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Objective: We aimed to examine the effects of repetitive peripheral nerve magnetic stimulation (rPNMS) on the excitability of the contralateral motor cortex and motor function of the upper limb in healthy subjects.

Methods: Forty-six healthy subjects were randomly assigned to either a repetitive peripheral nerve magnetic stimulation group (n = 23) or a sham group (n = 23). The repetitive peripheral nerve magnetic stimulation group received stimulation using magnetic pulses at 20 Hz, which were applied on the median nerve of the non-dominant hand, whereas the sham group underwent the same protocol without the stimulation output. The primary outcome was contralateral transcranial magnetic stimulation (TMS)-induced corticomotor excitability for the abductor pollicis brevis of the stimulated hand in terms of resting motor threshold (rMT), the slope of recruitment curve, and peak amplitude of motor evoked potential (MEP), which were measured at baseline and immediately after each session. The secondary outcomes were motor hand function including dexterity and grip strength of the non-dominant hand assessed at baseline, immediately after stimulation, and 24 h post-stimulation.

Results: Compared with the sham stimulation, repetitive peripheral nerve magnetic stimulation increased the peak motor evoked potential amplitude immediately after the intervention. The repetitive peripheral nerve magnetic stimulation also increased the slope of the recruitment curve immediately after intervention and enhanced hand dexterity after 24 h. However, the between-group difference for the changes was not significant. The significant changes in hand dexterity and peak amplitude of motor evoked potential after repetitive peripheral nerve magnetic stimulation were associated with their baseline value.

Conclusions: Repetitive peripheral nerve magnetic stimulation may modulate the corticomotor excitability together with a possible lasting improvement in hand dexterity, indicating that it might be helpful for clinical rehabilitation.
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INTRODUCTION

Repetitive peripheral magnetic stimulation (rPMS) is a safe, non-invasive treatment method for motor impairment and pain in people with neural or musculoskeletal disorders because it can penetrate deeper structures with painless stimulation and can produce muscle contractions and sensory afferents (Beaulieu and Schneider, 2015). With the coil (pulse generator) applied to the muscles, previous studies have demonstrated that rPMS can reduce spasticity and improve motor control of paretic limbs in individuals with stroke (Struppler et al., 2003, 2007; Beaulieu et al., 2015). The underlying mechanism of such clinical improvement is associated with cortical plastic effects. For instance, using neuroimaging tools and transcranial magnetic stimulation (TMS) in stroke, researchers have shown that rPMS on paretic limb muscle can induce the activation of the frontoparietal loops (Struppler et al., 2007; Gallasch et al., 2015) and increase corticomotor excitability (Gallasch et al., 2015; Beaulieu et al., 2017) in the lesioned hemisphere. Such neurophysiological changes can explain the improvement of motor function after rPMS.

Transcutaneous electrical stimulation to the peripheral nerves (PNS) is a common intervention used to treat motor impairment for clinical rehabilitation. In humans, evidence suggests that PNS enhances the excitability of the motor cortex. In our previous study, we applied PNS to the radial and ulnar nerves in the paretic upper limb and showed that PNS for 1 h increased the corticomotor excitability, which was assessed by TMS in both hemispheres, and improved the dexterity performance of the affected upper limb in people with chronic stroke (Liu and Au-Yeung, 2017). When the stimulation is performed over the median nerve, PNS upregulated cortical excitability in both healthy subjects and patients with central nervous system lesions (Farias da Guarda and Conforto, 2014; Chen et al., 2015). To compare with PNS, stimulating the peripheral nerves with magnetic pulses, in a process called repetitive peripheral nerve magnetic stimulation (rPNMS), preferentially activates the lower motor nerves with minimal activation of cutaneous fibers so that is considered as a painless method (Szecsi et al., 2014; Beaulieu and Schneider, 2015). Furthermore, rPNMS does not need skin preparation and the patient can remain clothed. These advantages of magnetic stimulation might allow rPNMS to be used more widely in clinical practice. In terms of clinical effects, few studies demonstrated rPNMS could reduce the muscle spasticity in children with cerebral palsy (Flamand et al., 2012) and improve motor function in healthy people (Kremenic et al., 2004). However, whether rPNMS can induce modulatory effects within the motor cortex is not known. The aim of the present study was therefore to investigate if rPNMS can induce corticomotor excitability changes in normal subjects. We hypothesized that one session of rPNMS to the arm could enhance corticomotor excitability in the contralateral hemisphere together with motor function improvement of the ipsilateral upper limb. Understanding the corticomotor effects of rPNMS in healthy subjects might aid in the use of rPNMS as an evidence-based treatment for clinical rehabilitation.



MATERIALS AND METHODS


Subjects and Study Design

Forty-six young physiotherapy interns in JORU Rehabilitation Hospital were recruited in the study after providing written informed consent. This sample size was based on the data from our pilot study by assuming a type I error of 5% and power of 80%. All subjects were randomly assigned to either an rPNMS group (n = 23, 14 males, nine females; age = 21.17 ± 1.27 years; right-handed, 21 subjects) or a sham group (n = 23, 12 males, 11 females; age = 21.30 ± 1.22 years; right-handed, 21 subjects) according to a coded lot picked by them. The inclusion criteria were normal physical status, uneventful past and present medical conditions on the non-dominant upper extremity. Subjects were excluded if they had a history of musculoskeletal or neurological pathology affecting the non-dominant upper limb, signs of cognitive impairments, or contraindications for TMS including a history of epilepsy and presence of metal in the head region or a cardiac pacemaker (Rossi et al., 2009).

All subjects underwent one session of intervention according to the protocol for the specific group (rPNMS or sham). TMS-induced corticomotor excitability and motor function of the non-dominant hand were evaluated at baseline and immediately after the intervention. To examine the lasting effects, motor hand function was also assessed 24 h after the intervention. The assessment and intervention were delivered by specific but different physical therapists to realize the allocation concealment. Figure 1 presents the experimental procedure for this study. The study protocol was approved by the Research Ethics Committee of the JORU Rehabilitation Hospital (No.: 20190702A01) and was conducted as per the Declaration of Helsinki (World Medical Association, 2013).
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FIGURE 1. Flowchart of the experimental procedure.





Application of Magnetic Stimulation: rPNMS and rPNMS-Sham

Subjects were seated, and their non-dominant forearm, in a supine position, was placed on a pillow at rest on the table in front of them. Magnetic stimulation was applied on the median nerve of the non-dominant hand over the volar side of the forearm at 3–4 cm apart from the distal wrist crease using the Magneuro100 stimulator (VISHEE Company Limited, Nanjing, China) and a figure-of-eight coil (outer diameter of each wing: 80 mm). The coil was positioned such that the handle was perpendicular to the arm (Gallasch et al., 2015).

The stimulation consisted of 60 trains with a pulse frequency of 20 Hz at a train duration of 2 s and an inter-train interval of 8 s. Thus, a total of 2,400 pulses were delivered in the whole session over 10 min. This specific protocol selected in the current study was based on previous literature that reported the longer lasting effects of motor control with 20 Hz peripheral magnetic stimulation and 2,000–4,000 stimuli with OFF/ON ratio at the vicinity of 4 was most used for sensorimotor impairments (Gallasch et al., 2015). The intensity of stimulation was set at 150% threshold intensity which was defined as the lowest output intensity for inducing visible contractions, such as thenar apposition and flexion of the index and middle fingers with a single magnetic pulse on the median nerve (Gallasch et al., 2015). The mean threshold intensity was 10.35 ± 2.25% of the maximum stimulator output for the rPNMS group and 10.65 ± 2.03% for the sham group. Therefore, the applied mean stimulation intensity was 15.75 ± 3.45% for the rPNMS group and 16.25 ± 3.01% for the sham group. For the sham group, the reverse side of the coil contacted the arm so that no magnetic output was given to the target median nerve with the same noise generated from the stimulator as the rPNMS group.



Outcome Measures


Corticomotor Excitability

Changes in corticomotor excitability for the abductor pollicis brevis muscle (APB) of the non-dominant hand were assessed using the Magneuro 100 stimulator connected with the matching motor evoked potential (MEP) detection module (bandpass: 20–500 Hz) and figure-of-eight coil (VISHEE Company Limited, Nanjing, China). The EMG signals were captured by a pair of self-adhesive surface electrodes placed over the tendon and belly of the APB muscle, with the ground electrode placed over the ulnar styloid process of the arm. The MEP detection module then recorded and processed the signals, and MEP data were output on the computer screen. The corticomotor excitability was evaluated using three parameters: resting motor threshold (rMT), the slope of the MEP recruitment curve (RC slope), and the peak amplitude of MEP (peak MEP). All three parameters have been shown to have good test-retest reliability (intraclass correlation coefficient ≥ 0.75) in our previous study (Liu and Au-Yeung, 2014).

During the TMS assessment, subjects sat on a high-back chair with their arms, legs, neck, and back supported. The examiner placed the coil tangentially on the scalp over the hand representation area of the primary motor cortex (M1) contralateral to the non-dominant hand, with the coil handle pointed backward and at 45° from the midline sagittal plane of the skull. A single magnetic pulse was generated for assessment. The optimal site which is called a “hotspot” was located such that it consistently elicited the largest MEP with the lowest TMS intensity by moving the TMS coil in 1 cm steps over the M1 contralateral to the target APB with a TMS intensity above 60% of the maximum output (Liu and Au-Yeung, 2014). After the hotspot was identified, the rMT was defined as the lowest TMS intensity which could produce MEP amplitudes of at least 50 μV for the relaxed APB muscle in at least 5 out of 10 consecutive TMS stimuli (Darling et al., 2006). Afterward, the MEPs were recorded at stimulation intensities at 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5 of rMT for every five stimuli (Liu and Au-Yeung, 2014). After a resting period of 1 min, the same procedure was repeated. Therefore, the RC in the present study was plotted with the average MEP amplitude of 10 stimuli against the corresponding TMS intensities from 1.0 to 1.5 rMT. With rMT above 72% maximum stimulation output, RC of two subjects were plotted using the intensity from 1.0 to 1.3 of rMT. The RC slope was calculated as the linear slope of this stimulus-response curve. The peak MEP amplitude was identified as the maximum mean MEP evoked by the TMS stimuli in examining the recruiting curve.



Motor Hand Function


Grip Strength

The maximal grip strength of the non-dominant hand was measured using the Jamar dynamometer (Sammons Preston, Rolyon, Bolingbrook, IL, USA) while the subjects were sitting, with the elbow kept at 90° flexion and the forearm in neutral pronation. Three trials of maximal grip force were recorded, and the mean value was calculated.



Hand Dexterity

The dexterity of the non-dominant upper extremity was evaluated using the Purdue pegboard. During the assessment, subjects were required to pick up small pins using the non-dominant hand and insert the pins into holes of the board along the column ipsilateral to the tested hand consecutively. The hand dexterity score was the mean value of the number of pins inserted into the holes in 30 s for three trials.


Data Analysis

The SPSS statistical software package (Version 20.0) was used for data analysis. The demographic characteristics of the subjects and all outcome measures are represented by the calculations of means and standard deviations (SDs). Assumption of normality for all outcomes data was validated using the Shapiro–Wilk test. An independent sample t-test was conducted to examine the differences in baseline measurements between the two groups. The corticomotor excitability in terms of rMT, RC slope, and peak MEP amplitude and motor hand function outcomes of grip strength and dexterity function were examined with two-way repeated-measures analysis of variance (ANOVA) with within-subject factor for time (two levels on corticomotor excitability: baseline, post-stimulation; three levels on motor hand function: baseline, post-stimulation, 24 h afterward) and between-subject factor for the groups (rPNMS and sham). In case of significant or potentially significant time*group interaction effect, post hoc comparisons were performed using one-way repeated measures ANOVAs for each group with factor time (two levels on corticomotor excitability: baseline, post-stimulation; three levels on motor hand function: baseline, post-stimulation, 24 h afterward) with the Bonferroni correction. The significance threshold was set at 0.05.

For any significant changes in each outcome measure after rPNMS, the Pearson correlation coefficient was used to examine its relationship with its baseline value. The level of significance was set at 0.05.







RESULTS

Valid data were obtained for all 46 participants of the two groups. None of the subjects reported any feeling of pain or discomfort during either rPNMS or sham stimulation. The demographic characteristics of the subjects in the two groups were comparable (Table 1).

TABLE 1. Demographic characteristics of the subjects assigned into two groups.

[image: image]

The MEP recruitment curves plotted with MEP amplitude against the intensity of the TMS stimulus for the two groups were shown in Figure 2. The statistical analysis of all outcomes at baseline with an independent t-test showed that there were no significant differences between the two groups (p > 0.05). rPNMS resulted in a significant increase in peak MEP amplitude than the sham stimulation. Two-way repeated-measures ANOVA revealed a significant effect of time (F = 7.458, p = 0.009) and a significant effect of time *group interaction (F = 5.261, p = 0.027) with no significant effect of group (F = 0.043, p = 0.838). Post hoc comparison showed a significant difference in peak MEP amplitude in the rPNMS group (p = 0.002) but not in the sham group (p = 0.762) at post-stimulation compared with baseline (Figure 3).
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FIGURE 2. The motor evoked potential (MEP) recruitment curves plotted with MEP amplitude (μV) against the intensity of the transcranial magnetic stimulation (TMS) stimulus (%rMT) for two groups at baseline and post-stimulation. The solid dots (red) and open circles (blue) represent the MEP values for repetitive peripheral nerve magnetic stimulation (rPNMS) at baseline and post-stimulation respectively; the solid (green) and open (black) triangles were for that of sham stimulation at baseline and post-stimulation, respectively.
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FIGURE 3. The peak MEP amplitude (μV) was assessed at baseline and immediately after intervention: rPNMS (blue line) and sham (red line). The open triangles and circles represent the individual data in the rPNMS and sham group respectively. The change after rPNMS was different from that after sham stimulation (two-way repeated-measures ANOVA, time*group interaction effect; #p = 0.027). Post hoc analysis showed significant improvement in peak MEP amplitude after rPNMS (*p = 0.002) but not sham stimulation. ns, not significant.



rMT and RC slope were respectively decreased and increased in all participants over time: two-way repeated-measures ANOVA demonstrated a significant effect of time (F = 4.085, p = 0.049 for rMT; F = 8.205, p = 0.006 for RC slope) but no significant effects of group (F = 0.030, p = 0.863 for rMT; F = 0.056, p = 0.814 for RC slope) or group * time interaction (F = 1.673, p = 0.203 for rMT; F = 1.735, p = 0.195 for RC slope). Post hoc comparison revealed a significant increase in the RC slope (p = 0.006; Figure 4), whereas the change in rMT was not significant but showed a trend toward reduction (p = 0.055) after rPNMS (Figure 5). Both rMT and RC slope for corticomotor excitability remained unaltered after sham stimulation.
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FIGURE 4. The slope of the MEP recruit curve was assessed at baseline and immediately after intervention: rPNMS (blue line) and sham (red line). The open triangles and circles represent the individual data in the rPNMS and sham group respectively. There was no significant difference in RC slope change between the two groups. The significant change after rPNMS is presented as *p = 0.006.
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FIGURE 5. The rMT (%MSO) was assessed at baseline and immediately after intervention: rPNMS (blue line) and sham (red line). The open triangles and circles represent the individual data in the rPNMS and sham group respectively. There was no significant difference in rMT change between the two groups. The change after rPNMS was showed a trend toward reduction as p = 0.055.



Regarding the motor hand function, the dexterity of the upper extremity evaluated using the Purdue pegboard was significantly improved after two stimulations over time: two-way repeated-measures ANOVA revealed a significant effect of time (F = 10.081, p = 0.000) but no significant effects of group (F = 0.132, p = 0.719) or group * time interaction (F = 1.577, p = 0.212). The post hoc comparison showed the dexterity of the upper extremity evaluated using the Purdue pegboard was significantly improved after rPNMS (F = 8.851, p = 0.001) but not after sham stimulation (F = 2.088, p = 0.136). For rPNMS group, the pairwise comparisons revealed that the improvement in Purdue pegboard score was significant at 24 h afterwards compared with baseline (p = 0.003) and immediately after rPNMS (p = 0.012; Figure 6). There were no significant effects of time (F = 1.014, p = 0.344), group (F = 0.040, p = 0.842) or group*time interaction (F = 0.168, p = 0.765) regarding grip strength.
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FIGURE 6. The hand dexterity function in the Purdue pegboard test was assessed at baseline, immediately after the intervention, and 24 h after interventions: rPNMS (blue line) and sham (red line). The open triangles and circles represent the individual data in the rPNMS and sham group respectively. There was no significant difference in hand dexterity change between the two groups. Post hoc pairwise comparison with Bonferroni correction revealed that the improvement in Purdue pegboard score was significant at 24 h afterward compared with baseline (*p = 0.003) and immediately after rPNMS (*p = 0.012).



The correlation analysis demonstrated that the improvement in Purdue pegboard score (0.88 ± 1.10) and peak MEP amplitude (357.08 ± 478.99 μV) after rPNMS were negatively and positively correlated with their baseline value respectively (r = −0.651, p = 0.001 and r = 0.498, p = 0.016; Figures 7A,B), whereas the correlation of the change in RC slope with its baseline value was not significant (r = 0.392, p = 0.065; Figure 7C; Table 2).
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FIGURE 7. Correlation of significant changes in outcome measures after rPNMS with their baseline value: Purdue pegboard score (A), peak MEP amplitude (μV; B) and RC slope (C). The significant correlation was found for Purdue pegboard score (r = −0.651, p = 0.001) and peak MEP amplitude (r = 0.498, p = 0.016) but not for RC slope (r = 0.392, p = 0.065).



TABLE 2. Correlation between changes in outcome measures after repetitive peripheral nerve magnetic stimulation (rPNMS) and their baseline value.
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DISCUSSION

The present study aimed to investigate the changes in corticomotor excitability and motor hand function induced by repetitive stimulation using magnetic pulses instead of conventional electrical current, and which was applied on peripheral nerves rather than on muscles as in other previous rPMS studies. This study newly showed that one session of rPNMS applied to the median nerve of the non-dominant upper extremity modestly increased the corticomotor excitability in contralateral M1 and may associate improved hand dexterity in healthy young individuals.

Gallasch et al. (2015) applied repetitive magnetic stimulation with 15,000 pulses delivered at 25 Hz for 20 min on the volar side of the right forearm to stimulate finger and wrist flexor muscles in normal subjects and showed a significant increase in the MEP amplitudes recorded at right flexors carpi radialis. Such upregulation of MEP amplitudes was associated with a decreased short-interval intracortical inhibition (SICI) and increased intracortical facilitation (ICF), which were assessed by paired-pulse TMS, as well as enhanced activation in left precentral/postcentral gyrus, as shown by fMRI scans. Similarly, the present study showed that repetitive magnetic stimulation to the median nerve of the non-dominant hand with 2,400 pulses, delivered at a slightly lower frequency of 20 Hz over 10 min, increased the RC slope and peak MEP amplitudes in the contralateral hemisphere. This observation agreed with the results of studies that demonstrated that the induction of corticomotor excitability changes after an external electrical stimulation was applied to the muscles or peripheral nerves (Charlton et al., 2003; Chipchase et al., 2011). The underlying mechanism may be that the repetitive magnetic stimulation applied on either muscle or the peripheral nerve may have induced the proprioceptive input by the direct action of the sensorimotor nerve fibers and the indirect activation of mechanoreceptors during a rhythmical contraction–relaxation and muscle vibration (Struppler et al., 2004; Momosaki et al., 2017). Such proprioceptive afferent input to the S1 along the ascending sensory pathway then might drive reorganization in M1 through the structural and functional connections between S1 and M1 (Schabrun et al., 2013). This neural circuit would play a vital role in modulatory effects of corticomotor excitability from rPNMS in the current study.

The RC represents the growth of MEP amplitudes as a function of TMS output intensity; thus, the slope reflected the neurophysiological strength of intracortical and corticospinal connections (Liu and Au-Yeung, 2014). The peak MEP during the RC assessment revealed the extent of maximal excitation caused by the recruitment of the corticospinal pathways responding to TMS (Liu and Au-Yeung, 2014). Therefore, the increase in the RC slope and peak MEP amplitudes after rPNMS in the present study might indicate the enhanced activation of corticomotor synaptic connections and the corticospinal pathways to the non-dominant APB muscle in contralateral M1. This rapid cortical plasticity was suggested to be associated with the unmasking of latent synapses and the modification of synaptic strength, which are known to be involved in the reduction of GABAergic inhibition (Chipchase et al., 2011; Beaulieu et al., 2017). The downregulation of GABAergic inhibition is the mechanism underlying peripheral electrical nerve (Kaelin-Lang et al., 2002) and magnetic muscle stimulation (Gallasch et al., 2015; Beaulieu et al., 2017). Kaelin-Lang et al. (2002) showed that the MEP amplitudes of contralateral abductor digiti minimi muscle were increased after a 2-h ulnar stimulation. However, this excitatory effect of PNS was blocked by lorazepam, which is a GABA receptor agonist. In contrast, Gallasch et al. (2015) and Beaulieu et al. (2017) demonstrated decreased SICI, which was more likely mediated by GABA-A receptors after one or multiple sessions of rPMS which were applied to stimulate the muscles in the upper limb of normal subjects and the lower limb of chronic stroke patients, respectively. Hence, it remains to be verified whether an increase in RC slope and peak MEP amplitudes after the rPNMS in this study are the after-effects of decreased GABAergic intracortical inhibition.

Gallasch et al. (2015) showed that rPMS applied to muscles could not alter the rMT in healthy subjects, whereas rMT showed non-significant changes but tended to decrease after rPNMS in the present study. As another aspect of corticomotor excitability, the motor threshold is known to depend on the voltage-gated sodium channels and reflects the membrane excitability of the corticomotor neurons in the cortical motor representation region for the target muscle (Liu and Au-Yeung, 2014; Ziemann et al., 2015). Hence, the results of the present study might indicate insufficient changes of ionotropic channels for membrane excitability enhancement of motor neurons contralateral to the APB muscle induced by a single session of rPNMS applied to the median nerve based on the current protocol and healthy sample.

Nevertheless, to take a more rigorous data analysis, the peak MEP amplitude and RC slope after rPNMS were not significantly different from their values in the sham group at baseline and immediately after stimulation even the significant group difference was found for peak MEP amplitude and statistical pre-post change for these two corticomotor excitability outcomes after rPNMS. This may indicate that the corticomotor excitability induced by peripheral magnetic stimulation applied to the median nerve with current protocol in one single session might not be robust enough. On the other hand, individual data points of peak MEP amplitude and RC slope showed two subjects had a relatively larger response for rPNMS. If these two subjects were excluded, the statistical analysis revealed non-significant group differences (time * group interaction: F = 2.983, p = 0.092) for peak MEP amplitude with the pre-post change were still significant (p = 0.003 for peak MEP amplitude and p = 0.014 for RC slope respectively). Hence, the up-regulation effects of corticomotor excitability induced by rPNMS in the present study should be treated with caution. Using repetitive sessions of stimulation, well-designed research with a larger sample and good homogeneity, and healthy subjects should be conducted attempting to elicit more robust modulatory effects of rPNMS.

Previous studies have shown that the rPMS to the muscles could increase dexterity function in stroke patients. Struppler et al. (2003, 2007) demonstrated that the velocity and amplitude of finger movements were significantly enhanced after 15 min of rPMS applied to the hand extensor muscles, and such improvement in dexterity was associated with a reduction in spasticity, which might be the main interference factor of the movements of paretic extremities in patients with spastic paresis. When rPMS is applied to the peripheral nerves, similar effects were also observed in healthy people. Using a pre-post design in normal subjects, Okudera et al. (2015) applied 600 magnetic pulses at a frequency of 20 Hz on the radial nerve of the non-dominant hand and showed that the upper limb dexterity performance was improved, which was measured with the Box and Block Test, and this improvement was sustained for at least 15 min. For hand dexterity function change in the present study, the performance of the subjects for the Purdue pegboard improved after one session of rPNMS on the median nerve of the non-dominant hand, and this improvement was exhibited as a latent effect 24 h afterward. This was in line with the results of a previous study on healthy subjects which showed that rPMS applied to the forearm flexor muscles increased the degree of elbow stabilization (Struppler et al., 2004). This augment of stabilization of the elbow joint is required and important for fine skilled movements such as grasping and manipulation during the Purdue pegboard test. Although such benefits in hand dexterity were observed after rPNMS, the between-group difference was not significant in the statistical analysis. Based on the effect size of 0.19, we deemed that the small sample size (n = 46) of the present study might have accounted for the non-significant difference between the two groups. To calculate with a sample size software, a sample of at least 74 (37 per group) would be required to validate the positive effects of rPNMS in improving hand dexterity function beyond that of sham intervention. On the other hand, a notable correlation was found between the amount of change of hand dexterity performance after rPNMS and their baseline values. The good performance of the Purdue pegboard test at baseline was negatively related to its improvement 24 h after rPNMS might indicate the inherent limitation of hand dexterity in healthy people. Moreover, it was noted that the baseline values of the Purdue pegboard score were slightly higher in the sham group (15.50 ± 1.57) than in the rPNMS group (15.19 ± 1.37) even the difference was not significant. Further analysis showed that the Purdue pegboard score of subjects with lower baseline values (<15.50, n = 11) in the sham group was also increased at 24 h after the sham stimulation (15.15 ± 0.81) compared with baseline (14.12 ± 0.82; p = 0.003) and immediately after sham stimulation (14.42 ± 0.87; p = 0.024). This could be explained that the relative inflexible upper extremity in healthy subjects might present better responsiveness to the process of the Purdue pegboard test which per se can be seen as a practice. However, this might raise the question of whether the improvement in hand dexterity after rPNMS was attributed to the magnetic nerve stimulation or was due to the lower baseline itself. To address this, a future study with a larger sample would show a more comparable baseline of motor hand function for different groups and should be able to respond to this argument.

A few studies have demonstrated that using multiple sessions of rPMS to stimulate limb muscles could enhance muscle strength. With the coil placed over the anterior aspect of the thigh, Yang et al. (2017) showed that both isometric and isokinetic maximum/average peak torque of quadriceps were increased significantly after 15 min of rPMS applied three times per week for five consecutive weeks, while the quadriceps strength was not changed in the control group, which performed normal activities of daily living during the 5 weeks. Musarò et al. (2019) applied the 10 sessions of daily magnetic stimulation to the forearm flexor muscles in patients with amyotrophic lateral sclerosis and showed significant improvement in the MRC-score of the flexor carpi radialis muscle and muscle strength, which was measured using a handgrip dynamometer. By contrast, no significant improvement in muscle strength was observed in the other untreated muscles and in the opposite arm which received sham stimulation. Besides, rPMS applied to certain muscles for 15–24 sessions in a period of 3–8 weeks also enhanced the muscle strength for several other conditions that may lead to muscle weakness such as COPD (Bustamante et al., 2010) as well as post-operation muscle weakness (Baek et al., 2018). The lack of improvement in handgrip strength after rPNMS on the median nerve in the present study might be due to the minimum dose administered in one single session.

Although rPNMS did not show the superior effects in motor hand function to sham stimulation in the present study, the up-regulation of corticomotor excitability, even the effects were modest, would allow it to serve as a primer delivered ahead of other interventions and may bring the possible benefits for function enhancement in clinical rehabilitation. On the other hand, the rPNMS-induced increase in peak MEP amplitude was positively related to its value before stimulation might reveal that the people with less exciting motor cortex could be more responsive to rPNMS. Hence, peak MEP amplitude may be used as a TMS outcome to predict the cortical effects when rPNMS is delivered to priming the motor cortex in clinical practice, for example, the sports training of athletes and other conditioning patients without neural system lesion.

Note that the interpretation of the results of this study might be confined to some limitations. First, a small healthy sample was recruited so that the neuromodulation and motor effects of rPNMS would not be generalized to patients with neurological diseases such as stroke. Second, the effects of rPNMS were investigated after only one session. Whether multiple sessions applied more frequently for clinical rehabilitative intervention would lead to more pronounced effects is unknown. Moreover, the corticomotor effects of rPNMS might involve the faciliatory and inhibitory modulation from the intracortical neurons. Single-pulse TMS adopted in the present study could not reveal such neurophysiological processes. Therefore, further studies using paired-pulse TMS and fMRI can examine if repeated rPNMS can induce up-regulation of corticomotor excitability and can enhance motor function as well as the associated neurophysiological processes in a larger sample of healthy subjects and heterogeneous patient populations.

To conclude, one single session of rPNMS applied to the median nerve may increase the corticomotor excitability in contralateral M1, together with a possible improvement in dexterity function of the stimulated upper extremity in healthy people. This shows that rPNMS may be applied as an intervention method for clinical rehabilitation.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Research Ethics Committee of the JORU Rehabilitation Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YJ: study concept, subject recruitment, acquisition of data, and writing the first draft. XL: subject recruitment, acquisition of data, and data analysis. JW, DL, and CW: subject recruitment and acquisition of data. XW: experimental design, data analysis, and comments on the manuscript. HL: study concept and experimental design, data analysis and interpretation, critical revision of the manuscript, and research funding. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a special fund project for science and technology innovation (Social Development) in Yixing (Grant No. 2019SF01) and the fund project of JORU Rehabilitation Hospital (Grant No. JY-2018001A).



ACKNOWLEDGMENTS

The authors thank all the subjects and the staff at the JORU Rehabilitation Hospital for their kind participation and support in this research study.



REFERENCES

Baek, J., Park, N., Lee, B., Jee, S., Yang, S., and Kang, S. (2018). Effects of repetitive peripheral magnetic stimulation over vastus lateralis in patients after hip replacement surgery. Ann. Rehabil. Med. 42, 67–75. doi: 10.5535/arm.2018.42.1.67

Beaulieu, L. D., Massé-Alarie, H., Brouwer, B., and Schneider, C. (2015). Noninvasive neurostimulation in chronic stroke: a double-blind randomized sham-controlled testing of clinical and corticomotor effects. Top. Stroke Rehabil. 22, 8–17. doi: 10.1179/1074935714Z.0000000032

Beaulieu, L. D., Massé-Alarie, H., Camiré-Bernier, S., Ribot-Ciscar, E., and Schneider, C. (2017). After-effects of peripheral neurostimulation on brain plasticity and ankle function in chronic stroke: the role of afferents recruited. Clin. Neurophysiol. 17, 275–291. doi: 10.1016/j.neucli.2017.02.003

Beaulieu, L. D., and Schneider, C. (2015). Repetitive peripheral magnetic stimulation to reduce pain or improve sensorimotor impairments: a literature review on parameters of application and afferents recruitment. Clin. Neurophysiol. 45, 223–237. doi: 10.1016/j.neucli.2015.08.002

Bustamante, V., López de Santa María, E., Gorostiza, A., Jiménez, U., and Gáldiz, J. B. (2010). Muscle training with repetitive magnetic stimulation of the quadriceps in severe COPD patients. Respir. Med. 104, 237–245. doi: 10.1016/j.rmed.2009.10.001

Charlton, C. S., Ridding, M. C., Thompson, P. D., and Miles, T. S. (2003). Prolonged peripheral nerve stimulation induces persistent changes in excitability of human motor cortex. J. Neurol. Sci. 208, 79–85. doi: 10.1016/s0022-510x(02)00443-4

Chen, C. C., Chuang, Y. F., Yang, H. C., Hsu, M. J., Huang, Y. Z., Chang, Y. J., et al. (2015). Neuromuscular electrical stimulation of the median nerve facilitates low motor cortex excitability in patients with spinocerebellar ataxia. J. Electromyogr. Kinesiol. 25, 143–150. doi: 10.1016/j.jelekin.2014.10.009

Chipchase, L. S., Schabrun, S. M., and Hodges, P. W. (2011). Peripheral electrical stimulation to induce cortical plasticity: a systematic review of stimulus parameters. Clin. Neurophysiol. 122, 456–463. doi: 10.1016/j.clinph.2010.07.025

Darling, W. G., Wolf, S. L., and Butler, A. J. (2006). Variability of motor potentials evoked by transcranial magnetic stimulation depends on muscle activation. Exp. Brain Res. 174, 376–385. doi: 10.1007/s00221-006-0468-9

Farias da Guarda, S. N., and Conforto, A. B. (2014). Effects of somatosensory stimulation on corticomotor excitability in patients with unilateral cerebellar infarcts and healthy subjects—preliminary results. Cerebellum Ataxias 1:16. doi: 10.1186/s40673-014-0016-5

Flamand, V. H., Beaulieu, L. D., Nadeau, L., and Schneider, C. (2012). Peripheral magnetic stimulation to decrease spasticity in cerebral palsy. Pediatr. Neurol. 47, 345–348. doi: 10.1016/j.pediatrneurol.2012.07.005

Gallasch, E., Christova, M., Kunz, A., Rafolt, D., and Golaszewski, S. (2015). Modulation of sensorimotor cortex by repetitive peripheral magnetic stimulation. Front. Hum. Neurosci. 9:407. doi: 10.3389/fnhum.2015.00407

Kaelin-Lang, A., Luft, A. R., Sawaki, L., Burstein, A. H., Sohn, Y. H., Cohen, L. G., et al. (2002). Modulation of human corticomotor excitability by somatosensory input. J. Physiol. 540, 623–633. doi: 10.1113/jphysiol.2001.012801

Kremenic, I. J., Ben-Avi, S. S., Leonhardt, D., and McHugh, M. P. (2004). Transcutaneous magnetic stimulation of the quadriceps via the femoral nerve. Muscle Nerve 30, 379–381. doi: 10.1002/mus.20091

Liu, H., and Au-Yeung, S. S. (2014). Reliability of transcranial magnetic stimulation induced corticomotor excitability measurements for a hand muscle in healthy and chronic stroke subjects. J. Neurol. Sci. 341, 105–109. doi: 10.1016/j.jns.2014.04.012

Liu, H., and Au-Yeung, S. S. (2017). Corticomotor excitability effects of peripheral nerve electrical stimulation to the paretic arm in stroke. Am. J. Phys. Med. Rehabil. 96, 687–693. doi: 10.1097/PHM.0000000000000748

Momosaki, R., Yamada, N., Ota, E., and Abo, M. (2017). Repetitive peripheral magnetic stimulation for activities of daily living and functional ability in people after stroke. Cochrane Database Syst. Rev. 6:CD011968. doi: 10.1002/14651858.CD011968.pub2

Musarò, A., Dobrowolny, G., Cambieri, C., Onesti, E., Ceccanti, M., Frasca, V., et al. (2019). Neuromuscular magnetic stimulation counteracts muscle decline in ALS patients: results of a randomized, double-blind, controlled study. Sci. Rep. 9:2837. doi: 10.1038/s41598-019-39313-z

Okudera, Y., Yoshihiko, T., Sato, M., Chida, S., Hatakeyama, K., Watanabe, M., et al. (2015). The impact of high-frequency magnetic stimulation of peripheral nerves: muscle hardness, venous blood flow and motor function of upper extremity in healthy subjects. Biomed. Res. 36, 81–87. doi: 10.2220/biomedres.36.81

Rossi, S., Hallett, M., Rossini, P. M., and Pascual-Leone, A., and The Safety of TMS Consensus Group (2009). Safety, ethical considerations and application guidelines for the use of transcranial magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120, 2008–2039. doi: 10.1016/j.clinph.2009.08.016

Schabrun, S. M., Ridding, M. C., Galea, M. P., Hodges, P. W., and Chipchase, L. S. (2013). Primary sensory and motor cortex excitability are co-modulated in response to peripheral electrical nerve stimulation. PLoS One 7:e51298. doi: 10.1371/journal.pone.0051298

Struppler, A., Angerer, B., Gündisch, C., and Havel, P. (2004). Modulatory effect of repetitive peripheral magnetic stimulation on skeletal muscle tone in healthy subjects: stabilization of the elbow joint. Exp. Brain. Res. 157, 59–66. doi: 10.1007/s00221-003-1817-6

Struppler, A., Binkofski, F., Angerer, B., Bernhardt, M., Spiegel, S., Drzezga, A., et al. (2007). A fronto-parietal network is mediating improvement of motor function related to repetitive peripheral magnetic stimulation: a PET-H2O15 study. NeuroImage 36, t174–t186. doi: 10.1016/j.neuroimage.2007.03.033

Struppler, A., Havel, P., and Müller-Barna, P. (2003). Facilitation of skilled finger movements by repetitive peripheral magnetic stimulation (RPMS)—A new approach in central paresis. Neurorehabilitation 18, 69–82. doi: 10.3233/nre-2003-18108

Szecsi, J., Straube, A., and Fornusek, C. (2014). Comparison of the pedalling performance induced by magnetic and electrical stimulation cycle ergometry in able-bodied subjects. Med. Eng. Phys. 36, 484–489. doi: 10.1016/j.medengphy.2013.09.010

World Medical Association (2013). World Medical Association Declaration of Helsinki: ethical principles for medical research involving human subjects. JAMA 310, 2191–2194. doi: 10.1001/jama.2013.281053

Yang, S. S., Jee, S., Hwang, S. L., and Sohn, M. K. (2017). Strengthening of quadriceps by neuromuscular magnetic stimulation in healthy subjects. PMR 9, 767–773. doi: 10.1016/j.pmrj.2016.12.002

Ziemann, U., Reis, J., Schwenkreis, P., Rosanova, M., Strafella, A., Badawy, R., et al. (2015). TMS and drugs revisited 2014. Clin. Neurophysiol. 126, 1847–1868. doi: 10.1016/j.clinph.2014.08.028

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Jia, Liu, Wei, Li, Wang, Wang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncir-15-616084-g003.gif
Amplitude (pV)

peak MEP

baseline post

#p=0.027

baseline post

= rPNMS
° sham





OPS/images/fncir-15-616084-g004.gif
RC slope

*p=0.006
!
o
o
A
T

baseline post baseline post

A rPNMS
o sham





OPS/images/fncir-15-616084-t001.jpg
PNMS (n = 23) Sham (1 = 23)
Age (years), mean = SD 2147 £1.27 21.30+1.22
Male (n) 14 12
Female () 9 11
Right-handed (n) 21 21
Left-handed () 2 2






OPS/images/fncir-15-616084-g002.gif
MEP amplitude (nV)

2000

1500

1000

500

T T
100 110 120 130
(n=23) (n=23) (n=23) (n=23)
TMS intensity (%rMT)

T
140
(n=21)

1
150
0=21)

o baseline-PNMS
-0 postiPNMS.
-+ baseline-sham

& post-sham





OPS/images/fncir-15-616084-g007.gif
A Purdue pegboard test

r=-0.651, * * p=0.001

change

2 14 16 18 20
baseline
B peak MEP
2000
r=0.498, * p=0.016
1500 .
- .
s
10004
°
>
§ 5004
£
S
o
500t e
0 500 1000 1500
baseline (V)
c RC slope
0.4

=0.392, p=0.065 .

baseline





OPS/images/fncir-15-616084-g005.gif
rMT (%MSO)

100

80

60;

40

20

Ll B

rMT

oo Qo
&

o
—oe=
0800
60loo

00 ©

baseline post

baseline post

4 rPNMS
o sham





OPS/images/fncir-15-616084-g006.gif
Purdue pegboard test

20

18

Dexterity function

0,003

o 9
oo 6 ©
an
a A o o
A A
a
9
6000
Q
A
A mla A
A 0 @®
alaa a ]
° o6
S o o
So
24h baselinepost 24h

4 rPNMS
o sham





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Modulation of the Corticomotor Excitability by Repetitive Peripheral Magnetic Stimulation on the Median Nerve in Healthy Subjects



		Introduction



		Materials And Methods



		Subjects And Study Design



		Application Of Magnetic Stimulation: Rpnms And Rpnms-Sham



		Outcome Measures











		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments

















OPS/images/crossmark.jpg





OPS/images/fncir-15-616084-g001.gif
uoljeziwopuey

Assessment-baseline:
Corticomotor excitability;
Motor hand function;

rPNMS

Assessment-baseline:
Corticomotor excitab
Motor hand function;

Assessment-pos
Corticomotor excitability;
Motor hand function;

rPNMS-sham

Assessment-post:
Corticomotor excitability;
Motor hand function;

24 hours
—

24 hours

Assessment-24h:
Motor hand function;

Assessment-24h:
Motor hand function;






OPS/images/fncir-15-616084-t002.jpg
Outcome measures Baseline (mean  SD) Changes (mean & SD) Pearson’s r p

Purdue 1619 £1.37 0.88+1.10 —0.651 0.001**
RC slope 0.11 £ 0.06 0.06 +0.10 0.392 0.065
peak MEP 702.09 +288.71 357.08 + 478.99 0.498 0.016"

Corralalivn = soriicas s 5 -« 0,06 canslaion s sorbcad and o« 0.06.





OPS/images/cover.jpg
, frontiers
in Neural Circuits

Modulation of the Corticomotor
Excitability by Repetitive
Peripheral Magnetic Stimulation
on the Median Nerve in Healthy
Subjects









OPS/images/logo.jpg
’ frontiers
in Neural Circuiits





