% MVT. Participants completed the experimental task as follows. After 5-s of baseline measurements obtained while the participant was relaxed, each participant produced an isometric ramp-and-hold contraction at their own pace (typically ~5-s to reach the target torque) so that the green circle on the computer screen reached the red circle target. They maintained 10% MVT by holding the circle in the target for 30-s and then decreased torque production back to zero at their own pace. Participants completed 1–2 practice trials before data collection to familiarize themselves with the task. Between each experimental trial, participants were given a 1-min break, and they were asked to produce small brief contractions of the agonist and antagonist muscles to ensure quiescence of muscle activity before the start of the next trial (22). Trials were visually inspected for quality of torque production and discarded and repeated if necessary. Eight out of 111 total trials across participants were discarded because of issues during the data collection (e.g., contraction of the wrong muscle, appeared to fall asleep during the trial) or with post-processing (e.g., no motor units could be detected).



Data Collection

Orthogonal forces and torques generated at the forearm-load cell interface were digitized at a sampling rate of 1,024 Hz and converted into elbow flexion and extension torques using custom MATLAB software employing a Jacobian-based algorithm (The Mathworks, Natick, MA). Torque measurements were smoothed using an acausal moving average filter with a 250 ms window.

Intramuscular EMG in the long head of the biceps and the lateral head of the triceps were recorded using custom bipolar fine-wire steel electrodes with 1 mm recording surfaces (221-28SS-730, Jari Electrode Supply, Gilroy, CA). Each bipolar unit had barb lengths for the two wires of 1 and 2.5 mm. Two electrodes were inserted into each muscle. The signals from each electrode were band-pass filtered (300–10,000 Hz) and amplified (x1-10k) (DAM50 Bio-Amplifier, World Precision Instruments, Sarasota, FL) before digitization at 10,240 Hz (EMG-USB2+, OT Bioelettronica, Inc., Torino, Italy). Because torque and intramuscular EMG signals were collected on separate computers, a brief synchronization pulse was generated at the beginning of each trial and recorded by both computers as a reference point for offline synchronization. Intramuscular EMG recordings were collected using OTBiolab software (version 1.7.4735.19, OT Bioelettronica, Inc., Torino, Italy).



Data and Statistical Analysis

Intramuscular EMG recordings were imported into EMGlab software (24) for decomposition into single motor unit spike trains. Briefly, EMGlab is a freely available software package that uses a template matching algorithm to extract the discharge times of individual motor units from intramuscular EMG. We analyzed our data using EMGlab as follows. Intramuscular EMG data were high-pass filtered at 1 kHz. Templates of motor unit action potentials were created for each identified motor unit and were used to automatically identify discharge times of that motor unit during a sliding window of 5–10-s. The resulting automatic decomposition was manually inspected and corrected as necessary based on the residual intramuscular EMG signal, which reaches zero when discharges for all motor units have been accurately identified and the motor unit action potential templates have been subtracted from the original EMG signal. Following decomposition of the current segment, the sliding window was moved ~4-s ahead and the process was repeated until full decomposition of the entire trial was achieved. EMGlab is able to resolve superimpositions of multiple motor unit action potentials via this semi-automatic process. The discharge times for each motor unit were exported at 1 kHz for subsequent processing. A single trained operator decomposed the intramuscular EMG data. A second trained operator was consulted on difficult trials and reviewed the final decomposition.

Custom MATLAB software was used to analyze the torque data and motor unit spike trains for each trial. The first and last 10-s of torque and motor unit data corresponding to the initial and final baseline phases and ascending and descending phases of the contraction were removed to isolate 30-s of the steady contraction; this data was used for all subsequent analyses. Inter-spike intervals (ISIs) and the associated mean ISI were calculated for each motor unit spike train. Mean discharge rate (pps) for each motor unit spike train was calculated as the reciprocal of the mean ISI. To quantify discharge variability, the coefficient of variation of the ISI (CoVISI) was calculated for each motor unit as the standard deviation of the ISI values divided by the mean of the ISI values, multiplied by 100. Torque variability was calculated similarly using torque data (CoVtorque).

A linear mixed model was used to determine main effects of group (PD, control) and muscle (biceps, triceps) as well as the interaction effect of muscle-by-group on the dependent variable of discharge rate. Discharge rate values from all recorded motor units were used. Group and muscle were included in the model as fixed factors, with muscle also included as a repeated factor. Participant was included in the model as a random factor with a random intercept. A scaled identity covariance structure was assumed for random and repeated factors. The same statistical analysis was used with the dependent variable of CoVISI.

For elbow flexion MVT, elbow extension MVT, elbow flexion CoVtorque, and elbow extension CoVtorque, the mean value was calculated for each participant across trials for use in group analyses. The Shapiro–Wilk test was used to assess whether these data were normally distributed. A 2 × 2 repeated measures ANOVA was used to determine main effects of group (PD, control) and torque direction (elbow flexion, elbow extension; repeated factor) as well as the torque direction-by-group interaction on the dependent variable of MVT. The same analysis was used for the dependent variable of CoVtorque.

We determined whether participants with higher disease severity demonstrated a greater difference in motor unit discharge rate, discharge variability, and torque variability between the triceps and the biceps. For each participant, we calculated the difference for each variable as the mean value for the biceps subtracted from the mean value for the triceps. Given our hypothesis that the triceps would exhibit increased motor unit discharge variability, we expected to find a positive correlation between disease severity (Hoehn and Yahr, UPDRS) and the difference in CoVISI and CoVtorque across muscles (the hypothesized direction of correlation is based on the assumption that there is no difference in discharge variability between muscles in the control group). Because we hypothesized that the triceps would exhibit decreased motor unit discharge rates, we expected to find a negative correlation between disease severity and the difference in discharge rate across muscles. We calculated the Spearman correlation coefficient for each comparison along with the associated 1-sided p-value.

Statistical analyses were conducted in SPSS. Statistical significance was determined as p < 0.05. Cases for which 0.05 < p < 0.10 are presented.




RESULTS


Motor Unit Discharge Rates and Variability

Figure 1 shows representative torque and triceps motor unit instantaneous discharge rates during a 10% MVT elbow extension trial from one control participant (left panel) and one participant with PD (right panel). A summary of individual participant and group mean discharge characteristics for biceps and triceps motor units for control and PD groups are shown in Table 2 and Figure 2. A total of 246 and 228 spike trains were analyzed in the PD and control groups, respectively.
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FIGURE 1. Sample trials from the triceps brachii of a control participant (left) and a participant with PD (right). (A) Participants produced 30-s isometric contractions at 10% MVT, and intramuscular EMG (gray trace) was decomposed into its constituent motor units. (B) Instantaneous discharge rate (pps) is shown for each motor unit labeled in A. Motor unit discharge rates are also shown smoothed with a 2-s Hanning window.



Table 2. Summary of motor unit discharge characteristics.
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FIGURE 2. Motor unit discharge characteristics in biceps brachii and triceps brachii for the PD and control groups. Individual participant means (light blue circles for the control group and light red circles for the PD group) and group means (black horizontal bars) are shown for mean discharge rate (top) and CoVISI (bottom). Note that while individual participant means are shown for illustrative purposes, the linear mixed model to assess effects of group and muscle were computed using data from all motor units.


Table 3 summarizes results of the linear mixed model used to determine the effects of group, muscle, and muscle-by-group on mean discharge rate and on CoVISI. For mean discharge rate, the main effect of muscle was statistically significant, with higher mean discharge rates found in the triceps (mean ± SE: 11.41 ± 0.39 pps vs. 12.37 ± 0.39 for biceps and triceps, respectively; p < 0.0001). The main effect of group was not significant (11.53 ± 0.52 pps vs. 12.3 ± 0.55 pps for the PD and control groups, respectively; p = 0.34), nor was the muscle-by-group interaction (p = 0.78).


Table 3. Results from the linear mixed models testing the effects of muscle, group, and muscle-by-group on mean discharge rate and on CoVISI.
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For CoVISI, the main effect of muscle was not statistically significant (mean ± SE: 15.74 ± 0.79% vs. 16.21 ± 7.8% for biceps and triceps, respectively; p = 0.45), nor was the muscle-by-group interaction (p = 0.56). The main effect of group indicated significantly higher CoVISI values in the PD group than in the control group (19.26 ± 1.0% vs. 12.70 ± 1.05% for PD and control groups, respectively; p < 0.0001).



Maximal Strength and Torque Variability

Maximum voluntary torque and CoVISI values were normally distributed for each group and torque direction (p-values ranging from 0.10 to 0.98). Maximum voluntary torque did not differ between the two groups [main effect of group: F(1,7) = 0.14, p = 0.71; group × torque direction interaction: F(1,7) = 1.34, p = 0.26]. In elbow flexion, the group mean ± SD MVT was 65.1 ± 25.7 N-m in the control group and 58.5 ± 14.4 N-m in the PD group. In elbow extension, the group mean ± SD MVT was 41.6 ± 16.7 N-m in the control group and 42.5 ±12.5 N-m in the PD group. MVT values were greater in elbow flexion than elbow extension for the groups combined [main effect of torque direction: F(1,7) = 36.6, p < 0.0001].

Figure 3 shows representative torque data and individual and group means for CoVtorque for each torque direction. In elbow flexion, the group mean ± SD CoVtorque was 1.7 ± 0.7% in the control group and 1.9 ± 0.7% in the PD group. In elbow extension, the group mean ± SD CoVtorque was 1.9 ± 0.7% in the control group and 2.4 ± 1.4 N-m in the PD group. CoVtorque did not differ between the two groups [main effect of group: F(1,7) = 0.73, p = 0.40; group × torque direction interaction: F(1,7) = 0.83, p = 0.38] or between torque directions [main effect of torque direction: F(1,7) = 3.1, p = 0.098]. Visual inspection of the individual mean values shown in Figure 3 revealed that there were large increases in CoVtorque for elbow extension compared with elbow flexion for three of the 10 participants in the PD group compared with only one participant in the control group.


[image: Figure 3]
FIGURE 3. Torque traces and torque variability during steady contractions. (A) Torque traces at 10% elbow extension MVT from a control participant (top) and a participant with PD (bottom) are shown. Data from three separate trials are superimposed. (B) Individual participant means (dark blue circles for the control group and dark red circles for the PD group) and group means (black horizontal bars) are shown for CoVtorque for elbow flexion and elbow extension torque directions.




Motor Variables and Disease Severity

Table 4 presents the Spearman correlation coefficients and associated p-values for the comparisons between motor variables (CoVISI, CoVtorque, mean discharge rate) and disease severity (Hoehn and Yahr, UPDRS). CoVtorque was the only variable that was significantly correlated with disease severity, and it exhibited a moderate-strong correlation (Hoehn and Yahr: rho = 0.71, p = 0.01; UPDRS: rho = 0.62, p = 0.03). Figure 4 presents these correlations graphically.


Table 4. Correlations between triceps-biceps asymmetry of motor variables and disease severity.
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FIGURE 4. Relationships between asymmetry of torque variability between elbow extension and elbow flexion with disease severity (Hoehn and Yahr, UPDRS) within the PD group. For each participant, asymmetry is expressed as the mean CoVtorque for elbow flexion subtracted from the mean CoVtorque for elbow extension.





DISCUSSION

The present study investigated differences in motor unit discharge rate and discharge variability of an elbow flexor (biceps brachii) and an elbow extensor (triceps brachii) among individuals with mild-to-moderate PD and control participants without PD.


Abnormalities in Motor Unit Behavior in Mild-to-Moderate Parkinson's Disease

Both Dietz et al. (12) and Milner-Brown et al. (14) observed significantly lower firing rates in individuals with severe motor symptoms of PD, with firing frequencies as low as 2–3 Hz and prolonged pauses in firing lasting from 10-s to 3-min (14). These significantly lower firing rates were present regardless of the presence of tremor. Dietz et al. (12) posited that these abnormally low discharge rates may be a common element of motoneuron function in PD. Such low discharge frequencies can contribute to variability in torque generation since muscle fiber twitches would remain unfused (13). However, in the present study, we did not observe any significant differences in mean discharge rate between our cohort with mild-to-moderate PD and control subjects in either muscle. This finding is consistent with the lack of strength differences observed between groups. A previous study showed differences in isometric strength between the elbow extensors and flexors in people with PD (5). This discrepancy might be explained by differences in the stage of disease between cohorts. It is possible that significant changes in slowing of motor unit discharge do not manifest in the earlier stages of PD but may be a source of increasing motor impairment with progression of the disease.

The main finding of this experiment was a significantly greater discharge variability in individuals with PD compared to controls in both the biceps and triceps muscles. Changes in discharge variability have also been reported in previous studies (12, 13). In particular, our results corroborate those of Dengler et al. (15), which showed that the first dorsal interosseous muscle of those with mild-to-moderate PD exhibited an increase in discharge rate variance without significant changes in mean discharge rates. In individuals without neurological disease, increased discharge variability is a known contributor to increased torque variability (25–28), but in the present study, torque variability was not significantly different between groups. A dissociation between discharge variability and torque variability has been documented in the literature before (29). The level of torque being used in this study may also be a contributing factor, as the presence of signal-dependent noise in the torque signal linearly increases with force output (30). It is possible that in the early stages of the disease, an insufficient part of the motoneuron pool is adversely affected enough for increased discharge variability to translate into a loss of force steadiness; the increased variance of CoVISI values within individuals with PD supports this possibility. The current results do suggest, however, that discharge variability may be a greater contributor to abnormal motor output than changes in discharge rates. Furthermore, results indicate that deficits in motor unit behavior may be observed in PD before the onset of deficits in torque generation.



Extensor vs. Flexor Deficits in PD

Other investigators have demonstrated that individuals with PD have greater deficits in extensor compared with flexor function in both the lower and upper limbs, suggesting differential impairment of neural activation of the flexor and extensor muscles (5–10). Thus, we also sought to explore potential differences in motor unit firing abnormalities in PD between the biceps and triceps. Interestingly, discharge variability was increased in both biceps and triceps of individuals with PD compared to controls and further, the difference in torque variability between elbow extension and elbow flexion contractions was positively correlated with disease severity. In other words, for individuals with more severe PD, their elbow extension torque variability was greater than their elbow flexion torque variability and to a larger extent. These findings suggests that motor unit abnormalities in PD are not extensor-specific, at least in the case of discharge variability in a mild-moderate cohort; however, some asymmetry between muscle groups can be observed in terms of torque variability.

The participants with PD in the present study were studied in their OFF-medication state. Treatment with levodopa has been shown to significantly improve extensor force production more than the flexors in PD (5). This suggests that muscle asymmetry in PD is primarily mediated by the loss of dopamine in the striatum. Indeed, studies that have compared motor unit firing properties between the on and off medication states have shown that levodopa is associated with increased average firing rates and reduced discharge variability in the first dorsal interosseous (14, 18). Future work comparing motor unit discharge characteristics in the biceps and triceps of individuals with mild-to-moderate PD in the off-medication vs. the on-mediation state is warranted.



Limitations and Clinical Implications

Our results demonstrate that abnormalities in spinal motor output are observable in people with mild-to-moderate PD, characterized by an increase in discharge variability but not a difference in discharge rate. In addition, our data suggest that deficits in motor unit output can be detected before some deficits in force generation. These findings should be considered when comparing populations with mild-to-moderate and severe PD and for the development of longitudinal studies and rehabilitation therapies.

There are several limitations to the present work that should be considered. Our study was cross-sectional in nature and isolated to the off-medication PD population with mild-moderate disease. Additional work should be conducted to explore how our measurements would change longitudinally, in the on-medication status, and in individuals with more severe disease. Additionally, our sample size is relatively small due to the challenges inherent to taking invasive recordings from an older population with neurological injury; nonetheless, our findings provide important insight into alterations in neural control that underlie the movement dysfunction that presents with PD.
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Trans-spinal direct current stimulation (tsDCS) provides a non-invasive, clinically viable approach to potentially restore physiological neuromuscular function after neurological impairment, e.g., spinal cord injury (SCI). Use of tsDCS has been hampered by the inability of delivering stimulation patterns based on the activity of neural targets responsible to motor function, i.e., α-motor neurons (α-MNs). State of the art modeling and experimental techniques do not provide information about how individual α-MNs respond to electrical fields. This is a major element hindering the development of neuro-modulative technologies highly tailored to an individual patient. For the first time, we propose the use of a signal-based approach to infer tsDCS effects on large α-MNs pools in four incomplete SCI individuals. We employ leg muscles spatial sampling and deconvolution of high-density fiber electrical activity to decode accurate α-MNs discharges across multiple lumbosacral segments during isometric plantar flexion sub-maximal contractions. This is done before, immediately after and 30 min after sub-threshold cathodal stimulation. We deliver sham tsDCS as a control measure. First, we propose a new algorithm for removing compromised information from decomposed α-MNs spike trains, thereby enabling robust decomposition and frequency-domain analysis. Second, we propose the analysis of α-MNs spike trains coherence (i.e., frequency-domain) as an indicator of spinal response to tsDCS. Results showed that α-MNs spike trains coherence analysis sensibly varied across stimulation phases. Coherence analyses results suggested that the common synaptic input to α-MNs pools decreased immediately after cathodal tsDCS with a persistent effect after 30 min. Our proposed non-invasive decoding of individual α-MNs behavior may open up new avenues for the design of real-time closed-loop control applications including both transcutaneous and epidural spinal electrical stimulation where stimulation parameters are adjusted on-the-fly.

Keywords: alpha motor neuron, coherence, common synaptic input, high-density EMG, spinal cord injury, trans-spinal direct current stimulation, tsDCS


1. INTRODUCTION

Spinal cord injury (SCI) disrupts synaptic inputs to below-injury motor, sensory and inter-neurons, thereby impairing physiological sensory-motor function (1). SCI is largely caused by physical trauma to spinal vertebrae, column disks or ligaments following accidents, falls, or sports injuries. Incomplete SCI is the most prevalent type of SCI (2), which causes limb paresis, muscle spasticity, or chronic pain, among other symptoms.

State of the art treatments aim at improving remaining neuromuscular function post-injury via pharmacological therapy (3), stem cell therapy (4), surgical intervention (5), or electrical stimulation. Over the past decade, growing interest has been directed to electrical spinal cord stimulation techniques. Supra-threshold electrical stimulation is used to establish functional neuroprostheses for restoring motor function, with epidural stimulation recently enabling activation of lumbar spinal circuits in rats (6), non-human primates (7) and paraplegic individuals (8). On the other hand, sub-threshold stimulation is used to modulate spinal excitability and induce spinal plastic changes (9–11), rather than establishing functional neuroprostheses. In SCI (12, 13) and stroke (14) patients, sub-threshold stimulation suppressed severe lower limb spasticity and enabled motor control. In this context, neuromodulation of the sub-threshold properties of the spinal neurons (resting potential, excitability) was key to recovery (12). However, while spinal cord stimulation became a standard for treating chronic pain, its use for motor dysfunctions, such as spasticity is still limited and often remains non-clinically accepted (15). With few exceptions (16, 17), spinal cord stimulation techniques operate in “open-loop,” with parameters empirically hand-tuned and with no real-time corrective feedback at the level of α-motor neuron (α-MNs) cellular activity. This is a major element hampering applicability to clinical settings.

Sub-threshold transcutaneous spinal direct current stimulation (tsDCS) in particular, would have large potentials for clinical translation due to its non-invasive and unobstructive nature (18). However, due to the technique inherent non-selectivity as well as spinal cord complex bundle-like organization, it remains challenging to estimate how tsDCS alters spinal neuron function as well as resulting motor function. The ability of estimating how spinal neurons would respond to tsDCS in intact patients in vivo would enable a new class of closed-loop techniques, where stimulation parameters could be tuned online to optimally modulate the activity of selected neural targets.

Current approaches to estimate tsDCS neuromodulatory effects include perturbation-based experimental methodologies as well as numerical modeling. While modeling approaches are bound to assumptions as well as to parameter identification and validation challenges, current experimental strategies rely on delivering external stimuli to nerves or muscles to probe (indirectly) α-MN pools excitability (via stretch- or H-reflex, F-wave). Brain stimulation is also used to (indirectly) test corticospinal tract excitability, via transcranial magnetic stimulation (TMS)-induced motor evoked potentials (MEPs). Delivered electromechanical stimuli inherently perturb neuromuscular function, thereby altering physiological motor behavior and preventing translation to real-time closed-loop control applications. Additionally, these traditional experimental techniques cannot provide information on the behavior of individual α-MNs, but only on the global behavior of mixed populations. Therefore, a clinically viable, yet higher-resolution analysis of spinal neurophysiological changes after tsDCS is needed.

Here, we introduce an alternative methodology, with respect to current approaches, based on a direct analysis of α-MN behavior in incomplete SCI patients receiving tsDCS. We propose to use leg muscles as a biological interface to α-MNs. This is possible due to the one-to-one relationship between the action potentials produced in α-MNs and the ones generated in muscles. Thus, high-density surface electromyograms (HD-EMG) recorded from muscles contain neural information that can be derived by means of deconvolution-based blind source separation techniques, such as Convolution Kernel Compensation (CKC).

First, we describe an automated algorithm for assessing the quality of HD-EMG-decomposed α-MN spike trains and for selecting only those that contain physiological neural information, thereby addressing limits in current decomposition techniques. This is a central step as features extracted from α-MN spike trains (both in time and frequency domains) are sensitive to wrongly identified spike trains. Second, we employ coherence analysis to examine how the strength of common synaptic input to α-MN pools modulates in response to tsDCS (19–23).

By these means, our methodology provides an alternative approach to understand the effects of tsDCS on lower limb motor impairment after SCI, which may open up new directions for designing closed-loop neuromodulation techniques.



2. METHODS


2.1. Study Protocol
 
2.1.1. Participants

Four patients (P1–P4) with chronic incomplete SCI were recruited [age 34–70; walking index for SCI > 1; spinal cord independence measure > 30; and American Spinal Injury Association (ASIA) Impairment Scale (AIS) C or D]. Table 1 shows an overview of each patient characteristics. All participants gave their written informed consent prior to the beginning of the study. The procedures and protocol were approved by the local Ethics Committee of Twente (METC Twente, reference number: NL49561.044.14 / P14-22).


Table 1. Overview of patients' characteristics.
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2.1.2. Experimental Procedures

The experimental protocol was designed as a double-blinded, sham-controlled crossover study. The setup consisted of a medical chair in which the patients were seated throughout the experiment. Each patient was tightly strapped to the chair with build-in racing belts, limiting any forward movement of the trunk. The upper leg was fixed at a 90° hip angle by tightly attaching it to a solid frame using leg braces including velcro straps. A force platform (Advanced Mechanical Technology, Inc., Watertown, USA) was used to measure isometric ankle joint plantar-flexion force. The platform was placed close to the chair ensuring that the ankle was positioned firmly with an ankle and knee angles of 90°. Maximum voluntary contractions (MVCs) were measured by asking the patients to generate as much plantarflexion force as possible by contracting only gastrocnemius and soleus muscles for at least 5 s. This was repeated three times with a resting period of 1–2 min between trials. The MVC was defined as the highest force within the three trials.

Patients underwent two types of stimulation in randomized order: cathodal (2.5 mA) and sham tsDCS. The electrode configuration was the same for both cathodal and sham stimulation: the cathode-electrode was centered between the 11th and the 12th thoracic vertebrae (~L3–L5 segments of the spinal cord, Figures 1A,C) and the anode-electrode was located on the right shoulder (18). During sham, electrical stimulation profiles were ramped up to 2.5 mA and gradually turned off. Stimulation was administered using a custom-build direct-current stimulator (TMS International B.V., Oldenzaal, The Netherlands) while the patients performed the force tracking task for a total period of 15 min including: 8 min of reference force tracking with 3.5 min of rest before and after the tracking exercise. The task consisted of a mixture of sinusoidal waves with a mean of 5% MVC and a maximum of 10% MVC (Figure 2A).


[image: Figure 1]
FIGURE 1. Spatiotemporal spinal maps of ipsilateral α-MNs. (A) Experimental set-up for ankle plantar flexion. For the tsDCS, the cathode is placed between the 11th and 12th vertebrae (targeting the lumbosacral spinal segments) and the anode over the right shoulder. HD-EMGs are recorded from the triceps surae and the reference electrode is placed on the malleolus. A brace with velcro closure was attached to immobilize the upper leg and the force plate measures ankle plantar flexion force. (B) HD-EMG is decomposed into α-MN spike trains using a convolutive blind-source separation technique (24). (C) The spinal output to generate the neural drive to muscles is estimated from the α-MN spike trains. This reveals spatiotemporal information of α-MN activity in the spinal cord across different levels of force (% MVC). % MVC, percentage of maximum voluntary contraction; ch, channel; CKC, convolution kernel compensation.
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FIGURE 2. (A) Example of a force tracking task during tsDCS. This consisted of following a force trajectory of low-intensity, low-frequency sinusoidal forces with a mean of 5% MVC and a maximum of 10% MVC for a duration of 10 min. (B) Example of force tracking tasks during each time condition (pre, t0, t30). These consisted of nine ramp-and-hold sub-maximal plantar flexion contractions at 8, 15, and 20% MVC (i.e., three tasks per level in random order). (C) Enlargement of a single force task: ramp up (2.5% MVC/s), hold (25 s) and ramp down (−2.5% MVC/s). % MVC, percentage of maximum voluntary contraction.


The tsDCS effects were examined at three time conditions including: before (pre), immediately after (t0) and 30 min after (t30) stimulation was delivered. For each condition, patients performed ramp-and-hold tasks that consist of nine sub-maximal plantar flexion contractions at 8, 15, and 20% MVC (i.e., three tasks per level in random order, Figure 2B). Reference and subject-generated force profiles were fed back to the patient via a display. A single task (Figure 2C) consisted of a ramp up (2.5% MVC/s), hold (25 s) and ramp down (2.5% MVC/s).

During each phase, HD-EMGs were recorded using a TMSi Refa multi-channel amplifier (TMS International B.V., Oldenzaal, The Netherlands) with a sampling frequency of 2,048 Hz. A set of two 8x8-electrode grids with 8 and 3 mm inter-electrode distance were placed on the gastrocnemius medialis and soleus muscles, respectively. The grids were applied to the skin using 1-mm thick bi-adhesive foam layer filled with conductive paste to enhance skin-grid contact. The reference electrode is located on the fibula.




2.2. Data Analysis

HD-EMG and force data were offline analyzed with Matlab R2019a (The Mathworks Inc., Natick, MA,USA). The HD-EMG recordings were band-pass filtered (50–500 Hz) and decomposed into α-MN spike trains using CKC blind source separation algorithm (25) (Figure 1B). Each α-MN spike train consisted of a vector where the value of 1 indicated the time event at which the respective α-MN fired. The value 0 was used in all time frames where no discharge was detected. Subsequently, cumulative spike trains (CSTs) were defined as the sum of individual α-MN spike trains. CSTs provide the linearity that individual spike trains lack (21) and hence, allow a better estimate of coherence values. Smoothed CSTs were computed using a moving average zero-phase filter with a 400 ms window.


2.2.1. Quality Criteria

This analysis was conducted on soleus and gastrocnemius HD-EMGs recorded from all four patients. As CKC decomposition is a probabilistic iterative procedure to blindly estimate individual spike trains in presence of external noise, errors in the decomposition are inherently expected. Each spike train was inspected for quality control. For this purpose, two quality indices were evaluated in two subsequent steps (see Algorithm 1): first, the pulse-to-noise ratio (PNR) and second, the coefficient of variation (CoV) of the inter-spike intervals (ISI).


Algorithm 1. Quality control.
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The PNR was defined as the logarithmic ratio (dB) between the means of the innervation pulse train at all time moments in which a α-MN is estimated to have discharged [image: image] and not to have discharged [image: image] (24), where [image: image] denoted the innervation pulse train as a function of samples n and r the threshold to detect a pulse (1).

[image: image]

The coefficient of variation of the ISI was calculated as the ratio between the standard deviation of the ISI and its mean value (20, 25, 26). Only discharges with ISI >33.3 ms (30 Hz) and ISI < 300 ms (3.3 Hz) were included for the CoVISI. Intervals outside this range did not represent physiological values for human leg muscles MNs, thus likely representing decomposition inconsistencies from the CKC algorithm (26–28).

The quality control algorithm computed PNR and CoV sequentially (see Algorithm 1). As PNR directly relates to the quality of the decomposition (i.e., ratio between pulse energy and noise level), it was computed as a first filter against low-quality, near-noise spike trains. The algorithm thus rejected all α-MNs with PNRs < 20 dB. The second step verified whether CoVISI < 0.3 was satisfied (20, 25, 26). Previous motor unit studies showed that motor unit discharge variability increases with SCI (29, 30). Therefore, we computed the Pearson correlation coefficient between reference force profiles and smoothed CSTs (for both soleus and gastrocnemius medialis) before and after the quality criteria were applied and we transformed them into z-scores ([image: image]). The algorithm applied this second condition only if it led to an increase in the correlation between smoothed CST and reference force profile. This was motivated by the fact that, in isometric condition there is direct proportionality between trends in α-MN pool spike trains and resulting muscle force (21).

Moreover, because the amount of α-MNs per CST influences the strength of the common synaptic input, α-MN pools with <4 α-MNs were not considered as eligible for quality control and subsequent analyses (section 3). Algorithm 1 provides the iterative steps computed during the quality selection step. Figure 3 depicts an example of how the quality criteria algorithm works.


[image: Figure 3]
FIGURE 3. Example of quality control procedure. (A) α-MN spike trains and (B) discharge rates of a α-MN pool before quality control. The algorithm rejects the α-MN with PNR <20 dB. In this case, as the cross-correlation improved by filtering the α-MNs with a coefficient of variation of the inter-spike intervals >0.3, the algorithm removes them as well. (C) Comparison between force (gray line) and the smoothed CST before (blue) and after (red) quality control. For illustrative purposes, the smoothed CST is scaled to the maximum value of the force and shifted to compensate for the neuro-mechanical delay (~0.6 s). Although some spike trains were removed after quality control, the correlation between force and smoothed CST improved. CST, cumulative spike train; pps, pulses per second.




2.2.2. Coherence Between CSTs

Because of the presence of pain while undergoing tsDCS, only half of the stimulation intensity (~1.2 mA) was used with P4. For this reason, this analysis was conducted on the data of the soleus muscle only for P1, P2, and P3. For each trial and patient, spike trains decomposed from HD-EMGs were apportioned into three non-intersecting groups and used to create three CSTs. For instance, if the pool contained six α-MN spike trains, three groups with non-intersecting trains were extracted (e.g., α-MN1-α-MN2, α-MN3-α-MN4, and α-MN5-α-MN6).

The magnitude-squared coherence was computed between pairs of detrended CSTs using the Welch's periodogram with Hann windows of 1 s, 50% overlap. Only the steady state interval of both smoothed CSTs was considered. Moreover, the coherence values were transformed into standard Z-scores (31) as follows:

[image: image]

where N is the number of segments used to calculate the coherence. The Fisher's z-transform was applied to the coherence values (α = 0.05) in order to compare the normalized coherence values between the conditions (28). Because the low frequencies of common synaptic inputs are associated with force generation (21, 32, 33), significant peaks and areas were extracted in the delta band (<5 Hz). Lastly, we computed the average of the three coherence values between the three groups.




2.3. Statistical Analysis
 
2.3.1. Quality Criteria

In order to validate the quality control algorithm, the reference force signal and the smoothed CST (neural drive to the soleus and gastrocnemius muscles) were compared for each trial and patient. We assumed that if the correlation between force and CTS signals improved or remained the same after quality control, no relevant neuro-mechanical information was lost. Figure 3C shows how the smoothed CST still reflected the behavior of the reference force profile after some α-MNs with poor quality were removed. In order to compare the z-transformed cross-correlation coefficients at maximum likelihood before-and-after quality control, we computed histograms of the distributions (bin width = 0.02) normalized by the probability density function estimate and fitted into Epanechnikov kernel distributions (Figure 4).


[image: Figure 4]
FIGURE 4. Histograms and kernel density functions for the z-transformed correlation distribution of the soleus and gastrocnemius before and after quality control. The histograms are normalized by the power spectral density and the density function is estimated with a Epanechnikov kernel. The data before quality control is represented in blue and after quality control in orange.




2.3.2. Coherence Analysis

The statistical tests were run using IBM SPSS Statistics v.24 (IBM Corporation, New York, USA). As we recorded nine trials per time condition (three stages: pre, t0, and t30) across sham and cathodal stimulation conditions (i.e., 54 observations per patient), a linear mixed-effects model was performed to include and analyze all the repeated measures for the three patients that entirely followed the protocol.

The time (pre, t0, and t30) and stimulation (cathodal and sham) conditions were defined as fixed effects and the patients were defined as a random effect (i.e., each patient is considered as a group of MN coherence measures). The auto-regressive model AR(1) was specified for the covariance structure of the repeated measures and the models were fitted and compared using the restricted maximum likelihood method. The normality of the residuals was checked with a Shapiro-Wilk test. The significance level was set to 0.05. Linear mixed models do not assume sphericity and are robust against violations of their own assumptions.





3. RESULTS


3.1. Quality Criteria

We performed a total of 216 HD-EMG recordings per muscle (i.e., soleus and gastrocnemius medialis) across all reference force tracking trials, stimulation conditions and patients. To corroborate the validity of the quality-check algorithm, we only included all cases where α-MN removal was required due to insufficient decomposition quality, i.e., n = 157 for the soleus and n = 158 for the gastrocnemius medialis, where n represents the total number of reference force tracking repetitions.

Figure 3C illustrates a visual example of improvement in correlation before (z = 0.50) and after quality control (z = 0.57). Table 2 shows the total number of spike trains before and after quality control and the improvement in correlation per subject and muscle. Figure 4 shows the distribution of the z-transformed correlation coefficients (see normalized histograms) as well as the associated kernel probability density functions (maximum likelihood correlation estimator).


Table 2. Number of α-MNs before and after quality control and percentage of α-MNs removed for each patient and muscle.

[image: Table 2]

Results showed that the z-transformed correlation coefficients were distributed toward higher values after quality control for both muscles, i.e., the maximum likelihood correlation coefficient improved from z = 0.58 to z = 0.72 (Δ z = 0.14) for soleus, and from z = 0.58 to z = 0.60 (Δ z = 0.02) for the gastrocnemius medialis.



3.2. Coherence Between CSTs

Modulation of coherence between α-MN CSTs was analyzed in the delta band by extracting variations in coherence peak and area across stimulation type (sham, cathodal) and time-since stimulation (pre, t0, t30).

Concerning modulation of delta band coherence area, the mixed model analysis showed statistical significant variations for both stimulation type [F(1, 34.58) = 23.77, p < 0.001] and time-since-stimulation [F(2, 48.04) = 4.66, p = 0.014] conditions. Figure 5 depicts the coherence area mean and standard errors (SE, 95% confidence interval) across pre, t0, and t30 condition in both sham and cathodal stimulation. In this, estimates of the fixed effects showed significant decrease between the pre- and t30 trials [t(44.92) = −3.053, p = 0.004]. Mean coherence area decreased from zpre = 92.36 (SE = 19.35) to zt30 = 69.09 (SE = 16.01) and then to zt30 = 54.8 (SE = 13.05) across time conditions with cathodal stimulation; whereas for sham stimulation, it remained almost constant (zpre = 115.67, SE = 12.45; zt0 = 114.80, SE = 15.42; zt30 = 104.55, SE = 14.44).


[image: Figure 5]
FIGURE 5. Mean coherence area in the delta band for sham (blue) and cathodal (red) stimulation at pre, just after (t0) and 30 min after (t30) stimulation. (*) indicates significant differences between t30 and pre-stimulation (p < 0.05) and n.s. stands for no significance between pre and t0. Error bars represent standard error measure.


Similarly, Figure 6 shows a decrease in coherence peaks from zpre = 5.06 (SE = 0.93) to zt30 = 3.85 (SE = 0.75) followed by a minimal increase to zt30 = 4.03 (SE =0.72) with cathodal stimulation. For sham stimulation the coherence remained almost constant across all conditions (zpre = 5.12, SE = 0.45; zt0 = 5.09, SE = 0.49; zt30 = 4.97, SE = 0.39). Nevertheless, in this case, the overall effects were weaker [F(1, 29.92) = 3.03, p = 0.092] and time [F(2, 45.73) = 2.82, p = 0.07].


[image: Figure 6]
FIGURE 6. Mean coherence peak in the delta band for sham (blue) and cathodal (red) stimulation at pre, just after (t0) and 30 min after (t30) stimulation. (#) indicates slight evidence of significant differences between pre and t0 and between pre and t30. Error bars represent standard error measure.


Patient-specific analyses of both coherence areas and peaks showed pronounced decreasing trends primarily for P1 and P3 (areas: Figure 7 and peaks: Figure 7) for cathodal stimulation. P1 presented a decrease from pre- to t0-stimulation and an slight increase from t0- to t30-stimulation in areas and peaks (areas: zpre = 106.17, zt0 = 81.29 and zt30 = 91.26; peaks: zpre = 7.48, zt0 = 5.07 and zt30 = 6.18). Similarly, P3 also presented a decrease in coherence peaks and areas, but with persistent effect across the three time conditions (areas: zpre = 123.79, zt0 = 86.39 and zt30 = 37.64; peaks: zpre = 4.68, zt0 = 3.94 and zt30 = 3.05). Contrarily, P2 presented a constant trend during cathodal stimulation (areas: zpre = 41.48, zt0 = 37.43 and zt30 = 33.08; peaks: zpre = 2.75, zt0 = 2.53 and zt30 = 2.72). Tables 3, 4 summarize the coherence mean area and peaks across individual patients and conditions.


[image: Figure 7]
FIGURE 7. Mean coherence area in the delta band for sham (blue) and cathodal (red) stimulation at pre, just after (t0) and 30 min after (t30) stimulation. Each column depicts the data for each patient.



Table 3. Summary of coherence area means and standard errors across patients and experimental conditions.
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Table 4. Summary of coherence peak means and standard errors across patients and experimental conditions.
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4. DISCUSSION

This study analyzed for the first time how large populations of α-MNs respond to tsDCS in incomplete SCI individuals performing isometric leg muscle contractions. In this context, we proposed to interface with α-MNs in vivo, using decomposition of HD-EMGs and subsequent analysis of α-MN spike trains in the frequency domain (via coherence analysis). Since inter-spike train coherence is sensitive to inaccuracies in the decomposition, we proposed a quality control algorithm for the automatic inspection of individual α-MNs spike trains. With this, we first removed spike trains with a PNR lower than 20 dB. Although a higher threshold for the PNR (30 dB) has been previously used (20, 25), this metric was relative to the quality of the acquired data. We considered that 20 dB (i.e., trains with identified spikes 10 times bigger in average than the baseline) was strict enough as a quality filter avoiding also the loss of relevant information. We then applied a second (conditional) filter using the CoV of the inter-spike intervals. However, as previous studies suggest that α-MN discharge variability increases with SCI (29, 30), this filter was only applied if it improved the correlation between the actual force and the estimate of neural drive (low-pass filtered CST).

We employed coherence analyses to estimate of the strength of the common synaptic input projected onto MS pools as previously proposed (21, 34) and showed that this frequency-dependent feature sensibly responded to stimulation conditions, unlike time-domain features (e.g., discharge rate). With independent synaptic inputs to α-MNs being attenuated by the α-MN pool population sampling, the remaining common synaptic input largely approximates to the neural drive to muscle in the delta band (21) (neural signal for force control). Therefore, coherence and common input analysis may serve as a robust indicator of tsDCS effect on motor function recovery (35). Our results showed consistent decrease in α-MN coherence in delta band immediately after trans-spinal electrical stimulation (i.e., t0-condition) as well as after 30 min from stimulation (i.e., t30-condition) with respect to the non-stimulation condition (i.e., pre-condition, Figures 5, 6). From a neurophysiological point of view, the observed coherence decrease may underlie a decrease in the strength of common synaptic input to α-MN pools. Previous research (34) indicated that de-correlation between α-MN spike trains may be due to additional components of the common synaptic input to all α-MNs, but independent to the cortical drive. Thus, the reduction in delta band coherence may indicate demodulation (increased variability) in effective neural drive to the muscle, possibly due to higher frequency inputs.

Coherence peak and area modulations showed less pronounced trends in P2 with respect to P1 and P3 (Figures 7, 8). That is, average coherence peaks and areas for P2 did not vary substantially across pre-, t0-, and t30-conditions. This may be due to the inability of personalizing the stimulation parameter for the individual patient (i.e., stimulation intensity) as well as the inability of accurately targeting the desired spinal segments (~L5-S2). Moreover, it is worth stressing that tsDCS was prescribed blindly with no feedback on α-MN behavior. In this context, lesion and spinal cord anatomy differences across patients could explain the variability in the stimulation-effect (cathodal) results. Although, in this study, the lesion differences are rather small [all patients have injuries above C8 and their motor function is preserved below the injury (AIS-C and D)], larger differences can be found in the patients' physiological and anatomical factors including age, sex, height, and weight (Table 1). Future work will develop on-line HD-EMG recording and decomposition techniques to be used to adjust on the fly the location and stimulation parameters of multi-channel electrical stimulation.


[image: Figure 8]
FIGURE 8. Mean coherence peak in the delta band for sham (blue) and cathodal (red) stimulation at pre, just after (t0) and 30 min after (t30) stimulation. Each column depicts the data for each patient.


We analyzed changes in α-MN coherence features with no direct observation of stimulation-effects on the neuromuscular system. Future work will employ electrically induced H-reflex to verify whether or not the administered stimulation induced facilitation of corticospinal output to muscles, thus providing further possibilities for interpreting coherence results at the α-MN level.

Moreover, the present study aimed at creating a methodology to analyze for the first time the response of multiple MNs to tsDCS in incomplete SCI individuals. However, further clinical validation is needed to test whether our methodology can be generalized to a larger population. Future work will extend this study to also include healthy individuals, multiple muscles and data modeling approaches.

The quality-check algorithm we proposed (Algorithm 1, Figure 3) may also be further improved in the future to enable detailed editing of α-MN spike trains. Our proposed methodology only enabled removing entire spike trains after inconsistencies being detected. This may result in discarding potentially neurophysiologically-consistent information. The ability of identifying individual mismatched spikes (36) would avoid the need for eliminating entire spike trains in the quality control stage. As a result, less neural information would be compromised. However, this would make the experimental set-up more complicated as it requires not only surface EMG but also intramuscular EMG recordings.

This study demonstrated the ability of interfacing with α-MNs in vivo in SCI individuals receiving transcutaneous spinal cord electrical stimulation. First, we proposed a methodology that enabled removing compromised information from α-MN spike trains, central for analysing frequency domain features from bio-electrical data. Second, we reported how α-MN discharge coherence modulated in response to spinal cord electrical stimulation. Our study suggested that the common synaptic input to α-MN pools may decrease immediately after cathodal tsDCS, which was reflected in the decrease in coherence within the delta band.

The ability to non-invasively estimate how α-MNs respond to electrical stimuli is central to devise personalized rehabilitation therapies. To this aim, future work will first establish causal relations between common synaptic input to α-MNs and spinal cord excitability. In a rehabilitation scenario, knowing these relationships will enable building direct associations between electrical stimulation patterns and the resulting modulation in an individual patient's spinal cord excitability. This will permit using non-invasive electrical stimulation to restore physiological spinal excitability for treating a variety of related motor disorders associated with hyperexcitability of spinal neuronal structures, such as spasticity (37). Moreover, the ability to modulate spinal cord excitability may help understand how to best induce activity-dependent neuro-plasticity, thereby increasing the efficacy of rehabilitation programs (38).

In the context of neurorehabilitation technologies, our proposed methodology may open up new avenues for the design of real-time model-based closed-loop applications (39–41) including both transcutaneous and epidural spinal cord electrical stimulation methodologies. To this end, non-invasive estimates of individual spinal α-MN behavior may help optimize stimulation parameters on-the-fly (e.g., pulse width and amplitude of a multi-channel array of electrodes), thereby modulating spinal excitability in a closed-loop fashion.
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Introduction: Persons with MS (PwMS) have markedly reduced push-off and toe-clearance during gait compared to healthy subjects (HS). These deficits may result from alterations in neuromotor control at the ankle. To optimize rehabilitation interventions for PwMS, a crucial step is to evaluate if and how altered neuromotor control, as represented by muscle synergies, improves with rehabilitation. In this study we investigated changes in ankle motor control and associated biomechanical parameters during gait in PwMS, occurring with increase in speed after gait rehabilitation.

Methods: 3D motion and EMG data were collected while 11 PwMS (age 50.3 + 11.1; EDSS 5.2 + 1.2) walked overground at self-selected speed before (T0) and after 20 sessions (T1) of intensive treadmill training. Muscle synergies were extracted using non-negative matrix factorization. Gait parameters were computed according to the LAMB protocol. Pearson's correlation coefficient was used to evaluate the similarity of motor modules between PwMS and HS. To assess differences in distal module activations representing neuromotor control at the ankle [Forward Propulsion (FPM) and Ground Clearance modules (GCM)], each module's activation timing was integrated over 100% of the gait cycle and the activation percentage index (API) was computed in six phases.

Ten age matched HS provided two separate speed-matched normative datasets for T0 and T1. For speed independent comparison for the PwMs Z scores were calculated for all their gait variables.

Results: In PwMS velocity increased significantly from T0 to T1 (0.74–0.90 m/s, p < 0.05). The activation profiles (API) of FPM and GCM of PwMS improved in pre-swing (p < 0.05): FPM (Mean [95% CI] [%]: T0: 12.5 [5.7–19.3] vs. T1: 9.0 [2.7–15.3]); GCM (T0: 26.7 [18.2–35.3] vs. T1: 24.5 [18.2–30.7]). This was associated with an increase in toe clearance (80.3 to 103.6 mm, p < 0.05) and a higher ankle power peak in pre-swing (1.53–1.93 W/kg, p < 0.05).

Conclusion: Increased gait speed of PwMS after intensive gait training was consistent with improvements in spatio-temporal gait parameters. The most important finding of this study was the re-organization of distal leg modules related to neurophysiological changes induced by rehabilitation. This was associated with an improved ankle performance.

Keywords: muscle synergies, multiple scleorsis (MS), rehabilitation, gait, EMG, push-off, toe-clearance


INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disorder of the central nervous system (CNS) characterized by a progressive decline in various motor, sensory, and cognitive functions over the lifespan (1). Problems with mobility are evident in most persons with MS (PwMS), probably related to myelin damage which leads to adaptive changes in motor cortex and the spinal circuits (2, 3), as well as coordination problems, due to cerebellar circuit involvement (4). Resultant deficits in motor control and muscle weakness impact the gait function in PwMS and contribute to a reduction of participation in daily life activities (5, 6). Accordingly, regaining locomotor abilities is one of the primary goals of rehabilitation. Measuring the efficacy of rehabilitation on gait function at functional and neurophysiological levels is of utmost importance in this respect.

Clinical measures, frequently used to evaluate motor behavior and response to rehabilitation, are useful in describing the severity of mobility deficit, the functional walking status, and the amount of participation in daily life (5, 7). However, they do not inform on what may be the changes in neurophysiological or biomechanical mechanisms underlying an improvement in walking abilities following rehabilitation.

Spatiotemporal parameters and kinematic/kinetic variables derived through gait analysis have traditionally been used to objectively quantify walking abnormalities and biomechanical changes induced by rehabilitation (8). For example, it has been demonstrated (9–11) that PwMS walk slower and with a shorter stride length than healthy controls walking at matched speeds. Severini et al. (11) also found that PwMS showed decreased range of motion at hip, knee, and ankle while Filli et al. (10), in addition to the restrictions in joint excursion, found increased gait variability and asymmetry along with impaired dynamic stability. Such detailed information helps to describe the pathological gait patterns and to better understand the biomechanical contributions to possible recovery after rehabilitation but does not inform upon underlying changes in neuro-muscular control contributing to the improvement. Further, it would be important to verify whether observed post-treatment changes are related to a true physiological recovery rather than being a byproduct of the increased speed (10).

Modular organization of muscle coordination is thought to underlie motor control in both healthy individuals and individuals with neurological disorders (9, 12–14). Muscle synergies, derived from electromyographic signals during gait, are thought to reflect the underlying neural structures of muscle activation and local circuits (15, 16). Several studies have used muscle synergy analysis to model the complexity of motor control during gait, demonstrating that human gait can be described by a small set of robust synergies in healthy subjects (17–19) and in persons with neurological disorders (9, 20, 21).

Indeed, by using the muscle synergy approach as a framework, it was possible to study the neuromotor characteristics underlying walking in PwMS with moderate disability (9). The study of synergies in addition to gait biomechanics resulted in information not only on the biomechanical deficits present in gait of PwMS but also on corresponding deficits in neuromotor coordination. Main findings indicated that the walking deficits in PwMS were associated with muscle weakness and prolonged double support phases, corresponding to altered timing of the activation profiles of the distal motor modules (9). Importantly, PwMS had synergies number and module composition similar to healthy persons walking at the same speed, indicating a preserved organization of neuromotor control (9, 21).

Altogether, a combination of clinical scales, biomechanical, and muscle synergy analysis of gait allows understanding of deficits and limitations at the participation, activity, and impairment levels in persons with neurological disorders. This multivariate analysis can give information on functional performance as related to mobility, kinetics, kinematics, and neurological control of walking, all of which are essential for setting up effective customized treatments and for the evaluation of their efficacy. While muscle synergies and their relation to rehabilitation outcomes for persons post stroke (22) and with Parkinson's disorder (20) have been studied, to date no studies have yet been published that applied such a comprehensive approach in persons with MS.

In our recent work we described alterations in motor primitives of distal muscle synergies during walking of PwMS with respect to those of age and speed-matched healthy peers (9) in terms of important differences in timing activation across the gait cycle. In healthy individuals there are predominantly three to four modules that have been found to be related to walking (15, 23, 24). One or two modules are related to proximal muscle activity during gait. One usually consists mainly of activity from knee extensor, hip extensor, and abductor, which are primarily involved in early stance and late swing to prepare the leg for weight acceptance. The second proximal module consists mainly of hamstring activity from hip extensor and knee flexor, which are primarily involved in the early stance and late swing to extend the hip and decelerate leg swing (23). The two distal modules instead are related to propulsion and ground clearance and consist of the Forward Propulsion Module (FPM, mainly related to Soleus and Gastrocnemius) and Ground Clearance Module (GCM, mainly related to Tibialis Anterior and Rectus Femoris) (23). Using sEMG during overground gait, our prior investigation of module composition across PwMS and healthy controls revealed that when only three modules are identified, there was a merging of the two proximal modules (9). When timing of motor primitives (activity percentage indexes) was compared between the two groups, these proximal modules (both when merged and separate) resulted similar between PwMS and healthy individuals. On the other hand, timing of the motor primitives of the distal modules (FPM and GCM) results were altered in PwMS, regardless of module number. In addition, biomechanical gait deficits (i.e., reduced push-off and toe clearance in swing) were found to be consistent with impairments in activation and coordination of these distal synergies. This corroborated findings of others that have identified the reduction of (i) propulsion and (ii) foot-ground clearance during swing to be among the most disabling deficits in gait of PwMS (25, 26).

To exploit the clinical application of this information and use it to optimize/tailor rehabilitation interventions for PwMS, a crucial step is to evaluate if and how altered distal muscle synergies and their associated biomechanical parameters can be improved by rehabilitation.

Therefore, the focus of this article is on neuromotor recovery in distal parameters occurring with successful gait rehabilitation. More specifically, we investigated changes in neuromodular organization of FPM and GCM, and in propulsion and foot-ground clearance, of PwMS following a gait rehabilitation that lead to clinically meaningful increase in gait speed. These changes were investigated relative to healthy individuals walking at matched pre and post intervention speeds. We hypothesized that greater natural speed of walking would be associated with improvement in ankle control and associated biomechanical parameters in line with changes of healthy individuals. Further, we also investigated whether changes in the various gait parameters were proportional to speed changes in the PwMS.



METHODS


Participants

Participants were 11 adults with relapsing-remitting or secondary progressive MS according to the 2005 McDonald criteria (27) who had volunteered for a larger controlled intervention trial carried out at IRCCS Don Gnocchi Foundation, Milan, Italy, in the period from October 2012 to April 2018 (see Table 1 for demographic information). From the entire dataset only the PwMS who agreed to undergo a complete gait analysis (electromyography, kinematic, and kinetics of the lower limb) pre- and post-intervention on treadmill (28) were considered for the present study. Of those, we analyzed gait data of 11 participants that had increased their gait speed by more than 15%. Inclusion criteria for PwMS were: diagnosis of multiple sclerosis according to the criteria of McDonald, Expanded Disability Status Scale (EDSS) ≤ 7 (29), age between 18 and 75 years, capacity to stand 30 s and walk 10 m with or without an assistive device (but without assistance from another person), capacity to understand and follow instructions, and stable neurological condition. Exclusion criteria: presence of any musculoskeletal and/or other neurologic pathologies that could influence gait and balance functions, presence of severe cardiovascular disorders.


Table 1. Individual demographic and clinical characteristics of PwMS and number of synergies at baseline and post-intervention.
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Additionally, we analyzed gait data from 10 age-matched healthy controls (HS) (age Mean 43.1 SD 14.6 years, 6 Female and 4 Males) to derive biomechanical and muscle synergies reference data. Inclusion criteria for these healthy controls were: exhibiting normal joint range of motion and muscle strength, without any neuromuscular and balance deficits that could interfere with their gait.

The experimental protocol was approved by the institutional Ethics Committee (Comitato Etico Fondazione Don Carlo Gnocchi) and was carried out according to ethical standards of the Declaration of Helsinki. All participants signed an informed consent.



Experimental Set Up and Procedures

We collected demographic and clinical variables according to study protocol [see Jonsdottir et al. (28)]. All participants with MS were evaluated with the following validated clinical scales: the 2 Minute Walking Test (2MWT) for gait endurance (30), the 10 meter timed walk (10MTW) for gait speed (31), and the Berg Balance scale for standing balance (32). The evaluation was carried out at baseline (T0) and after an intervention period (T1) by physical therapists blinded to the original study's group assignment (28).

Overground gait analysis of the PwMS participating in the present study and the HS was performed in a gait analysis lab. Kinematic, kinetic, and electromyography (EMG) data were thus collected both from healthy subjects (once) and from the participants affected by multiple sclerosis (twice, at T0 and T1). Kinematic data were collected using a 9-camera SMART-D motion capture system (BTS, Milano, Italy) sampling at 200 Hz, while a force plate (Kistler, Winterthur, Switzerland), with 960 Hz sampling frequency, provided ground reaction force (GRF).

We used an 8-channel EMG system (BTS, Milano, Italy) to record EMG data at 1,000 Hz from the following muscles: tibialis anterior (TA), soleus (SO), medial gastrocnemius (MG), lateral gastrocnemius (LG), vastus medialis (VM), rectus femoris (RF), semitendinosus (SE), gluteus medius (GM). Seniam recommendations for sEMG recording procedures were followed (33). The EMG sensors were placed on the most affected side for participants with MS [selected according to item 13 of the Berg Balance Scale, Standing unsupported one foot in front (32); the worse performance when right or left foot was in back during the pose] and on the dominant side (the leg that was used to kick a ball) for control subjects.

All participants (PwMS and HS) were asked to perform at least 5 gait trials barefoot at their natural self-selected speed, and the HS also performed trials at slower speeds (SW), to provide a reference dataset at gait speed matched with that of PwMS. In each trial only the central stride (the one on the platform) was analyzed. Since (i) PwMS significantly increased walking speed from T0 to T1 and (ii) there are speed-dependent effects on the timing patterns of muscle activity and on kinematic and kinetic parameters (34), we extracted two different speed-matched normative datasets across all trials at different speeds recorded from HS. This procedure provides two speed-matched datasets for comparison with trials of PwMS, one for baseline assessment and another dataset for post-treatment trials.

To create a speed matched dataset at baseline we included only trials from healthy subjects with normalized speed under the threshold of 62.2% BH/s. This threshold corresponded to 90% of the maximum normalized speed of PwMS at baseline. Analogously, for the post intervention database we included only trials of healthy subjects with normalized speed smaller than 66.0% BH/s corresponding to 90% of the maximum normalized speed of PwMS post-intervention. This is the same procedure for speed matching used in our previous study (9).

We adopted the total-body LAMB marker set, which includes 29 retro-reflective markers (12 mm diameter) positioned on the head, upper limbs, trunk, pelvis, and lower limbs (35).



Intervention

The intervention and the associated clinical results are described in detail in Jonsdottir et al. (28). Briefly, the participants with MS had received supervised treadmill training, 4–5 sessions per week, 20 sessions in total, and were part of a subgroup that had undergone gait analysis at baseline and post intervention. Each treadmill walking session lasted 30 min and was aimed at improving participants' resistance, walking velocity, balance, and cognitive functions during locomotion. The intervention was mostly focused on maximizing the amount and intensity of walking activities, both aerobically and with dual task motor and cognitive activities, with no specific focus on normalizing gait kinematics.



Gait Data Processing

After data acquisition, we low-pass filtered the markers' trajectories at a cut-off frequency of 6 Hz. We computed the anthropometric parameters of each subject from markers' positions recorded during the calibration trial according to the LAMB protocol (35), and used for estimation of internal joint centers. We also computed joint kinematics according to the LAMB protocol (35) and we used inverse dynamics to compute moments and powers at the ankle, knee, and hip joints of the selected leg with EMG probes. Each trial included the single gait cycle performed on the force plate. For each participant we computed the average value of selected parameters and the average pattern of kinematic/kinetic and EMG variables across trials.



Kinematic and Kinetic Variables

We calculated the following gait parameters:

• gait speed (m/s): ratio between the linear distance traveled by the hip joint centers' midpoint during a stride and the stride duration;

• stride length (m): linear distance traveled by ankle joint center, estimated as the midpoint between lateral and medial malleolus, during a stride;

• cadence (steps/min): was calculated as 60/(0.5*stride duration);

• step width (m): lateral distance between the ankle joint center of the right and the left leg at respective foot's heel strike;

• DS1 (%): percentage of double support during loading response phase, calculated as the ratio between the time from heel contact of the supporting foot to contralateral foot-off and the stride time;

• DS2 (%): percentage of double support during pre swing phase, calculated as the ratio between the time from heel contact of the contralateral foot to supporting foot-off and the stride time;

• Maximal foot clearance (mm): maximal height of toe marker during the second half of swing phase, mainly related to the GCM;

• peak of ankle power (W/kg): maximal values of ankle power in stance phases, mainly related to FPM.

Heel contact and toe off were defined from the presence or absence of GRF data, respectively (36).



EMG Processing

We high pass filtered the EMG signal with a cutoff frequency of 40 Hz, rectified and then low pass filtered with a cutoff frequency of 10 Hz, using a 4th order Butterworth filter. To focus on temporal dissimilarities in EMG, we normalized the signal of each muscle to its peak value across all recorded trials (14, 23). All data were time normalized to 100% of the gait cycle and subsequently averaged among trials of each subject.

We extracted muscle synergies using non-negative matrix factorization (NNMF) (37). For each participant the EMGs were combined into an m × t matrix, where m indicates the number of muscles and t is the time base (t = averaged stride ×101). We repeated the synergy extraction 50 times. The solution that accounted for >90% of the EMG variability for each muscle was selected, thus obtaining two matrices for each extracted muscle synergy: an m × 1 array, which specifies the relative weighting of each muscle in the module (module composition) and an 1 × t array, which specifies the activation timing profile of the module (9).

We calculated the following muscle synergies parameters:

• activation percentage index: for each gait phase [Early stance (P1), Mid stance (P2), Terminal stance (P3), Pre swing (P4), Early swing (P5), Late swing (P6)] each synergy's activation profile was integrated over 100% of the gait cycle and the percentage of such activation area was calculated within the specific phase;

• module similarity: Pearson's correlation coefficient of each module between each PwMS and the average module of the speed-matched control group. Higher correlations indicate more similarity in module compositions.

We calculated the activation percentage indexes for each participant, both for the PwMS and healthy subjects, while the module similarity parameter was calculated only in the multiple sclerosis group relative to the average of the speed matched control group.

We analyzed biomechanical and EMG measures with Matlab (The Mathworks Inc., Natick, MA).



Statistical Analysis

We used t-tests for independent samples to compare age, body mass, and body weight between PwMS and HS, and a Chi-square test to compare gender (female/male) between groups (PwMS and HS).

At each time point (baseline or post-intervention), we used independent samples t-tests to compare gait and muscle synergies parameters between PwMS and speed-matched healthy subjects.

For comparison within the group of PwMS (pre- vs. post-intervention), we transformed the values of spatio-temporal and muscle synergy parameters for each PwMS to z scores (see Equation 1) resulting in parameter values independent of speed changes. This was done in order to analyze the deviation from the reference speed-matched data to account for the change in gait speed from baseline to post-intervention. P is the parameter, μspeed−matchedHS and σspeed−matchedHS are the mean value and the standard deviation, respectively, of that parameter for the reference control group at the matched speed.
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Subsequently, we ran paired t-tests on the Z scores to evaluate the pre- to post-intervention changes induced by the rehabilitation treatment. A significant change in Z scores indicated a change of that specific parameter from T0 to T1 beyond the changes due merely to a gait speed increase, and thus attributable to a response to treatment that went beyond speed dependent improvement. We summarized and tabulated the values of analyzed parameters as means and with 95% of the confidence interval. We considered P < 0.05 as statistically significant and 0.05 ≤ P < 0.1 as near-significant trends (38).

We performed all statistical analyses using Matlab (The Mathworks Inc., Natick, MA).




RESULTS


General Demographics and Clinical Characteristics

Demographic characteristics of the participants and outcome of clinical scales are depicted in Table 1 individually and as a group mean. The general picture indicates a sample of patients with moderate mobility difficulties. We did not observe any differences in sex (P = 0.86), body mass, or height (Mean [95 CI%] [kg] PwMS vs. HS, 59.2 [52.8–65.5] vs. 65.8 [54.9–76.7] P = 0.24; [cm] 165.0 [159.1–171.0] vs. 168.1 [161.0–175.2] P = 0.46) between PwMS and HS.



Spatio-Temporal Gait Parameters

All PwMS underwent gait analysis assessments autonomously without walking aids under the supervision of a physiotherapist.

See Table 2 for all gait variables for healthy controls and PwMS. Regarding the PwMS, average gait speed was 0.74 m/s (95% CI, 0.56, 0.92) at baseline and then increased to 0.90 m/s (0.71, 1.08) after the intervention, showing a statistically and clinically significant increase of 33.1% (P = 0.024). Gait speed of healthy subjects was matched at pre- and post-rehabilitation, resulting in a matched gait speed of 0.71 m/s (0.67, 0.76) at baseline and 0.93 m/s (0.84, 1.01) at post-intervention (P = 0.74 and P = 0.88, respectively, at baseline and post-intervention).


Table 2. Gait parameters and Z-scores of persons with Multiple Sclerosis (PwMS) at baseline (T0) and after treatment (T1).
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Stride length of PwMS was 0.97 m (0.83, 1.11) at baseline and post-intervention it was 1.09 (0.97, 1.22), showing a statistically significant increase of about 13% (p < 0.05). Cadence of PwMS was 88.8 ([steps/min], 95% CI 75.3–102.4) at baseline and 94.6 (80.7–108.4) following intervention. There was no change in step width or double support phases with increased speed neither in PWMS nor in HS. Step width in PwMS at baseline was 149.4 mm (Table 2, 95% CI 127.4, 171.5), much larger than in the HS (88.2 mm, 95% CI 68.4, 107.9). Z scores were not significant for any of the above parameters.



Number of Modules and Module Composition

Among the healthy subjects (N = 10), 9 persons had 4 modules and one person had 3 modules when walking at the slower reference gait speed matching the pre-intervention gait speed of the PwMS, while at the higher reference gait speed, 6 persons (60%) had 4 modules and (40%) 4 persons had 3 modules (Table 1).

Of PwMS (N = 11), at baseline 6 persons (55%) had 4 modules and 5 persons (45%) had 3 modules. Post rehabilitation (Table 1) 7 PwMS had 4 modules (64%) and 4 persons had 3 modules (36%), indicating that the complexity of motor control was similar to that of healthy subjects at both reference speeds. There were no significant differences in demographic or clinical characteristics between subjects with 4 modules or 3 modules, except onset of MS where the persons with 3 synergies had an earlier onset of MS.

Module similarity of each module between each PwMS and the average module of the speed-matched control group was verified with the Pearson's correlation coefficient. At baseline module composition of the FPM in PwMS was similar to that of the HS, having a mean value >0.75 (Mean [95% CI], T0 0.79 [0.68–0.89]), while the overall composition of the GCM was less similar to that of the HS (T0 0.63 [0.43–0.83]). At T1 the module composition of muscle synergies of PwMS (Mean [95% CI] T1, FPM 0.85 [0.76–0.94]; GCM 0.76 [0.65–0.88]) increased in similarity to HS, although T0 to T1 difference on similarities were not statistically significant (P = 0.34 and P = 0.25, respectively, for FPM and GCM).



Module Activation Indexes and Profiles
 
Forward Propulsive Module (FPM)

Regarding the activation percentage index in FPM (Table 3, Figures 1A–C), at baseline PwMS was different from speed matched HS in early stance (P1) (HS vs. PwMS, 10.4 [8.0–12.8] vs. 15.6 [10.9–20.3], p = 0.05), mid stance (P2) (23.4 [19.5–27.4] vs. 18.1 [13.8–22.4] p = 0.06) terminal stance (P3) (51.8 [46.8–56.8] vs. 41.0 [33.8–48.2] p = 0.01) and late swing (P6) (3.9 [1.6–6.3] vs. 9.2 [6.3–12.2] p = 0.01), demonstrating difficulties in single and double support phases of gait. Regarding the comparison with HS, post intervention PwMS recovered mid stance where the activation index increased and become more similar to the physiological one (HS vs. PwMS 26.0 [22.1–29.8] vs. 22.7 [15.4–29.9], P = 0.39), while in the other gait phases the activation indexes remained different (P < 0.05) from HS. Looking at Figure 1B, it is noticed that in pre swing (P4) and early swing (P5) the morphology of activation profile of PwMS was more similar to the HS, recovering in early swing a second physiological activation peak as occurs in HS, even if anticipated in time.


Table 3. Activation percentage indexes (API) and Z scores of the Forward Propulsive Module activation profile during the gait phases for persons with Multiple Sclerosis (PwMS) at baseline (T0) and after treatment (T1).
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FIGURE 1. Forward Propulsion Muscle Synergies (FPM) and Kinetics of Ankle joint. Weightings (A) and activation profile (B) of FPM and ankle power curve (C) for persons with multiple sclerosis (PwMS) pre (top panel) and post (bottom panel) treatment and speed-matched healthy subjects (HS). In (B,C) The solid black line represents the averaged profile of PwMS and the dashed black lines represent ± SD of PwMS curves. Vertical lines (solid gray line—healthy subjects and solid black line—PwMS) indicate the six phases of a normalized gait cycle (P1, early stance; P2, mid stance; P3, terminal stance; P4, pre swing; P5, early swing; P6, late swing). Range of HS normality is reported in gray. *p < 0.05 at paired t-test of Z-score, pre- vs. post-treatment, for activation percentage index of FPM (B) or peak ankle power parameter (C) in PwMS. +0.05 < p < 0.1 at paired t-test of Z-score, pre- vs. post-treatment, for activation percentage index of FPM (B) or peak ankle power parameter (C) in PwMS.


On analysis of z scores of activation percentage indexes in PwMS (pre- vs. post-intervention) there was a statistically significant change in activation profiles following intervention in early stance where activation increased (worsening compared to HS), in terminal stance where there was a reduction of the activation (worsening), in pre swing (improvement) (Table 3, P = 0.01, P < 0.01 and P = 0.03, respectively), and a near significant increase in early swing (P = 0.10).



Kinetic Parameter Regarding the Forward Propulsive Module (FPM)

Corresponding to changes in the activation percentage indexes, the peak ankle power (Table 2), related to the push off deficit, increased in PwMS from 1.53 W/kg (1.04–2.03) at baseline to 1.93 W/kg (1.50–2.36) post-intervention, a 21% difference (P = 0.05). As a reference, HS presented values of 1.97 W/kg (1.58–2.36) and 2.55 W/kg (2.20–2.91) at the correspondent pre and post gait speeds (Table 2). Only at post-intervention the peak ankle power was different between HS and PwMS (P = 0.14 and P = 0.02, respectively, at pre and post intervention).

Within group observation of Z scores of PwMS revealed that there was a statistical trend for an increase in peak ankle power from baseline to post-intervention (Table 3 P-value of Z-score, P = 0.07) indicating an improvement in peak ankle power that went beyond the increase of speed. Since this is an important parameter to consider, we further investigated the changes within the individual PwMS. Of the 11 subjects, six PwMS improved from T0 to T1 by more than 15% of their baseline value, three PwMS improved between 10 and 15%, and two PwMS decreased their peak ankle power by 3 and 6%, respectively.




Ground Clearance Module (GCM)

Regarding the GCM activation percentage index (Table 4 and Figures 2A–C) representing the synergy that controls clearance and loading response, at baseline the MS Group was different from speed matched HS in early stance (Table 4, HS vs. PwMS 26.4 [17.7–35.1] vs. 16.3 [9.8–22.9], P = 0.03), and pre swing (Table 4, 6.6 [2.9–10.2] vs. 26.7 [18.2–35.3], P < 0.01). The GCM, that in healthy subjects was mainly activated in early swing, in PwMS was activated in pre swing indicating an anticipated activation of tibialis anterior and rectus femoris muscles. With respect to the HS, at post intervention the MS Group recovered GCM activation index at early stance that became more similar to HS (HS vs. PwMS P = 0.15), while in pre swing (P < 0.01) and early swing (P = 0.04), it remained different from HS. Nonetheless, upon scrutiny of Figure 2B it is apparent that the activation profiles around pre swing and early swing (P4–P5) becomes sharper and more physiologically similar to that of the HS.


Table 4. Activation percentage index (API) and Z scores of the Ground Clearance Module activation profile during the gait phases for persons with Multiple Sclerosis (PwMS) at baseline (T0) and after treatment (T1).
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FIGURE 2. Ground Clearance Muscle Synergies (GCM) and Foot clearance. Weightings (A) and activation profile (B) of GCM and toe marker trajectory curve (C) for persons with multiple sclerosis (PwMS) pre (top panel) and post (bottom panel) treatment and speed-matched healthy subjects (HS). In (B,C) the solid black line represents the averaged profile of PwMS and the dashed black lines represent ± SD of PwMS curves. Vertical lines (solid gray line—healthy subjects and solid black line—PwMS) indicate the six phases of a normalized gait cycle (P1, early stance; P2, mid stance; P3, terminal stance; P4, pre swing; P5, early swing; P6, late swing). *p < 0.05 at paired t-test of Z-score, pre- vs. post-treatment, for activation percentage index of GCM (B) or toe clearance (C) in PwMS. +0.05 < p < 0.1 at paired t-test of Z-score, pre- vs. post-treatment, for activation percentage index of GCM (B) or toe clearance (C) in PwMS.


Regarding Z scores of PwMS, post-intervention there were significant changes in activation indexes in early stance (improvement), pre swing (improvement), and early swing (worsening) (P = 0.01, P < 0.01, and P = 0.03, respectively) with respect to baseline.


Kinematic Parameter Regarding the Ground Clearance Module (GCM)

Absolute foot-ground clearance (Table 2), defined as maximal height of toe marker during the second half of swing phase, increased with increased speed in both groups (T0–T1): in PwMS from 80.3 mm (95% CI 56.2–104.4) to 103.6 mm (81.7–125.4) (P < 0.01); and in HS from 123.6 mm (112.9–134.4) to 127.1 mm (118.0–136.2) (P = 0.03).

The z-score of absolute foot clearance in PwMS increased significantly from baseline to T1 (P < 0.01).





DISCUSSION

Objectives of this study were (i) to investigate the effect of rehabilitation induced improvement in preferred gait velocity on (1) leg distal modules composition and their timing activation profile, and (ii) on walking performance in PwMS with emphasis on gait parameters related to forward propulsion and ground clearance.

Resultant changes in spatiotemporal parameters were mostly proportionate to changes in speed, indicating the function was recovered through improvement in physiological strategies. Importantly, there were indications that distal muscle synergies and biomechanical parameters, e.g., peak ankle power and ground clearance, may be influenced by rehabilitation. In fact, when effects of training on peak ankle power and ground clearance were corrected for confounding by increases in walking speed, there was a response to rehabilitation that went beyond that being proportional to change in speed. Taken together these results indicate an improvement in distal neuromotor locomotion function and a recovery in response to treatment.

The PwMS in the present study were quite heterogeneous with moderate to severe gait disability. Baseline gait analysis confirmed findings from previous studies on gait performance in PwMS demonstrating reduced stride length, increased cadence and increased step width, with reduction of propulsive work at the ankle, decreased knee flexion during swing, and decreased foot clearance compared to speed matched healthy subjects (9, 39, 40). They did, however, all respond well to the intensive training on treadmill with an average increase in gait speed of 33% from baseline to post intervention. The change in gait speed was important at the participation level in that the group went from having a gait speed descriptive of a limited community ambulation to being in the unlimited category of community ambulation post intervention (>0.80 m/s) (41). These changes were corroborated with results from the gait analysis. Most spatiotemporal gait parameters improved in line with speed related changes in healthy subjects indicating PwMS can increase self-selected velocity without using compensatory strategies. Step width, instead, was a parameter independent from gait speed in both groups and remained much larger in PwMS also following intervention, consistent with known dynamic balance insecurities in that population (42, 43).

Regarding motor synergies, analysis of baseline neurophysiological parameters confirmed that PwMS tend to have a preserved number of modules in the lower leg during gait (three or four modules), and preserved modular composition within the distal leg modules related to propulsion and ground clearance (9, 21). On the contrary, timing of the modular muscle activations (motor primitives) differed from those of healthy controls walking at comparable speeds. Investigation of motor module number at baseline confirmed results from our previous work on PwMS (9) that demonstrated that PwMS recruit either 3 or 4 motor modules at preferred gait speed reflecting the preserved complexity of motor control (13). This is consistent with findings for persons with Parkinson's disorder that tend to have a preserved motor module number during gait (20), while on the contrary findings from persons post-stroke (22), persons with spinal injuries (44), and cerebral palsy (45) suggest an influence of the disorder on the motor module number during gait. This may be due to different central nervous system damages, since multiple sclerosis typically causes diffuse central and neuronal damage and atrophy that might allow preservation of neural control signals and synergy complexity (46).


Distal Modules and Gait Biomechanics

Efficacious gait rehabilitation (augmented preferred gait speed) led to a consolidation of the muscle weightings and improved consistency of the distal muscle synergies patterns, primarily with changes in motor primitives of the two distal modules. These changes were consistent with positive rehabilitation benefits in propulsion and absolute foot clearance, regardless of the change in speed.

Peak ankle power, the main kinetic parameter of the FPM (forward propulsive model) increased from baseline to post intervention with a positive trend of the treatment (Table 2, P-value of Z-score = 0.07). This is an important finding since it has been suggested that the ankle plantarflexion is the controlled variable in the gait cycle (47, 48). The intervention was quite intense, including both fast walking for aerobic training and dual motor tasks carried out with the treadmill in movement, that included walking on toes, doing long strides, high knee raises, etc. [see (28) for further details of the training protocol]. It is likely that these aspects of training facilitated an improved ankle plantarflexor neuromotor organization and peak ankle power during push off. Davies et al. (48) saw a similar effect on ankle plantarflexor control of PwMS after a neurorehabilitation protocol focusing on distal leg parameters with all of the outcome variables matching or trending toward those seen in healthy controls.

The results are also consistent with findings of Routson et al. (22) that saw treadmill training leading to better walking performance and modular organization in persons post stroke. An important finding of that study was that gait recovery was associated with improved motor primitives (activation profiles) in the distal modules, in particular in the FPM, likely contributing to improvement in biomechanical measures.

The suggestion is that gait specific training protocols have the potential to promote clinically relevant improvement in the ankle plantarflexor control as well as peak ankle power with beneficial effects on mobility parameters.

An increase in peak ankle power and improved distal modular activation are important for walking function in PwMS since plantarflexor weakness and ankle motor control are major deficits leading to difficulty in locomotion (9, 49). Improved ankle joint coordination during push off leads to more energy efficient gait, increased gait speed, and possibly easier participation in daily life community activities.

Additionally, since many falls in PwMS can be traced to tripping (50), the improved foot clearance points to safer locomotion and a potentially diminished risk of falling. Foot clearance occurs through coordinated movements of the leg joints and, in particular, with (i) a correct positioning of the foot and muscles recruitment in the terminal support phase, in order to prepare the leg for the swing phase and (ii) a coordinated recruitment of dorsiflexors during the swing phase (51). The foot clearance in the enrolled PwMS in this study was quite deficient. Their reduction in clearance during swing influences ankle joint position at the beginning of the stride, requiring greater ankle joint muscular coactivation (52). After the rehabilitation intervention foot clearance increased significantly by approximately 30% nearing values of healthy controls at matched speeds. In the PwMS it was the single most changed parameter when speed was accounted for (Z scores P < 0.01) indicating a strong therapeutic effect of the treatment. Upon scrutiny of the baseline GCM activation profile (see Figure 2B) it is evident that the modular impulse in healthy subjects occurs in the early swing phase of the gait cycle while in the PwMS the maximum value occurred earlier, in the pre swing phase, typical of inappropriate distal limb activation in persons with neurological disorders (53–55). This probably occurs due to the fact that, since the PwMS do not develop enough ankle power, they have to activate the dorsiflexors in early midstance and during late push off, preparing for lift off and elevation of foot during swing to reduce risk of tripping. Following the gait rehabilitation it was evident that they recovered a more physiological activation impulse in the GCM and had activation profiles that were more consistent with strategies observed in the HS (Figure 2B).

It has been suggested by many authors that the ankle plantarflexion is the controlled variable in the gait cycle, determining changes in speed (47, 48). In a recent work by Davies et al. (25) it was found that errors in the ankle plantarflexor force production were related to gait deficits of PwMS. They further suggested that the improvements seen in gait of PwMS following gait rehabilitation interventions were related to changes in the motor control of the ankle musculature. This is supported by our findings where gait rehabilitation resulted in improvement of dynamic motor control as evidenced by more appropriate activation profiles in FPM and GCM.



General Considerations

High intensity mobility training provided to persons with moderate to severe disability from multiple sclerosis resulted in substantial increase in gait velocity. The overall improvements seen, including the increase in preferred speed, are mainly due to the benefits produced by the rehabilitation in domains related to muscle coordination and walking performance. The methodologies adopted for data analyses in this study [i.e., (i) the choice to create two databases of healthy subjects matched with speed of PwMS, respectively, at pre- and at post-intervention, and (ii) consequently the statistical analysis on the Z-score values] allowed the evaluation of the underlying neurophysiological recovery following rehabilitation. The results highlighted that the two main gait parameters related to distal muscle synergies control, the foot clearance and the peak ankle power, improved with reorganization at the modular level in PwMS. This was an effect of the treatment that went beyond preferred speed appropriate changes.

Those changes in preferred gait velocity were concurrent with improvements in distal neuromuscular and biomechanical aspects reflecting a recovery of motor control. Further investigation of modular organization in distal parameters demonstrated improved activation timing of plantarflexors in the push off and of dorsiflexors in mid/late stance corresponding to improved foot clearance. This was further confirmed by improvements in biomechanical walking parameters related to the distal modules indicating a potential reorganization at central and peripheral level. Modular reorganization in this context can be taken as a sign of neuroplasticity, a form of recovery in response to rehabilitation. To promote functional recovery and in order to stimulate neural plasticity and change modular organization, something (some activity or exercise) has to be done intensely, voluntarily, and for some time either by the person alone (starts exercising) or in collaboration with a therapist. Treadmill training might be a particularly appropriate approach to gait rehabilitation since it allows the PwMS to walk further and longer than might otherwise be possible. In this context it has been hypothesized that learning-dependent changes in Central Pattern Generator circuits occur primarily through rhythmic perceptual influences imposed by exercises, an example of which could be walking on treadmill during dual task activities [see gait protocol (28)]. The present analysis of distal leg muscle synergies during overground gait revealed an overall improvement in activation percentage indexes and correlated kinetic and kinematic parameters. In spite of this improvement altered early activation impulses were still evident in key activities of the gait cycle, in line with findings of Janshen et al. (21). Further research might consider adding an electrical stimulation or a biofeedback from plantarflexor muscles during gait activities on the treadmill to enhance even more timing of module activation. In this context, muscle synergies analysis as an adjunct to clinical and biomechanical analysis may become a useful tool for setting up increasingly efficacious rehabilitation protocols, and for evaluating and understanding changes due to rehabilitation at all levels of mobility.

Motor modules probably arise from neural plasticity in supraspinal and spinal structures and are shaped by regularities in biomechanical interactions with the environment (15). Effect of rehabilitation is interesting in this perspective. Task specific training should be intensive enough to harness use dependent neuroplasticity (56). The use of motor module analysis can help to highlight disease characteristic neuromotor deficits, as well as individuate individual specific neuromotor deficits. Further, the current results from PwMS indicate that motor module analysis can help in elucidating the effect of a therapeutic intervention. Most importantly, it can provide a framework for developing more efficacious therapies that enhance neural plasticity and promote motor recovery, both from a global perspective and an individual perspective.



Limitations

There are limitations to this exploratory study. The number of enrolled subjects is low given the heterogeneity of the subjects and so the results of the study can only be generalized to a PwMS with similar moderate mobility disabilities. In this study we analyzed data only from PwMS that had augmented their gait velocity after rehabilitation. This means we cannot know if the participants that do not respond to rehabilitation by increasing gait velocity adapt their biomechanical and neurophysiological gait parameters. A future study with a larger number of subjects should be planned to confirm the findings, including also PwMS that do not respond to the rehabilitation, in a comparison analysis.

Other limitations include the methodology; muscle synergy extraction depends on methodological factors that have to be considered, however, our synergy analyses are comparable to those of studies already published that have investigated changes in response to rehabilitation in stroke patients (22) similar to that of our population with MS.
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Introduction: This study quantified stroke-related changes in the following: (1) the averaged discharge rate of motor units (individually tracked and untracked) identified from high-density electromyography (HD-EMG) recordings, (2) global muscle EMG properties of the dorsiflexors during a fatiguing contraction, and the relationship between task endurance and measures of leg function.

Methods: Ten individuals with chronic stroke performed a sustained sub-maximal, isometric, fatiguing dorsiflexion contraction in paretic and non-paretic legs. Motor-unit firing behavior, task duration, maximal voluntary contraction strength (MVC), and clinical measures of leg function were obtained.

Results: Compared to the non-paretic leg, the paretic leg task duration was shorter, and there was a larger exercise-related reduction in motor unit global rates, individually tracked discharge rates, and overall magnitude of EMG. Task duration of the paretic leg was more predictive of walking speed and lower extremity Fugl-Meyer scores compared to the non-paretic leg.

Discussion: Paretic leg muscle fatigability is increased post stroke. It is characterized by impaired rate coding and recruitment and relates to measures of motor function.

Keywords: motor unit (MU), stroke, decomposition, fatigue, tracking, tibialis anterior, exercise, rehabilitation


INTRODUCTION

Impaired rate modulation and recruitment of motor units in chronic stroke survivors during sub-maximal fatiguing contractions of the leg muscles may limit functional endurance and interfere with mobility. Consistent with this notion, stroke survivors demonstrate altered kinematics after short bouts of walking (1–3) and decreased distance walked during the 6-min walk test compared with healthy controls (4). In addition, for a given level of muscle fatigue, there are greater detrimental effects on walking speed in chronic stroke survivors as compared to controls (5). Neuromuscular fatigability can be quantified as the acute exercise-induced reduction in force or the time able to maintain a force during a contraction (6). Neuromuscular fatigue can be due to the nervous system's inability to excite the muscle (i.e., central factors) or impairments in muscle contractile properties (6–8). Likely due to damage to motor centers following stroke, evidence suggests that central factors contribute more toward neuromuscular fatigability post stroke vs. exercise-induced changes in contractile function of the muscle (9, 10). If the central nervous system is unable to excite motor neuron pools to meet the force demands of the task, this would present as impaired rate coding and recruitment of motor units.

Previous work has documented reduced rate coding and recruitment during brief sub-maximal contractions (11, 12), but little is known about motor unit firing behavior during fatiguing contractions. Mcmanus et al. have recently shown that the mean discharge rate from populations of motor units in the paretic and non-paretic FDI at the end of fatiguing contraction was decreased compared to baseline levels (10). However, population discharge rates could reflect the recruitment and identification of different motor units at the end of the fatiguing contraction than at baseline—leaving it difficult to interpret changes in rate coding within a specific unit. In fact, previous studies investigating motor unit behavior during neuromuscular fatigue in stroke individuals have quantified the global behavior of subpopulations of motor units decomposed using intramuscular or surface electromyography (EMG) signals before and after a fatiguing task. Due to the relative large variability in the interference EMG signals and the low stability of standard EMG recordings, there is no guarantee that the same populations of motor units can be identified before and after a fatiguing task, limiting our ability to compare motor unit behavior. On the other hand, the use of high-density surface EMG decomposition can provide the possibility to track the behavior of the same motor units comparing their two-dimensional spatial representation before and after different interventions, overcoming the limitations of standard population measures (13).

For these reasons, no studies have quantified the discharge rate behavior of individually tracked motor units or global muscle activation of functionally relevant leg muscles such as the ankle dorsiflexor muscles over the course of fatiguing task. The ankle dorsiflexor muscles are necessary for toe clearance during the swing phase of gait (14), and volitional dorsiflexion is often decreased following a stroke (15). Therefore, understanding the modifications in the neural control of the dorsiflexors during a fatiguing task is important to predict motor behavior and gait performance in people with stroke.

The purpose of this study was to quantify stroke-related changes in (1) individually tracked and untracked motor unit discharge rates, (2) global muscle EMG variables of the dorsiflexors during a fatiguing contraction, and (3) relate task endurance to measures of leg function.



METHODS

All protocols were approved by the Institutional Review Board at Marquette University (HR-2753).

Ten individuals with chronic stroke (>6 months) participated in this study, five males and five females (see Table 1 for characteristics). Dorsiflexion force generated was measured by a load cell (SSM-AJ-150, Scottsdale, AZ) embedded in a custom-built ankle brace. Prior to acquisition, torque signals were low-pass filtered (500 Hz) and then sampled at 1 kHz using a data acquisition card (National Instruments Corp., Austin, TX) and PC. A constant current stimulator (Digitimer DS7AH, Welwyn Garden City, UK) delivered a rectangular pulse of 100-μs duration with a maximal amplitude of 400 V. The stimulation intensity (between 200 and 500 mA) was set to 10% above resting maximal twitch. Resting twitch measurements were performed by delivering electrical stimulation to the common peroneal nerve before and after the maximal voluntary contraction strength (MVC) trials during the baseline measures. Additionally, a resting twitch was elicited at the end of the fatigue task, after the MVC. The peak of the twitch torque was used as a measure of the contractile properties of the tibialis anterior muscle. Custom-written LabVIEW (National Instruments, Austin, TX) programs were used to generate stimulator and acquire all data. Peak and percent decline in MVC and resting twitch torque values in response to the fatigue protocol were calculated.


Table 1. Characteristics of the study participants.
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Surface EMG

One 64-channel surface matrix was positioned over the tibialis anterior muscle. The high-density surface EMG matrix was placed with the center at 1/3 on the line between the tip of the fibula and the tip of the medial malleolus. The monopolar surface EMG signals were amplified (EMG-USB2+, OT Bioelettronica, Italy), band-pass filtered (20–500 Hz), sampled at 2,048 Hz, and synchronized with the force signal. The EMG signals were decomposed into series of motor unit (MU) discharges using a convolutive blind source separation method (13, 16). This algorithm and similar blind source separation approaches have been previously validated and guarantee high accuracy in the identification of MU discharge times (17–20). The decomposition accuracy was estimated with the silhouette measure (SIL), with an acceptable threshold of 0.87. The individual motor units were decomposed independently at the beginning and end of the fatiguing task and, in a subset of subjects, tracked across the two-time segments by two-dimensional cross-correlation (13, 21, 22). Matched motor units were identified by a normalized 2D cross-correlation >0.80. The threshold for the 2D cross-correlation was selected based on previous works that have shown a good reliability in matching motor units across different recording sessions using such level of similarity. From the decomposed discharge times, the average discharge rate and the coefficient of variation for inter-spike intervals of the individual motor units were computed. An example of motor unit matching is shown in Figures 1B,C for the paretic and non-paretic leg of one subject. The averaged root mean square (RMS) of EMG across the grid was calculated for 10 s at baseline and at the end of the fatigue protocol (at 5–10 s steady state prior to meeting task failure criteria). The percent change in RMS EMG from fatigue to baseline was calculated. Discharge statistics of the identified motor units was calculated in the same segments.


[image: Figure 1]
FIGURE 1. Schematic of the protocol (A) and single-subject examples of matched motor unit discharge rates of the paretic (B) and non-paretic (C) tibialis anterior muscle at baseline (left) and in response to fatiguing contractions (right). Innervation pulse trains (gray lines), identified spikes (black dots), instantaneous discharge rates (empty circles), and the spike triggered averaged motor unit action potentials of the tracked motor units pre (black) and post (gray) fatigue are shown.




Protocol

Subjects were positioned in supine on a therapy table with their test leg positioned (ankle 35°s of plantarflexion, knee neutral, hip 10–15°s of flexion) in a custom-built ankle and lower leg brace that was secured to the table with Velcro straps. With visual feedback, 3–5 isometric dorsiflexor MVCs were made and immediately followed by a resting twitch measurement (Figure 1A). Resting twitch measurements were performed by delivering electrical stimulation to the tibialis anterior muscle at rest. Next, subjects were instructed to generate and sustain a target force of 30% of their MVC. The level of force was selected in order to understand the neuromechanical manifestations of fatigue during a task at moderate effort, similar to everyday life tasks. Tasks at higher force levels would lead to very short time-to-task failure with minimal influence of peripheral muscle properties. Criteria for task failure were as follows: failure to maintain target force for five consecutive seconds or five deviations below the target torque within a 10-s window. An error window of 10% of the target level was used. Upon meeting the task failure criteria, a final MVC and resting twitch measurement was performed. After a period of at least 15 min, the contralateral leg was tested (order counterbalanced). On a separate day, clinical measures of the LE-Fugl-Meyer and Ten Meter Walk Test were performed by a licensed physical therapist blinded to the fatigue testing.

Data are reported as mean ± standard deviation (±SD) and α = 0.05. Normal distribution of the analyzed variables was verified using the Shapiro–Wilk test. Separate paired t-tests were performed on the following variables: MVC, task duration, percent decline in MVC, and percent increase in RMS of EMG. A student's t-test was performed to detect differences with the percent change in discharge rates for the matched units. A mixed-model ANOVA was used for the population discharge rate analysis.




RESULTS


Force and Task Duration Measurements

The paretic dorsiflexor isometric MVC force was less than that of the non-paretic MVC (106 ± 54 N vs. 177 ± 114 N, P < 0.01). Task duration was less for the paretic leg compared with the non-paretic leg (297.9 ± 217 s vs. 524.9 ± 262 s, P = 0.04). The relative decrease in MVC force due to the fatigue protocol was similar between the paretic and non-paretic legs (38 ± 15% vs. 36 ± 9%, P = 0.59). There was a trend for the relative decrease in resting twitch torque to be greater for the non-paretic than the paretic leg (55 ± 24% vs. 36 ± 33%, P = 0.05).



Motor Unit Rate Coding and Recruitment in Response to Fatiguing Exercise

The non-paretic leg had a larger relative increase in the global RMS magnitude of the EMG compared with the paretic leg (Figure 2A, P = 0.02). In total, 582 motor units were reliably decomposed (paretic leg: 162 pre fatigue and 138 post fatigue; non-paretic leg: 153 pre fatigue and 129 post fatigue), with an average of 16 ± 2 per subject in each leg/condition. A representative example of decomposition and matching is shown in Figures 1B,C. With respect to global measures of motor unit discharge rates (Figure 2B), there was a main effect of leg (p < np, P < 0.01) and time (post fatigue < pre fatigue, P < 0.01) and an interaction effect where there was a larger reduction in paretic leg discharge rates as compared to the non-paretic leg (P = 0.023). Similarly, in the subset of matched motor units identified in six subjects (90 motor units, 58 in paretic and 32 in the non-paretic leg), the paretic leg had a greater relative decrease in discharge rates compared with the non-paretic leg (Figure 2C, P < 0.001). Coefficient of variation for inter-spike intervals was greater post fatigue (P = 0.01), but no effect of legs was found (P = 0.34).


[image: Figure 2]
FIGURE 2. Measures of fatigue-related differences in the paretic and non-paretic tibialis anterior RMS EMG (A), population discharge rates (B), individually tracked discharge rates (C), and the relationship between task duration and walking speed (D). (A) Values for the paretic leg are shown in black and the ones for the non-paretic in gray. (B) Same as (A), and the striped bars show the corresponding values after the fatigue task. (C) The circle and the triangle depict the variations in discharge rates of the matched motor units for the paretic and non-paretic leg, respectively. (D) Comparison of the regressions between task duration (s) and walking speed (m/s) for paretic and non-paretic sides.




Relationship Between Task Duration and Leg Function

Task duration of the paretic leg was positively correlated with walking speed (Figure 2D, P = 0.02) and the lower extremity Fugl-Meyer score (r2 = 0.54, P = 0.01). Task duration of the non-paretic leg was not significantly correlated with walking speed (P = 0.11).




DISCUSSION

As compared to the non-paretic leg, we show a decreased task endurance of the paretic dorsiflexors during a sub-maximal fatiguing contraction with greater reductions in the discharge rates of individually tracked and untracked motor units and global measures of whole muscle activation (Figure 2). These results are accompanied by, on average, a limited reduction in resting twitch response as compared to the non-paretic leg and comparably decreases in MVC. Finally, we are the first to establish a positive relationship between a measure of fatigability, task duration, and walking speed and the Fugl-Meyer score. Taken together, these results suggest that during fatiguing contractions of the paretic leg, the nervous system is unable to modulate rate coding or recruitment subsequently leading to the inability to maintain a sub-maximal force.

Here, we show deficiencies in the neural modulation of individual and populations of motor units during fatiguing contractions of the tibialis anterior, a muscle critical for walking function. Our evidence of a strong central (vs. peripheral) contribution to fatigue is consistent with previous investigations of mechanisms of neuromuscular fatigability post stroke. However, these studies focused on global measures of neural drive and excitability of the entire pathway from the cortex to muscle output (23–26) or, as with McManus et al., measures of discharge rates of populations of motor units in small hand muscles (10). Similar to the McManus study, during fatigue we showed a decrease in paretic motor unit discharge rates compared with the non-paretic muscle. However, in contrast, we showed a nearly 2-fold difference in task duration between the paretic and non-paretic muscles whereas the McManus study reported similar task durations. This study differences may be due to either (1) differences in fatigability of lower vs. upper limb muscle fatigability or (2) differences in the absolute force levels generated during the contractions. Neural drive to muscle (RMS of EMG and averaged discharge rate of motor units) typically increases during sub-maximal low- to moderate-intensity fatiguing contractions in healthy individuals (27–35). Thus, our findings suggest that decreased rate coding and or the drop out of motor units likely contributed to the reduced magnitude of the paretic RMS EMG compared to the non-paretic leg and is consistent with findings from other studies showing impaired ability to modulate EMG post stroke and different load levels and during fatigue (36, 37). Our data demonstrate that the inability of the nervous system to activate individual units, populations of units, and the whole muscle at baseline is exacerbated with ongoing muscle contractions in the paretic leg of stroke individuals.

Additionally, in our study, we found a positive correlation between task duration of the paretic leg's tibialis anterior and walking speed and no significant correlation to walking speed with the non-paretic leg's task duration. Although not directly tested, these data suggest that impairments in the paretic leg are more predictive of walking function vs. the non-paretic leg. This is consistent with other studies which correlate strength of the paretic leg and walking speed (38–40). Previously, we have shown that fatigue-related reductions in maximal paretic hip flexor contraction strength were correlated with baseline walking speed (41) and dynamic fatiguing contractions of the paretic hip flexors caused a larger decrease in walking speed as compared to controls (5). To our knowledge, the present study is the first to show the relationship between neuromuscular fatigability of the ankle dorsiflexors and baseline walking performance in chronic stroke.

We should acknowledge some limitations of the study design of our study: (1) the enrolled chronic stroke patients had a relatively large difference in the years post stroke and LE-FMA scores and this may have increased the variability of the outcome measures. (2) The fatigue protocol was performed on both legs on the same day, including a recovery time between recordings based on the perceived fatigue of the subjects. For this reason, we cannot exclude the influence of a cross-over effect of fatigue between legs in our current results. Nevertheless, the variation in discharge rate pre and post fatigue in the non-paretic leg was similar to previous reports on healthy individuals (30), so the problem, even if not avoidable, was likely of moderate effect.

In conclusion, our data are clinically relevant as we demonstrate a relationship between task duration and leg function. Muscle fatigability is functionally relevant as many activities of daily living require the intermittent or sustained generation of sub-maximal forces. Taken together, our findings underscore the need to make clinical measures of fatigability of functionally relevant muscles to fully assess motor capability post stroke.
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Participant Dominant Forearm length LID At 20% of forearm
arm (20%) em)  (cm) length from the elbow

Forearm  CID (cm)
circumference

(cm)

HPA R 26(5.2) 2 27 338
HP2 R 23(4.6) 2 2 3

HP3 R 28(5.6) 2 2 325
HP4 R 26(5.2) 2 27 338
HPS R 225(4.5) 2 235 294
HP6 R 24(4.8) 2 25 313
HP7 R 24(4.8) 2 26 325
HP8 R 25(5) 2 29 363
DP1 L 23(4.6) 2 275 34
DP2 R 275(6.5) 2 28 35
DP3 R 22(4.4) 2 21 263

HP denotes the healthy participants and DP the participants with Duchenne muscular
dystrophy (DMD). LID and CID denote the longitudinal and circumeral inter-electrode
distance, respectively.
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(0599-0790) (1.183-3.178)  (028-0.52)  (0.24-0.49)
LGh=9 0.740 1.657* 029 046
(0.465-1.063)  (1.257-2.505)  (023-0.42)  (0.19-0.80)
SOL(1=8) 0258 0.989" 029 036
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(0.419-0701)  (0.886-2.633)  (023-0.42)  (0.18-0.56)

MG, medial gastrocnemius; LG, lateral gastrocnemius; SOL, soleus; ALL, average of MG,
LG, and SOL.

# Actual values are x1,000 smaller than reported.

*Significant difference between non-paretic and paretic sides (o < 0.05).
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*Significant difference between non-paretic and paretic sides (o < 0.05).
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Mean (95% Confidential
Interval) x10-2

EMG Level Group 20% Ex
(A) THE EMG ACTIVATION LEVEL
FD Stroke 22.92
(12.33-33.50)
Control 2425
(16.28-33.21)
Inter-group Pvalie  0.447 (0.334)
T-test (Effect size)
TRI Stroke 12,01
(4.291-19.79)
Control 1.110
(0.406-1.808)
Inter-group P-value 0.010* (1.254)
T-test (Effect size)
BIC Stroke 2919
(0.960-18.87)
Control 0.844
(0.212-1.476)
Inter-group Pvalie  0.048" (0.964)
T-test (Effect size)
EMG Level Group 20% Fx
ED Stroke 32.67
(18.94-46.39)
Control 2598
(17.46-34.40)
Inter-group Pvalie  0.369 (0.385)
T-test (Effect size)
TRI Stroke 13.39
(6.878-20.91)
Control 1.059
(0.216-1.903)
Inter-group Pvalie  0.004" (1.453)
T-test (Effect size)
BIC Stroke 8.121
(1.771-14.46)
Control 2013
(0.419-3.607)
Inter-group P-value 0.062 (0.837)
T-test (Effect size)
cl Group 20% Ex

(B) THE CI BETWEEN MUSCLES

ED-FD Stroke
Control
Inter-group Pvalue
T-test (Effect size)
ED-BIC Stroke
Control
Inter-group P-value
Ttest (Effect size)
ED-TRI Stroke
Control
Inter-group P-value
Ttest (Effect size)
FD-BIC Stroke
Control
Inter-group P-value
Test (Effect size)
FD-TRI Stroke
Control
Inter-group P-value
Test (Effect size)
BIC-TRI Stroke
Control
Inter-group P-value
Test (Effect size)
cl Group
ED-FD Stroke
Control
Inter-group P-value
T-test (Effect size)
ED-BIC Stroke
Control
Inter-group P-value
Test (Effect size)
ED-TRI Stroke
Control
Inter-group P-value
Test (Effect size)
FD-BIC Stroke
Control
Inter-group P-value
Ttest (Effect size)
FD-TRI Stroke
Control
Inter-group P-value
Ttest (Effect size)
BIC-TRI Stroke
Control
Inter-group P-value
Ttest (Effect size)

14.76
(9.026-20.50)
16.93
(14.35-19.51)
0503 (0.312)

7.858
(1.803-13.91)

0844
(0.212-1.476)

0,027 (1.026)

9645
(8.764-15.59)

1110
(0.405-1.801)

0008 (1.285)

8.110
(1.363-14.85)

0.799
(0.240-1.358)

0.036" (0.962)

8970
(1.928-16.01)

1100
(0.406-1.796)

0032 (0.99)

6.174
(0.366-11.98)
0310
(0.101-0.519)
0.048" (0.898)

20% Fx

18.54
(11.31-25.78)
1834
(14.54-22.16)
0957 (0.029)

5.246
(1515-8.977)
2.005
(0.417-3.502)

0,099 (0.725)

8664
(3.925-13.40)

1,059
(0.214-1.903)

0005 (1.488)

6.260
(1.927-10.59)
2001
(0.424-3.580)
0.062 (0.834)

10.80
(6.364-16.24)
1.056
(0213-1.898)
0.002" (1.681)

5.000
(1.277-8.909)

0617
(0.164-1.071)

0026 (1.038)

40% Ex

21.81
(11.88-31.74)
4050
(21.89-69.10)
0.043" (0.915)

12.58
(4.942-20.23)
2508
(1.119-3.823)
0014 (1.162)

10,85
(1.704-20.01)
1.058
(0.210-1.904)
0.038" (1.085)

40% Fx

4336
(17.93-68.78)
3435
(21.65-46.84)
0.484 (0.321)

18.68
(6.500-30.87)
2502
(0.417-4.623)
0.014* (1.166)

1047
(4.077-16.85)
2.195
(0.900-4.207)
0.017* (1.108)

40% Ex

16.37
(9.897-22.83)
30.32
(22.40-38.22)
0.007** (1.319)

9.714
(2.926-16.50)

1.058
(0:210-1.905)

0017 (1.128)

11.20
(4.851-17.54)

2,509
(1.194-3.824)

0012+ (1.198)

9682
(1.876-17.49)

1.058
(0:210-1.905)

0.083* (0.978)

9.886
(2.982-16.79)

2.508
(1.193-3.822)

0.004** (0.938)

7.619
(1.126-14.11)
0527
(0.274-0.780)
0.035* (0.971)

40% Fx

2509
(15.94-34.29)

26,69
(20.19-33.20)

0770 (0.133)

7.949
(2.552-13.34)
2.185
(0.103-4.267)

0.084 (0.902)

11.56
(5.060-18.06)

2519
(0.415-4.623)

0.028* (1.012)

9015
(4.041-13.98)

2198
(0.096-4.291)

0014 (1.147)

14.25
(7.410-21.09)

2,520
(0.417-4.624)

0.003" (1.478)

6.863
(2.920-10.81)

1622
(0.025-3.270)

0016* (1.113)

P-value
(Effect size)

Intra-group
T-test

0722
(0.068)
0.021*
(0.557)

0777
(0.048)
0.012*(0.955)

0213
(0.138)
0.430
(0.208)

Intra-group
T-test

0.083
(0:359)
0.033"
(0.558)

0.096
(0.329)
0.039*
(0.656)

0.180
(0.232)
0.802
(0.071)

Intra-group
T-test

0291
(0.165)
0.001##
(1.655)

0.082
(0.182)
0.430
(0.208)

0.394
(0.159)
0012*
(0.956)

0.143
(0.136)
0322
(0.263)

0.414
(0.083)
0.012%
(0.958)

0.192
(0.147)
0.060
(0.693)

Intra-Group
T-test

0.006"
(0.499)
0,004
(1.128)

0.005
(0.366)
0.803
(©.071)

0.165
(0.533)
0.039*
(0.656)

0.010¢
(©371)
0.790
(0.076)

0016
(0:351)
0.039"
(0.658)

0477
(0.288)
0.109
(0.609

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).
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CMCoh

Inter-group
T-test

FD

Inter-group
T-test

TRI

Inter-group
T-test

BIC

Inter-group
T-test

CMCoh

Inter-group
T-test
FD

Inter-group
T-test

TRI

Inter-group
T-test

BIC

Inter-group
T-test

Mean (95% Confidential
Interval) x10-2

Group  20%Ex  40% Ex
Stroke 2.89 329
(2:39-8.40) (2.56-3.67)
Control 412 2.96
(8.60-4.62) (2.65-3.28)
Pvalie 0001 0511
(Effect size) ~ (1.645)  (0.482)
Stroke 3.04 277
(2.46-3.39) (2.49-3.02)
Control 2.86 362
(2.27-3.45) (3.15-4.09)
Pvalie 0564 0001
(Eflect size) ~ (0.607)  (1.098)
Stroke 391 288
(823-4.52) (2.52-3.24)
Control 3.44 324
(2.65-4.23) (2.81-3.65)
Pvalie 0315 0111
(Eflect size) ~ (0.454)  (0.725)
Stroke 3.79 256
(2.78-4.72) (2.80-2.80)
Control 3.14 308
(2.74-356) (2.39-3.66)
Pvalie  0.105 0.089
(Effect size)  (0.674) (0.755)
Group  20%Fx  40% Fx
Stroke 3.47 379
(2.58-3.76) (2.65-4.92)
Control 3.00 3.32
(2.40-362) (2.34-4.30)
Pvalie 0687 0514
(Eflectsize)  (0.186)  (0.299)
Stroke 3.17 3.47
(2.37-3.96) (2.64-4.47)
Control 3.33 329
(2.61-4.07) (2.73-3.86)
P-value 0.737 0.764
(Effect size)  (0.120)  (0.158)
Stroke 3.49 329
(3.07-3.91) (2.51-4.05)
Control 3.33 262
(2.60-4.10) (2.06-3.19)
Pvalie 0704 0.168
(Effect size)  (0.169) (0.668)
Stroke 3.00 388
(2.45-3.55) (2.44-5.32)
Control 3.02 328
(2.54-3.49) (2.69-3.86)
Pvalie 0962 0.450
(Effect size) ~ (0.071)  (0.354)

P-value (Effect size)

Intra-group
T-test

0.410(0.490)

0.001*#* (1.969)

0.118(0.623)

0.035" (1.057)

0.010* (1.324)

0.666 (0.234)

0.009" (1.366)

0.784 (0.168)

Intra-Group
T-test

0.141(0.442)

0537 0.277)

0.400 (0.196)

0914 (0.054)

0.475 (0.186)

0004 (0.798)

0169 (0.472)

0502 (0.422)

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).
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Finger extension at 20% iMVE of ED
Finger extension at 40% iMVE of ED
Finger flexion at 20% iMVF of FO
Finger flexion at 40% iMVF of FD





OPS/images/fneur-11-00410/fneur-11-00410-t002.jpg
Onset MAS FMA
years

Finger Wrist Elbow Full Score Wrist/  Shoulder/
Hand Elbow

8142 1.1+£08 1.4+07 16+06 336+99 11.1£382 225+7.3





OPS/images/fneur-11-00410/math_4.gif
Sampling Rate x Data Length x Trial Number
Epoch Length

[0





OPS/images/cover.jpg
ng Hu, Francesco Negro and Jun Yao
Neurology

& frontiers Research Topics





OPS/images/fneur-11-00493/fneur-11-00493-g007.gif
200, Sublect? 5, ~ Subjectz ., ~ Subject3
H
Sl | 50 150
oo bt + f"{\}
£ o0 w
£ — e $
2wt L w © :
8
o o 0
we 0w we 0w we 0w
Time condition “Time condion “Time condiion
0, 0 20
il . 50 50 .
- 100,
fo w e |
5 %0 50, H 50
3 [ :
o . o
we 0w w 0w

‘Time condition Time condition





OPS/images/fneur-11-00493/fneur-11-00493-g006.gif
& Sham
6| % Cathodal
£
)
A
F

Time condition






OPS/images/fneur-11-00493/fneur-11-00493-g005.gif
g8 8

[





OPS/images/fneur-11-00493/fneur-11-00493-g004.gif
o o5 . i
Cormolason spoffcients (2-vansiomod)





OPS/images/fneur-11-00493/fneur-11-00493-g003.gif
sy
B

B

I
i * 3
i =of
o
it £
3 O
: v
H
3 ‘ HEII TR f ‘5
) i
P a % ellewrezas
e 1 + e
L3 <0 ree
© CST before quaity
“ “contol (z = 0.50)
iy
k)






OPS/images/fneur-11-00493/fneur-11-00493-g002.gif
h AN
§}"J“VV\7”\;A'J!\‘JX"\A4‘\VJ’ ‘\/‘\“v“ M/V'MQAVF’“W‘

ﬂﬂmﬂ Dﬂ]ﬂ ﬂ 0
i o

.
mm’ \qsxwas





OPS/images/fneur-11-00493/fneur-11-00493-g001.gif





OPS/images/fneur-11-00493/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-00477/fneur-11-00477-t004.jpg
Triceps-biceps difference in CoVis;

Triceps-biceps difference in mean discharge rate
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Group

Muscle by Group
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Mean discharge rate CoVis:
p < 0.0001 p =045
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p=034 p < 00001
Fun =095 Fia,16 =205
p=078 p=056
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Muscle Group  No.of MU
per

participant

(mean = SD)
Biceps brachii  Control 12£7
PD 18+7
Triceps brachi  Control 14+8
PD 12+4

Mean
discharge
rate (pps)

(mean  SE)

11.76 £ 0.56
11.07 £0.53
12.76 + 0.56
11.98 £ 0.53

CoVis: (%)
(mean & SE)

12,64 £1.16
18.8 + 1.07
12.76 £1.13
19.67 £ 1.09

Group mean = SE values for discharge rate and CoVig; are displayed as estimates from

the associated linear mixed model.
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(vears) duraion  UPDRS Yahr
(vears) (off-medication) (off-medication)

Mean (SD) 64.4 (10.8) 8 M2F 6.9 (3.2 19 (10) 2(1)
Range 43-78 3-14 7-38 1-4
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Parameters

P1

Early Stance
P2

Mid Stance
P3

Terminal Stance
P4

Pre Swing
P5

Early Swing
P6

Late Swing

(%]
0]
(%]
%]
(%]

0]

HS Mean (95% CI)

Speed-Matched  Speed-Matched
atTo atTi

264 (17.7-85.1)  208(12.1-29.6)"
103 (6.2-14.4) 1.2 (7.7-14.8)
8.4 (6.0-10.8) 7.3(5.1-9.4)
66 (2.9-10.2) 62(3.7-8.7)
26.3 (18.6-32.1) 30.3 (23.0-37.5)"
230(165-205)  24.2(19.5-28.8)

PWMS Mean (95% CI)

To T
16308229 143 (9.6-19.0)
80(4.0-11.9) 92 (5.9-12.5)
6.4(4.9-8.0) 7.2 (4.0-10.4)

267 (182-85.3)"  24.5(182-30.7)*

230(17.2-288)  22.4(18.2-26.7)*

19.5(13.1-259) 223 (18.1-266)

The same indexes are reported for the two speed-matched groups of healthy subjects (HS).
+P < 0,05 at unpaired t-test between PwMS and HS before (pre) or after treatment (post).

*P < 0.05 at paired t-test within group before (pre) vs. after treatment (pos).
ap < 0.05 at paired t-test within group before (ore) vs. after treatment (post) for the z-score of gait parameters.

To

~0.90 (—1.40, —0.41)

—0.67 (1.12, ~0.22)

—0.26 (~0.68, 0.16)

10.66 (7.17, 14.15)

—0.32(~0.94,0.30)

~0.37 (~1.07,0.32)

PwWMS Z-score

Ll

—0.53 (-0.92, -0.15)
—0.41(-1.07, 0.26)
—0.01(-1.086, 1.04)

5.18(3.41, 6.96)"

—0.77 (-1.19, —0.36

—0.29 (~0.94,0.37)
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Parameters HS PWMS PWMS
Mean (95% CI) Mean (95% CI) Z-score
Speed-Matched ~ Speed-Matched To ™ To T
atTo atTi
P1 % 10480, 128 73(64,92)  156(109,208) 167 (12.4,21.1)" 1.57 (0.14,3.00) 3561(1.94,5.27)
Early Stance
P2 (%) 28.4(195,27.4)  260(22.1,208  18.1(138,22.4)  227(15.4,209)  —096(~1.72,-0.19)  —0.62(~1.96,0.72)
Mid Stance
3 (% 51.8(468,568)  539(50.3,57.6) 41.0(338,482)% 08.2(32.1,444)"  —1.55(-2.58,-052)  —8.06 (~4.26, ~1.86
Torminal Stance
2 % 7.2(44,10.9) 7.0 (3.4,10.5) 125(67,198)  9.0(27, 153 1.32 (-0.37, 3.02) 0.40(-0.87, 1.67)°
Pre Swing
5 % 82(15.49 31(1.6,4.5) 36(20,52) 60(25,9.4) 0.16(~0.49,0.82) 1.40 (0.28, 3.09)
Early Swing
6 % 89(16,63) 28(13,48) 92(68,122)F  7.4(47,102% 1,64 (0.74,2.54) 2.22(0.90,359)
Late Swing

The same indexes are reported for the two speed-matched datasets of healthy subjects (HS).
*P < 0.05 at unpaired t-test between PwMS and HS before (pre) or after treatment (post).

*P < 0.05 at paired t-test within group before (pre) vs. after treatment (post).

ap < 0.05 at paired t-test within group before (pre) vs. after treatment (post) for the z-score of gait parameters.
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HS PwMS PwMS

Mean (95% CI) Mean (95% CI) Z-score

Speed-Matched  Speed-Matched T0 T T0 T

atTo atT1

Gait Speed [ms™']  071(067,076) 098(084,1.01)  074(056,092)  090(0.71,108)  035(-240,3.09) -0.26(~1.88, 137P
Cadence [stepsmin—1] 81.2(71.1,91.3) 932 (84.3,1020) 88.8(753,1024) 946(80.7,108.4) 054(-0.42,150  0.11(~1.01,1.24)
Stride Length m) 110(1.05,1.16)  1.20(1.14,1.26°  0.97(0:83,1.11)  1.09(097,1.29) 177 (~8.62,008) —1.24(~2.66,0.19)
Step Width [mm)  882(68.4,107.9) 855(70.1,101.0) 149.4 (127.4, 1715)* 147.5(118.7, 176.3) 222(1.42,302)  2.87(1.54, 4.21)
Double Support early %) 16.7 (15.4,17.9) 13.9(12.7, 15.2) 17.7 (13.4,21.9) 163 (11.9,18.7) 0.58 (—1.85,3.02) 0.80(-1.16,2.75)
stance (DS1)
Double Support Pre 1% 149(135,162)  132(118,146)  188(129,247)  159(129,189)  207(-108,521)  134(-0.14,2.89)
Swing (0S2)
Peak Knee Flexionin  [deg] ~ 60.3(569,636) 62.0(69.2,64.8" 456 (32.4,589)" 467 (32.6,60.7) —3.12(~5.95, ~0.30) ~3.93 (~7.51, ~0.35)
swing
Foot Clearance [mm] 123.6(1129, 184.4)127.1 (1180, 136.2) 803 (56.2, 104.4)* 1036 (81.7, 125.4) —2.89 (~4.50, —1.28)~1.85 (~4.50, —1.28]"
Peak Ankle WGl 1.97(158,236) 2.55(220,2.91)  1.53(1.04,208  198(1.50,2.36)* —0.80(~1.70,0.11) —1.26 (~2.13, ~0.38
Plantarflexor Power

For comparison, the values of the two speed-matched groups of healthy subjects (HS) re reported.

*P < 0,05 at unpaired t-test between PwMS and HS before (pre) or after treatment (post) for the gei parameters.
*P < 0,05 at paired t-test within group before (ore) vs. after treatment (pos) for the gait parameters.

3P < 0.05 at paired t-test within group before (ore) vs. after treatment (oost) for the z-score of gait paramefers.
b0.05 < P < 0.1 at paired t-test within group before (ore) vs. after treatment (oost) for the z-score of gait parameters.
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Subjects SEX AGE ONSET ~ EDSS  DGI UG 2MWT N synergies (baseline) N synergies (post)

with MS Iyrs] [yrs] Is] m]

s1 F 61 13 6 12 136 84 3 4
82 M 40 1 7 1 21 41 3 4
s3 F 54 25 6 13 1.3 128 3 3
s4 M 39 2 3 12 10.5 135 4 4
S5 M 36 13 4 22 83 156 4 4
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Standard deviation 71 1.1 12 2 42 32.1 05 05

PwMS, Persons with Multiple Sclerosis; MS, Multiple Sclerosis; EDSS, Expanded Disability Status Scale; DGI, Dynamic Gait Index; TUG, Timed Up and Go; 2MWT, Two Minute Walking
Test: N, Number: F, female; M, male.
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end for
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and estimate of neural drive (low-pass fitered cumulative spike train) of the n step
,2)); CoVig,, coefficient of variation of ISI (inter-spike intervals).
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D, identification code used for each patient; SE, Standard error; pre, before stimulation;
10, immediately after stimulation; t30, 30 min after stimulation.
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ID, identification code used for each patient; SE, Standard error; pre, before stimulation;
10, immediately after stimulation; t30, 30 min after stimulation.
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® Before QC Affter QC removed Before QC After QC removed
P1 820 678 17% 809 705 13%
P2 361 291 19% 631 498 21%
P3 884 687 22% 300 220 27%
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Total 3,638 2,457 32% 3,441 2,563 26%

ID, identification code used for each patient; MN, Motor neuron; QC, Quality control.
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ID, identification code used for each patient; AIS, American Spinal Injury Association (ASIA)
Impairment Scale; SCI, spinal cord injury; M, male; F, female.
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surgery (43POD) (72POD)
FIM-Motor N/A N/A 46 59
Barthel index N/A N/A 65 70
FAC 0 [ 0 2
10-m walk test Speed (m/min) NA NA N/A 30.1
Step length (m) N/A N/A NA 087
Cadence (steps/min) ~ N/A N/A NA 729
MMT(RA)  Hip flexor o 212 22 33
Knee extensor ot 33 33 a4
Ankle dorsi-flexor 1/3 2/3 2/3 3/4
Ankle plantar-flexor 0/ 33 33 3/3

POD, postoperative days; FAC, functional ambulation category; MMT (R/L), manual
muscle test (right/left); N/A, not applicable.
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TSD, Time Since Diagnosis (years); H&Y, Hoehn and Yahr; UPDRS_total, combined score
on Unified Parkinson’s Disease Rating Scale (UPDRS); UPDRS _Il, Activities of daily living;
UPDRS_Il, Motor evaluation; LEDD, Levodopa Equivalent Daily Dose.
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p=0046

Scaiing tho = 0.467 tho = 0.40
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Difference tho = 0.26 rho = 0.35 rho =0.28
Cl=[-0281007] Cl=[-02410081 Cl=[-03010.72]
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Correlations were found to be significantly non-zero (bold, p < 0.05) between the rotation
task and the total UPDRS score, and to a lesser extent, with the UPDRS motor-only score.
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SRCor References Study aims ISNCSCI
csT grades
SRC

Manella etal. (§)  Examine reliability and construct validity of drop  A-D
test to quantify ankle clonus in persons with
SCland compare results with the SCATS and
H/M ratio

Piazzaetal. (36)  Examine the effects of leg-cycling on CtoD
conditioned H-reflex excitability and how it
relates to lower extremity function after miSCI
Yamaguchietal.  Compare effect of anodal tDCS and PESon Rl Gto D
@) and ankle movement in miSCI
Smithetal. (41)  Assess changes in H-reflex in different positions A to D
after locomotor training in persons with SCI
Manella and . Investigate effects of LT on measures of CorD
Field-Fote (31) spasticity and walking.
2. Assess association of change in walking
speed with measures of reflex activity
3. Establish sensitiity to change and validity of
PF RTA

Manella etal. (15) 1. Examine effects of different operant D
conditioning interventions on ankie motor
control, spasticity, and walking related
measures in persons with miSCl.

Explore refationship between changes in
neurophysiological and clinical outcome:
measures.

Adams and Hicks ~ Examine effects of BWSTT and TTS on AtoC

(69 spasticity and motor neuron excitabilty in
chronic SCI

Lo

Murilo etal. (40)  Examine the effect of RF vibration on clinical ~ Ato D
and neurophysiological outcome measures of
spasticity in SCI

Dowines etal. (38)  Examine reflex actions of MG group Ib afferent  Both cSCI

stimulation on SOL H-reflex excitability and andiscl
spasticity in persons with SCI

Faist et al. (37) Assess effect of femoral nerve stimulationon  Both ¢SCI
SOL Hreflex activity in SCI. Examine andiscl

association of spasticity and PI

csT
Barthélemy etal.  Examine the correlation of CST functionand D
(@0) measures of gait and ankle function after SCI
Labruydreetal.  Assess deficits in quick and accurate D
“2) movements in mISCI by combining TMS, EMG,

and a response time task and comparing
differences in clinical characteristics.

Barthlemy etal.  Examine the relationship between parameters  D*

[C) that may reflect CST function and physical foot
drop deficit observed after SCI
Wirthetal. (35)  Examine ankle DF timing during gait and in CorD

supine to CST conductivity and measures of
strength and gait speed in persons with and
without SCI.

Wirth et al. (32) Examine the effects of CST damage on ankle ~ miSCI

dexterity and MMV in individuals with miSCI
and stroke

Wirthetal. (33)  Examine the relationship between ankle CorD
dorsiflexor strength, MVC, and MMV with CST
integrity and with walking capacity in persons
with miSCI

Wirth etal. (34)  Examine recovery of ankle DF in miSCl via CorD
neurophysiological assessment of GST function
and functional parameters

Clinical
description

C2toL1LOI,
Evidence of clonus

C5-T10LOI,
capable of cycling

CltoTi1, 14 PF
spasticity (MAS)
C1toT10LOI

CatoL1LOl,
Evidence of clonus
in some
participants

Positive ankle
clonus, Median LL
of TA group: C7;
Median LL of SOL
group: G5

C5t0T10LO,
stable spasticity,
primary wheelchair
user

C3to T11 LOL;
lower limb
spasticity > 1.5
(MAS)
C4t0TIOLOI

LOI ot reported

CltolL1LOl

T2to L4 LOl only

C to L LOI; ability
to walk 10m

C2toT12

C3to L5 LOI

C3toL1LOI

C3to T12 LOI

*+One subject lacked sacral sparing and had an AIS A classification, but had motor function equivalent to AIS D.

SRC, Spinal Reflex Circuitry; CST, corticospinal tract.

Mean TPI

89y

16 £ 3 weeks

45x42y
43y

89y

TA group:
108 £100y;
SOL group:

108+ 088y

5044y

56y£19
months

16 mos

27.5 mos

12y

6355y

1211y

27435y

13.3 £ 31.7 mos

Strength + MEP
cohort:
24+35y;
strength + gait
cohort:
10£22y

Al subjects
tested at 1,3,
and 6 mos
post-injury

SCI subject
sample size (sex
distribution)

n=40
31M,9F)

n=9
6M,3F)

n=11
(11Mm)
n=15
(10M,5F)

Locomotor cohort:

n=18
(16M,2F)
Validity cohort:
n=40

(80M, 10F)

Total:n = 12;
TA cohort:
n=6(@6M);
SOL cohort:
n=6

@M, 2F)

n=24
@2M,2F)
n=15

(10M, 5F)

n=24
@2M,2F)

n=12
oM, 3F)

n=12
(6M,6F)

n=26;
strength +MEP
n=17
(14M,3F);
strength + gait
n=19
(14M,5F)
n=12

(6M, 6F)

Mean Age of
SCI subjects
(%

396+ 13

44£5

518+ 10.7
37.53

Locomotor
cohort: 35.1
Valicity
cohort: 39.3

TA cohort:
44.2; SOL
cohort: 45.2

37477

360+ 106

30

348

434

50.2+12.4

43+ 14

58.3£10.7

62.3+83

Strength +
MEP cohort:
508+ 165
strength +
gait speed
cohort:
543+ 152
63.7 £ 185
months

Non-SCl subject
sample size
(sex distribution)

N/A

Nonvinjured:
n=10

Non-injured:
n=10

NA

N/A

Nonvinjured:
n=9

Non-injured:
n=20

Non-injured:
n=28,
Hemiplegio:
n=18

Non-injured:
n=11
Non-injured:
n=1s

Non-injured:
n=1s

Non-injured:
n=12

Stroke:
n=12;
Non-injured:
n=12

NA

Non-injured:
n=12

Mean Age of
Non-SCI
subjects (y)

N/A

343

50.7£89
N/A

27.3

N/A

N/A

338+94

25

Non-injured age
range: 21-69;
Hemiplegic
mean age: 49.6

45

50.1+12.3

42+ 16

59.2£ 113

Stroke
658+ 105;
Non-injured:
63.3+107
N/A

540+ 180

#ISNCSCI, Intemational Standirds for Neurological Glassification of Spinal Cord njury; TP, time post-injury; SC, spinal cord injury; SCATS, Spinal Cord Assessment Tool for Spastic Reflexes; LOJ level of injury; N/A, not applicable;
miSCI, motor incomplete spinal cord injury; tDCS, transcranial direct current electrical stimulation; PES, pattered electrical stimulation; R, reciprocal inhibition; MAS, modified Ashworth scale; LT, locomotor training; PF, planter flexor;

RTA, reflex threshold angle; LL, lesion-level; TA, tibialis anterior; SOL, soleus; BWSTT, body-weight supported treadmil trair

g; TTS, tit table standing; RF, rectus femoris; cSCI, complete spinal cord injury; iSCl, incomplete spinal cord

injury; MG, medial gastrocnemius; Pl, presynaptic inhibition; TMS, transcranial magnetic stimulation; EMG, electromyography; MMV, maximal movement velocity; MVCC, maximal voluntary contraction; MEF, motor evoked potential; DF,

dorsiflexion; y, years.
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References Study Design
Piazzaetal. (36)  Interventional
Yamaguchietal.  Interventional
“3)

Manellaetal. (15)  Interventional

Downesetal. (38)  Observational

2SOL, soleus; TA, ti

Intervention

Leg-cycing

Anodal tDCS combined
with PES

Operant conditioning:
TA EMG activation
increase OR SOL
H-reflex decrease

NA

Electrophysiological
measure

Plantar
cutaneomuscular
conditioned SOL*
H-reflex

SOL H-reflexes in
response to Rl and Pl

SOL H-reflexes in
response to Rl, Pl, and
LFD

Ib conditioned-SOL
H-reflex

Relevant functional
measure

Strength (TA and
Triceps Surae manual
muscle score)

Ankle
movement/tapping,
Active ankle ROM
Toefoot clearance
during walking, ankle
movement/tapping,
strength (DF and PF),
active ROM (DF)
Strength (OF and PF)

is anterior; tDCS, transcranial direct current stimulation; PES, patterned electrical stimulation ; Rl, reciprocal inhibit

range of motion; EMG, electromyography; LFD, low frequency depression; DF, dorsiflexor; PF, plantar flexor.
“Yes" indicates that there is evidence that at least one electrophysiological measure had an association with at least one relevant functional measure.

Direct or indirect
evaluation of
association?

Direct
(Muliple Stepwise Forward
Regression and Spearman’s
Correlation)

Direct

(Pearson’s correlation)

Direct
(Spearman's correlation)

Direct
Pearson’s correlation

Evidence of
association?

Yes

Yes

Yes

No

n; P, presynaptic inhibition; ROM, active
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Search

category

SCl

csT

SPINAL

DF

PF

Search terms

(Spinal Cord Injury [Title/Abstract] OR SCI [Title/Abstract] OR
spinal damage [Title/Abstract] OR spine damage [Titl/Abstract]
OR spine injury [Title/Abstract] OR spinal injury [Title/Abstract])
(Corticospinal Excitability OR CST OR Corticospinal OR
corticospinal descending drive OR corticospinal OR TMS OR
transcranial magnetic stimulation)

(Spinal reflex circuit OR reflex OR Hoffmann reflex OR H-reflex OR
hyperefiexia OR hypertonia OR spinal reflex OR stretch reflex OR
monosynaptic reflex)

Control of ankle dorsilexor OR ankle OR dorsiflexor OR tibialis
anterior OR TA OR walking/physiology [MeSH Terms] OR Ankie
joint/physiopathology [MeSH Terms] OR Ankle joint/innervation
[MeSH Terms] OR Exercise therapy/methods [MeSH Terms] OR
Gait Disorders [MeSH Terms] OR Gait [MeSH Terms])

((Control of ankle plantar flexors OR ankle OR plantar flexors OR
soleus OR walking/physiology [MeSH Terms] OR Ankle
joint/physiopathology [MeSH Terms] OR Ankle joint/innervation
[MeSH Terms] OR Exercise therapy/methods [MeSH Terms] OR
Gait Disorders [MeSH Terms] OR Gait [MeSH Terms]))

The initial search term categories were combined in the folowing ways across 3
databases: 1. SCI + CST+ Spinah- DF+PF, 2. SCI + CST + DF, 3. SCI + CST + PF, 4.
SC! + Spinal + DF, and 5. SCI + Spinal + PF.
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Decremental amplitude Trap ADM

n % n %
220% 16 10.7 1 0.7
215% 15 10.0 0 0.0
>10% 31 20.7 2 13
25% 27 18.0 15 100
<56% 61 40.6 132 88.0
Total 150 100.0 150 100.0

Trap, trapezius muscle; ADM, abductor digiti minimi; RNS, repetitive nerve stimulation;
ALS, amyotrophic lateral sclerosis.
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RNS+ RNS- tiz/y2 P

Sex, n (%)
Male 82(516)  54(61.4)  1.414° 0234
Female 3084 34(386)

Onset age (years) 5542+ 11.95 55.71 & 10.63 ~03161 0.752

Disease durafion (months) M(Q)] 12.00(11.5)  9.50(11.5) —1.695¢ 0.090

ALSFRS-R V(@) 39.00(60) 4100(6.0) -2588% 0010

Disease progression rate [M(Q)] ~ 0.75(0.7) ~ 0.70(1.0) —-0.220% 0.826
Onset site, n (%)

Bulbar 12(19.4) 22(25.0) 0.661"¢ 0.416
Upper limb 30(484)  45(51.1) 0833 0316
Lower limb. 20 (32.3) 21(23.9)

CMAP ampitude (mV)

Trap 7.53+£3859 910325 -2788' 0.006

ADM 7.99+£874 994+339 -8319' 0001

+, Positive decrement; -, Negative decrement.
ALS, amyotrophic lateral sclerosis; CMAP, compound muscle action potential; Trap,
trapezius muscle; ADM, abductor digiti minimi

“x2-vale.

Sz-value.

Ttvalue.

#Bulbar vs. imb onset.

& Jpper limb onset vs. lower limb onset.
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Sub # N=1

895 (2.5)
92.0(2.0)
135.7 (4.5)
85.3(3.1)

108.0(10.1)

104.12.7)
99.8(2.6)
115.7 (4.4)

Mean 103.8 (16.4)

PCC -

QN E R EON=

Conventional MUNIX is reprensented by mMUNIX (N = 1).

2

833 (20)
91.9(1.9)
1362 (4.7)
855(3.0)
107.8 (9.9)
1039 (32)
98.8(2.4)
115.1 3.6)

108.4 (16.6)

09995

4

87.42.0)
92.0(1.9)
1357 (3.9)
85.3(2.7)
107.2(9.7)
103.4 (35)
986 (2.1)
118.7 (3.4)

102.9(16.5)

09985

8

86.9(2.2)
91.0(1.9)
184.7 (4.0)
84.3(2.9)
106.4(9.4)
101.3(3.4)
98.0(1.9)
110.8 (3.4)
101.7(16.2)
0.9967

16

859 (2.0)
83.9(2.2)
1385 (3.9)
832 (25)
105.1 (9.4)
97.4 2.9)
96.1(15)
107.93.9)
99.8(16.2)
09918

32

84.4 2.0)
84.8(2.0)
128.8(3.0)
80.0(2.9)
102.1(9.2)
929 (2.4)
93(1.1)
104.4 (3.5)
96.2(15.7)
09893

64

80.1(2.9)
775(1.7)
1195 (2.6)
737 2.0)
955 8.8)
877 2.1)
863 (0.8)
996 3.7)
900 (14.8)
09922

128

73.1(2.4)
709(09)
107.4 (2.2)
66.8(1.6)
86.3(7.6)
80.8(1.8)
784(1.9)
91.8(36)
81.9(13.1)
09948
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Sub# N=1 2 4 8 16 32 64 128

379 312 2.9 3.03 3.08 337 3.69 3.88
362 345 3.16 2.76 3.01 288 269 236
284 232 231 2.52 237 242 282 3.22
2.41 222 214 212 252 237 223 1.20
939 921 9.01 8.85 8.92 8.99 9.26 8.83
260 244 213 1.89 1.54 1.21 097 1.68
475 424 374 395 38 361 344 311
312 318 2.98 2.92 254 1.87 1.46 1.30
Mean 406 377 3.56 3.50 3.48 333 332 3.20
P N/A  0.0052 0.0004 0.0001 0.0007 0.0013 0.0106 0.0078

L e L
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MVC level 20% 50% 100%

Mean Std Mean Std Mean Std
k=1 353 2.49 3.56 2.46 3.57 2.49
2 3.59 2.74 3.57 278 36 2.69
3 413 3.01 4.06 3.15 4.06 3.1
4 a7 3.14 4.57 3.31 4.65 33
5 5.94 3.61 5.89 3.82 5.69 3.77
6 71 4.31 7.57 4.85 7.35 4.57
7 8.43 5.62 8.62 5.13 837 5.18
8 10.26 737 10.37 7.04 10.44 7.08
9 979 8.45 9.25 7.35 917 7.49
10 7.78 752 7.76 6.82 7.86 6.76
1 959 8.4 11.21 8.06 104 87
12 11.32 8.04 12.96 10.19 1354 9.37

kis the distance label.
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Barthélemy et al.
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Wirth et al. (35)

Wirth et al. (32)

Wirth et al. (33)

Wirth et al. (34)

Study design

Observational

Observational

Observational

Observational

Observational

Observational

Observational

Intervention

NA

N/A

N/A

N/A

NA

NA

N/A

Electrophysiological
measure

TA MEP® amplitude,
latency

MEP amplitude, latency

TAMEP amplitude,
latency

MEP ampltude, latency

TA MEP amplitude,

latency

MEP ampltude, latency

MEP amplitude, latency

Relevant functional
measure

Gait kinematics toe
clearance, gait speed,
walking distance

Muscle strength (DF and
PF), stepping task

Gait kinematics ~ foot drop

Timing of ankle dorsiflexion
during gait and in supine at
3 frequencies, DF MMV, TA
muscle strength (MVC)

Ankle dexterity, MMV

TA muscle strength (AIS
motor score, MVC), DF
MMV, gait speed, walking
ability (WISCI)

ankle dexterity, MMV, TA
strength (AIS motor score,
MVO), gait speed

Direct or indirect evaluation of
association?

Direct
(Spearman’s and Pearson's
corretation)

Indirect

Direct

(Spearman’s and Pearson's
correlation)

Direct and Indirect
(Spearman’s correlation)

Simultaneous Direct
(inear regression analyses-backward
standardized regression GROUPED
TOGETHER)

Direct

(inear, backwards multiple regression)

Direct
(inear regression and
Spearman's correlation)

Evidence of
association?

Yes

Yes

Yes

Yes

Yes

2TA, tibialis anterior; MEF, motor evoked potential; DF, dorsifiexor; PF, plantar flexor; MMV, maximal movement velocity; MVCC, maximal volitional contraction; AlS, ASIA impairment scale;

WISCI, Walking Index for Spinal Cord Injury.

“Yes” indicates that there is evidence that at least one electrophysiological measure had an association with at least one relevant functional measure.
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Piazza et al. (36)

Study design

Observational

Observational

Interventional

Interventional

Interventional
AND
Observational

Interventional

Observational

Interventional

Interventional

Intervention

N/A

N/A

BWSTT v. TTS

Focal vibration (RF)

Locomotor training

Operant conditioning:
TA activation increase
OR Soleus H-reflex
suppression

NA

Locomotor training
(Lokomat)

Leg-cycling

Electrophysiological
measure

Pl (Quadriceps), SOL
H/M ratio

Ib conditioned-SOL
H-reflex

SOL H/M ratio

SOL H/M ratio

SOL H/M ratio

SOL H-reflex: R, PI,
and LFD.

SOL H/M ratio

SOL H/M ratio

Plantar®
cutaneomuscular
conditioned SOL
Hereflex

Relevant functional
measure

Hypertonia (Achiles.
tendon reflex,
Ashworth scale)
Hypertonia (Achiles
tendon reflex; tone of
the ankle DF, PF)
Clonus duration
(SCATS-Clonus)
Clonus duration and #
of oscillations

Clonus duration, # of
oscilations, PF RTA
(Drop test), gait speed
Clonus duration, PF
RTA

# of oscilations (Drop
test)

Clonus duration and #
of oscillations (via
soleus EMG analysis.
during walking)
Hypertonia (MAS),
clonus duration
(SCATS clonus score)

Direct or indirect
evaluation of
association?

Direct
(Pearson’s correlation)

Direct
(Pearson’s correlation)

Indirect

Indirect

Direct
(Spearman’s correlation)

Direct
(Spearman’s correlation)

Direct
(Spearman’s correlation)

Indirect

Direct
(Muliple Stepwise Forward
Regression and Spearman's
Corelation)

Evidence of
association?

No
No

No
Yes

Yes

Yes

Yes

Yes

Yes

2P, presynaptic inhibition; SOL, soleus; DF, dorsiflexor; PF, plantar flexor; BWSTT, body-weight supported treadmill training; TTS, tilt table standing; SCATS, Spinal Cord Assessment
Tool for Spastic Reflexes; RF, rectus femoris; RTA, reflex threshold angle; EMG, electromyography; Rl reciprocal inhibition; LFD, low frequency depression.
“Yes” indicates that there is evidence that at least one electrophysiological measure had an association with at least one relevant functional measure.





