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Background and Purpose: Freezing of gait (FOG) is a debilitating gait disorder in people with Parkinson’s disease (PD). While various neuroimaging techniques have been used to investigate the pathophysiology of FOG, changes in corticomotor excitability associated with FOG have yet to be determined. Research to date has not concluded if changes in corticomotor excitability are associated with gait disturbances in this patient population. This study aimed to use transcranial magnetic stimulation (TMS) to investigate corticomotor excitability changes associated with FOG. Furthermore, the relationship between corticomotor excitability and gait performances would be determined.

Methods: Eighteen participants with PD and FOG (PD + FOG), 15 without FOG (PD − FOG), and 15 non-disabled adults (Control) were recruited for this study. Single and paired-pulse TMS paradigms were used to assess corticospinal and intracortical excitability, respectively. Gait performance was measured by the 10-Meter-Walk test. Correlation analysis was performed to evaluate relationships between TMS outcomes and gait parameters.

Results: Compared with the Control group, the PD + FOG group showed a significantly lower resting motor threshold and reduced short intracortical inhibition (SICI). Correlation analysis revealed a relationship between resting motor evoked potential and step length, and between SICI and walking velocity in the Control group. While the silent period correlated with step length in the PD − FOG group, no significant relationship was observed in the PD + FOG group.

Discussion and Conclusion: Compared to the Control group, the PD + FOG group exhibited reduced corticomotor inhibition. Distinct correlations observed among the three groups suggest that the function of the corticomotor system plays an important role in mediating walking ability in non-disabled adults and people with PD − FOG, while people with PD + FOG may rely on neural networks other than the corticomotor system to control gait.
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INTRODUCTION

Freezing of gait (FOG) is a debilitating phenomenon of Parkinson disease (PD) characterized by transient incapability or difficulty to move the feet forward despite an intention to do so (Nutt et al., 2011). It has been reported that ∼54.8% of people with PD experienced freezing episodes that increased in prevalence as disease progressed (Amboni et al., 2015). Even with “ON” medication status, 38.2% of individuals with PD experienced FOG (Perez-Lloret et al., 2014). Although freezing episodes may last only a few seconds, they significantly increase the risk of falls, affect daily activities, and reduce quality of life. A comprehensive understanding of the neurophysiological changes associated with FOG may facilitate the development of more effective treatment approaches (Nutt et al., 2011).

Functional magnetic resonance imaging (fMRI) and functional near infrared spectroscopy (fNIRS) have been used to provide insights into brain activation changes associated with FOG (Vercruysse et al., 2014). It was observed that people with FOG demonstrated a decreased activation of the motor, basal ganglia and ventral attention networks when performing freezing-provoking tasks in virtual reality (Shine et al., 2013). A study using fNIRS, that more directly evaluated the changes in oxygenated hemoglobin (HbO2) during walking, found that HbO2 of the prefrontal areas increased before and during freezing episodes (Maidan et al., 2015). These studies provided valuable information regarding changes in FOG associated cortical activations; it remains unclear whether increased (or decreased) activations of brain regions represents enhanced (or reduced) neural excitability. Increased brain activation may suggest an increased inhibitory process within that region (Sack and Linden, 2003). Hence, transcranial magnetic stimulation (TMS) becomes an invaluable tool for researchers to understand the changes in corticomotor excitability associated with certain disorders or disease phenotype.

Various TMS paradigms, such as single-pulse and paired-pulse paradigms, are available to evaluate the excitability of the corticospinal tract and intracortical neuronal network within the primary motor cortex (M1) (Vucic and Kiernan, 2017). Changes in corticomotor excitability of the upper-extremity muscles have been widely studied with TMS in people with PD. The studies found that PD during “ON” medication status displayed increased excitability of the corticospinal pathway and decreased intracortical inhibition compared with non-disabled adults (Cantello et al., 1991; Valls-Sole et al., 1994; Ni and Chen, 2015). Very few studies have determined the corticomotor excitability changes of lower-extremity muscles in people with PD. Since upper-extremity and lower-extremity muscles have different descending projections and functional requirement (Tremblay and Tremblay, 2002), understanding the neurophysiological changes of lower-extremity muscles is important. Enhanced corticospinal excitability in the quadriceps muscle has been reported in persons with PD (Tremblay and Tremblay, 2002). When targeting the tibialis anterior (TA) muscle, excitability of the corticospinal tract for individuals with PD did not differ from control subjects. The only observed difference was that persons with PD had significantly lower intracortical facilitation during “OFF” medication (Vacherot et al., 2010a, b). Additionally, after pooling the data from PD (“ON” and “OFF” medication) and control subjects, it was found that changes in intracortical facilitation correlated significantly with gait velocity and stride length (Vacherot et al., 2010b). These studies provided preliminary evidence of the corticomotor abnormality in the lower-extremity muscles of PD.

Since people with FOG have greater gait disturbances than those without FOG, the corticomotor excitability may change along with the symptoms. To date, no studies have evaluated differences in corticomotor excitability of lower extremity muscles between freezers and non-freezers using TMS. Understanding the potential direction of changes in corticomotor excitability may facilitate the development of appropriate interventions. This study also aimed to investigate whether changes in corticomotor excitability would correlate with walking ability in people with FOG, since gait disturbances are one of the major causes of poor quality of life for these individuals.



MATERIALS AND METHODS


Participants

Forty-eight subjects, including 18 participants with PD and FOG (PD + FOG), 15 individuals without FOG (PD − FOG), and 15 age-matched non-disabled control subjects (Control) participated in this study. The baseline characteristics of the participants are presented in Table 1. Before joining, the participants signed an informed consent form approved by the Institutional Review Board of National Taiwan University Hospital and completed a TMS safety questionnaire. The study procedure conformed to the World Medical Association Declaration of Helsinki. The participants were excluded if they had any contraindications or concerns for receiving TMS. The participants with PD were classified as freezers and non-freezers based on the New Freezing of Gait Questionnaire (NFOG-Q) (Nieuwboer et al., 2009). A medical history chart review verified the classification of the participants with PD.


TABLE 1. Clinical characteristics of the participants.
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TMS Assessments

All TMS assessments were performed with a double-cone coil (110 mm) connected to a paired-pulse magnetic stimulator (The Magstim® BiStim2; The Magstim Company Ltd., Whitland, United Kingdom). The target muscle was the TA of the more affected side for participants with PD and the non-dominant side for the Control participants. After skin preparation, surface electromyographic (EMG) electrodes were placed over the TA muscle belly, and a ground electrode was placed over the lateral epicondyle of the femur. EMG signal sampling rate was 4000 Hz with 0–1000 Hz band-pass filter. TMS pulses were applied over the cortical representation area (i.e., hotspot) of the TA on the M1 to activate the corticospinal tract and generate motor evoked potentials (MEPs) (Ni and Chen, 2015). Consistent with the international guidelines (Rossini et al., 1994), the hotspot of the TA and resting motor threshold (RMT) were first determined. With single-pulse TMS, 10–15 trials of MEPs were elicited using an intensity at 130% of RMT under resting and active conditions. In the resting condition, participants were instructed to sit and relax their TA muscles with ankle dorsiflexion at 90°; under the active condition, participants were asked to conduct a low-level isometric ankle dorsiflexion contraction to touch a lever bar placed above the first metatarsal shaft. The height of the bar was adjusted to 30° of dorsiflexion for each participant (Fisher et al., 2016). Peak-to-peak MEP amplitude of each trial was recorded, and mean MEP amplitude was calculated for each condition. Cortical silent period (CSP), a period when EMG activity is suppressed for a few hundred milliseconds after MEP, was also recorded during the active muscle contraction condition (Kobayashi and Pascual-Leone, 2003).

Using the paired-pulse stimulation paradigm, short intracortical inhibition (SICI) and intracortical facilitation (ICF) were obtained. Two stimuli, the conditioning stimulus and the testing stimulus, were applied to the TA hotspot. The conditioning stimulus was set at 80% of RMT, while the testing stimulus was set at 130% of RMT (Vacherot et al., 2010b). The SICI can be obtained when the inter-stimuli intervals are tuned at 2–5 ms, while ICF is measured when the inter-stimuli intervals are set between 7 and 15 ms (Vucic and Kiernan, 2017). In this study, stimuli were applied when inter-stimulus intervals were set at 2 and 3 ms for SICI (SICI2ms, SICI3ms, respectively), and 12 and 15 ms for ICF (ICF12ms, ICF15ms, respectively). The stimulation order was randomly assigned to each subject. Peak-to-peak MEP values obtained from the paired-pulse paradigm were normalized to the single-pulse resting MEP value to determine the inhibition or facilitation of the intracortical neurons.



Gait Performances

The 10-Meter Walk Test (10MWT) was used to evaluate walking ability. Participants were instructed to walk at a comfortable walking speed along a 10-m walkway three times. The investigator recorded the time and the number of steps that the participants took during the 10-m walk, and further calculated mean walking velocity, stride length, and cadence. Good to excellent test-retest reliability for these gait parameters have been established for individuals with PD (Lang et al., 2016).



Statistical Analysis

Baseline characteristics of the three groups (PD + FOG, PD − FOG, and Control) were analyzed with a chi-square test and one-way analysis of variance (ANOVA) for dichotomous and continuous variables, respectively. The dataset distribution was checked before analyzing the data. Since most of the outcome measures were not normally distributed, the Kruskal-Wallis test was used to determine group differences. Dunn’s post-hoc tests with Bonferroni corrections were performed when a significant main effect was found. In addition to p-values, the effect sizes (η2) were calculated to determine the amount of group differences (Tomczak and Tomczak, 2014). Spearman’s rho test was used to determine the relationship between TMS outcomes and gait performance. During the correlation analysis, TMS data of SICI2ms and SICI3ms were pooled to represent an averaged intracortical inhibition, and ICF12ms and ICF15ms were averaged to represent intracortical facilitation. Only gait velocity and step length were chosen for the correlation analysis because these gait parameters were mostly affected in people with FOG. All data acquired were analyzed with IBM SPSS 22.0 software (IBM Corporation, Armonk, NY, United States) using α = 0.05 for significance.



RESULTS

Analysis of the clinical characteristics of the participants revealed no significant differences in age and gender among the groups. The PD + FOG group had significantly longer disease duration, greater disease severity, and higher levodopa medication usage than the PD − FOG group (Table 1).


TMS Outcomes

The TMS outcomes are presented in Table 2. Statistical analysis revealed a significant difference in RMT among the three groups [χ2(2) = 6.977, p = 0.031, η2 = 0.111]. Dunn’s post-hoc with Bonferroni corrections revealed that the PD + FOG group had lower RMT than the control group (p = 0.025), while there were no differences between the PD + FOG and PD − FOG groups (p = 0.854) or the PD − FOG and control groups (p = 0.400). The three groups did not differ in resting MEP [χ2(2) = 0.019, p = 0.991, η2 = 0.044], active MEP [χ2(2) = 0.862, p = 0.650, η2 = 0.026], and CSP [χ2(2) = 0.701, p = 0.701, η2 = 0.029].


TABLE 2. Corticomotor excitability and gait performances of the three groups.
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FIGURE 1. Paired-pulse TMS. Means and standard errors of the means of the PD + FOG (dark gray), PD − FOG (light gray), and Control (white) group. MEP, motor evoked potential; SICI, short intracortical inhibition; ICF, intracortical facilitation. ∗P < 0.05.


Since baseline demographic comparison revealed that the participants with FOG group had greater disease severity with longer disease duration and higher levodopa usage than those without FOG, it was unclear whether the TMS results might be affected by these factors. To scrutinize the findings of the TMS outcomes, we re-analyzed the data by removing the individuals who had disease duration longer than 10 years and/or UPDRS III score greater than 25, leaving 13 participants in the PD − FOG group and 10 in the PD + FOG group. After removing these cases, there were no significant differences between the PD − FOG and PD + FOG groups in disease duration (p = 0.283), severity (p = 0.066), and medication usage (p = 0.434). When re-analyzing the TMS data of the remaining subjects, the results still showed significant group differences in RMT [χ2(2) = 8.602, p = 0.014] and SICI2ms [χ2(2) = 7.739, p = 0.021], suggesting that the observed changes in corticomotor excitability were associated with FOG but not due to other factors.



Gait Performances

Significant group differences were found for walking velocity [χ2(2) = 11.613, p = 0.003, η2 = 0.214]. Post-hoc analysis showed that participants with PD + FOG had slower walking velocity than Control subjects (p = 0.002), but no differences were found between the PD + FOG and PD − FOG groups (p = 0.215) or between the PD − FOG and Control groups (p = 0.381). While no group difference was found in cadence [χ2(2) = 3.489, p = 0.175, η2 = 0.033], a significant group difference was observed in step length [χ2(2) = 15.807, p < 0.001, η2 = 0.307]. Post-hoc analysis of step length revealed that the PD + FOG group had significantly smaller step length than the Control (p < 0.001) and the PD − FOG (p = 0.036) groups. However, the PD − FOG and Control groups did not differ significantly in step length (p = 0.562).

To justify the above findings, gait parameters were re-analyzed by removing the subjects who had longer disease duration, greater disease severity and higher levodopa usage as described in the previous section. Secondary analysis still revealed a significant group difference in walking velocity [χ2(2) = 11.959, p = 0.003] and step length [χ2(2) = 11.960, p = 0.003], supporting our original findings.



Correlation Analysis

Spearman’s rho tests were performed separately for all groups (Table 3). In the Control group, significant correlation was found between walking velocity and SICI [ρ(13) = 0.556, p = 0.031], while no other TMS parameters correlated with walking velocity. Step length negatively correlated with resting MEP [ρ(13) = −0.585, p = 0.022]. No other correlations were observed between gait outcomes and TMS measures.


TABLE 3. Correlation results between gait performances and TMS outcomes.
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FIGURE 2. Correlation between SICI and gait velocity of the (A) PD − FOG, (B) PD + FOG, and (C) Control groups. SICI, short intracortical inhibition.




DISCUSSION

This study aimed to determine the changes in corticomotor excitability in participants with PD + FOG compared to those without FOG and control subjects. Additionally, we wanted to understand whether corticomotor excitability correlates with gait performance. The results showed that, during “ON” medication, participants with PD + FOG had significantly lower RMT and reduced SICI2ms than the Control subjects. Relationships was found between SICI and walking velocity, and between resting MEP and step length in the Control group. Only the CSP correlated with step length in the PD − FOG group, while no correlation was found between gait parameters and TMS outcomes in the PD + FOG group.

Resting motor threshold is an important single-pulse TMS parameter reflecting how easily the corticomotoneurons in the M1 are excited when the target muscle is at rest, and thus can represent the neuronal membrane excitability of the corticospinal tract (Vucic and Kiernan, 2017). Earlier studies conducted on upper-extremity muscles showed that RMT was similar in persons with PD and non-disabled adults, regardless of medication status (Leon-Sarmiento et al., 2013; Ni and Chen, 2015). While Vacherot et al. (2010b) did not find significant differences in RMT of the TA between the PD and Control groups (Vacherot et al., 2010b), Tremblay and Tremblay (2002) showed that individuals with PD had a significantly lower RMT of the quadriceps muscle (Tremblay and Tremblay, 2002). The inconsistent findings in RMT among the studies may be hampered by the lack of patient classification or consideration of their principal features (Cantello et al., 2002). Cantello et al. (1991) recruited participants with PD who had asymmetric body rigidity and found that RMT was lower on the rigid side than the contralateral side or than on healthy adults (Cantello et al., 1991). It was suggested that the motoneurons from the corticospinal system of the rigid side were hyperexcited, and the subliminal excitation of the alpha-motoneurons led to a lower RMT (Cantello et al., 1991, 2002). Our study provided additional evidence showing that participants with PD + FOG had significantly lower RMT than control subjects, also suggesting enhanced excitability of the corticomotor system. We could not exclude the possibility that the reduction of RMT was due to greater rigidity in people with PD + FOG even though no obvious background EMG activities were observed in these participants throughout the study. Nevertheless, appropriate patient classification may be an important factor to consider in future studies to unravel neurophysiological changes in patient populations.

Paired-pulse paradigm may be one of the most sensitive tools to highlight corticomotor abnormalities in PD (Vacherot et al., 2010a). The current study found that the PD + FOG group had significantly larger normalized MEP at SICI2ms in comparison to the Control group, suggesting a decreased intracortical inhibition in people with FOG. However, no significant differences were observed between PD − FOG and Control groups. Our results partly support Vacherot et al.’s (2010b) finding of no significant differences in SICI2ms of the TA muscle between people with PD and control participants regardless of medication status (Vacherot et al., 2010b). Targeting the first dorsal interosseous muscle, a significantly reduced SICI2ms was found during “OFF” medication, but the reduction in intracortical inhibition was restored during the “ON” state (Ridding et al., 1995). Our study is the first to show that individuals with FOG have a reduced SICI2ms of the TA muscle even during the “ON” medication status, suggesting that the intracortical inhibition is impaired in persons with PD + FOG, and dopaminergic medication could not fully restore the intracortical inhibitory control of these individuals. This reduced intracortical inhibition corresponds to the finding of decreased RMT, suggesting a compensatory hyperexcitation of the corticomotor system in people with PD + FOG. Using fMRI combined with a motor imagery of walking task, Snijders et al. (2011) found that patients with FOG, compared to those without FOG, showed a compensatory increased activation of the mesencephalic locomotor network in order to maintain motor imagery of gait (Snijders et al., 2011). Our TMS findings further supported the idea that the corticomotor system of people with FOG may be hyperexcited in order to compensate for the impaired basal ganglia.

Beyond the findings of RMT and SICI2ms, no statistically significant group differences were observed in other TMS variables. This is consistent with the results reported by Vacherot et al. (2010a), who also did not find any statistically significant differences in resting MEP, active MEP, CSP, and SICI3ms between people with PD, regardless of “ON” or “OFF” medication, and control subjects. However, the study found impaired intracortical facilitation in the PD group during “OFF” medication, but the group difference was not evident during “ON” state. Thus, the authors suggested that dopamine substitution therapy could partially restore the function of the intracortical facilitation (Vacherot et al., 2010a, b). Since the subjects in our study were tested during “ON” medication state; it is not known whether any of the TMS variables may become impaired during the “OFF” status.

There is still a lack of comprehensive knowledge regarding how corticomotor excitability correlates with gait performance, particularly in people with PD + FOG (Swanson and Fling, 2018). Hence, the relationships between TMS outcome measures and gait variables were determined in this study. Distinct correlation patterns were observed within the three groups. For the Control group, a negative correlation was found between step length and resting MEP, while gait velocity positively correlated with the combined SICI score. As for the PD − FOG, a positive correlation was observed between step length and CSP, and a borderline correlation between walking velocity and SICI (ρ = 0.504, p = 0.055). The results from the PD − FOG group support those observed in the Control group. Since smaller resting MEP indicated less excited corticospinal tract and longer CSP represented greater inhibitory control of the corticospinal tract (Vucic and Kiernan, 2017), the results suggest that the modulation of appropriate step length in non-disabled adults and non-freezers relies on the inhibitory control of the corticospinal pathway. On the other hand, gait velocity correlated with SICI, indicating that walking velocity may be modulated by the intracortical inhibitory control. Individuals who had less intracortical inhibition also walked faster.

Contrary to the findings from the Control and PD − FOG groups, no significant relationships existed in the PD + FOG group. Although a good explanation for these distinct correlation patterns is lacking, we speculate that it could be related to the function or integrity of the motor circuit, connections between the sensorimotor cortex and the basal ganglia. The motor circuit plays an important role in modifying and executing motor plans during locomotion (Kesar et al., 2018). The motor circuit is presumably intact in non-disabled adults, while it is mildly to moderately affected in persons with PD − FOG. Thus, greater integrity of the motor circuit should be associated with better walking ability. However, the motor circuit is severely disrupted in people with FOG, and those individuals would rely more on the cognitive process (i.e., the frontostriatal circuit) when they intend to walk (Redgrave et al., 2010). Moreover, people with PD + FOG may use all available neural resources when executing movements. Thus, no correlation was observed in this patient population.

One limitation of this study is that participants were tested only during “ON” medication. The reason for testing the participants during the “ON” state was that persons with PD should take medication regularly. However, even with the usage of medication, many individuals, especially those with FOG, have discernable gait disturbances. Therefore, we wanted to understand whether there were any abnormalities in corticomotor excitability in persons with PD + FOG during the “ON” state. Since several earlier studies found greater changes in corticomotor excitability during “OFF” state, future studies should test the participants during “OFF” medication to understand the neurophysiological changes associated with FOG. Another limitation of the study is that the participants in the PD + FOG and PD − FOG groups were not matched in disease duration and severity. The participants were recruited using convenient sampling; thus, baseline demographic data were not fully controlled. As presented in the results, we reanalyzed the data by removing participants who had longer disease duration and greater disease severity to further scrutinize our findings. Secondary analysis still revealed significant group differences for the RMT and SICI2ms, supporting our initial findings. Future studies should consider disease duration- and severity-matched individuals when recruiting participants with FOG. The third limitation of the study was the potential insufficient sample size of the participants. This study recruited 33 participants with PD (18 with FOG and 15 without) according to the sample sizes being used in previous studies (Cantello et al., 2002; Tremblay and Tremblay, 2002; Vacherot et al., 2010b). A post-hoc power analysis revealed that the power of the study was 0.73 using SICI2ms or 0.89 using velocity as the primary outcome. Nevertheless, more sample size in the future studies will facilitate the generalization of this study. Lastly, we did not pool the data of all participants with PD when performing the correlation analysis because we were more interested in understanding the association of corticomotor excitability and gait performance in each subgroup population. Investigating the relationships within each subgroup may provide additional insights regarding how the central nervous system modulates walking ability in healthy and pathological brains.



CONCLUSION

Using TMS to explore the changes in corticomotor excitability associated with FOG in people with PD, it was found that freezers had a lower RMT and a reduced SICI2ms when compared with non-disabled adults. Additionally, gait performances appeared to correlate with some TMS outcomes in non-disabled adults and people with PD − FOG, but not in people with PD + FOG. These findings may add a piece of information for unraveling the pathophysiology of FOG.
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Objective: The present study aimed to investigate the analgesic effect of electroacupuncture (EA) in neuropathic pain due to brachial plexus avulsion injury (BPAI) and related changes in the metabolic brain connectivity.

Methods: Neuropathic pain model due to BPAI was established in adult female Sprague–Dawley rats. EA stimulations (2/15 Hz, 30 min/day, 5-day intervention followed by 2-day rest in each session) were applied to the fifth–seventh cervical “Jiaji” acupoints on the noninjured side from 1st to 12th weeks following BPAI (EA group, n = 8). Three control groups included sham EA (nonelectrical acupuncture applied to 3 mm lateral to the real “Jiaji” acupoints), BPAI-only, and normal rats (no particular intervention; eight rats in each group). Thermal withdrawal latency (TWL) of the noninjured forepaw was regularly tested to evaluate the threshold of thermalgesia. Small animal [fluorine-18]-fluoro-2-deoxy-D-glucose (18F-FDG) PET/CT scans of brain were conducted at the end of 4th, 12th, and 16th weeks to explore metabolic alterations of brain.

Results: In the EA group, the TWL of the noninjured forepaw significantly decreased following BPAI and then increased following EA stimulation, compared with sham EA (P < 0.001). The metabolic brain connectivity among somatosensory cortex (SC), motor cortex (MC), caudate putamen (Cpu), and dorsolateral thalamus (DLT) in bilateral hemispheres decreased throughout the 16 weeks’ observation in the BPAI-only group, compared with the normal rats (P < 0.05). In the EA group, the strength of connectivity among the above regions were found to be increased at the end of 4th week following BPAI modeling, decreased at 12th week, and then increased again at 16th week (P < 0.05). The changes in metabolic connectivity were uncharacteristic and dispersed in the sham EA group.

Conclusion: The study revealed long-term and extensive changes of metabolic brain connectivity in EA-treated BPAI-induced neuropathic pain rats. Bilateral sensorimotor and pain-related brain regions were mainly involved in this process. It indicated that modulation of brain metabolic connectivity might be an important mechanism of analgesic effect in EA stimulation for the treatment of neuropathic pain.

Keywords: neuropathic pain, brachial plexus avulsion injury, electroacupuncture, thermal withdrawal latency, metabolic connectivity


INTRODUCTION

Brachial plexus avulsion injury (BPAI), which is often caused by motorcycle accident, is one of the most devastating peripheral nerve injuries. Partial or global BPAI would lead to sensory and motor dysfunction. Neuropathic pain is another intractable problem caused by BPAI. It is reported that 70–90% BPAI patients suffer from persistent neuropathic pain (Teixeira et al., 2015). This kind of pain is usually described as hot-burning, tingling, pricking, pins-and-needles, sharp, shooting, squeezing, cold, electric, or shock-like quality of pain (Widerström-Noga, 2017). Functional and structural changes in the nervous system involve the peripheral nerve fibers, spine, brain, and several pain pathways (Teixeira et al., 2015). These factors would contribute to both development and maintenance of neuropathic pain (Gierthmühlen and Baron, 2016; Zilliox, 2017). Neuropathic pain following BPAI was reported to be largely refractory to the conventional treatment, and evidenced-based treatments for it are scarce (Parry, 1980; Teixeira et al., 2015). Investigation on the mechanisms underlying neuropathic pain due to BPAI would be necessary for seeking the solve for neuropathic pain.

Several other guidelines have focused on the clinical practice of pharmacological medicine (Attal et al., 2010). Nonpharmacological therapy, such as direct current stimulation with (or without) visual illusion, transcutaneous electrical stimulation, dorsal root entry zone lesioning, and acupuncture are recommended for neuropathic pain after spinal cord injury (Davis and Lentini, 1975; Spaić et al., 2002; Soler et al., 2010; Cohen and Mao, 2014; Ngernyam et al., 2015). However, chronic neuropathic pain is still a challenging problem (Zilliox, 2017). Acupuncture is a popular practice of traditional Chinese medicine. It modulates the flow of Qi and blood through the meridians of the body and restores the balance among five main organs (heart, liver, spleen, kidney, and lung) to maintain homeostasis (Rong et al., 2011). Acupuncture or electroacupuncture (EA) has been used as alternative therapy in the treatment of several diseases (Li et al., 2014; Lu et al., 2014). Chronic pain is one of its major indications, including inflammatory pain, cancer-related pain, visceral pain, and neuropathic pain (Ju et al., 2017; Zhang et al., 2014). However, the underlying mechanism is largely unknown.

As the development of neuroimaging technology, [fluorine-18]-fluoro-2-deoxy-D-glucose (18F-FDG) PET has been used as a method for measuring the cerebral metabolic rate of glucose from 1980 (Phelps et al., 1980). It directly measures the glucose metabolism as a marker of neural activity and reflects the whole brain activity, which is in the steady state. Compared with blood-oxygen-level-dependent imaging (BOLD) functional magnetic resonance imaging (fMRI), 18F-FDG-PET is less dependent on neurovascular coupling (Yakushev et al., 2017). Metabolic connectivity reflects metabolism relationships between different brain regions, which could provide a novel insight of brain connectivity (Yakushev et al., 2017). It has been used in many diseases such as Alzheimer’s disease (AD; Morbelli et al., 2012; Herholz et al., 2018), dementia (Caminiti et al., 2016), and amyotrophic lateral sclerosis (Pagani et al., 2016).

In the present study, the BPAI-induced neuropathic pain was established in rats. Sham EA, BPAI-only (model), and normal groups were set up for control. The changes in thermalgesia threshold were evaluated. Meanwhile, 18F-FDG traced positron emission tomography/computed tomography (PET/CT) was acquired to assess the change in brain metabolism. Metabolic connectivity was further calculated to explore the underlying mechanisms of neural activity in BPAI rats.



MATERIALS AND METHODS


Animals

A total of 32 female Sprague–Dawley rats weighing 180–200 g were included. All the rats were provided by Shanghai Slack Laboratory Animal Limited Liability Company (Shanghai, China). They were raised under the conditions with 12-h light/dark cycle and unrestricted food or water supply. The rats were kept in cages for at least 7 days before any further intervention or assessment started. The rats were randomly assigned to four groups: the normal, model, sham EA, and EA groups (eight rats in each group).

All procedures were in agreement with the Guide for the Care and Use of Laboratory Animals described by the US National Institutes of Health and were approved by the Animal Ethical Committee of Shanghai University of Traditional Chinese Medicine. The flow diagram is shown in Figure 1.
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FIGURE 1. Flow chart of whole experiment. Right side brachial plexus avulsion injury (BPAI) was made on day 0. TWL assessment was conducted on 3rd day before BPAI and 3th, 7th, 14th, 21th, 28th, 56th, 84th, and 112th day following BPAI, respectively. (18F-FDG) PET/CT scan was performed on 28th, 84th, and 112th day following BPAI, respectively. EA/sham EA intervention was performed from 7th to 84th day, which lasted for 11 weeks. BPAI, brachial plexus avulsion; TWL, thermal withdrawal latency; EA, electroacupuncture.





Surgical Procedure

The global BPAI (C5-T1 cervical nerve roots) procedure was performed on the right side in the rats of model, sham EA, and EA groups according to the method described in our previous study (Shen et al., 2019a). During the procedure, the rat was anesthetized via intraperitoneal injection with sodium pentobarbital (40 mg/kg) and then placed in a prone position on a clean operation table. An incision of 4 cm was made through the dorsal midline from the occiput to the scapular angulus superior. Under an operation microscope (magnification, 10×), longissimus capitis muscle, semispinal muscle of the neck, biventer cervicis, and complex muscle were divided. The muscles on vertebral plate and the spinous process were removed, and hemilaminectomies from C4 to T1 were performed to expose the nerve roots on the right side. The roots of C5, C6, C7, C8, and T1 nerves were identified under direct vision. Both dorsal and ventral rootlets were grasped with forceps and completely extracted from the spinal cord by traction. The rootlets and dorsal ganglions were visually confirmed to ensure a preganglionic injury. Glutin sponge was applied for hemostasis, and the incision was covered with penicillin powder to prevent infection.



EA/Sham EA Interventions

The EA and sham EA interventions were conducted at the same time of the day since first week following BPAI. The rats were placed in a self-made immobilization apparatus, with the right hindlimb and low back exposed and the rest of the body fixed. Room temperature was controlled to 25.0 ± 1.0°C, with noise and light controlled. The rats acclimated for at least 3 days before the interventions started.

In the EA stimulation, three disposable sterile stainless-steel needles (0.3 mm in diameter and 13 mm in length; Huatuo, Suzhou Medical Appliance Factory, Suzhou, China) were inserted into the left C5–C7 “Jiaji” acupoints (EX-B2, 5 mm lateral to the left C5–C7 spinous, 3–5 mm in depth). Then, the needles’ tails were connected to the output terminal of an electrical stimulator (Huatuo SDZ-II nerve and muscle stimulator, Suzhou Medical Appliance Factory, Suzhou, China). The frequency of disperse-dense wave of EA was 2/15 Hz, and the intensity was modulated to induce slight contraction of target muscles. The intervention was performed for 30 min per day, five times per week for 11 weeks.

In the sham EA group, three needles were inserted into sham acupoints (8 mm lateral to the left C5–C7 spinous, 3–5 mm in depth) without electrical output.



Behavioral Assessments

Thermal withdrawal latency (TWL) of the noninjured (left) forepaw was tested 3 days pre-BPAI, 3rd day, and at the end of the 1st, 2nd, 3rd, 4th, 8th, 12th, and 16th weeks after BPAI (Rodrigues-Filho et al., 2003; Challa, 2015). Before the first evaluation, the rats were trained 5 days per week for 2 weeks.

The TWL tests were performed with the Plantar Test Apparatus (Hargreaves Method) for Mice and Rats (IITC Life Science Inc., Woodland Hills, CA, United States). The rats were placed on a glass platform for 15 min before the test to ensure acclimation. Then, a high-intensity moveable radiant heat source was placed underneath. The lateral palmar surface of the noninjured (left) forepaw was exposed to the radiant heat source. The time when the rat withdraws or moves the forepaw after placement of the heat source was recorded, with shorter latencies indicating lower thermalgesia thresholds. The heat source automatically cut off at 20 s to avoid tissue damage. Five consecutive tests were conducted in each rat, with intervals of 5 min in between. The average value was recorded as the final result.



18F-FDG PET/CT Scanning

18F-FDG PET scanning were acquired at the end of the 4th, 12th, and 16th weeks following BPAI, respectively. Images were acquired from a small animal PET/CT scanner (Concorde Microsystems, Knoxville, TN, USA).

Before PET/CT scanning, the rats stayed with water supply only for 12 h to enhance 18F-FDG uptake. 18F-FDG (0.5 m Ci) was injected through the tail vein, and then, the rat stayed in a quiet room for 30 min to ensure adequate take-up of tracer. Rats were induced with 5% halothane and maintained with 1.5%. The scan processes were conducted as previous study described (Shen et al., 2019a). During scanning, the rat was placed in prone position on the bed of PET/CT, which consisted of a 15-cm-diameter ring of 96-position sensitive ray scintillation detectors and provided a 10.8-cm transaxial and a 7.8-cm axial field of view (FOV) with an intrinsic resolution of 1.8 mm. The timing resolution was <1.5 ns. The CT images were obtained for coregistration and attenuation correction. The collected images were recombined in the OSEM3D mode with a 128 × 128 matrix. Parameters of CT image acquisition were set as follows: spherical tube voltage = 80 kV, current = 500 μA, and acquisition time = 492 s.



Image Preprocessing

Data preprocessing was conducted using the Statistical Parametric Mapping 8 toolbox (SPM 8)1 based on Matlab 2014a (Mathworks, Inc., Natick, MA, USA). The raw PET images in DICOM format were converted into NIFTI format using ImageJ software (Image Processing and Analysis in Java, National Institutes of Health, Bethesda, MD, USA). The skull-stripped brain PET images of each rat were extracted by using a hand drawing mask. All the three directions (i.e., x, y, and z) of the voxels were upscaled by 10 to fit the algorithm implemented in SPM8. Based on a standard rat brain template (Schwarz et al., 2006), the orientation of individual PET images was adjusted by modifying pitch/roll/yaw parameters, and the origin was reset. As only one brain volume of standard uptake value (SUV) was obtained during one image acquisition period, the realignment procedure for correction of head motion among different volumes was inapplicable, thus not conducted. All individual brain PET images were then spatially normalized to the template and resampled to 2 × 2 × 2 mm3 resolution. The images were smoothed with a Gaussian kernel of a full-width at half-maximum (FWHM) twice of the voxel size (i.e., FWHM = 4 mm), to enhance the signal/noise ratio. The FDG uptake value of each voxel was normalized by the global mean uptake value to correct for variability across subjects.



Metabolic Connectivity Construction

In the current study, a matrix of intersubject metabolic brain connectivity was constructed for each group of rats. The process is shown in Figure 2. In the matrix, a set of nodes represented selected brain regions, while their edges denoted functional relationship between nodes. Our previous report has revealed significantly altered glucose metabolism in bilateral motor cortex (MC), sensory cortex (SC), caudate putamen (Cpu), and dorsolateral thalamus (DLT) following BPAI (Shen et al., 2019a,b). Therefore, these above eight brain regions were defined as nodes, and they were drawn out by registering the stereotaxic rat brain atlas (Schwarz et al., 2006) with the normalized brain PET images of each rat. The mean SUV of each selected brain region from each rat was extracted and compiled into separate vectors. The cross-subject Pearson’s correlation coefficients between paired brain regions were calculated. Then, an adjacency 8 × 8 correlation matrix for each group was constructed with brain regions labeled on the x- and y-axes and P-values of correlation coefficients as the elements in rows and columns.
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FIGURE 2. The diagram of (A) image preprocessing and (B) metabolic connectivity construction. SUVROI_ij, the standard uptake value (SUV) of brain region #j in rat #i.





Statistical Analysis

The SPSS 22.0 statistical software (SPSS Inc., New York, NY, USA) was used to analyze the behavioral data. The data were shown as mean ± standard deviation. Least significance difference (LSD) test was used to analyze the differences among the four groups at each time point. P < 0.05 were considered statistically significant.

After metabolic connectivity construction, a two-sample t-test was performed in the intragroup comparison of metabolic brain images (i.e., EA vs. sham EA, model vs. normal, sham EA vs. model, EA vs. model) with a significance level of P = 0.05 [false discovery rate (FDR) correction]. The analysis was performed using the Statistical Parametric Mapping 8 toolbox (SPM 8)1 based on Matlab 2014a (Mathworks, Inc., Natick, MA, USA).




RESULTS


Animals

All rats were in good condition and active after BPAI modeling. They showed slight weakness within the first three postinjury days and then largely recovered to baseline level. No obviously abnormal foraging activity or instability was observed, and no infection was noted. Most rats in model, sham EA, and EA groups showed autotomy in the right (injured) forepaws, such as biting off the nails and digits. Horner’s sign (i.e., ptosis, concave eyeballs, and constriction of pupils) was presented on the right (injured) side in all rats.



Behavioral Assessment

Before BPAI, there was no significant difference in TWL assessments of the noninjured (left) forepaw among the four groups (P > 0.05). On the third day, and first and second weeks after BPAI, TWL of the model, sham EA, and EA groups significantly decreased compared with the normal group (P < 0.05). However, there was no significant difference between the sham EA and EA groups (P > 0.05). Since the third week after BPAI, the average TWL of the model group was still lower than that in the normal group (P < 0.001), and the TWL in the EA group started to be significantly higher than that in the sham EA group (P < 0.001). The changing curve is shown in Figure 3.


[image: image]

FIGURE 3. Comparison of TWL of the rats’ left (noninjured) forepaw in the normal, model, sham EA, and EA groups. BPAI was made on day 0. * and ** Indicate significant differences between the model and normal groups at the same timepoint (model–normal; *P < 0.05; **P < 0.001). ##Indicates significant differences between the EA and sham EA groups at the same timepoint (EA–sham EA; P < 0.001). BPAI, brachial plexus avulsion injury; EA, electroacupuncture.





Metabolic Brain Connectivity

On the fourth week following BPAI (i.e., 3 weeks of EA/sham EA intervention), significantly decreased metabolic connectivity was observed in bilateral motor, sensory, and pain-related brain regions (Figures 4D,H). Increased metabolic connectivity between regions related to motor and sensory regions in the right hemisphere, as well as decreased metabolic connectivity in the left hemisphere were observed in the sham EA group, compared with the model group (Figures 4C,G). However, significantly increased metabolic connectivity in bilateral hemispheres was observed in the EA group compared with the sham EA (Figures 4A,E) and model group (Figures 4B,F).


[image: image]

FIGURE 4. Comparison of metabolic connectivity among four groups at fourth week (i.e., 3 weeks of EA/sham EA intervention) after BPAI. (A,E) Significantly increased metabolic connectivity was observed among the right DLT, right motor cortex, left motor cortex, and left somatosensory cortex in the EA group, compared with the sham EA group. (B,F) Significantly increased metabolic connectivity was observed among the dorsolateral thalamus and left somatosensory cortex in the EA group, compared with the model. (C,G) Significantly increased metabolic connectivity among the left caudate putamen and left somatosensory cortex, as well as decreased metabolic connectivity between the right motor cortex and left somatosensory cortex, left motor cortex, and left somatosensory cortex was observed in the sham EA group, compared with the model group. (D,H) Changes in metabolic connectivity in the whole brain after BPAI (*P < 0.05; #P < 0.001). Red line, increased metabolic connectivity; gray line, decreased metabolic connectivity. BPAI, brachial plexus avulsion injury; EA, electroacupuncture; SC, somatosensory cortex; DLT, dorsolateral thalamus; MC, motor cortex; CPu, caudate putamen.



At the end of the 12th week after BPAI (i.e., 11 weeks of EA/sham EA intervention), metabolic connectivity in bilateral hemispheres still decreased in the model group (Figures 5D,H). However, metabolic connectivity increased in the left hemisphere (contralateral to the injured limb) in the sham EA group (Figures 5C,G). Decreased metabolic connectivity in bilateral hemispheres was observed in the EA group compared with the sham EA group (Figures 5A,E) or with the model group (Figures 5B,F).
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FIGURE 5. Comparison of metabolic connectivity among four groups at 12th week (i.e., 11 weeks of EA/sham EA intervention) after BPAI. (A,E) Significantly increased metabolic connectivity was observed among the bilateral DLT, bilateral motor cortex, bilateral caudate putamen, and right somatosensory cortices in the EA group compared with the sham EA group. (B,F) Significantly decreased metabolic connectivity was observed among the right DLT, right motor cortex, and left caudate putamen in the EA group compared with the model group. (C,G) Significantly increased metabolic connectivity between the left DLT and bilateral somatosensory cortices, as well as decreased metabolic connectivity between left motor cortex and right somatosensory cortex were observed in the sham EA group compared with the model group. (D,H) Changes of metabolic connectivity in the whole brain after BPAI (*P < 0.05; #P < 0.001). Red line, increased metabolic connectivity; gray line, decreased metabolic connectivity. BPAI, brachial plexus avulsion injury; EA, electroacupuncture; SC. somatosensory cortex; DLT, dorsolateral thalamus; MC, motor cortex; CPu, caudate putamen.



At the end of the 16th week after BPAI (i.e., 4 weeks after EA/sham EA intervention), increased metabolic connectivity was observed in bilateral hemispheres in the EA group compared with the sham EA group (Figures 6A,E) or the model group (Figures 6B,F). In the model (Figures 6D,H) and sham EA groups (Figures 6C,G), the changes were similar with those of previous timepoints (12 weeks).
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FIGURE 6. Comparison of metabolic connectivity among four groups at 16th week (i.e., 4 weeks after EA/sham EA intervention) after BPAI. (A,E) Significantly increased metabolic connectivity among the bilateral motor cortex, bilateral caudate putamen, bilateral DLT, and right somatosensory cortex, as well as significantly decreased metabolic connectivity between bilateral DLT were observed in the EA group compared with the sham EA group. (B,F) Significantly increased metabolic connectivity was observed among the bilateral DLT, left motor cortex, left somatosensory cortex, and right caudate putamen in the EA group compared with the model. (C,G) Significantly increased metabolic connectivity between the left DLT and left somatosensory cortex, as well as decreased metabolic connectivity between left somatosensory cortex and right caudate putamen were observed in the sham EA group compared with the model group. (D,H) Changes of metabolic connectivity in the whole brain after BPAI (*P < 0.05; #P < 0.001). Red line, increased metabolic connectivity; gray line, decreased metabolic connectivity. BPAI, brachial plexus avulsion injury; EA, electroacupuncture; SC, somatosensory cortex; DLT, dorsolateral thalamus; MC, motor cortex; CPu, caudate putamen.






DISCUSSION

Neuropathic pain is a persistent chronic pain that is associated with abnormal functioning caused by a lesion or disease affecting the somatosensory system (Treede et al., 2008). Many diseases could cause persistent chronic pain, such as diabetic peripheral neuropathy, nondiabetic neuropathy, postherpetic neuralgia, trigeminal neuralgia, and spinal cord injury (Bril et al., 2011; Finnerup et al., 2014; Mulla et al., 2015). BPAI is a specific type of brachial plexus injury that causes preganglionic disruption of nerve roots from the spinal cord (Murphey et al., 1947). High prevalence of neuropathic pain is also acknowledged in BPAI (Santana et al., 2016).

Although accumulating studies have focused on neuropathic pain (Zilliox, 2017), the treatment of neuropathic pain induced by BPAI is still challenging. For example, the American Academy of Neurology (ANN) has published practice guidelines including pharmacological and nonpharmacological treatment of painful diabetic neuropathy, postherpetic neuralgia, and trigeminal neuralgia (Gronseth et al., 2008; Bril et al., 2011). However, for neuropathic pain due to BPAI, reported guideline is still limited. Paszcuk et al. (2011) reported potential effect of cannabinoid and cannabinoid agonists in treating neuropathic pain following BPAI in mice (Paszcuk et al., 2011). However, the adverse effects associated with the use of “medical cannabis” and the safety of inhaling pyrolysis products in cannabis smoking process still need further investigation and improvement (Donvito et al., 2018). Previous study also demonstrated that motor cortex stimulation and deep brain stimulation may be effective for treating neuropathic pain following peripheral nerve injury (Levy et al., 2010). However, complications of the surgery, such as intracranial bleeding, infection, and permanent neurological deficits, need to be considered (Nguyen et al., 1999).

EA, originated from traditional acupuncture, is combined use of needles and electrical stimulation (Ju et al., 2017). Cope (2016) reported that repeated EA contributes to significant analgesic effects in treating brachial plexus neuralgia induced by administration of cobra venom (Cope, 2016). Zhang et al. (2014) reported that EA intervention can relieve neuropathic pain in BPAI patients.

Therefore, we established the neuropathic pain model by BPAI. Thermalgesia threshold of the noninjured forepaw was significantly decreased after BAPI, which is consistent with our previous studies. We found that thermalgesia threshold of the noninjured forepaw was elevated after application of 2/15 Hz EA stimulation in the “Jiaji” acupoints (EX-C5–C7). These demonstrated that EA could potentially release neuropathic pain following BPAI, and the treatment may persist after the cease of intervention.

The mechanism of neuropathic pain in BPAI is complicated. In BPAI, both peripheral nerve fibers and spinal cord were injured (Teixeira et al., 2015). Thus, several neural pathways are involved in the occurrence and development of neuropathic pain following BPAI. Peripheral nerve injury leads to sensitization of primary afferents inputs via the changes in the expression of neurotransmitters, neuromodulators, growth factors, and neuroactive molecules located in the dorsal root ganglion (Jaggi and Singh, 2011). Aside from that, BPAI also leads to hyperactivity of neuron in the posterior horn of the spinal cord (Denny-Brown et al., 1973; Powers et al., 1984), resulting in sensitization in the spinal cord (Jaggi and Singh, 2011). With the development of brain imaging and electrophysiological technology, a number of studies have reported that the brain has a network of cortical and subcortical areas that constitutes the “pain matrix” (Moisset and Bouhassira, 2007; Iannetti and Mouraux, 2010) that are associated with the sensory-discriminative (Hsieh et al., 1996; Apkariana et al., 2005; Moisset and Bouhassira, 2007), affective-emotional (Hsieh et al., 1996; Moisset and Bouhassira, 2007), and cognitive aspects (Apkariana et al., 2005; Moisset and Bouhassira, 2007) of pain. The “pain matrix” may provide insight of cerebral mechanism of neuropathic pain following BPAI.

There also have been some researches in the mechanism of acupuncture/EA in treating neuropathic pain. Li et al. (2019) found that 6 weeks of EA intervention could activate μ-opioid receptors, inhibit spinal dorsal horn neuron, and thus release pain. Low frequency of EA inhibits neuropathic pain more effectively than high frequency. It is reported that 2 Hz of EA induced a robust and longer-lasting decreased mechanical allodynia threshold than 100 Hz in caudal trunk nerve injury-induced neuropathic pain (Kim et al., 2004). In an L5/L6 nerve ligation-induced neuropathic pain model, 2 Hz also decreased mechanical and thermal hypersensitivity more powerfully than 100 Hz (Sun et al., 2002). Aside from that, spinal serotonin and norepinephrine participate in EA inhibition of neuropathic pain. EA can activate 5-HT1ARs to inhibit N-methyl-D-aspartate receptor (NMDAR) activities (Zhang et al., 2014). Park et al. (2010) also found that EA could reduce the release of excitatory amino acids and promote the release of inhibitory amino acid neurotransmitters in spinal cord (Park et al., 2010). Jiang et al. (2016) found that EA could inhibit secretion of prostaglandin E2 in the spinal cord and reduce pain by inserting bilateral L5 “Jiaji” (EX-B2), “Dachangshu” (BL25), “Weizhong” (BL40), and “Kunlun” (BL60) acupoints in rats. Other mechanisms include inhibiting of glial cells and inducing of numerous bioactive chemicals in the spinal cord (Zhang et al., 2014). Zhang et al. reported that EA stimulation could attenuate neuropathic pain after brachial plexus injury through upregulating β-endorphin expression (Zhang et al., 2014). Our previous studies revealed that application of EA induced activation and subsequent deactivation of somatosensory area and pain-related regulating cortical areas, including insula, thalamus, and cingulate cortex in a sciatic nerve transection model (Wu et al., 2018b). We also found that EA could induce both regional and extensive neuroplasticity in bilateral hemispheres (Wu et al., 2018a).

18FDG-PET has been widely used to evaluate regional brain glucose metabolic connectivity in many diseases to provide further understanding of neural functional connectivity (Morbelli et al., 2012; Caminiti et al., 2016; Pagani et al., 2016; Herholz et al., 2018). Horwitz et al. (1987) suggested that metabolic connectivity was the across-subject correlations of glucose metabolism between different brain regions (Horwitz et al., 1987). The altered metabolic connectivity revealed the changes in brain functional network, which was associated with pathophysiology of disorders. Our previous study also showed that neuropathic pain following BPAI induced metabolic connectivity changes significantly among sensorimotor-related areas and pain-related area in bilateral hemispheres (Huo et al., 2020). The specific neuroplasticity pattern might provide further insights to the mechanism of neuropathic pain following BPAI.

In the present research, we used 18FDG-PET to assess the changes of metabolic connectivity in neuropathic pain following BPAI. We found that decreased metabolic connectivity between bilateral sensorimotor cortices from 4th to 14th weeks. The decreased activation of sensorimotor cortex (SMC) could be attributable to the lack of neural input signals from periphery (Yoshikawa et al., 2012). We noted increased metabolic connectivity between SMC and pain-related areas in bilateral hemispheres at 4th week and decreased metabolic connectivity at 12th week following EA intervention. However, at 16th week, increased metabolic connectivity was found between SMC and pain-related areas in bilateral hemisphere. The specific activation pattern may be associated with the central mechanism of EA intervention in treating neuropathic pain after BPAI.

Caudate and putamen, which constitute the dorsal striatum, are the gateway to the basal ganglia (Kreitzer and Malenka, 2008). The Cpu receives inputs from all cortical areas and projects to frontal lobe areas (prefrontal, premotor, and supplementary motor areas) throughout the thalamus, which are concerned with motor planning (Herrero et al., 2002). Lanz et al. (2011) reported that increased activity of Cpu was associated with sensation of thermal pain. In the present experiment, the decreased metabolic connectivity between SC and Cpu in the left hemisphere (contralateral to the injured forelimb) may be the part explanation of the neuroplasticity evoked by chronic neuropathic pain and the dysfunction of motor and sensory function.

The thalamus is a key relay station for the transmission of nociceptive information to the cerebral cortex. It receives somatosensory inputs from the skin, deep structures, and visceral organs and then projects to the cortex. The dorsal thalamus contains the principal somatosensory thalamic nuclei (Yen and Lu, 2013). Previous studies have revealed the importance of thalamus in neuromodulation of chronic pain. Iadarola et al. (1995) reported reduced regional blood flow in the thalamus contralateral to the injured limb in patients with spontaneous pain. Application of deep brain stimulation in thalamus was demonstrated to be efficient for release of chronic neuropathic pain after traumatic amputation and BPAI (Pereira et al., 2013). In our study, decreased metabolic connectivity between ipsilateral DLT and SC was related with BPAI-induced neuropathic pain.

However, the present study still has some limitations. The natural difference between human and rodents should not be neglected. The acupoints are empirical proof in human that need further evidence. Further researches in human and brain microstructures are still needed before full confirmation is made.
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Objective: Osteonecrosis of the femoral head (ONFH) is a common condition that is encountered in clinical practice, and yet, little is known about its characteristics and manifestations in the brain. Therefore, in this study, we aimed to use resting-state functional magnetic resonance imaging (rs-fMRI) to investigate the spatial patterns of spontaneous brain activity in the brain of ONFH patients.

Methods: The study included ONFH patients and healthy controls. The pattern of intrinsic brain activity was measured by examining the amplitude of low-frequency fluctuations (ALFF) of blood oxygen level-dependent signals using rs-fMRI. Meanwhile, we also used Harris hip scores to evaluate the functional performance of ONFH patients and healthy controls.

Result: Ten ONFH patients and 10 health controls were investigated. We found global ALFF differences between the two groups throughout the occipital, parietal, frontal, prefrontal, and temporal cortices. In the ONFH patients, altered brain activity was found in the brain regions in the sensorimotor network, pain-related network, and emotion and cognition network. The results of the correlation investigations also demonstrated that the regions with ALFF changes had significant correlations with the functional performance of the patients evaluated by Harris hip scores.

Conclusions: Our study has revealed the abnormal pattern of brain activity in ONFH patients, and our findings could be used to aid in understanding the mechanisms behind the gait abnormality and intractable pain associated with ONFH at the central level.

Keywords: osteonecrosis of the femoral head, magnetic resonance imaging, spatial patterns, spontaneous brain activity, amplitude of low-frequency fluctuations, Harris hip scores, sensorimotor network, osteonecrosis


INTRODUCTION

Osteonecrosis of the femoral head (ONFH) is caused by impaired or interrupted vascular supply, and it may occur in individuals of all ages (Sultan et al., 2019). Subsequently, it may lead to the necrotization of the osteocytes. ONFH may originate from both traumatic and non-traumatic aetiologies. As the area of necrosis increases, the manifestations of ONFH progress to structural modifications and the collapse of the femoral head. As a consequence, ONFH may be accompanied by varying levels of pain and the functional disability of the hip joint. Among all of its symptoms, pain is usually the most significant and sustained, especially in advanced-stage ONFH [Association Research Circulation Osseous (ARCO) III° and IV°; Pyda et al., 2015; Kuroda et al., 2016].

Nowadays, owing to the advances in brain imaging techniques, a larger number of researchers are focusing on the central mechanism of arthritic disorders. The pathophysiologies of several motor system diseases have been investigated using functional magnetic resonance imaging (fMRI) techniques. In patients with osteoarthritis, Chen et al. (2015) reported that acupuncture might relieve knee osteoarthritis-related pain by modulating the functional connectivity between the right frontoparietal network, executive control network, and descending pain modulatory pathway. Within the networks, the rostral anterior cingulate cortex and medial prefrontal cortex were found to exhibit enhanced functional connectivity (Chen et al., 2015). A study based on the moxibustion treatment of knee osteoarthritis demonstrated increased fractional amplitude of low-frequency fluctuation (fALFF) values in the bilateral cerebrum, extra-nucleus, left cerebellum, and white matter. Simultaneously, the fALFF values of the precentral gyrus (PreCG), frontal lobe, and occipital lobe were found to be decreased (Xie et al., 2013). In rheumatoid arthritis patients, Flodin et al. (2016) reported that the supplementary motor areas, midcingulate cortex, and primary sensorimotor cortex exhibited enhanced functional connectivity. A recent multi-modal MRI study revealed that positive connections between the inferior parietal lobule, medial prefrontal cortex, and multiple brain networks, as well as reductions in inferior parietal lobule Gray Matter (GM), could be monitored to predict the development of fatigue, pain, and cognitive dysfunction in rheumatoid arthritis patients (Schrepf et al., 2018). Further, a neuroimaging study has reported that patients with chronic osteoarthritis pain exhibit significantly higher levels of anticorrelation between the right anterior insula and default mode network regions, thereby suggesting an altered brain state at rest characterised by the increased inhibitory effect of the salience network on the default mode network (Ryan et al., 2018).

Most studies focus on the pain-related symptoms following the onset of osteoarthritis and rheumatoid arthritis. However, in patients suffering from ONFH, gait abnormality is also an important symptom that may cause a dramatic reorganization in the motor-related brain networks. Thus, it is assumed that multiple brain networks may be involved in the adaptive plasticity following the development of ONFH and that resting-state fMRI (rs-fMRI) could be an effective modality for investigating the corresponding changes in the whole brain. Despite this, little is known about the characteristics and manifestations of ONFH in the brain.

Therefore, in the present study, we aimed to investigate the changes in intrinsic or spontaneous brain activity in ONFH patients via the use of rs-fMRI to examine the regional amplitude of low-frequency fluctuations (ALFF) across the bilateral hemispheres.



MATERIALS AND METHODS


Subjects

This study was approved by the Medical Research Ethics Committee of the authors’ affiliated institutions and was registered in the national clinical trial registry. Twenty right-handed subjects (10 ONFH patients and 10 healthy controls) participated in this study after providing written informed consent. The participants with ONFH were recruited from among patients who had consulted orthopedic clinics at the authors’ affiliated institutions for hip pain. The healthy controls were recruited from the local community by advertisements.

The inclusion criteria for ONFH patients were as follows: (1) had been diagnosed as ONFH following the 2015 Guideline for Diagnostic and Treatment of ONFH (Li, 2015); (2) were the first time to suffer from ONFH; (3) had no previous treatment of medication; and (4) underwent a complete physical and radiological examination, standard laboratory tests, and an extensive number of neuropsychological assessments.

The criteria for the selection of the healthy controls were as follows: (1) no neurological or psychiatric disorders, such as stroke, depression, or epilepsy; (2) no neurological deficiencies, such as visual or hearing loss; (3) no abnormal findings, such as infarction or focal lesion in conventional brain MRI; (4) no cognitive complaints; and (5) Mini-Mental State Examination (MMSE) scores of 28 or higher.

The exclusion criteria for the patients with ONFH were as follows: (1) presence of neurological or psychiatric disorders, such as stroke, depression, or epilepsy; (2) presence of neurological deficiencies, such as visual or hearing loss; (3) presence of abnormal findings, such as infarction or focal lesion, in conventional brain MRI; (4) cognitive complaints; (5) MMSE scores of less than 28; and (6) the inability to tolerate fMRI scans.

The clinical and demographic data of the 20 participants are presented in Table 1. There were no significant differences between the two groups in terms of sex, age, MMSE scores, and Harris hip scores.

TABLE 1. Demographic data and clinical characteristics of the ONFH patients and healthy controls.
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Data Acquisition

The MRI data were acquired by scans performed with a Siemens Verio 3 Tesla scanner (Siemens, Erlangen, Germany). Head-huggers and earplugs were used to limit head motion and reduce the volume of noise produced by the MRI scanner. The subjects were instructed to relax, hold still, keep their eyes closed, keep awake, and not think about anything in particular. Functional images were captured axially using an echo-planar imaging (EPI) sequence with the following settings: a repetition time of 3,000 ms, echo time of 30 ms, a flip angle of 90°, a field of view of 24 cm, a resolution of 64 × 64 matrices, 43 slices with a thickness of 3 mm, a voxel size of 3.75 × 3.75 × 3 mm3, and bandwidth of 2,232 Hz/pixel. The scan lasted for 600 s. All the subjects had not fallen asleep based on the responses in a simple questionnaire filled after the scan. Three-dimensional T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sagittal images were captured using the following parameters: a repetition time of 1,900 ms, echo time of 2.93 ms, an inversion time of 900 ms, a flip angle of 9°, a resolution of a 256 × 256 matrix, 160 slices with a thickness of 1.0 mm, and a voxel size of 1 × 1 × 1 mm3.



Data Preprocessing

In this study, fMRI image data processing was carried out using the Data Processing Assistant for rsfMRI (DPARSF; Yan et al., 2016); this toolbox is based on Statistical Parametric Mapping 8 (SPM81) and is run in MATLAB R2014a (MathWorks Inc., Natick, MA, USA). The preprocessing steps were based on a recent mainstream protocol (Wang et al., 2011): the first 10 volumes of images were discarded owing to signal equilibrium and to allow the participants to adapt to the noise produced by the MRI scanner. All the slices of the remaining 190 volumes were corrected for different signal acquisition times by shifting the signal measured in each slice relative to the acquisition time of the slice acquired in the middle of each repetition time. Subsequently, to minimize the confounding of head motion, we utilized the Friston 24-parameter model to regress out head motion effects (Friston et al., 1996). The Friston 24-parameter model (i.e., six head motion parameters, six head motion parameters one time-point before, and the 12 corresponding squared items) was chosen based on prior work that higher-order models remove head motion effects better (Satterthwaite et al., 2013; Mistry et al., 2016). The motion-corrected functional volumes were spatially normalized to the EPI template space and resampled to 3 mm isotropic voxels using the normalization parameters estimated and recorded during unified segmentation. Following this, the functional images were spatially smoothed with a 6-mm full width at half maximum Gaussian kernel. Finally, using DPRSF, linear trend subtraction and temporal filtering (0.01–0.10 Hz) were performed on the time series of each voxel in order to reduce the effect of low-frequency drifts and high-frequency noise. As a quality check of fMRI date, large head motion in any direction corresponding to >3 mm or any rotation >3° would be excluded in our study.



Harris Hip Scoring System

The Harris Hip Scale, a widely adopted approach for assessing hip function, has been demonstrated to be effective for evaluating changes in hip function, and it has been shown to have high validity, reliability, and responsiveness (Mistry et al., 2016). Consequently, we used this approach to evaluate the pain, hip function, deformity level, and motion range of ONFH patients.



ALFF Analyses

We used the DPARSF to calculate the ALFF value, as described in previous studies (Yu et al., 2014; Golestani et al., 2017; Zhou et al., 2017). The preprocessed data were subjected to detrend and bandpass filtering (0.01–0.1 Hz). The time courses were first converted to the frequency domain via the fast Fourier transform algorithm. The square root of the power spectrum was computed and then averaged across 0.01–0.10 Hz at each voxel. This averaged square root was recorded as the ALFF. To reduce the global effects of variability across the participants, the ALFF of each voxel was divided by the global mean ALFF value of each subject, resulting in a relative ALFF. The global mean ALFF value was calculated for each participant within a group GM mask obtained by selecting a threshold of 0.2 on the mean GM map of all the 20 subjects. The relative ALFF value in a given voxel reflects the degree of its raw ALFF value relative to the average ALFF value of the whole brain.



Statistical Analyses


Intergroup ALFF Analysis

To determine the ALFF differences between the two groups, a two-sample t-test was performed at each voxel (within the AAL mask and GM mask). The statistical threshold was set at |T| > 1.73 (P < 0.05) and the cluster size at >10 voxels (=270 mm3), which corresponded to a corrected P-value of < 0.05, and the corrections were conducted using Gaussian random field (GRF).



Correlation Analysis of ALFF and Harris Hip Scores

To investigate the relationship between the ALFF and functional performance in all the subjects, we computed the Pearson’s correlation coefficients between the ALFF and Harris hip scores in both the ONFH and healthy control groups combined in a voxel-wise way. The statistical threshold was set at |T| > 1.73 (P < 0.05) and the cluster size at > 50 voxels (=1,350 mm3), which corresponded to a corrected P of <0.05 (Wang et al., 2011).





RESULTS


Demographic Characteristics and Hip Function Test

Eventually, after excluding subjects with excessive head movements, 10 ONFH subjects and 10 HC subjects entered the statistical analysis stage. The demographic characteristics, neuropsychological scores, and hip function scores are presented in Table 1. There were no significant differences between the two groupsin terms of sex, age, and MMSE scores; however, the Harris hip scores were significantly different between the two groups (P < 0.001). Figure 1 demonstrates that the correlation between age and Harris scores was significant. The differences among the affected sides were significant (P < 0.001) since there was a larger proportion of patients with ONFH affecting the left side in the experimental group. The distribution of sides affected with ONFH is presented in Figure 2.
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FIGURE 1. Correlation between age and Harris hip score. (A) The scatter plots between the Harris scores and age of the osteonecrosis of the femoral head (ONFH) participants. (B) The scatter plots between the Harris scores and age of healthy control participants.





ALFF Differences Between ONFH Patients and Healthy Controls

Figure 3 presents the ALFF differences between ONFH patients and healthy controls. The most significant ALFF increases in the ONFH patients were found in the right middle occipital gyrus (MOG), right inferior parietal lobule, left angular gyri, right insula, right superior temporal gyrus, right lingual gyrus, and left median cingulate and paracingulate gyri, left precuneus, left cuneus, and right parahippocampal gyrus (PHG) while increases were also observed in the right middle temporal gyrus, the left calcarine fissure and surrounding cortex, both-sides of the PreCG, the right inferior frontal gyrus, the right triangular part of the inferior frontal gyrus (IFGtri), the right middle frontal gyrus, both-sides of the postcentral gyrus (PoCG), the right anterior cingulate, and the paracingulate gyri. Significant ALFF decreases associated with ONFH were not observed.
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FIGURE 2. Distribution of the incidence location in the ONFH Group. Among all of the 10 ONFH patients, the condition was present in the right hip in three patients and in the left hip in four patients, and it was bilateral in three patients. Abbreviations: ONFH, osteonecrosis of the femoral head.
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FIGURE 3. T-test statistical difference maps between the ONFH patients and healthy controls. There were significant ALFF differences between the two groups in the right middle occipital gyrus (MOG), right inferior parietal lobule, left angular gyri, right insula, right superior temporal gyrus, right lingual gyrus, left median cingulate and paracingulate gyri, left precuneus, left cuneus, and right parahippocampal gyrus (PHG) while differences were also observed in the right middle temporal gyrus, the left calcarine fissure, both sides of the precentral gyrus (PreCG), the bilateral postcentral gyrus (PoCG), the right triangular part of the inferior frontal gyrus (IFGtri), the right middle frontal gyrus, and the right paracingulate gyri. For the details of the regions, see Table 2. Abbreviations: ONFH, osteonecrosis of the femoral head; ALFF, amplitude of low-frequency fluctuations.



TABLE 2. Regions exhibiting ALFF differences between the ONFH patients and healthy controls (with GRF correction).
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Figure 4A shows the individual MOG ALFF in ONFH patients and healthy controls. The group means were different between the two groups and exhibited a trend of ALFFHC < ALFFONFH, where HC represents healthy control. There were significant differences between ONFH patients and healthy controls (t = 3.387, P = 0.0033).
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FIGURE 4. The ALFF of the MOG and Correlation of the ALFF and Harris Hip Score. (A) A scatter plot representing the individual MOG ALFF values in the ONFH patients and healthy controls. The group means were different between the two groups and exhibited the following trend: ALFFONFH < ALFFHC, where HC represents healthy control. There were significant differences between ONFH patients and healthy controls (t = 3.387, P = 0.0033). (B) The scatter plot between MOG ALFF and Harris hip scores, which has a linear regression as a significant negative correlation (r2 = 0.3195, P = 0.0094). Abbreviations: ALFF, amplitude of low-frequency fluctuations; MOG, middle occipital gyrus; ONFH, osteonecrosis of the femoral head.





Correlations Between the ALFF and Harris Hip Scores

Figure 4B depicts the correlation maps between the ALFF and Harris hip scores in the ONFH and HC groups combined. Per the results of linear regression analysis, there were significant negative correlations (r2 = 0.3195, P = 0.0094) in the MOG ALFF.




DISCUSSION

ONFH may lead to intractable pain and the functional disability of the hip joint. Chronic pain and gait abnormality could influence the spatial patterns of intrinsic brain activity (Xie et al., 2013; Chen et al., 2015; Flodin et al., 2016; Ryan et al., 2018; Schrepf et al., 2018). Our study investigated the ONFH-related changes in the intrinsic or spontaneous brain activity by measuring the ALFF values of resting-state fMRI signals. Based on the current literature, this is the first time that a study has investigated the brain plasticity in ONFH patients. We found that there were global differences in ALFF values when comparing them between the ONFH patients and healthy controls, including in the right MOG, right inferior parietal lobule, left angular gyri, right insula, right superior temporal gyrus, right lingual gyrus, left median cingulate and paracingulate gyri, left precuneus, left cuneus, and right PHG while differences were also observed in the right middle temporal gyrus, the left calcarine fissure and surrounding cortex, both sides of the PreCG, the bilateral PoCG, the right IFGtri, the right middle frontal gyrus, and the right paracingulate gyri. Our results imply that measuring the ALFF value of intrinsic or spontaneous brain activity could be useful in characterizing the pathophysiology of ONFH.


Sensorimotor Dysfunction

Dysfunction, including chronic pain and movement disorder of the hip joint, has long plagued ONFH patients and may lead to functional and structural plasticity in the sensorimotor system. The primary motor cortex is predominantly located in the PreCG while the primary somatosensory cortex is located in the PoCG. Previous studies have revealed that PreCG is the primary region of the motor network that is involved in planning and executing movements (Stinear et al., 2009). In clinical practice, despite the pain they experience, the major complaint of arthritis patients is regarding the impairment of motor function, and typically, the sensorimotor cortex is the main area that is analyzed (Canavero and Bonicalzi, 2013). Interestingly, in the present study, we found the enhanced activation of the bilateral PreCG and PoCG in the ONFH patients compared to in the healthy controls. It is known that patients with ONFH may continue to use the affected hip joint with an abnormal gait. The brain tries to compensate for the unusual walking posture and enhances its motor control via adaptive plasticity. The occipital lobe contains most of the anatomical region of the visual cortex and contributes to visual information processing and communication with the cerebral cortex (Tu et al., 2013), the increasing of ALFF in MOG also could be evidence of via enhancing visual-spatial abilities to assist motor control.



Pain

Most of the previous studies have focused on the influences between fair of pain and pain perception, and the results have revealed that several brain regions, including the insular, prefrontal cortex, and anterior cingulate cortex may be involved in the development of fair of pain (Lumley et al., 2011; Lyby et al., 2011). ONFH patients had verified degrees of pain, resulting in increased ALFF values in the insula, paracingulate gyri, and IFGtri. The IFGtri is a part of the frontal gyrus of the frontal lobe. It is known that the anterior cingulate cortex is a critical hub for pain-induced mood disorders (Barthas et al., 2015). The insular cortex is critical for the perception, modulation, and chronification of pain (Lu et al., 2016). The prefrontal cortex is related to negative emotions and the descending pain inhibitory system (Maeoka et al., 2012). Based on our results, the contralateral (right-side) insula, paracingulate gyri, and IFGtri exhibited significant changes in the ALFF value. It may be inferred that ONFH-induced chronic pain could result in the functional remodeling of the brain. The pain matrix may be activated, and the pain-loop at the central level could be another adaptive plasticity response in ONFH patients, which could be an effective factor for poor clinical outcomes.



Emotion and Cognition

Previous studies have demonstrated that chronic pain may lead to various emotional and cognitive disorders (Lyby et al., 2011). The limbic system contributes to information processing related to motivation, emotion, learning, cognition, and memory. Our results revealed increased ALFF values in the right PHG. The PHG surrounds the hippocampus and is an important part of the limbic system. The PHG plays an important role in emotion processing, center-periphery organization, high spatial frequencies, expertise, and cognition (Levy et al., 2001; Van den Stock et al., 2014). The PHG transfers major polysensory input to the hippocampus and is the recipient of different combinations of sensory information (Burwell, 2000). The enhanced ALFF value in the PHG may indicate information recoding and an integration disorder in ONFH patients (Ranganath and Ritchey, 2012). Meanwhile, the hippocampus has been considered as the brain region that contributes to processing negative emotions, such as fear and anxiety (Kajimura et al., 2015). In the present study, the obvious increase in the ALFF value of the PHG could be evidence of a compensatory reaction for abnormal emotions in ONFH patients. Some studies also elucidated the obvious abnormal resting-state activity and increase in functional connectivity of the MOG in major depressive disorder (Teng et al., 2018), it also could be evidence of a compensatory reaction for abnormal emotions in ONFH patients. Further research should be performed to investigate the psychosocial alterations associated with ONFH since a proportion of ONFH patients suffer from anxiety, depression, and other mental illnesses.

Moreover, significant ALFF decreases associated with ONFH were not observed in the present study. In all the ONFH patients, the control of the healthy side may be enhanced to adapt to the chronic pain and functional disability. Further, this may enhance the activation of extensive brain regions.

In conclusion, we have presented the changes in the ALFF value in ONFH patients using rs-fMRI. We found that the MOG exhibits the most significant group difference in terms of the ALFF. Our results have demonstrated that the abnormal spontaneous intrinsic activity of several brain regions could be the underlying pathophysiology and brain region interconnecting relation in ONFH. Furthermore, the abnormal spontaneous activity of the MOG and frontal lobe leads to several problems that should be considered. In further studies, the following steps should be taken. First, a larger sample size should be used, and sex- and age-related changes should be investigated in different sexes and ages. Second, longitudinal studies on the changes in the intrinsic or spontaneous brain should be conducted in patients with ONFH. Third, patient groups with different stages of ONFH should be enrolled for group investigations.
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Background: Repetitive transcranial magnetic stimulation (rTMS) has been employed for motor function rehabilitation for stroke patients, but its effects on post-stroke cognitive impairment (PSCI) remains controversial.

Objective: To identify the effects of rTMS intervention on PSCI patients and its potential neural correlates to behavioral improvements.

Methods: We recruited 34 PSCI patients for 20 sessions of 10 Hz rTMS or no-stim control treatments over the left dorsal lateral prefrontal cortex (DLPFC). Cognitive function was evaluated with the Montreal Cognitive Assessment Scale, Victoria Stroop Test, Rivermead Behavior Memory Test, and Activities of Daily Living (ADL) assessed with the Modified Barthel Index. 14 patients received functional MRI scan, a useful non-invasive technique of determining how structurally segregated and functionally specialized brain areas were interconnected, which was reflected by blood oxygenation level–dependent signals. The amplitude of low-frequency fluctuation (ALFF) and functional connectivity (FC) were applied as the analytical approaches, which were used to measure the resting-state brain activity and functional connection.

Results: rTMS improved cognitive functions and ADLs for PSCI patients relative to patients who received no-stim control treatment. The cognitive improvements correlated to increased ALFF of the left medial prefrontal cortex, and increased FC of right medial prefrontal cortex and right ventral anterior cingulate cortex.

Conclusion: 10 Hz rTMS at DLPFC could improve cognitive function and quality of life for PSCI patients, which is associated with an altered frontal cortical activity.

Clinical Registration: Chinese Clinical Trial Registry, ChiCTR-IPR-17011908, http://www.chictr.org.cn/index.aspx.

Keywords: stroke, cognitive impairment, transcranial magnetic stimulation, amplitude of low frequency fluctuation, functional connectivity


INTRODUCTION

Post-stroke cognitive impairment (PSCI) impairs quality of life in stroke patients. One-third of all stroke patients have varying levels of cognitive impairment and 7% post-stroke patients develop dementia within 1 year (Leys et al., 2005; Sachdev et al., 2006). The core domains for PSCI include executive function, memory, attention, language, and visuospatial function while executive dysfunction and memory disorder are the most common clinical manifestation (Iadecola et al., 2019). With the development of the study of the brain network, cognitive impairments cannot be completely explained by the location after stroke but can be attributed to impairment of brain regions remote to the lesions. For these remote effects, it can be explained that the disruption of neuronal input is vital to the function of that remote brain region or of a certain network (Tuladhar et al., 2013). It has been widely accepted that stroke-induced damage to part of a brain network could have harmful effects on its entire function (Dijkhuizen et al., 2014). Functional MRI (fMRI) is a common imaging technique that has been used to investigate the functional change in the brains of patients with several psychiatric and neurological disorders (Sun et al., 2011). Among them, resting-state fMRI (rs-fMRI) measures spontaneous fluctuations in neural signaling, detected as low-frequency blood oxygenation level–dependent oscillations, which are synchronized among functionally connected brain regions (Dijkhuizen et al., 2014). Previous studies have applied the rs-fMRI technique, which suggested that the patients with PSCI have less functional connectivity within the brain networks (Ding et al., 2014; Dacosta-Aguayo et al., 2015).

The interventions of PSCI included controlling vascular risk factors, pharmacological treatments such as cholinesterase inhibitors (galantamine, donepezil, rivastigmine), the N-methyl D-aspartate antagonist memantine, and various Chinese medicines, cognitive training, and non-invasive stimulation (Beristain and Golombievski, 2015; Iadecola et al., 2019). Recently, repetitive transcranial magnetic stimulation (rTMS) is a non-invasive and relatively safe electrophysiological technique, based on the principle of electromagnetic induction of an electric field in the brain, that has been widely used in the field of rehabilitation of post-stroke dysfunctions such as motor disorder, neglect, and swallowing impairment (Winstein et al., 2016; Dionisio et al., 2018; Lefaucheur et al., 2020). Nevertheless, there are few studies about the treatment of PSCI by rTMS, and its therapeutic effects remain unclear. Rektorova et al. (2005) observed that high-frequency rTMS applied over the left DLPFC may induce positive effects on executive functioning in patients with cerebrovascular disease. However, the sample size was only seven and further studies involving larger sample sizes needed to be performed. Although some studies have not detected significant effects, others have found that the effects of rTMS treatment are not as significant as that of cognitive training, which may be related to factors such as choice of scale, rTMS parameters, and insufficient sample size (Kim et al., 2010; Park and Yoon, 2015). Therefore, the therapeutic effects of rTMS for PSCI patients remain controversial and further research is required.

In the present study, we examined the effects of rTMS on cognitive functions by expanding the sample size, modifying the rTMS parameters, and evaluating the overall cognitive function, especially the executive and memory function, and activities of daily living (ADL) that is closely related to cognition recovery. We measured two markers for resting-state fMRI including the amplitude of low-frequency fluctuations (ALFF) (0.01–0.08 Hz) of the blood oxygenation level–dependent signal used to reflect spontaneous neural activity and functional connectivity (FC) used to investigate the functional relationship between different regions at a network level (Liu et al., 2014; Lei et al., 2017; Pan et al., 2017). We expect to identify potential neural correlates to behavioral improvements following rTMS intervention on these PSCI patients.



MATERIALS AND METHODS


Participants

A total of 34 PSCI patients were recruited for the present study between August 2017 and August 2019, which were subdivided for rTMS (n = 16) and no-stim control (n = 18) treatment groups using a computer-generated list of random numbers. MRI scanning was completed in seven patients in each group (Figure 1). Demographics and clinical characteristics are presented in Tables 1, 2. There was no difference between the two groups in terms of demographic and clinical characteristics.
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FIGURE 1. Trial flowchart.



TABLE 1. Baseline characteristics of all the patients with PSCI enrolled.

[image: Table 1]
TABLE 2. Baseline characteristics of PSCI patients with fMRI scan.

[image: Table 2]Written informed consent was obtained from all patients before the treatments and the study was approved by the Institutional Ethics Committee of The Third Affiliated Hospital of Sun Yat-sen University and registered at Chictr.org (Chinese Clinical Trial Registry Unique Identifier: ChiCTR-IPR-17011908, date of registration: July 8, 2017).

The inclusion criteria were as follows: (1) stroke patients in accordance with the diagnostic criteria established by the fourth National Cerebrovascular Disease Academic Conference in 1995 confirmed by a brain CT or MRI; (2) first-ever stroke, course of stroke between 1 and 6 months; (3) right-handed; (4) aged 30–75 years; (5) the presence of cognitive impairments (Montreal Cognitive Assessment, MoCA < 26); (6) no severe aphasia and able of accomplishing cognitive tests; (7) stable vital signs, no progression of neurological symptoms; (8) normal cognitive functions before stroke; (9) capable of tolerating MRI scan; (10) voluntary participation and signed the informed consent.

The exclusion criteria were as follows: (1) non-first stroke; (2) complete left prefrontal cortex injury confirmed by CT/MRI; (3) transcranial surgery or skull defect; (4) metal or cardiac pacemaker implants; (5) history of brain tumor, brain trauma, seizures, and risks of seizures; (6) cognitive function recession before stroke; (7) any neuropsychiatric comorbidity and affective disorder that could influence the test outcomes; (8) any other factors that could affect cognitive assessments and treatments.



Outcome Measurements

The primary outcome measure, Montreal Cognitive Assessment (MoCA), was used for evaluating the general cognitive function. The secondary outcome measures were Victoria Stroop Test (VST), Rivermead Behavior Memory Test (RBMT), and Modified Barthel Index (MBI), which were used for evaluating executive function, memory, and activities of daily living (ADL). All the assessments were conducted before treatments, after 2-week treatments, and after 4-week treatments (the day after the final treatments) by an independent occupational therapist.

MoCA is widely used for evaluating cognitive functions containing seven cognitive subtests: visual-executive, naming, attention, language, abstraction, delayed recall, and orientation. One point is added for patients with or less than 12 years of schooling (Nasreddine et al., 2005).

VST, a brief version of Stroop test, is more suitable for patients with brain injury, which consists of three test cards: a colored dots trail (A), a neutral words trail (B), and an incongruent-colored words trail (C). Each card contains 24 dots/words and the outcome measures are the time consumed and the number of making errors when reading (Bayard et al., 2011; Tremblay et al., 2016).

RBMT is designed to evaluate daily memory ability, which is made up of 11 subtests: remembering names, remembering hidden belongings, remembering an appointment, picture recognition, prose recall, recalling a short route, remembering an errand, orientation, and date and face recognition (Lu et al., 2015).

MBI is used to assess the ADL including 10 subtests: personal hygiene, bathing, feeding, toileting, stair climbing, dressing, bowel control, bladder control, ambulation, or wheelchair and chair–bed transfer (Leung et al., 2007).



rTMS Procedure

rTMS treatment was conducted with a MagPro X100 magnetic stimulators (The MagVenture Company, Denmark) and a standard figure-of-eight air-cooled coil (MCF-B65). To detect motor evoked potentials, we used the disposable ECG electrode from Xi’an fude (SEAg-J-22 × 32). Acquisition software was MAGPRO G3. Amplifier type was differential digital amplifier named Magpro MEP Monitor. Filter was high pass 20 Hz–low pass 10 kHz. The sampling rate was 100 kHz. Magnification factor was common mode rejection ratio, > 55 dB. Before stimulating, a recording electrode was attached to the contralesional first dorsal interosseous (FDI) muscle of the patients as the target muscle and the minimal stimulus intensity required to produce motor evoked potential > 50 μV in more than 5 out of 10 trials was defined as resting motor threshold (MT) (Rossi et al., 2009).

Then, 10-Hz rTMS was applied at 80% RMT, with trains of 5-s duration (50 pulses per train), 25-s inter-train interval, and a of total 40 trains (2000 pulses) costing 20 min on the left side of the DLPFC each day. We determined the optimum position for activation of the right FDI muscle by moving the coil in 0.5-cm steps around the presumed hand area of the left M1. The site at which stimuli of slightly suprathreshold intensity consistently produced the largest MEPs in the target muscle was marked as the “FDI hot spot.” For L-DLFPC stimulation, the rTMS coil was positioned 5 cm anterior to the left “FDI hot spot” (Rektorova et al., 2005). For rTMS group, the stimulating coil was placed tangentially to the surface of the skull, whereas for the no-stim control group, the coil was placed perpendicularly to the surface of the skull inducing no magnetic field. All patients received treatments once a day, 5 days per week for 4 weeks.

After rTMS treatments, patients received a 30-min computer-assisted cognitive rehabilitation referring to attention, executive function, memory, calculation, language and visuospatial skills, etc. Therapists were blinded to assignments. Besides, during hospitalization, patients received conventional drug treatments recommended by the 2016 American Heart Association/American Stroke Association recommendation (Winstein et al., 2016).



MRI Image Acquisition and Data Pre-processing

Images were obtained before treatments and after the last rTMS treatments using a 3.0-T Discovery MR 750 Scanner (General Electric Company, United States) with an eight-channel phased array head coil. Patients were required to remain awake with their eyes closed without thinking anything. High-resolution T1-weighted structural MRI was acquired with a 3D T1-BRAVO echo sequence with parameters as follows: repetition time/echo time = 7.8 ms/3.0 ms, flip angle = 13°, field of view = 256 × 256 mm, matrix = 256 × 256, slice thickness = 1.0 mm, voxel size = 1 mm × 1 mm × 1 mm, and 176 slices. Resting fMRI was acquired using an echo-planar-imaging sequence: repetition time/echo time = 2000/30 ms, flip angle = 90°, field of view = 230 × 230 mm, matrix = 64 × 64, slices = 33, slice thickness = 3.6 mm, gap = 0.6 mm, voxel size = 3.6 mm × 3.6 mm × 3.6 mm, and total volumes = 240.

Functional images were preprocessed with the Data Processing Assistant for Resting-State fMRI software (DPARSF1) (Chao-Gan and Yu-Feng, 2010), which is based on Statistical Parametric Mapping 8. For each subject, the first 10 volumes were discarded to allow the mean magnetization to reach a steady state and the participants to get familiar to the MR scan environment. The remaining data were then corrected for the acquisition time difference between the 2D image slices and were realigned to the first volume to correct head motions. The maximum translational motion of all subjects was less than 3 mm and the maximum rotation was less than 3°. Images were registered with the 3D T1-weighted structural MRI and subsequently registered into the MNI standard space using the transform defined based on the registration process of the T1-weighted MRI (to the MNI space). They were then smoothed with an isotropic 3D Gaussian kernel with a full width at half maximum of 6 mm3. Finally, band-pass filtering (0.01 < f < 0.08 Hz) was performed and a linear trend was removed.



ALFF and FC Analysis

ALFF analysis was performed using the Resting-State fMRI Data Analysis Toolkit (REST V1.82) (Chao-Gan and Yu-Feng, 2010). In summary, for a given voxel, a fast Fourier transformation was used to convert the time course to the frequency domain. The mean square root, being computed and averaged throughout 0.01–0.08 Hz at each voxel, was regarded as the ALFF. Also, individual ALFF map was divided by the global mean ALFF within the mask for standardization purposes. Finally, all ALFF maps were spatially smoothed with a 6-mm full-width at half-maximum Gaussian kernel.

Regions showing significant ALFF differences after rTMS treatments were finally defined as regions of interest (ROIs), which were chosen as the seeds for FC analysis. Then, correlation analysis was performed between the seed and the whole brain in a voxel-wise manner. Finally, an entire brain z-value map was created after normalizing these FC values calculated from the correlation analysis by Fisher r-to-z transformation.



Statistical Analysis

Statistical analyses were performed with SPSS V.22.0 software (IBM, Armonk, NY, United States). Shapiro–Wilk tests were used to examine the normal distribution. Two-way repeated-measures ANOVA with Bonferroni correction for post hoc comparisons was conducted to assess the dynamic differences within and between groups over time for clinical assessments including MoCA, VST, RBMT, and MBI scales (a log or square-root transformation was applied to achieve a normal distribution when the data were non-normally distributed). Two-sample t-test and non-parametric Mann–Whitney tests were used to compare two groups in terms of continuous variables, and the χ2 test was used for categorical variables. Pearson correlations were used to measure the association between primary outcome and secondary outcomes. Normally distributed data were expressed as mean (SD) whereas non-normally distributed data were expressed as the median (interquartile range). The significance threshold was set to P < 0.05. Paired t-test and one-sample t-test were performed on the maps of ALFF and FC to obtain functional differences (cluster-wise false discovery rate (FDR) corrected, voxel-level P < 0.005). Regions showing significant ALFF and FC differences after rTMS treatments were defined as regions of interest (ROIs). ALFF and FC values were subsequently extracted from the seed regions within each subject. Pearson correlations were calculated to measure the association between the change of neuropsychological test and the change of ALFF and FC values.



RESULTS


Primary Outcome Changes

For the primary outcome, two-way repeated measures ANOVA of MoCA test revealed a significant interaction effect between group and time (F = 17.5, df = 1.5, P < 0.001). Pairwise comparisons showed that the MoCA score in both groups increased significantly after 2 and 4 weeks (P < 0.05) and the score for rTMS group was significantly higher than that in the no-stim control group after 4-week treatments (P = 0.03) (Figure 2A).
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FIGURE 2. Results of neuropsychological test for rTMS group or no-stim control group. (A) Differences in MoCA score. (B) Differences in RBMT score. (C) Differences in MBI score. (D–I) Differences in the time consumed and number of making error words of VST scale. Data are analyzed by two-way repeated measures ANOVA. (A,B,C,I) Tops of column indicate mean and vertical lines demote SD. (D–H) Tops of column indicate median and vertical lines denote 25th and 75th percentiles. rTMS group is colored in red and no-stim control group is colored in blue. aP < 0.05: intra-group comparison (0w vs. 2w). bP < 0.05: intra-group comparison (0w vs. 4w). *P < 0.05: inter-group comparison.




Secondary Outcome Changes

Referring to memory ability, two-way repeated measures ANOVA of RBMT revealed a significant interaction effect between group and time (F = 5.2, df = 2, P = 0.008). Pairwise comparisons showed that RBMT score increased significantly for rTMS group after 2- and 4-week treatments (P < 0.001), and for no-stim control group after 4-week treatment (P = 0.003) (Figure 2B).

Regarding the ADL, two-way repeated measures ANOVA of MBI test showed a significant interaction effect between group and time (F = 5.74, df = 1.25, P = 0.02). Pairwise comparisons showed that MBI scores increased significantly after 2 and 4 weeks of treatments for both groups (P < 0.05) (Figure 2C).

There was no significant difference in the group-by-time interaction for the two-way repeated measures ANOVA of VST-A (time) (F = 1.07, df = 1.39, P = 0.33), VST-A (error words) (F = 0.70, df = 2, P = 0.50), VST-B (error words) (F = 0.58, df = 2, P = 0.94), and VST-C (error words) (F = 2.91, df = 2, P = 0.06), whereas a significant interaction between group and time was found in VST-B (time) (F = 4.81, df = 1.29, P = 0.03) and VST-C (time) (F = 10.11, df = 1.21, P = 0.002). Pairwise comparisons revealed that the time consumed of VST-C in rTMS group was significantly lower than that in the no-stim control group after 4 weeks of treatments (P = 0.03) (Figures 2D–I).



Comparison of the Improvement of Neuropsychological Test Between rTMS Group and No-Stim Control Group

Two-sample t-tests were used for the analysis of VST-A (time), VST-C (error words) (4w), and RBMT (4w) and non-parametric Mann–Whitney U tests were used for the analysis of MoCA, RBMT (2w), and the other parts of VST test. The improvement of the MoCA score for rTMS group was significantly higher than that in the no-stim control group after 2 weeks (Z = −3.25, P = 0.001) and 4 weeks of treatments (Z = −4, P < 0.001) (Figure 3A). The improvement of the RBMT score for rTMS group was significantly higher than that in the no-stim control group after 2 weeks (Z = −2.46, P = 0.01) and 4 weeks of treatments (F = 1.15, t = 2.29, df = 32, P = 0.03) (Figure 3B). Moreover, the improvement of the MBI score for rTMS group was significantly higher than that in the no-stim control group after 4 weeks of treatments (Z = −3.08, P = 0.002) (Figure 3C). There was no difference between the two groups in the reduction of time consumed of VST-A (Figure 3D). The reduction of time consumed of VST-B was significantly higher than that in the no-stim control group after 2 weeks (Z = −2.56, P = 0.01) and 4 weeks of treatments (Z = −2.13, P = 0.03) (Figure 3E), and similar results were found in VST-C (2 weeks, Z = −2.17, P = 0.03; 4 weeks, Z = −3.18, P = 0.001) (Figure 3F). There was no difference between the two groups in the reduction of number of making error words of VST-A and VST-B (Figure 3G–H). The reduction of the number of making error words of VST-C for rTMS group was significantly higher than that in the no-stim control group after 4 weeks of treatments (F = 1.29, t = 2.16, df = 32, P = 0.04) (Figure 3I). The number of making error words of VST-C for rTMS group was also significantly higher than that in the no-stim control group after 4 weeks of treatments (F = 1.29, t = 2.16, df = 32, P = 0.04) (Figure 3I).
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FIGURE 3. Comparison of the improvement of neuropsychological test between rTMS group and no-stim control group. (A) Differences in MoCA score. (B) Differences in RBMT score. (C) Differences in MBI score. (D–I) Differences in the time consumed and number of making error words of VST scale. The panels (A,B-2w,C,E–H,I-2w) are non-normally distributed data and analyzed by non-parametric Mann–Whitney U test. Tops of column indicate median and vertical lines demote 25th and 75th percentiles. The panels (B-4w,D,I-4w) are normally distributed data and analyzed by two-sample t-test. Tops of column indicate mean and vertical lines denote SD. rTMS group is colored in red and no-stim control group is colored in blue. *P < 0.05: inter-group comparison.




Changes of MoCA Test for Sub-Items

By using two-way repeated measures ANOVA for analyzing the seven sub-items of the MoCA test, significant interaction effects between group and time were found in the cognitive domain of visuospatial and executive functioning (F = 20.27, df = 1.49, P = 0.001), attention (F = 4.42, df = 1.66, P = 0.02), and delayed recall (F = 6.90, df = 2, P = 0.002). Pairwise comparisons showed that rTMS group differed significantly from no-stim control group in executive functioning (P = 0.003) as well as delayed recall (P = 0.04) (Figure 4).
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FIGURE 4. Sub-items of the MOCA test in detail. Data are analyzed by two-way repeated measures ANOVA. Tops of column indicate median and vertical lines demote 25th and 75th percentiles. rTMS group is colored in red and no-stim control group is colored in blue. aP < 0.05: intra-group comparison (0w vs. 2w). bP < 0.05: intra-group comparison (0w vs. 4w). *P < 0.05: inter-group comparison.




Correlation of Changes for the Primary Outcome and the Secondary Outcomes

The correlation results showed that the change of the scores of MoCA test after 2 weeks of rTMS treatments positively correlated with the reduction of time consumed of VST-C test (r = 0.59, P = 0.02) (Figure 5A) and the improvement of the scores of MBI test (r = 0.51, P = 0.04) (Figure 5B). Besides, after 4 weeks of rTMS treatments, the change of scores of MoCA test positively correlated with the reduction of time consumed of VST-C test (r = 0.53, P = 0.03) (Figure 5C), the reduction of numbers of making error words of VST-C test (r = 0.58, P = 0.02) (Figure 5D), and the improvement of the scores of MBI test (r = 0.71, P = 0.001) (Figure 5E).
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FIGURE 5. Correlation of changes for the primary outcome and the secondary outcomes. Data are analyzed by Pearson correlations. (A) The improvement of the score of MoCA test positively correlated with the reduction of the time consumed of VST-C after 2 weeks of rTMS treatments. (B) The improvement of the score of MoCA test positively correlated with the improvement of the score of MBI test after 2 weeks of rTMS treatments. (C) The improvement of the score of MoCA test positively correlated with the reduction of the time consumed of VST-C after 4 weeks of rTMS treatments. (D) The improvement of the score of MoCA test positively correlated with the reduction of the number of making error words of VST-C after 4 weeks of rTMS treatments. (E) The improvement of the score of MoCA test positively correlated with the improvement of the score of MBI test after 4 weeks of rTMS treatments.




Effects of rTMS Treatment on Neural Activity and Connectivity

With 10 Hz left DLPFC rTMS treatments, ALFF in the left medial prefrontal cortex (peak MNI coordinates: x = −5, y = 57, z = −15, P < 0.005, t = 5.64, voxels = 53, corrected by FDR) (Figure 6A and Table 3) was significantly increased, whereas for no-stim control treated group, significantly decreased ALFF was found in the right posterior parietal cortex (peak MNI coordinates: x = 12, y = −24, z = 57, P < 0.005, t = −12.75, voxels = 135, corrected by FDR) (Figure 6B and Table 3).


[image: image]

FIGURE 6. Modulation of amplitude of low-frequency fluctuation (ALFF) and functional connectivity (FC) after treatments. (A) Change of ALFF in rTMS group. (B) Change of ALFF in no-stim control group. (C) Increased FC in rTMS group. Significance level was defined at P < 0.005, cluster size > 51 voxels. FDR corrected. The left side of the image corresponds to the right side of the brain. (D) The improvement of MoCA and VST-C test positively correlated with the change of ALFF values. (E) The improvement of MoCA, VST-C, and MBI test positively correlated with the change of FC values.



TABLE 3. Changes of ALFF and FC in rTMS group and no-stim control group after 4-week treatments.

[image: Table 3]Further FC analysis was based on the ROIs (the regions showing significant ALFF differences after rTMS treatments), and the results showed that FC increased significantly in the right medial prefrontal cortex (peak MNI coordinates: x = 9, y = 45, z = −18, P < 0.005, t = 7.19, voxels = 69, corrected by FDR) and the right ventral anterior cingulate cortex (vACC) (peak MNI coordinates: x = 10, y = 28, z = −14, P < 0.005, t = 10.06, voxels = 56, corrected by FDR) (Figure 6C and Table 3).

Correlation analyses revealed that the change of the ALFF values of the left medial prefrontal cortex positively correlated with the improvement of the score of MoCA test (r = 0.942, P = 0.002) and the reduction of time consumed of VST-C (r = 0.826, P = 0.022) after rTMS treatments (Figure 6D). In addition, positive correlation between the change of the FC values of the right medial prefrontal cortex, vACC, and the improvement of MoCA (r = 0.826, P = 0.022), VST-C (r = 0.836, P = 0.019), and MBI test (r = 0.902, P = 0.005) after rTMS treatments were identified (Figure 6E).



DISCUSSION

The present study reported the effects of chronic high-frequency rTMS at DLPFC on the improvement of cognitive function and life quality in PSCI patients. These changes accompanied altered activation of local frontal regions and connectivity changes within the frontal network. These results demonstrated that DLPFC rTMS treatment is tolerable, therapeutically effective for PSCI patients, and warrants larger clinical trials in future studies.

We found that rTMS at DLPFC improved executive function for PSCI patients. The results were in accordance with a previous study reporting that TMS improves executive function for patients of cerebrovascular disease with cognitive impairment (Rektorova et al., 2005). In addition, the memory improvement was inconsistent with a previous study using 1-Hz rTMS at the right DLPFC for stroke patients (Lu et al., 2015), in which they reported peripheral brain-derived neurotrophic factor (BDNF) changes as well. It is undetermined if peripheral biomarkers (e.g., BDNF) could predict the clinical improvements for the cognitive function of these patients. One study found that rTMS treatment at DLPFC improves emotion but not cognitive function for PSCI patients (Kim et al., 2010). It is undeniable that rTMS could improve mood disorder for patients with PSCI. However, the study was not sufficiently powered to detect positive effects on cognition and may likely be a result of their incomplete scale, stimulus parameters, and small sample size. Furthermore, cognitive dysfunction had a strong impact on the ADL (Paker et al., 2010). Cognitive functioning early after stroke was found to be an independent predictor of long-term functional outcomes of ADL (McKinney et al., 2002). Our results showed that a higher MoCA score was associated with better performance on MBI score. Irfani et al. (2020) found a positive association between cognitive function and ADL in post-stroke patients and the improvement of ADL may be a result of the recovery of working memory, referring to maintain and manipulate information, which is processed by the frontal lobe. Liu et al. (2020) have also demonstrated that TMS could improve the performance in the ADL and attention function in patients with stroke, which is in line with our study.

The reason we chose DLPFC as a stimulus site is that the DLPFC is related to cognitive function mainly for processing speed, selective attention, working memory, and episodic memory (Gaudeau-Bosma et al., 2013; Parkin et al., 2015; Alcala-Lozano et al., 2017). Besides, DLPFC plays an important part in the central executive network (CEN), which is responsible for high-level cognitive functions, notably the control of attention and working memory (Bressler and Menon, 2010). A meta-analysis has shown that high-frequency rTMS stimulation of DLPFC could improve the cognitive function for healthy people, patients with Alzheimer’s disease, depression, executive dysfunction, memory complaints, and Parkinson’s disease (Guse et al., 2010). It is recommended that rTMS at 10, 15, or 20 Hz be applied over the left DLPFC within an individual motor threshold of 80–110%, which is most likely to cause significant cognitive improvement (Guse et al., 2010). We did not completely copy the rTMS parameters of previous studies on rTMS treatment of PSCI and made some modifications. The reason why we increased the total number of stimuli to 2,000 was to consider the possibility that increasing the number of stimuli might increase the efficacy and duration of rTMS treatments. A systematic review also concluded that long-term cognitive improvements are likely related to the number of stimulation sessions/days, where more stimulation sessions result in longer-lasting stimulation effects (van Lieshout et al., 2019).

Previous studies reported that patients with PSCI showed less functional connectivity within the brain network (Ding et al., 2014; Dacosta-Aguayo et al., 2015), especially the default-mode network (DMN), which consists of the medial prefrontal cortex (MPFC), posterior cingulate cortex, precuneus, hippocampus, inferior temporal cortex, and inferior parietal lobules (Andrews-Hanna et al., 2010). Stroke patients exhibited decreased functional connectivity in the medial prefrontal, left medial temporal lobe, and posterior cingulate cortex within the DMN, which potentially contributes to the cognitive dysfunction in stroke patients (Tuladhar et al., 2013). PSCI patients showed decreased functional connectivity in the MPFC and hippocampus than stroke patients without cognitive impairment (Ding et al., 2014). Moreover, the increased local activity of MPFC during natural recovery may reflect compensation for loss of cognitive function in stroke patients because MPFC was related to executive functions, task processes, emotional regulation, and social-cognitive processes that are related to the self and others (Ding et al., 2014). It is conceivable that rTMS treatment may facilitate the compensation for cognitive functions after stroke. Besides, Tang et al. (2019) have observed that cognitive training could improve the global cognitive function of patients with subcortical vascular cognitive impairment or dementia and significantly increased the connectivity between the left DLPFC and MPFC, indicating that the connection between DMN and CEN was important in the recovery of cognitive function. Referring to our study, although the stimulation site was DLPFC, the neural activation was found in MPFC, which could be attributable to the connection of networks.

Our subsequent FC analysis revealed enhanced right MPFC and vACC FC to the left MPFC, which further explained the important role of MPFC in the recovery of cognitive function for stroke patients. The vACC is associated with decision-making, emotion regulation, and self-referential processing and is an important part of the salience network, mediating the conversion of the functional connectivity between the DMN and CEN (Hamilton et al., 2011; van den Heuvel et al., 2013; Yoshimura et al., 2014). Yoshimura et al. (2014) found that cognitive-behavioral therapy influenced MPFC and vACC functioning related to self-referential processing for depression patients. Xue et al. (2017) reported a similar conclusion with our study and found an increased fractional amplitude of low-frequency fluctuation in rostral ACC (one part of vACC) after 20 Hz rTMS on the left DLPFC for healthy participants. Besides, they observed an enhanced rACC/vmPFC FC to frontal, temporal, and hippocampus regions suggesting rACC as a hub region for facilitating the left DLPFC rTMS effects on DMN areas through the frontal-cingulate pathway (Xue et al., 2017). Similar to our study, they also applied high-frequency stimulation of the left DLPFC to observe changes in brain activation and functional connectivity. The differences were that they observed the immediate effects (before and after 48 h after once stimulation) and we observed the cumulative effects (before and after 4 weeks of multiple stimulations). As for our study, we suggested that the left DLPFC rTMS may activate the left MPFC and enhanced the functional connectivity to the contralateral MPFC and vACC to regulate the DMN.

This study has some limitations. First, the sample size was relatively small and only two female patients were included in each group. It is undeniable that the findings were more suitable explaining for male patients. In future studies, we will further expand the sample size to avoid this gender bias. Second, this study applied only one parameter for the rTMS treatments and failed to screen for the optimal stimulation protocol. Third, because of the lack of follow-up assessment, the long-term efficacy and sustained changes in brain function after the cessation of rTMS treatment were not determined.

In summary, our results suggest that high-frequency rTMS applied on the left DLPFC could improve cognitive function for stroke patients with cognitive impairment, with accompanying changes in the left medial prefrontal cortex.
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Objective: Associative motor cortical plasticity can be non-invasively induced by paired median nerve electric stimulation and transcranial magnetic stimulation (TMS) of the primary motor cortex (M1). This study investigates whether a simultaneous motor reaction of the other hand advances the associative plasticity in M1.

Methods: Twenty-four right-handed subjects received conventional paired associative stimulation (PAS) and PAS with simultaneous motor reaction (PASmr) with at least a 1-week interval. The PASmr protocol additionally included left abductor pollicis brevis muscle movement responding to a digital sound. The motor reaction time was individually measured. The M1 excitability was examined by the motor evoked potential (MEP), short-interval intracortical inhibition (SICI), and intracortical facilitation (ICF) before and after the PAS protocols.

Results: The conventional PAS protocol significantly facilitated MEP and suppressed SICI. A negative correlation between the reaction time and the MEP change, and a positive correlation between the reaction time and the ICF change were found in the PASmr protocol. By subgrouping analysis, we further found significant facilitation of MEP and a reduction of ICF in the subjects with fast reaction times but not in those with slow reaction times.

Conclusion: Synchronized motor reaction ipsilateral to the stimulated M1 induces associative M1 motor plasticity through the spike-timing dependent principle. MEP and ICF change could represent this kind of plasticity. The current findings provide a novel insight into designing rehabilitation programs concerning motor function.

Keywords: intracortical facilitation (ICF), motor evoked potential (MEP), paired associative stimulation (PAS), primary motor cortex (M1), reaction time, short interval intracortical inhibition (SICI)


INTRODUCTION

The motor cortical plasticity contributes to motor learning and appropriate movements (Sanes and Donoghue, 2000; McKay et al., 2002; Dayan and Cohen, 2011; Kida and Mitsushima, 2018; Kroneberg et al., 2018). A specific type of plasticity following Hebb’s theory, or known as the spike-timing dependent principle, has been found existing in the human motor cortex (M1) (Hebb, 1949; Müller-Dahlhaus et al., 2010). Not only has it been observed in the cell level, but also in the systemic and behavioral level (Zhang et al., 1998; Stefan et al., 2000; Bi and Poo, 2001; Dan and Poo, 2004; Cooke and Bliss, 2006; Ziemann et al., 2008). That is, the excitability of M1 can be dependently modulated by repetitive, time-locked pairing stimuli, mostly with one sub-threshold conditioning stimulus and one supra-threshold test stimulus (Müller-Dahlhaus et al., 2010). Paired associative stimulation (PAS) is a non-invasive brain stimulation method commonly applied to modulate M1 excitability (Stefan et al., 2000, 2002). The conventional PAS protocol consists of 90 pairs of electric stimulation at the median nerve and is followed by transcranial magnetic stimulation (TMS) of the M1 contralateral to the stimulated median nerve. The interstimulus interval between the median nerve stimulation and the TMS is a critical factor leading to successful induction of M1 plasticity (Stefan et al., 2000; Müller-Dahlhaus et al., 2010). To induce long-term potentiation (LTP)-like neural activity in M1, the somatosensory afferent from the median nerve stimulation should arrive at the same time with or shortly before the TMS of M1 (Wolters et al., 2003; Ziemann et al., 2004; Byblow et al., 2007; Pötter-Nerger et al., 2009). The somatosensory inputs can be alternative from electric stimulation, passive movement to active movement once the spike-timing dependent principle is followed (Stefan et al., 2000; Thabit et al., 2010; Edwards et al., 2014).

In addition to the ipsilateral somatosensory afferent, the signal from the contralateral M1, probably through the transcallosal pathway, can serve as the conditioning input to induce M1 plasticity (Kobayashi et al., 2003; Koganemaru et al., 2009; Rizzo et al., 2009). It renders the possibility that the sensorimotor activation in the contralateral hemisphere may carry an impact on the induction of M1 plasticity. Nevertheless, the interhemispheric input should promptly arrive in a responsive time window to achieve the induction of M1 plasticity.

This study investigates whether intentional, active movements driven by the contralateral M1 influence the M1 plasticity induced by the conventional PAS protocol. It has been reported that the conventional PAS protocol has a responsive variability (Lahr et al., 2016; Minkova et al., 2019). Since the interval between the median nerve stimulation and the TMS is fixed to 25 milliseconds (ms) in the conventional PAS, one of the possible factors causing individual variability would be dispersed conditioning stimuli at M1 corresponding to the individual timing of the somatosensory afferent. If an additional somatosensory input based on the individual reaction time can be activated, the conjoint conditioning stimuli at M1 may be enhanced and able to decrease the uncertainty of the PAS effect. Therefore, the hypothesis of the current study is that the simultaneous arrival of the sensorimotor afferents from both hemispheres may lead to a convergent influence and enhance the PAS effect on the target M1.



MATERIALS AND METHODS


Subjects

In total, 24 right-handed (Oldfield, 1971) healthy subjects (mean age 24.3 ± 2.9 years, 11 women) participated in this study after giving their written informed consent. They all underwent a motor reaction time measurement (see “Measurement of the Mean Reaction Time to the Auditory Stimulation” section), as well as the PAS protocols including two different motor reacting conditions, respectively (see “Paired Associated Stimulation” and “Paired Associated Stimulation With Simultaneous Motor Reaction at the Contralateral Hand” section). The experimental procedures were in accord with the latest revision of the Declaration of Helsinki. Approval by the local ethics committee of the China Medical University Hospital was obtained (CMUH106-REC2-019).



Procedures


Measurement of Motor Evoked Potentials

TMS was delivered through a focal “figure-of-eight”-shaped stimulating coil (with 70 mm inner diameter of each ring) connected via a BiStim moiety to two Magstim 200 magnetic stimulators (Magstim Co., Carmarthenshire, Wales, UK). The optimal coil position (“hot spot”; M1HAND) was determined as the site on the left primary motor cortex where the TMS at a supra-threshold intensity consistently produced the largest MEPs in the right APB. The test intensity of the TMS, which was adjusted to produce MEPs around 1 mV in peak-to-peak amplitude on average in the resting APB, is defined as the MEP1 mV. The individual resting motor threshold (RMT) and active motor threshold (AMT) of each subject was respectively determined over the left M1HAND. The method we applied for individual RMT and AMT determination has been described in the previous literature (Lu et al., 2012). In the measurement of MEPs, 20 stimuli were recorded at the test intensity level. The inter-stimulus interval (ISI) was determined as 10 s with a 25% variance to limit the anticipation effect.
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FIGURE 1. The experimental setup demonstrated by the authors. The subject sat on a chair with his or her arms relaxed and in a supination position. In the “paired associative stimulation (PAS)” protocol, 90 pairs of the transcranial magnetic stimulation (TMS) was delivered to the left motor cortex, 25 ms following the electric stimulation at the right wrist (1 + 2). The motor response was monitored by the surface electromyography at bilateral abductor pollicis brevis (APB) muscles. The earphone was used to receive the sound command triggered from the software in the computer. In the “paired associated stimulation with simultaneous motor reaction at the contralateral hand (PASmr)” protocol, the subjects were requested to move their left APB muscle as quickly as they could (1 + 2 + 3). The experimental design and time flow are shown in the lower panel. All subjects completed the PAS and the PASmr protocols with an interval of at least 1 week.





Short-Interval Intracortical Inhibition (SICI)/Intracortical Facilitation (ICF)

Short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF) were studied with the application of the paired-pulse TMS protocol, which had been well-established in the previous literature (Kujirai et al., 1993; Ziemann et al., 1996). In brief, through using the same “figure-of-eight” stimulating coil over the left M1HAND, the two magnetic stimuli were given in order to investigate the effect of the sub-threshold conditioning stimulus (Antal et al., 2000) on the test motor evoked potential (MEP) provoked by the supra-threshold test stimulus (TS). SICI was assessed at an ISI of 2.0 ms owing to the results of previous literature that the SICI at this level is not interfered by short-interval intra-ortical facilitation (SICF; Peurala et al., 2008). At the baseline recording, the CS intensity was adjusted to produce approximately 50% inhibition in order to provide the highest sensitivity for the detection of changes in SICI after PAS. AMT had been determined over the left M1 prior to the baseline recording, and 95% AMT was set as the CS intensity, which was kept constant throughout the SICI and ICF measurements. In total twelve single and twelve paired TMS were delivered with a pseudorandomized order to measure the SICI and ICF. The ISI was 10 s with a 25% variance.



Measurement of the Mean Reaction Time to the Auditory Stimulation

The reaction time of all subjects was measured by the following equipment and process. Through a pair of earphones connected to the speaker (MDR-XD150, Sony Taiwan Limited) digitally triggered by a computer-based interface (Signal for Windows, Version 3.10, CED, UK), a digital sound with the volume set as 64 dB, the duration as 50 ms, and the frequency as 100 Hz, was transmitted to the subject. The sound was repeated 10 times with an interval of 5 ± 25% seconds (i.e., 3.75–6.25 s). When hearing the sound through the abovementioned settings, every subject was requested to perform the contraction of the left abductor pollicis brevis (APB) muscle as quickly as possible. Surface electromyography (SEMG) was recorded from the left APB muscle to measure each “motor reaction time” span, which was calculated as the period from the starting time of the sound to the onset of the APB muscle activity. The mean reaction time was obtained by averaging ten total measurements of the single reaction time value for each subject.



Paired Associated Stimulation (PAS)

The PAS protocol consists of 90 pairs of a cutaneous electric stimulation of the median nerve at the right wrist followed by a single TMS at the contralateral M1HAND (Stefan et al., 2000). Every single electric stimulation over the median nerve was set 45 ms after an occurrence of a digital sound with the volume set as 64 dB, duration as 50 ms, and frequency as 100 Hz in control, with all subjects keeping their left abductor pollicis brevis (APB) in a relaxed condition through the protocol. The interstimulus interval between the electric stimulation of the median nerve and the TMS is 25 ms, as the method of PAS originally been applied in the pioneered study (Stefan et al., 2000). The intensity of TMS was the MEP1 mV. In total 90 pairs of PAS were delivered at a rate of 0.05 Hz (i.e., duration of 30 min, Figure 1).



Paired Associated Stimulation With Simultaneous Motor Reaction at the Contralateral Hand (PASmr)

The PAS with simultaneous motor reaction (PASmr) protocol consists of 90 “triads” of stimuli, which were each composed of: an instant volitional left APB motor reaction to an auditory stimulation, a cutaneous electric stimulation of the median nerve at the right wrist, and a single TMS at the contralateral M1. Throughout the PASmr protocol, a digital sound with the volume set as 64 dB, the duration as 50 ms, and the frequency as 100 Hz was transmitted through a pair of earphones connected to the speaker (MDR-XD150, Sony Taiwan Ltd.), digitally triggered by a computer-based interface (Signal for Windows, Version 3.10, CED, UK). In the meanwhile, 45 ms after every auditory stimulation of digital sound, which our subject should instantly react to and perform the left APB muscle contraction as quickly as possible, a pair of PAS (see “Paired Associated Stimulation” section) followed. The intensity of TMS was adjusted to the MEP1 mV. In total 90 “triads” of PASmr were delivered at a rate of 0.05 Hz (i.e., duration of 30 min). All participants received the PAS and the PASmr protocols with a pseudorandomized order and with an interval of at least 1 week. The experiment setup and design are demonstrated in Figure 1.


Statistical Analysis

Repeated measures analysis of variance (rmANOVA) was applied to test the intervention effects on the MEP, SICI, and ICF. The within-subject effects were time (pre vs. post) and protocol (PAS vs. PASmr). Conditional on a significant F-value, post hoc comparisons were performed using paired-sample t-tests with Bonferroni’s correction. Violation of sphericity was checked with Mauchly’s test and degrees of freedom were adjusted whenever Mauchly’s W < 0.05 using the Greenhouse-Geisser correction (SPSS 22.0). The relationship between reaction time and change of MEP, SICI, and ICF following PAS and PASmr was examined with simple linear regression. Data are reported as means ± SD if not stated otherwise.






RESULTS

All the 24 subjects completed the whole sessions of experimental procedures without any adverse effects during or after the study.

The mean RMT and AMT of the 24 participants were 53 ± 6.9% and 42 ± 5.8%, respectively. The mean MEP1 mv was 59 ± 8.2%. The intensities applied for measuring SICI and ICF are listed in Table 1. We analyzed the data of the 24 subjects for two main effects (i.e., protocol and time). RmANOVA of the MEP amplitude revealed a significant effect of time (F(1,23) = 6.21, P = 0.02; Table 2). A significant effect of time was also found for the analysis of SICI (F(1,23) = 6.09, P = 0.02). RmANOVA of the ICF did not show any significant effect (all P > 0.08). The statistical power reached 0.96 with the effect size of 0.4 for the two-way rmANOVA.

TABLE 1. Transcranial magnetic stimulation (TMS) stimulation parameters.
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TABLE 2. Repeated measures analysis of variance (rmANOVA) of the paired associated stimulation with simultaneous motor reaction at the contralateral hand effect.
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Post hoc comparisons of MEP showed a significant MEP amplitude increase after PAS (pre/post: 0.99 ± 0.15/1.19 ± 0.40 mV, P = 0.016 by paired t-test) but not PASmr (Figure 2). The SICI also showed a significant decrease after PAS (pre/post: 29.6 ± 15.8/37.3 ± 25.5%, P = 0.045 by paired t-test) but not PASmr (Figure 3A). There was no significant difference from the post hoc comparisons on ICF (Figure 3B). The simple linear regression test showed a significant negative correlation between the reaction time and the MEP change in PASmr (R2 = 0.32, P = 0.004) but not PAS (Figure 4A). There was a positive correlation between the reaction time and the change of ICF in PASmr (R2 = 0.46, P < 0.001) but not PAS (Figure 4B). Considering the two subjects with a long reaction time, as this might interfere with the current correlation findings, we re-analyzed the correlations without the two subjects. The correlation between the reaction time and the MEP change did not reach a statistical significance despite a weak trend remaining (R2 = 0.09, P = 0.18). The positive correlation between the reaction time and the change of ICF in PASmr was not affected (R2 = 0.39, P = 0.0019).
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FIGURE 2. Post hoc comparisons of the motor evoked potential (MEP) and the data plots. The MEP showed a significant facilitation following the PAS protocol instead of the PASmr protocol (*P < 0.05 by paired t-test with Bonferroni’s correction).
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FIGURE 3. (A) Post hoc comparisons of the short-interval intracortical inhibition (SICI) and the data plots. The SICI showed a significant reduction following the PAS protocol but not the PASmr protocol (*P < 0.05 by paired t-test with Bonferroni’s correction). (B) Post hoc comparisons of the intracortical facilitation (ICF) and the data plots. There was no significant change following the PAS and the PASmr protocol.
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FIGURE 4. (A) The relationship between the MEP change and the individual reaction time. The triangle values with the dot line were measured from the PAS protocol and the black dot values with the solid line were obtained from the PASmr protocol. There shows a significant negative correlation between the MEP change and the reaction time in the PASmr protocol (R2 = 0.32, P = 0.004). (B) The relationship between the ICF change and the individual reaction time. There is a significant positive correlation between the ICF change and the reaction time in the PASmr protocol (R2 = 0.46, P < 0.001).



Since there were certain relationships between the reaction time and the measured electrophysiological parameters, we compared the MEP, SICI, and ICF by classifying the results of all 24 subjects into two groups, based on their motor reaction time (see “Measurement of the Mean Reaction Time to the Auditory Stimulation” section), with one group having an average reaction time of less than 110 ms and the other group more than 110 ms. There were twelve subjects in each group. In the group with a reaction time of more than 110 ms, there was no significant change of MEP, SICI, and ICF following the PAS and PASmr. Nevertheless, in the group with a reaction time of less than 110 ms, the comparisons on MEP amplitude showed a significant increase in PASmr (pre/post: 1.03 ± 0.29/1.24 ± 0.34 mV, P = 0.035 by paired t-test, Figure 5A). The ICF showed a significant reduction in PASmr (pre/post: 148.9 ± 60.0/111.1 ± 38.5%, P = 0.021 by paired t-test, Figure 5B). The timing relationship among sensorimotor cortex activation, PAS, and reaction time in this study is demonstrated in Figure 6.
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FIGURE 5. (A) Post hoc comparisons of the MEP obtained from the subjects with a reaction time of less than 110 ms (N = 12) and the data plots. The MEP shows a significant facilitation following the PASmr protocol but not the PAS protocol (P = 0.035 by paired t-test with Bonferroni’s correction). (B) Post hoc comparisons of the ICF obtained from the subjects with a reaction time of less than 110 ms (N = 12) and the data plots. The ICF shows a significant reduction following the PASmr protocol but not the PAS protocol (P = 0.021 by paired t-test with Bonferroni’s correction *P < 0.05).
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FIGURE 6. Illustration of the proposed timing flow in bilateral M1. The solid line represents the accurate time period and the dot line indicates the assumed time period. In the PASmr protocol, the somatosensory afferent coming from the right median nerve stimulation arrives at the left somatosensory cortex (S1) approximately 70 ms after the digital sound (shown by the earphones). During the same period, the subjects have to move their left abductor pollicis brevis (APB) muscle to respond to the sound. Since the latency of right M1 to left APB is maximally around 25 ms, a reaction time of 110 ms indicates that the right M1 has to activate corticospinal neurons in 85 ms following the digital sound (that is, 110–25 = 85). Considering that the left M1 needs to disinhibit right M1 through the transcallosal pathway which takes around 15 ms, the left M1 in those subjects with a reaction time of less than 110 ms is supposed to be activated about 70 ms or less following the digital sound (85–15 = 70). Therefore, convergent sensorimotor commands occur almost at the same time when TMS is delivered to the left M1, which takes place in 70 ms following the digital sound.





DISCUSSION

PAS can facilitate MEP with the interstimulus interval of 25 ms between the electrical median nerve stimulation and the TMS of M1, which follows the spike-timing dependent principle (Stefan et al., 2000). In addition to electrical stimulation, intentional hand or foot movement paired with TMS in a specific time interval can alter M1 excitability as well, probably through another somatosensory afferent (Koeneke et al., 2006; Thabit et al., 2010; Mrachacz-Kersting et al., 2012). In principle, the input sensory information should simultaneously or precedingly arrive at M1 while the paired supra-threshold TMS is delivered so the STDP can be generated in M1. In case the sensory afferent is accomplished through complex pathways such as electroacupuncture, the long-term plasticity-like effect cannot be observed (Huang et al., 2019). The current findings support the notion that the spike-timing dependent principle remains following conditions with multiple sensory afferents if the individual difference of the sensory afferents is carefully considered. In this study, the LTP-like MEP facilitation was found in the PAS protocol but not in the PASmr protocol when all subjects were grouped and analyzed together. Since the reaction time played an important role in the arrival of the second sensory input to M1, the grouped analysis with heterogeneous reaction time may average out and conceal the real response (see Figure 2). The fact that the MEP change was significantly correlated with the individual reaction time in the PASmr protocol but not in the PAS protocol suggests the importance of the reaction time on the measured aftereffects in a group level, although our interpretation is inevitably constrained by the limited number of subjects including two cases with a significantly long reaction time (see Figures 4A, 5A).

The MEP was significantly facilitated after the PASmr protocol in whose reaction time was less than 110 ms. For the subjects with a reaction time of 110 ms or less, their right M1 needs to be activated less than 85 ms after the sound was heard (i.e., 110 ms minus 25 ms, a maximal latency of somatosensory input from left APB muscle). At the same time, the left M1 needs to disinhibit right M1 by forwarding a disinhibition signal, probably through the transcallosal pathway mediating interhemispheric inhibition (Ferbert et al., 1992; Meyer et al., 1995, 1998; Kobayashi et al., 2003; Ni et al., 2009). It will take around 10–15 ms for a signal transmitting through the corpus callosum (Brown et al., 1991; Meyer et al., 1995). Therefore, the left M1 is activated about 70 ms after the sound was heard, 15 ms prior to the right M1 activation. The 15 ms interval is the same as the interval reported to be able to induce LTP-like phenomenon with paired TMS at bilateral M1 in humans (Koganemaru et al., 2009). In the left M1, the somatosensory input from the right median nerve electric stimulation and the transcallosal signal for disinhibiting right M1 are convergent almost at the same time in those subjects with a reaction time of less or equal to 110 ms (see Figure 6). The findings suggest that multiple convergent sensory inputs can induce long-term plasticity-like effects if the spike-timing dependent principle for each sensory input is fit.

The SICI was reduced in the PAS protocol (see Figure 3A). It has been reported that the excitability-enhancing PAS protocol (i.e., PAS with an interstimulus interval of 25 ms) may reduce SICI in the condition of a high baseline SICI (Russmann et al., 2009; Lu et al., 2016, 2017). In the current study the baseline SICI reached 29.6 ± 15.8%, it would be ranged within a high level of SICI. It is intriguing that the SICI findings were inconsistent between the PAS protocol and the PASmr protocol. There is no significant difference of SICI in the PASmr protocol. In addition to the somatosensory afferent, the transcallosal afferent may be engaged in the PASmr protocol. Previous studies have shown that interhemispheric inhibition (Hatta et al., 2003) interferes with SICI and long-latency afferent inhibition in the target hemisphere (Kukaswadia et al., 2005; Reis et al., 2008). It is possible that a complex interaction between the IHI, SICI, and corticospinal pathways erases the SICI reduction observed in the PAS protocol.

ICF is thought to be mediated by distinct mechanisms from SICI and corticospinal excitability (Chen et al., 1998; Pyndt and Ridding, 2004). The fact that the change of ICF is significantly correlated with the reaction time in the PASmr protocol indicates that ICF is associated with the motor task performed ipsilateral to the tested M1 (see Figures 3B, 4B, 5B). The previous study has shown that not only the MEP but also the ICF was significantly enhanced during the time the subjects were executing a simple motor task with direct and mirror visual feedback at the same side (Maeda et al., 2002; Garry et al., 2005; Nojima et al., 2012; Kumru et al., 2016). The discrepancy of the ICF change between the previous and the current study can be attributed to the different time period while measuring ICF, during the motor task in the previous study and after the motor task in this study. In addition, the frequency of the motor task (2–3 Hz vs. 0.05 Hz) may also play a role in mediating distinct ICF change. It is noted that the ICF change was only found at the M1 controlling the specific muscle mirror to the contralateral movement side (Kumru et al., 2016). Since the PAS effect is also reported with a topographic specificity (Stefan et al., 2000; Wolters et al., 2003; Michou et al., 2013), the subjects were requested to move their APB muscle mirror to the measured site in this study. A further study investigating the relationship between ICF and motor response is anticipated.



CONCLUSIONS

The findings suggest that simultaneous somatosensory afferents from the contralateral hemisphere induce STDP in M1. This kind of plasticity can be represented by MEP and ICF. Furthermore, the individual motor reaction time is found significantly correlated with the degree of the plasticity. Findings provide evidence for designing novel rehabilitation programs concerning motor function.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the local ethics committee of the China Medical University Hospital (CMUH106-REC2-019). The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YH: subject recruitment, acquisition of data, and writing the first draft. J-CC: experimental design, critical review of the manuscript, and revision of the first draft. C-HT: experimental design, critical review of the manuscript, and comments on the manuscript. M-KL: study concept and experimental design, data analysis and interpretation, and critical revision of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported in part by grants from the Ministry of Science and Technology (MOST105-2815-C-039-059-B and MOST107-2632-B-039-001) and China Medical University Hospital (DMR-109-230, CRS-108-042), Taichung, Taiwan.



REFERENCES

Antal, A., Dibo, G., Keri, S., Gabor, K., Janka, Z., Vecsei, L., et al. (2000). P300 component of visual event-related potentials distinguishes patients with idiopathic Parkinson’s disease from patients with essential tremor. J. Neural Transm. 107, 787–797. doi: 10.1007/s007020070059

Bi, G., and Poo, M. (2001). Synaptic modification by correlated activity: Hebb’s postulate revisited. Annu. Rev. Neurosci. 24, 139–166. doi: 10.1146/annurev.neuro.24.1.139

Brown, P., Day, B. L., Rothwell, J. C., Thompson, P. D., and Marsden, C. D. (1991). Intrahemispheric and interhemispheric spread of cerebral cortical myoclonic activity and its relevance to epilepsy. Brain 114, 2333–2351. doi: 10.1093/brain/114.5.2333

Byblow, W. D., Coxon, J. P., Stinear, C. M., Fleming, M. K., Williams, G., Muller, J. F., et al. (2007). Functional connectivity between secondary and primary motor areas underlying hand-foot coordination. J. Neurophysiol. 98, 414–422. doi: 10.1152/jn.00325.2007

Chen, R., Tam, A., Butefisch, C., Corwell, B., Ziemann, U., Rothwell, J. C., et al. (1998). Intracortical inhibition and facilitation in different representations of the human motor cortex. J. Neurophysiol. 80, 2870–2881. doi: 10.1152/jn.1998.80.6.2870

Cooke, S. F., and Bliss, T. V. (2006). Plasticity in the human central nervous system. Brain 129, 1659–1673. doi: 10.1093/brain/awl082

Dan, Y., and Poo, M. M. (2004). Spike timing-dependent plasticity of neural circuits. Neuron 44, 23–30. doi: 10.1016/j.neuron.2004.09.007

Dayan, E., and Cohen, L. G. (2011). Neuroplasticity subserving motor skill learning. Neuron 72, 443–454. doi: 10.1016/j.neuron.2011.10.008

Edwards, D. J., Dipietro, L., Demirtas-Tatlidede, A., Medeiros, A. H., Thickbroom, G. W., Mastaglia, F. L., et al. (2014). Movement-generated afference paired with transcranial magnetic stimulation: an associative stimulation paradigm. J. Neuroeng. Rehabil. 11:31. doi: 10.1186/1743-0003-11-31

Ferbert, A., Priori, A., Rothwell, J. C., Day, B. L., Colebatch, J. G., and Marsden, C. D. (1992). Interhemispheric inhibition of the human motor cortex. J. Physiol. 453, 525–546. doi: 10.1113/jphysiol.1992.sp019243

Garry, M. I., Loftus, A., and Summers, J. J. (2005). Mirror, mirror on the wall: viewing a mirror reflection of unilateral hand movements facilitates ipsilateral M1 excitability. Exp. Brain Res. 163, 118–122. doi: 10.1007/s00221-005-2226-9

Hatta, A., Nishihira, Y., Kaneda, T., Wasaka, T., Kida, T., Kuroiwa, K., et al. (2003). Somatosensory event-related potentials (ERPs) associated with stopping ongoing movement. Percept. Mot. Skills 97, 895–904. doi: 10.2466/pms.2003.97.3.895


Hebb, D. O. (1949). The Organization of Behavior; a Neuropsychological Theory. New York, NY: Wiley.


Huang, Y., Chen, J. C., Chen, C. M., Tsai, C. H., and Lu, M. K. (2019). Paired associative electroacupuncture and transcranial magnetic stimulation in humans. Front. Hum. Neurosci. 13:49. doi: 10.3389/fnhum.2019.00049

Kida, H., and Mitsushima, D. (2018). Mechanisms of motor learning mediated by synaptic plasticity in rat primary motor cortex. Neurosci. Res. 128, 14–18. doi: 10.1016/j.neures.2017.09.008

Kobayashi, M., Hutchinson, S., Schlaug, G., and Pascual-Leone, A. (2003). Ipsilateral motor cortex activation on functional magnetic resonance imaging during unilateral hand movements is related to interhemispheric interactions. NeuroImage 20, 2259–2270. doi: 10.1016/s1053-8119(03)00220-9

Koeneke, S., Lutz, K., Herwig, U., Ziemann, U., and Jancke, L. (2006). Extensive training of elementary finger tapping movements changes the pattern of motor cortex excitability. Exp. Brain Res. 174, 199–209. doi: 10.1007/s00221-006-0440-8

Koganemaru, S., Mima, T., Nakatsuka, M., Ueki, Y., Fukuyama, H., and Domen, K. (2009). Human motor associative plasticity induced by paired bihemispheric stimulation. J. Physiol. 587, 4629–4644. doi: 10.1113/jphysiol.2009.174342

Kroneberg, D., Plettig, P., Schneider, G. H., and Kuhn, A. A. (2018). Motor cortical plasticity relates to symptom severity and clinical benefit from deep brain stimulation in cervical dystonia. Neuromodulation 21, 735–740. doi: 10.1111/ner.12690

Kujirai, T., Caramia, M. D., Rothwell, J. C., Day, B. L., Thompson, P. D., Ferbert, A., et al. (1993). Corticocortical inhibition in human motor cortex. J. Physiol. 471, 501–519. doi: 10.1113/jphysiol.1993.sp019912

Kukaswadia, S., Wagle-Shukla, A., Morgante, F., Gunraj, C., and Chen, R. (2005). Interactions between long latency afferent inhibition and interhemispheric inhibitions in the human motor cortex. J. Physiol. 563, 915–924. doi: 10.1113/jphysiol.2004.080010

Kumru, H., Albu, S., Pelayo, R., Rothwell, J., Opisso, E., Leon, D., et al. (2016). Motor cortex plasticity during unilateral finger movement with mirror visual feedback. Neural Plast. 2016:6087896. doi: 10.1155/2016/6087896

Lahr, J., Passmann, S., List, J., Vach, W., Floel, A., and Kloppel, S. (2016). Effects of different analysis strategies on paired associative stimulation. A pooled data analysis from three research labs. PLoS One 11:e0154880. doi: 10.1371/journal.pone.0154880

Lu, M. K., Chen, J. C., Chen, C. M., Duann, J. R., Ziemann, U., and Tsai, C. H. (2017). Impaired cerebellum to primary motor cortex associative plasticity in Parkinson’s disease and spinocerebellar ataxia type 3. Front. Neurol. 8:445. doi: 10.3389/fneur.2017.00445

Lu, M. K., Chen, C. M., Duann, J. R., Ziemann, U., Chen, J. C., Chiou, S. M., et al. (2016). Investigation of motor cortical plasticity and corticospinal tract diffusion tensor imaging in patients with parkinsons disease and essential tremor. PLoS One 11:e0162265. doi: 10.1371/journal.pone.0162265

Lu, M. K., Tsai, C. H., and Ziemann, U. (2012). Cerebellum to motor cortex paired associative stimulation induces bidirectional STDP-like plasticity in human motor cortex. Front. Hum. Neurosci. 6:260. doi: 10.3389/fnhum.2012.00260

Maeda, F., Kleiner-Fisman, G., and Pascual-Leone, A. (2002). Motor facilitation while observing hand actions: specificity of the effect and role of observer’s orientation. J. Neurophysiol. 87, 1329–1335. doi: 10.1152/jn.00773.2000

McKay, D. R., Ridding, M. C., Thompson, P. D., and Miles, T. S. (2002). Induction of persistent changes in the organisation of the human motor cortex. Exp. Brain Res. 143, 342–349. doi: 10.1007/s00221-001-0995-3

Meyer, B. U., Röricht, S., Grafin von Einsiedel, H., Kruggel, F., and Weindl, A. (1995). Inhibitory and excitatory interhemispheric transfers between motor cortical areas in normal humans and patients with abnormalities of the corpus callosum. Brain 118, 429–440. doi: 10.1093/brain/118.2.429

Meyer, B. U., Röricht, S., and Woiciechowsky, C. (1998). Topography of fibers in the human corpus callosum mediating interhemispheric inhibition between the motor cortices. Ann. Neurol. 43, 360–369. doi: 10.1002/ana.410430314

Michou, E., Mistry, S., Rothwell, J., and Hamdy, S. (2013). Priming pharyngeal motor cortex by repeated paired associative stimulation: implications for dysphagia neurorehabilitation. Neurorehabil. Neural Repair 27, 355–362. doi: 10.1177/1545968312469837

Minkova, L., Peter, J., Abdulkadir, A., Schumacher, L. V., Kaller, C. P., Nissen, C., et al. (2019). Determinants of inter-individual variability in corticomotor excitability induced by paired associative stimulation. Front. Neurosci. 13:841. doi: 10.3389/fnins.2019.00841

Mrachacz-Kersting, N., Kristensen, S. R., Niazi, I. K., and Farina, D. (2012). Precise temporal association between cortical potentials evoked by motor imagination and afference induces cortical plasticity. J. Physiol. 590, 1669–1682. doi: 10.1113/jphysiol.2011.222851

Müller-Dahlhaus, F., Ziemann, U., and Classen, J. (2010). Plasticity resembling spike-timing dependent synaptic plasticity: the evidence in human cortex. Front. Synaptic Neurosci. 2:34. doi: 10.3389/fnsyn.2010.00034

Ni, Z., Gunraj, C., Nelson, A. J., Yeh, I. J., Castillo, G., Hoque, T., et al. (2009). Two phases of interhemispheric inhibition between motor related cortical areas and the primary motor cortex in human. Cereb. Cortex 19, 1654–1665. doi: 10.1093/cercor/bhn201

Nojima, I., Mima, T., Koganemaru, S., Thabit, M. N., Fukuyama, H., and Kawamata, T. (2012). Human motor plasticity induced by mirror visual feedback. J. Neurosci. 32, 1293–1300. doi: 10.1523/JNEUROSCI.5364-11.2012

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

Peurala, S. H., Muller-Dahlhaus, J. F., Arai, N., and Ziemann, U. (2008). Interference of short-interval intracortical inhibition (SICI) and short-interval intracortical facilitation (SICF). Clin. Neurophysiol. 119, 2291–2297. doi: 10.1016/j.clinph.2008.05.031

Pötter-Nerger, M., Fischer, S., Mastroeni, C., Groppa, S., Deuschl, G., Volkmann, J., et al. (2009). Inducing homeostatic-like plasticity in human motor cortex through converging corticocortical inputs. J. Neurophysiol. 102, 3180–3190. doi: 10.1152/jn.91046.2008

Pyndt, H. S., and Ridding, M. C. (2004). Modification of the human motor cortex by associative stimulation. Exp. Brain Res. 159, 123–128. doi: 10.1007/s00221-004-1943-9

Reis, J., Swayne, O. B., Vandermeeren, Y., Camus, M., Dimyan, M. A., Harris-Love, M., et al. (2008). Contribution of transcranial magnetic stimulation to the understanding of cortical mechanisms involved in motor control. J. Physiol. 586, 325–351. doi: 10.1113/jphysiol.2007.144824

Rizzo, V., Siebner, H. S., Morgante, F., Mastroeni, C., Girlanda, P., and Quartarone, A. (2009). Paired associative stimulation of left and right human motor cortex shapes interhemispheric motor inhibition based on a Hebbian mechanism. Cereb. Cortex 19, 907–915. doi: 10.1093/cercor/bhn144

Russmann, H., Lamy, J. C., Shamim, E. A., Meunier, S., and Hallett, M. (2009). Associative plasticity in intracortical inhibitory circuits in human motor cortex. Clin. Neurophysiol. 120, 1204–1212. doi: 10.1016/j.clinph.2009.04.005

Sanes, J. N., and Donoghue, J. P. (2000). Plasticity and primary motor cortex. Annu. Rev. Neurosci. 23, 393–415. doi: 10.1146/annurev.neuro.23.1.393

Stefan, K., Kunesch, E., Benecke, R., Cohen, L. G., and Classen, J. (2002). Mechanisms of enhancement of human motor cortex excitability induced by interventional paired associative stimulation. J. Physiol. 543, 699–708. doi: 10.1113/jphysiol.2002.023317

Stefan, K., Kunesch, E., Cohen, L. G., Benecke, R., and Classen, J. (2000). Induction of plasticity in the human motor cortex by paired associative stimulation. Brain 123, 572–584. doi: 10.1093/brain/123.3.572

Thabit, M. N., Ueki, Y., Koganemaru, S., Fawi, G., Fukuyama, H., and Mima, T. (2010). Movement-related cortical stimulation can induce human motor plasticity. J. Neurosci. 30, 11529–11536. doi: 10.1523/JNEUROSCI.1829-10.2010

Wolters, A., Sandbrink, F., Schlottmann, A., Kunesch, E., Stefan, K., Cohen, L. G., et al. (2003). A temporally asymmetric Hebbian rule governing plasticity in the human motor cortex. J. Neurophysiol. 89, 2339–2345. doi: 10.1152/jn.00900.2002

Zhang, L. I., Tao, H. W., Holt, C. E., Harris, W. A., and Poo, M. (1998). A critical window for cooperation and competition among developing retinotectal synapses. Nature 395, 37–44. doi: 10.1038/25665

Ziemann, U., Ilic, T. V., Pauli, C., Meintzschel, F., and Ruge, D. (2004). Learning modifies subsequent induction of long-term potentiation-like and long-term depression-like plasticity in human motor cortex. J. Neurosci. 24, 1666–1672. doi: 10.1523/JNEUROSCI.5016-03.2004

Ziemann, U., Paulus, W., Nitsche, M. A., Pascual-Leone, A., Byblow, W. D., Berardelli, A., et al. (2008). Consensus: motor cortex plasticity protocols. Brain Stimul. 1, 164–182. doi: 10.1016/j.brs.2008.06.006

Ziemann, U., Rothwell, J. C., and Ridding, M. C. (1996). Interaction between intracortical inhibition and facilitation in human motor cortex. J. Physiol. 496, 873–881. doi: 10.1113/jphysiol.1996.sp021734

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 © 2020 Huang, Chen, Tsai and Lu. 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.












	
	ORIGINAL RESEARCH
published: 18 March 2021
doi: 10.3389/fncir.2021.616084





[image: image2]

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

Yanbing Jia1†, Xiaoyan Liu1†, Jing Wei1, Duo Li1, Chun Wang1, Xueqiang Wang2* and Hao Liu2,3*


1Neuro-Rehabilitation Center, JORU Rehabilitation Hospital, Yixing, China

2Department of Sport Rehabilitation, Shanghai University of Sport, Shanghai, China

3Department of Rehabilitation, JORU Rehabilitation Hospital, Yixing, China

Edited by:
Ti-Fei Yuan, Shanghai Jiao Tong University, China

Reviewed by:
Qiang Gao, Sichuan University, China
He Xiaokuo, Xiamen Fifth Hospital, China

* Correspondence: Hao Liu, liuhao0909@163.com
 Xueqiang Wang, wangxueqiang@sus.edu.cn

†These authors have contributed equally to this work

Received: 11 October 2020
 Accepted: 01 March 2021
 Published: 18 March 2021

Citation: Jia Y, Liu X, Wei J, Li D, Wang C, Wang X and Liu H (2021) Modulation of the Corticomotor Excitability by Repetitive Peripheral Magnetic Stimulation on Median Nerve in Healthy Subjects. Front. Neural Circuits 15:616084. doi: 10.3389/fncir.2021.616084



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.

Keywords: repetitive peripheral nerve magnetic stimulation, corticomotor excitability, transcranial magnetic stimulation, motor function, brain plasticity


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.
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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.
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Subarachnoid hemorrhage (SAH) is a life-threatening condition that can also lead to permanent paralysis. However, the mechanisms that underlying neurobehavioral deficits after SAH have not been fully elucidated. As theta burst stimulation (TBS) can induce long-term potentiation (LTP) in the motor cortex, we tested its potential as a functional evaluation tool after experimentally induced SAH. Motor cortical inter-neuronal excitability was evaluated in anesthetized rats after 200 Hz-quadripulse TBS (QTS5), 200 Hz-quadripulse stimulation (QPS5), and 400 Hz-octapulse stimulation (OPS2.5). Furthermore, correlation between motor cortical LTP and N-methyl-D-aspartate-receptor activation was evaluated using MK-801, a NMDA-receptor antagonist. We evaluated inhibition-facilitation configurations [interstimulus interval: 3 ms; short-latency intracortical inhibition (SICI) and 11 ms; intracortical facilitation (ICF)] with paired electrical stimulation protocols and the effect of TBS paradigm on continuous recording of motor-evoked potentials (MEPs) for quantitative parameters. SAH and MK-801 completely blocked ICF, while SICI was preserved. QTS5, QPS5, and OPS2.5 facilitated continuous MEPs, persisting for 180 min. Both SAH and MK-801 completely blocked MEP facilitations after QPS5 and OPS2.5, while MEP facilitations after QTS5 were preserved. Significant correlations were found among neurological scores and 3 ms-SICI rates, 11 ms-ICF rates, and MEP facilitation rates after 200 Hz-QTS5, 7 days after SAH (R2 = 0.6236; r = −0.79, R2 = 0.6053; r = −0.77 and R2 = 0.9071; r = 0.95, p < 0.05, respectively). Although these findings need to be verified in humans, our study demonstrates that the neurophysiological parameters 3 ms-SICI, 11 ms-ICF, and 200 Hz-QTS5-MEPs may be useful surrogate quantitative biomarkers for assessing inter-neuronal function after SAH.

Keywords: electrical stimulation, theta burst stimulation, long-term potentiation, neurobehavior, subarachnoid hemorrhage, motor-evoked potential


INTRODUCTION

Survivors of subarachnoid hemorrhage (SAH) are confronted with a variety of long-term problems, including focal neurological deficits, cognitive declines, and higher brain dysfunction, which can be difficult to evaluate (Hackett and Anderson, 2000; Kreiter et al., 2002; Jeon et al., 2010; Sherchan et al., 2011). An objective evaluation of cognitive-neurophysiological function is important for clinical translation, since direct links between quantitative biomarker and clinical symptoms in SAH patients have not been fully established (Kreiter et al., 2002; Sherchan et al., 2011). Furthermore, there are few functional evaluation studies on neurobehavioral and morphological changes following SAH in animals (Thal et al., 2008; Silasi and Colbourne, 2009; Sherchan et al., 2011). Therefore, we intended to perform electrophysiological investigation of cortical excitability, which is potentially related to inter-neuronal functions and might be a possible quantitative biomarker reflecting pathophysiological conditions after SAH.

Theta burst stimulation (TBS) of the hippocampus (3–5 pulses at a frequency of 100 Hz-burst, repeated at 5 Hz) was first shown to facilitate hippocampal-evoked potentials for several hours, on the basis of long-term potentiation (LTP) in animal models (Hess and Donoghue, 1996). TBS stimulation has subsequently been translated to humans using non-invasive transcranial magnetic stimulation (TMS) of the motor cortex (three pulses at a frequency of 50 Hz-burst, repeated at 5 Hz, total, 600 pulses; Huang et al., 2005). It has been used either in intermittent and facilitatory or continuous and inhibitory TBS (iTBS and cTBS, respectively) paradigms for motor-evoked potentials (MEPs) with repetitive TMS (rTMS; Huang et al., 2005). TBS has widespread applications as a non-invasive methodology to evaluate and modify neural-networks within the human brain (Huang et al., 2005; Jung et al., 2016). Therefore, to replicate these human findings, we explored inter-neuronal function in the motor cortex of a rat SAH model after TBS by comparing two standard LTP protocols. Because methodological standardization for LTP induction on the motor cortex remains controversial both in humans and animals, comparison between facilitatory TBS protocol and those for hippocampal LTP induction in experimental condition is informative. Therefore, we designed experimental protocols with a consistent number of total pulses of 1,440 between each condition, at different pulse (200 or 400 Hz) and different burst frequencies [every 200 ms (5 Hz; theta-rhythm), 5 and 10 s]. Hence, total duration of stimulation differed among the TBS and two standard LTP protocol groups (usual durations of each group; 72 s and 30 min, respectively). We also tested the effects of an N-methyl-D-aspartate (NMDA)-receptor antagonist (MK-801) on MEPs after TBS.



MATERIALS AND METHODS


Animals

All experimental protocols were performed in accordance with the Japanese National Institute of Health Guide for the Care and Use of Laboratory Animals and approved by the Oita University Ethical Review Committee (protocol number 192302). Following a sample size calculation, we conducted our experiments on a total of 50 adult, male Sprague–Dawley rats (body weight, 295–377 g, aged 8.2 ± 0.2 weeks old) that were housed in a controlled environment with room temperature (24.5–25.0°C), 12/12-h light/dark cycle, and constant humidity. Rat food pellets and tap water were provided ad libitum between experimental procedures. The study was composed of three different experimental sessions involving 50 animals: [A] continuous MEP recording after 200 Hz-quadripulse TBS, 200 Hz-QPS, and 400 Hz-OPS (QTS5, QPS5, and OPS2.5, respectively, n = 5, each condition); [B] the same procedure as in [A], but with NMDA-receptor antagonist MK-810 (1 mg/kg) administration to explore the correlation between MEP modification and NMDA activation (n = 5, each condition); [C] same procedure as in [A], but 7 days after SAH to explore the underlying functional consequences and pathophysiology (n = 5, each condition; Figure 1).
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FIGURE 1. Schematic illustration of the experimental protocol and stimulus configurations. In (A), epidural electrodes [Plastics One with 1.19 mm diameter with a flat tip on two locations: 1.0 mm rostral and 2.0 mm lateral (1R, 2L) and 3.0 mm rostral and 4.0 mm lateral from bregma (3R, 4L); orange circles in (B)] were placed 7 days before testing under MMB anesthesia. The screw electrodes were attached in advance to a head connector (Plastics One) such that they were secured with skull screws and dental acrylic for repeated measurements. Motor cortex stimulation for motor-evoked potential (MEP) recording: a train of three biphasic square wave pulses was delivered with an isolated pulse stimulator to achieve temporal summation for selective activation of the motor cortex (0.2 ms per pulse for each polarity; interstimulus interval of 3 ms; refer Fujiki et al., 2020a for detail). QTS5 consists of a burst of four monophasic pulses, 0.2 ms pulse duration at 200 Hz, repeated at 5 Hz, and delivered for 72 s continuously (Jung et al., 2016). QPS5 consisted of the same burst, repeated every 5 s for 30 min, a total 360 bursts based on original reports of QPS of the human motor cortex by Hamada et al. (2008). OPS2.5 consisted of a burst of eight pulses at 400 Hz, repeated every 10 s for 30 min, total 180 bursts, both consisting of 1,440 pulses (Steward et al., 2020). No-stimulation condition was instead produced by unplugging the electrodes at the stimulator while the high frequency stimulation protocol was carried out. Subthreshold CS was set at 75% RMT, while the intensity of TS was adjusted to evoke an MEP of approximately 300 μV (peak-to-peak) in the right BB muscle. Interstimulus intervals (ISIs) of 1, 2, 3, 5, 7, 11, 13, and 15 ms were utilized to test intracortical inhibitions or facilitations. Full ISIs were tested 10 min before QTS5, QPS5 and OPS2.5, while ISIs of 3 and 11 ms were tested 10 min after each stimulation in controls under MMB anesthesia, under MK-801 and 7 days after Subarachnoid Hemorrhage (SAH). Three different experimental sessions [no-Theta Burst Stimulation (TBS) control (A), under MK-801 (B), and 7 days after SAH induction (C)] were tested at least 7 days after electrode settings (SAH induction). MMB, medetomidine/midazolam/butorphanol anesthesia (0.15/2.0/5.0 mg/kg, respectively; intraperitoneally. SICI, short latency intracortical inhibition; ICF, intracortical facilitation; QTS5, quadripulse TBS (QTS5 ms; 200 Hz); QPS5, quadripulse stimulation (QPS5; 200 Hz); OPS2.5, octapulse stimulation (OPS2.5; 400 Hz, n = 5 each); conditioning stimulus (CS); resting motor threshold (RMT); test stimulus (TS).





Induction of Cisterna Magna SAH Model

Seven days before testing, the rats were deeply intraperitoneally anesthetized with a combination of medetomidine/midazolam/butorphanol anesthesia (0.15/2.0/5.0 mg/kg, respectively). The anesthetic conditions were continuously verified through the experiment (maintained during electrode implantation, SAH induction and during data recording 7 days after) in all animals (Fujiki et al., 2004; Fujiki et al., 2020a,b; Qin et al., 2015; Mishra et al., 2017). Briefly, the absence of pedal withdrawal (“toe-pinch”) reflex was used for assessment of anesthesia and analgesia depth, and the body temperature was maintained at 37°C intra- and postoperatively with a temperature-controlled heating pad.

Autologousblood (300 μl) was injected into the subarachnoid space over a 3-min time frame from a catheter within the cisterna magna. The injection was repeated 48 h after first injection (Qin et al., 2015).



Continuous Recording of MEPs

MEPs were continuously recorded from the contralateral right biceps brachii muscle via wire-electrodes, as per previously described methods (Fujiki et al., 2004; Fujiki et al., 2020a,b; Mishra et al., 2017). Electrode setting and base-MEP recordings were performed before the induction of SAH. During MEP measurements, rats were anesthetized with amedetomidine/midazolam/butorphanol combination to preserve the motor responses in the same manner with SAH induction.



Paired Motor Cortex Electrical Stimulation for Inhibition-Facilitation Configurations

Intracortical inhibition or facilitation [short-latency intracortical inhibition (SICI) and intracortical facilitation (ICF)] were tested using a paired electrical and subthreshold conditioning stimulus (CS) preceding a suprathreshold test stimulus (TS) after resting motor threshold (RMT) determination (Kujirai et al., 1993; Rothwell, 1997; Fujiki et al., 2020a). The RMT was measured by varying the stimulator output by 0.1-mA-step until six stable peak-to-peak-50 μV-MEP elicitations were obtained for every 12 trials. Two isolated stimulators connected with acustom-made single-stimulus-electrode switching unit were controlled for appropriate stimulus intervals (1, 2, 3, 5, 7, 11, 13, and 15 ms) and intensity (0.5–1.2 mA) in a similar manner as paired TMS (Vahabzadeh-Hagh et al., 2011; Hsieh et al., 2012; Fujiki et al., 2020a).



Motor Cortex Electrical Stimulation: 200 Hz-Quadripulse TBS, 200 Hz-Quadripulse and 400 Hz-Octapulse Stimulation for LTP Induction

A 200 Hz-quadripulse TBS (QTS5 ms), 200 Hz-quadripulse stimulation (QPS5), 400 Hz-Octapulse stimulation (OPS2.5; n = 5 each) or an absent (no-) stimulation was applied for 72 s. Three different experimental sessions (no-TBS [A], treated with MK-801[B] and 7 days after SAH induction [C]) were tested for at least 7 days after electrode settings (SAH induction; Figure 1).

The animals were humanely sacrificed after data collection with an overdose of anesthetic prior to decapitation. The brains were then prepared for verification of electrode position and histological evaluation after SAH. High-frequency stimulation (QTS5, QPS5, and OPS2.5) was delivered at an intensity of 75%-RMT (0.5–1.2 mA; Yang et al., 2019; Fujiki et al., 2020a) for 1,440 pulses and post stimulus-continuous MEPs were recorded at 0.1 Hz for 60 or 180 min. The no-stimulation condition was produced by unplugging the electrodes while the high-frequency stimulation protocol was carried out.



Effects of MK-801

A separate group of animals were prepared to explore the correlation between motor cortical LTP induction after QTS5, QPS5, and OPS2.5 and NMDA-receptor activation, with rats receiving an NMDA-receptor antagonist, MK-801 (1 mg/kg, intraperitoneally; FUJIFILM Wako Pure Chemical Corporation, Japan; [B] in Figure 1, n = 15). Low-dose MK-801 (0.5 mg/kg) was tested only for MEPs and CS preceding TS-MEP recording (n = 5). Based on the previously reported pharmacokinetic and pharmacodynamic properties of MK-801 in rats, we adjusted motor cortical LTP induction periods to make them comparable with the bet time window (Wegener et al., 2011). Furthermore, to confirm whether MK-801 was at a steady state during the induction of motor cortical LTP by QTS5, QPS5, and OPS2.5, the pharmacodynamics of MK-801 were tested by means of functional observation battery (FOB) using eight separate group of animals. We verified the positive steady symptoms during 1-h-post-dose periods (see Supplementary Material for detail). Thus, we could confirm that MK-801 doses were steady during the induction of LTP, but interaction with anesthetic combination was not confirmed.



Neurological and Histological Evaluation After Experimental SAH

The SAH grading of animals at 7 days was determined according to previously described methods (Sugawara et al., 2008). Modified Garcia’s neurological scores (consisting of six tests; scored 3–18) were evaluated at 7 days after SAH by a blinded investigator (Garcia et al., 1995). Animals that survived for 7 days after SAH were evaluated for histological analysis (hematoxylin and eosin and silver stain) immediately after MEP evaluations (Fujiki et al., 2004).



Data Analysis

The MEP data were analyzed offline, as per previous reports (Sykes et al., 2016; Fujiki et al., 2020a). MEP amplitudes were measured in a peak-to-peak manner, with 120% RMT stimulus intensity used for MEP recording with a 10-s interval, six individual sweeps run each minute (except for the initial 30 min in which a 10-s interval, three sweeps protocol was run every 5 min). This allowed us to record MEP development during QPS5 and OPS2.5. Amplitude was normalized to the final 5-min baseline amplitude and expressed as percentage-change, allowing for between-subject comparisons and grouping into 5 min bins.

Different groups of animals were compared using analysis of variance (ANOVA) with a Student–Newman–Keul post-hoc analysis (SPSS, Cary, NC, USA). Data are presented as mean ± standard error of the mean. For QTS5, QPS5, and OPS2.5 effects, statistical significance of group differences was analyzed by ANOVA with time (TIME) as within-subject factor and group (GROUP) as between-subjects factor. This was followed by post-hoc Holm test. To investigate whether the time effect differed among groups, we confirmed the TIME × GROUP interaction. Differences were considered significant at P ≤ 0.05.




RESULTS


General Condition and Histopathology 7 Days After SAH

Physiological parameters were within the normal range before induction of SAH [pH, 7.45 ± 0.01; pO2 (mmHg), 75.2 ± 1.8; pCO2 (mmHg), 47.1 ± 2.1; and Hematocrit (%), 51 ± 0.8]. All control MEPs were abolished immediately after SAH induction on the day which became nil. There was no mortality in either no-TBSor SAH animals during the 7 days. The average SAH grade was 3.2 ± 1.1. Figure 2 illustrates the characteristic pattern of neuronal morphology in the rat motor cortical layers I-III, V, and CA1 region of the hippocampus after 7 days in the no-TBS control (A, B, C, D) and SAH (E, F, G) conditions.
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FIGURE 2. Histopathological results at 7 days after SAH. Photomicrograph indicating neuronal density in the motor cortical layers I-III, V, and CA1 region of the hippocampus in a rat 7 days after no-TBS control (A,B,C,D) and SAH (E,F,G). Note that the prominent cell damages in the motor cortical layers III and V area in the rat subjected to SAH [showing transition between healthy cells (arrows) and with dead or dying cells (arrowheads)] and the relative absence of neuron loss in the hippocampal CA1 area (showing a mixture of some dying cells in healthy cells). Panel (C) illustrates cell density in a control case. Bars = 200 μm (A) and 100 μm (B,C,D,E,F and G). Areas in panels (B,C) correspond to the inset area in Panel (A).



As previously documented (Ostrowski et al., 2005), there was extensive neuronal damage, predominantly in motor cortical layers III and V area in rats, subjected to SAH (compare Figures 2B,C controls with Figures 2E,F). Notably, the neurons in the hippocampal CA1 area were relatively preserved. Moreover, rather than having drastic cell loss, rats subjected to SAH displayed morphological abnormalities in their cortical neurons. However, whether there were any quantitative differences in cell number between the SAH and no-TBS control animals were not investigated.



MEP Basic Waveforms

The final 5 min of MEP baseline parameters, including RMT, latency, and amplitudes, in no-TBS controls, MK-801, and SAH groups are summarized in Table 1. No qualitative differences were found among the groups. In addition, there was no statistically significant effect of MK-801 administration and SAH on RMT, latency, or amplitude (Figures 3A,B).

TABLE 1. MEP baseline parameters.
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FIGURE 3. Effects of MK-801 on MEPs and 3 ms-inhibition and 11 ms-facilitation patterns. (A,B) Basic waveform of MEPs recorded from the biceps muscle is composed of short-latency (approximately 14 ms) biphasic waves. Inhibition and facilitation patterns of MEPs at ISIs of 3 and 11 ms under medetomidine/midazolam/butorphanol (MMB) anesthesia (A,B; Circle). This phenomenon is reminiscent of the SICI and ICF in the human motor cortex using paired pulse TMS. Rats with MK-801 injection (1 mg and 0.5 mg/kg, i.p.) demonstrated significant suppression at 11 ms-facilitation but consistent amplitudes of test MEPs. Analysis of Variance (ANOVA) revealed that the values were significantly smaller in the MK-801 groups at an ISI of 11 ms. *P < 0.05 (B; square, solid and dotted line, respectively). Note that an absence of statistically significant effects of MK-801 administrations on parameters RMT, latency, or amplitude was found (B). NS, statistically not significant.





Inhibition-Facilitation Configurations With Paired-Stimulation Protocol-MEPs

Paired-stimulation protocol-MEPs showed inhibition (ISIs, 1–3 ms; SICI) and facilitation (ISI, 11 ms; ICF) patterns (left graph, Figure 3B). While MK-801 completely blocked 11 ms-ICF, 3 ms-SICI was preserved [low dose (0.5 mg/kg); orange-dotted lines and high dose (1.0 mg/kg); red-lines, respectively; asterisk (*) indicate significance; P < 0.05; Figures 3A,B]. One-way ANOVA revealed that significant difference at an ISI of 9 (F(1,28) = 16.36, P = 0.00037), 11 (F(1,28) = 45.51, P < 0.0001), 13 (F(1,28) = 7.86, P = 0.0096; 1 mg/kg), and ISI of 9 (F(1,18) = 8.69, P = 0.0082), 11 (F(1,18) = 18.62, P = 0.00037), and 13 ms (F(1,18) = 5.05, P = 0.038; 0.5 mg/kg), respectively.



LTP of MEPs After 200 Hz-QTS5 in No-TBS-Control Rats

Motor cortical QTS5 continuously facilitated MEPs immediately after stimulation (Figure 4A), lasting for 180 min (P < 0.05; Figure 4B). Both QPS5 and OPS2.5 facilitated MEPs during 30 min stimulation periods, also lasting 180 min (P < 0.05; Figures 4A,B). ANOVA revealed that significant main effect of group on MEP in normalized MEP amplitude over time, while post-hoc comparison indicated that MEP amplitudes were significantly higher than those in the no-TBS group (P < 0.001; Figure 4). QTS5, QPS5, and OPS2.5 significantly facilitated 11 ms-ICF (QTS5: F(1,18) = 7.99, P = 0.011; QPS5: F(1,18) = 22.08, P = 0.00018; OPS2.5: F(1,18) = 21.51, P = 0.0002 < 0.05; values between groups: F(2,13) = 3.47, P = 0.65; Figure 5D, left graph), whereas 3 ms-SICI was not affected in controls.
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FIGURE 4. Quantitative evaluation of the MEPs after 200 and 400 Hz high-frequency stimulation in control animals. Time course of MEPs after QTS5, QPS5, and OPS2.5 in no-TBS controls. MEP facilitation after OTS5, QPS5, and OPS2.5 stimulation in control animals (A,B). Note that 10 ms of horizontal calibration bar and 100 μV vertical bar in pre-stimulation and QTS5, whereas 200 μV vertical bar in post-QPS5 and OPS2.5. MEPs were strongly facilitated immediately after motor cortical QTS5 (blue-line), lasting upto 180 min under MMB anesthesia. Both QPS5 and OPS2.5 also facilitated MEPs lasting up to 180 min under MMB anesthesia (red- and green-line, respectively). ANOVA revealed a significant main effect of group on MEP, whereby the effects of stimulation differed among the four groups (main effect of GROUP, F(3,55) = 148.23, P < 0.001; main effect of TIME, F(13,224) = 18.56, P < 0.001; interaction of GROUP × TIME, F(39,224) = 4.55, P < 0.001). A post-hoc analysis indicated significant increases, compared to the no-TBS group, in the MEP amplitudes after the stimulation in the QTS5, QPS5, and OPS2.5 groups (P < 0.001). Multiple comparisons between the QTS5 and no-TBS groups were conducted at each time point. Our results indicated the MEP amplitudes in the QTS5 group were significantly increased compared with those in the no-TBS group at several time points (P < 0.001, respectively). Differences in the increase of MEP amplitudes were observed immediately following stimulation and persisted for more than 3 h (data not shown) following stimulation, suggesting persistent TBS effects on the MEP amplitudes. Both QPS5 and OPS2.5 appeared to induce stronger facilitation than QTS5 during stimulation for the first 30 min (statistically not significant), but there were no significant differences between the three groups in the final 30 min (P > 0.05). NS, statistically not significant. *P < 0.05.
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FIGURE 5. Quantitative evaluation of the MEPs after 200 Hz, 400 Hz high-frequency stimulation in control, MK-801 treated, and SAH animals. Time course of MEPs after QTS5, QPS5, and OPS2.5 in no-TBS controls, animals under MK-801, and SAH models. (A) MEP amplitudes in the QTS5 (blue-line), QPS5 (red-line), and OPS2.5 (green-line) groups were significantly increased compared with those in the no-TBS group at several time points. (B) MEP amplitudes in the QTS5 under MK-801 group were significantly increased compared with those in the no-TBS group at transient time points (5 min and 10 min post-stimulation, *P < 0.05). (C) MEP amplitudes in the QTS5 after SAH group were increased compared with those in the no-TBS group at several time points (10 min and 25 min post-stimulation, *P < 0.05). Note an absence of statistically significant effects of SAH on parametersRMT, latency, or amplitude was found. (D) ICF at ISI of 11 ms were significantly facilitated after QTS5, QPS5, and OPS2.5, whereas SICI at an ISI of 3 ms was not affected under MMB anesthesia in controls (left graph). Facilitations after stimulation in MMB controls were suppressed both under MK-801 and 7 days after SAH (middle and right graph).





SICI, ICF, and 200 Hz-QTS5 Induced TLP Effect on SAH-Rat MEPs

Both 3 ms-inhibition and 11 ms-facilitation configurations were suppressed after SAH (P < 0.05; Figures 6A,B). One-way ANOVA revealed a significant difference at an ISI of 5 (F(1,28): 8.740, P = 0.0062) 7 (F(1,28): 5.43, P = 0.027), 9 (F(1,28): 23.10, P < 0.0001), 11 (F(1,28) = 56.02, P < 0.0001), 13 (F(1,28) = 17.25, P < 0.001), 15 (F(1,28) = 8.64, P = 0.0065) ms, respectively. There was a tendency for the 3 ms-SICI to be suppressed, although the change was not statically significant (Figure 6B). Therefore, intracortical inhibition and facilitation profiles 7 days after SAH in this study, were entirely different than normal controls.
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FIGURE 6. Effects of SAH on 3 ms-inhibition (SICI) and 11 ms-facilitation (ICF) patterns, neurological scores, and correlations between parameters for SICI/ICF and MEP amplitudes after 200 Hz-QTS5. Individual profiles of normalized MEPs in each ISI in controls and SAH animals under MMB anesthesia (A,B). Averaged normalized MEPs under SAH (red) and control (blue) at CS at 75% RMT preceding TS-MEPs (A,B). No-TBS control-MMB-anesthetized rats demonstrated the significant inhibition at ISIs of 3 ms and facilitation at 11 ms, whereas SAH rats demonstrated the significant suppression at 11 ms-facilitation at 75% RMT-CS. Inhibition at an ISI of 3 ms were slightly preserved (statistically not significant; A,B). ANOVA revealed that the values were significantly greater in the control group than in the SAH group at an ISI of 11 ms. *P < 0.05. Neurological scores of rats after SAH were significantly lower than those of the control group at 7 days after onset (P < 0.001; C). There were significant correlations between Garcia’s neurological scores and 3 ms-inhibition rates (light green solid line) and 11 ms-facilitation rates (brown solid line; D). There were significant correlations between Garcia’s neurological scores and normalized MEP amplitudes at 25 min, only after 200 Hz-QTS5 (P = 0.012; blue solid line) but not after QPS5 (P = 0.23; red dashed line) and OPS2.5 (P = 0.81; green dashed line; E).



It should be noted that CS preceding TS-MEP amplitudes (% control) at both 3 ms-inhibitory and 11 ms-facilitatory phases were suppressed approximately 25% compared to TS-alone base-MEP amplitudes (Figure 6B; red-line). All MEP facilitations after QPS5, OPS2.5-stimulations were completely suppressed, while those after QTS5 were preserved both with MK-801 and 7 days after SAH (compare Figures 5B,C with Figure 5A).

ANOVA revealed that significant main effect of group on MEP after QTS5 under MK-801, whereby the effects of stimulation differed among the four groups (main effect of GROUP, F(3,55) = 8.42, P < 0.001; main effect of TIME, F(13,224) = 4.52, P < 0.001; interaction of GROUP × TIME, F(39,224) = 3.07, P < 0.001; Figure 5B).

A post-hoc analysis indicated that significant main effect group increases in the MEP amplitudes compared to those in the no-TBS group, after stimulation in the QTS5 and MK-801 groups (P = 0.015). Multiple comparisons between the QTS5 and no-TBS groups were conducted at each time point. Our results indicated that the MEP amplitudes in the QTS5 group were significantly higher than those in the (no-TBS) stimulation control sham group at transient initial time points (5, 10 min following stimulation: P = 0.01, respectively; compare Figure 5B with Figure 5A).

ANOVA revealed that significant main effect of group on MEP after QTS5 7 days after SAH, whereby the effects of stimulation differed among the four groups (main effect of GROUP, F(3,55) = 24.37, P < 0.001; main effect of TIME, F(13,224) = 0.858, P = 0.5979; interaction of GROUP × TIME, F(39,224) = 0.57, P = 0.98; Figure 5C).

A post-hoc analysis indicated that significant main effect group increases in the MEP amplitudes compared to those in the no-TBS group, after the stimulation in the QTS5 and SAH group (P < 0.001). Multiple comparisons between the QTS5 and no-TBS groups were conducted at each time point. Our results indicated that the MEP amplitudes in the QTS5 group were significantly higher than those in the no-TBS group at two time points (10, 25 min following stimulation: P = 0.048, 0.044, respectively; compare Figure 5C with Figure 5A).

All 11 ms-ICF facilitations after QTS5, QPS5, and OPS2.5 stimulations were suppressed both under MK-801 and 7 days after SAH (Figure 5D, middle and right graph).



Correlation Between Neurological Score and 3 ms-SICI, 11 ms-ICF, and 200 Hz-QTS5-MEPs After SAH

The mean neurological scores for the control and SAH groups are compared in Figure 6C (statistical significance was found at 7 days after SAH onset; P < 0.001). Garcia’s neurological scores and 3 ms-SICI rates and 11 ms-ICF rates were significantly correlated (R2 = 0.6236; r = −0.79; P = 0.00046 and R2 = 0.6053; r = −0.77; P = 0.00063, respectively; Figure 6D).

No statistical difference was found in the neurological scores among pre-QTS5, pre-QPS5, and pre-OPS2.5 groups (scores between groups; F(2, 12) = 0.077, P = 0.93; 12.6 ± 1.08, 12.8 ± 1.15, 13.2 ± 1.07, respectively).

Garcia’s neurological scores and normalized MEP amplitudes at 25 min, only after QTS5, were significantly correlated (R2 = 0.9071; r = 0.95; P = 0.012; blue solid line in Figure 6E), but not after QPS5 and OPS2.5 (R2 = 0.4303; r = −0.65; P = 0.23; red dashed line and R2 = 0.0236; r = 0.15; P = 0.81; green dashed line, respectively; Figure 6E).




DISCUSSION

We verified the pattern of MEP facilitation, as a consequence of three different LTP-inducing, high-frequency electrical stimulations of the motor cortex in control and SAH model rats. For our study, we used the same pattern of stimulation for MEP facilitation in the motor cortex as shown in previous human and animal studies (QTS5; Jung et al., 2016, QPS5; Hamada et al., 2008, OPS2.5; Steward et al., 2020, respectively). Four or eight pulses at high frequency (200 or 400 Hz-burst), repeated at 5 Hz (four pulses at 5 ms inter-pulse interval; QTS5), every 5 s (four pulses at 5 ms inter-pulse interval; QPS5) or every 10 s (eight pulses at 2.5 ms inter-pulse interval; OPS2.5), under a constant number of 1,440 pulses, were consistent between each condition.

Using continuous MEP recording, we found that high-frequency repetitive electrical stimulation at 200 and 400 Hz strongly activated MEPs, persisting for 180 min under anesthesia. SAH and MK-801, the NMDA-receptor antagonist, completely blocked MEP facilitation, while it was preserved after QTS5 treatment.


Correlation Between Morphological and Neurophysiological Changes After SAH

Morphological damages following SAH, demonstrating substantial neuronal damages in the motor cortical layers III and V were similar to those reported in previous study (Ostrowski et al., 2005). Careful correlational interpretation should be done between morphological changes and present neurophysiological results. The final output neuronal cells in layer V contributing to generate MEPs are affected both by corticospinal neurons and by surrounding GABAergic and glutamatergic interneurons, which connect with corticospinal neurons. Thus, our results are based on cortical excitability and potentially summarize the overall inter-neuronal functions.



SICI, ICF, and Motor Cortical LTP for Surrogate Quantitative Biomarker for SAH

The three neurophysiological parameters (3 ms-SICI, 11 ms-ICF, and 200 Hz-QTS5-MEPs) that were found to correlate with behavioral scores could be useful as surrogate quantitative biomarkers. However, we did not use direct measurements and therefore these findings do not reflect the degree of GABAergic and glutamatergic deficiency and/or plasticity 7 days after SAH.

We attempted to determine whether CS preceding 3 ms-SICI, 11 ms-ICF, and LTP-like MEP responses after high-frequency stimulations could provide an accurate correlation with the clinical symptoms observed in patients with SAH.



200 Hz-QTS of the Rat Motor Cortex Facilitates MEP; Rationale for Glutamatergic Mechanisms

Considering the difference between electrical stimulation and TMS (while current density close to the electrodes is higher than that in between electrodes, it is more uniform with TMS), stimulus parameters of electrical stimulation as in TMS may not always induce the same neuroplasticity. Furthermore, stimulus parameters for experimental hippocampal LTP induction have never been applied for motor cortical LTP induction both in human and animals. To understand the underlying mechanisms and verify compatibility with human and animal results, experiments comparing with other patterns of stimulation will be informative. The fact that both QPS5 and OPS2.5 appeared to induce stronger facilitation than QTS5 during stimulation for the first 30 min on control animals, but there were no significant differences among the three groups in the final 30 min, is of interest. Longer stimulus duration providing stronger developing phases in QPS5 and OPS2.5 (QTS5; 72 s vs. 30 min) is one possibility (Nakamura et al., 2016). Future studies in this regard are warranted.

The present results re-confirmed 11 ms-ICF as glutamatergic inter-neuronal hypothesis within the motor cortex, depending on NMDA-receptor activation both in humans and rats (Di Lazzaro and Rothwell, 2014; Di Lazzaro et al., 2018; Fujiki et al., 2020a). Indeed, the facilitatory effect of QPS5 is proposed to be glutaminergic receptor-mediated, because ICF is facilitated after TMS-QPS5 in the human motor cortex (Hamada et al., 2008). Furthermore, a 200 Hz-burst pattern (ISI of 5 ms) is considered optimal for inducing sufficient-maximal postsynaptic Ca2+ influx, triggering intra- and/or inter-neuronal signaling cascades for the LTP induction via activity dependent NMDA-receptor activation (Kenney and Manahan-Vaughan, 2013). The OPS2.5 facilitatory effect that produces a 400 Hz-burst (ISI of 2.5 ms) has been considered a glutaminergic receptor-mediatedgold standard in the animal hippocampal LTP induction model, which has been recently applied a motor cortical electrical stimulation induced-LTP model (Steward et al., 2020).

Transient MEP facilitation after QTS5 under MK-801 suggests different underlying mechanisms between QPS5, OPS2.5, and QTS5. The importance of an “inter-burst interval of 5 Hz in TBS” has been proposed, with GABAergic inhibition in intracortical interneurons preventing the decay in burst efficiency and facilitating long-term MEP and hippocampal LTP (Kenney and Manahan-Vaughan, 2013; Jung et al., 2016). All these observations in relation to NMDA receptor-dependent synaptic plasticity are distinctly correlated with frequency-dependency (Kenney and Manahan-Vaughan, 2013; Jung et al., 2016; Fujiki et al., 2020b). Although there is evidence that LTP-like MEP facilitation after high-frequency stimulation of the motor cortex, which may be the part of the common mechanisms for hippocampal LTP induction (Kelleher et al., 2004), 3 ms-SICI, 11 ms-ICF, and 200 Hz-QTS5-MEPs are more broadly applicable, as sensitive-quantitative surrogate markers of NMDA-receptor activation that underly synaptic plasticity after SAH.

Our results expand the current consensus of inter-neuronal profiles affected by high-frequency stimulation (200 Hz-TBS, 200 and 400 Hz) of the rat hippocampus to the motor cortex in the experimental settings. We further demonstrated that these stimulation paradigms activate NMDA receptors, and that NMDA-receptor mediated glutamatergic inter-neuronal dysfunction correlates with neurobehavioral deficits after SAH. However, these results need to be verified in humans.



Limitations and Future Work

First, considering that the animals in the present study were under stable anesthetic conditions, it should be noted that RMT and all altered parameters in MEPs, SICIs, ICFs, and MEP facilitations after LTP-inducing high-frequency stimulations through the experiments may have been affected by midazolam, a GABA-A agonist-based anesthetic combination. However, in contrast to urethane, a compound commonly used for synaptic plasticity studies for non-survival single session (Sykes et al., 2016), the present combination (applicable for repeated survival experiments) is also favorable for multi-synaptic MEP studies (Fujiki et al., 2020a). Second, the relationship between pathophysiological cascades of SAH and NMDA glutamatergic inter-neuronal dysfunction remains unclear. In this regard, further careful and detailed studies are required to elucidate the links between neuro-biological effects at the molecular level to address safety issues with stimulation of the motor cortex, as well as high-frequency stimulation, and induction of LTP in the human brain. This is consistent with the current consensus that even non-invasive-TMS in both humans and animals can induce LTP/LTD and alter synaptic plasticity with cellular and/or molecular mechanisms (Carmel et al., 2010; Müller-Dahlhaus and Vlachos, 2013; Rodger and Sherrard, 2015; Fujiki et al., 2020a,b). Therefore, non-invasive-brain stimulation-based therapies may be beneficial for treating neurobehavioral deficits after SAH.




CONCLUSION

QTS5, QPS5, and OPS2.5 strongly facilitated MEPs. MK-801 and SAH completely blocked these MEP facilitations, while MEP facilitation after QTS5 was preserved. Garcia’s neurological scores and 3 ms-SICI rates, 11 ms-ICF rates, and MEP facilitations after 200 Hz-QTS5-MEPs were significantly correlated. Neurophysiological evaluation of 3 ms-SICI, 11 ms-ICF, and 200 Hz-QTS5-MEPs may be useful surrogate quantitative biomarkers for inter-neuronal functional evaluation after SAH.
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Previous research has demonstrated that regular exercise modulates motor cortical plasticity and cognitive function, but the influence of short-term high-intensity interval training (HIIT) remains unclear. In the present study, the effect of short-term HIIT on neuroplasticity and executive function was assessed in 32 sedentary females. Half of the participants undertook 2 weeks of HIIT. Paired-pulse transcranial magnetic stimulation (ppTMS) was used to measure motor cortical plasticity via short intracortical inhibition (SICI) and intracortical facilitation (ICF). We further adapted the Stroop task using functional near-infrared spectroscopy (fNIRS) to evaluate executive function in the participants. The results indicated that, compared with the control group, the HIIT group exhibited decreased ICF. In the Stroop task, the HIIT group displayed greater activation in the left dorsolateral prefrontal cortex (DLPFC) and left orbitofrontal cortex (OFC) even though no significant difference in task performance was observed. These findings indicate that short-term HIIT may modulate motor cortical plasticity and executive function at the neural level.

Keywords: short intracortical inhibition, intracortical facilitation, high-intensity interval training, executive function, sedentary females


INTRODUCTION

Synaptic plasticity refers to the ability of the nervous system to modify the strength of communication between neurons (Citri and Malenka, 2008). There is plentiful evidence that engaging in regular exercise enhances synaptic plasticity, thus having a positive effect on brain cognitive function (Cotman and Berchtold, 2002; Bramham and Messaoudi, 2005). Despite numerous studies highlighting the importance of exercise in maintaining brain function and health, exercise-induced cortical and functional changes in the brain remain largely unelucidated.

Transcranial magnetic stimulation (TMS) provides a distinct opportunity to non-invasively assess neuroplasticity. Numerous studies have used TMS to assess neuroplasticity after exercise in healthy individuals (Rossi and Rossini, 2004; Mellow et al., 2020). Short intracortical inhibition (SICI) decreases following sessions of high-intensity exercise (Smith et al., 2014; Opie and Semmler, 2019). Acute aerobic exercise has also been shown to induce a change in intracortical facilitation (ICF) (Singh et al., 2014; Nicolini et al., 2019). Both SICI and ICF are involved in cortical plasticity in the motor cortex. SICI is mediated by the inhibitory neurotransmitter GABAa receptor (Kujirai et al., 1993; Paulus et al., 2008), while ICF is thought to reflect the numbers of glutamate neurons and n-methyl-aspartic acid (NMDA) receptors (Liepert et al., 1997; Paulus et al., 2008).

Exercise not only changes cortical plasticity but also has a positive effect on cognitive function. Previous studies have found that, compared with a control group, attention (Bherer, 2015), memory (Stroth et al., 2009), motor performance (Fisher et al., 2008; Ellen et al., 2017) and executive function (Smiley-Oyen et al., 2008) in the exercise group were significantly greater after aerobic training. Likewise, neuroimaging studies using fMRI and fNIRS have found that the prefrontal brain region involving these cognitive functions displayed greater activity after exercise (Derrfuss et al., 2004; Yanagisawa et al., 2010). For example, older adults who performed six months’ aerobic exercise exhibited greater activation in frontal brain regions, and those functional changes were associated with better cognitive performance (Colcombe et al., 2004; Szcs et al., 2012; Bherer, 2015). Similar findings were observed even after a single session of moderate exercise (Yanagisawa et al., 2010).

High-intensity interval training (HIIT), a form of exercise characterized by repeated short and intensive workouts combined with short recovery intervals, has become popular in sedentary individuals (El-Sayes et al., 2019; Nicolini et al., 2019). HIIT not only improves physiological function but also promotes executive function (Kujach et al., 2018). However, the effect of short-term HIIT on neuroplasticity requires further investigation. Elucidating the mechanisms by which HIIT modulates motor cortical excitability is necessary in order that exercise protocols can be used as an intervention in neurorehabilitation. In the present study, the effect of short-term HIIT on neuroplasticity and executive function in sedentary individuals was assessed. Paired-pulse TMS was used to measure SICI and ICF, and the Stroop task was adopted to assess executive function, in combination with fNIRS. We hypothesized that short-term HIIT would induce changes in SICI and ICF, accompanied by increased executive function.



METHODS


Subjects

Thirty two healthy female subjects were selected for participation in the study. The inclusion criteria were: (1) age 18-30 years; (2) individuals that were sedentary (no regular exercise, fewer than 3 times per week and less than 20 min on each occasion); (3) no contraindication to exercise (assessed by a physical activity preparation questionnaire, PAR-Q); (4) no contraindication to TMS according to the TMS safety guidelines (Rossi et al., 2009). Subjects that had a history of seizures, were currently prescribed psychoactive medication or with a history of cardiovascular disease were excluded from the study. All subjects were right-handed and had normal vision. Signed informed consent was provided in every case. The ethics of the study were approved by the Guangzhou Sport Institute.



Design

The 32 subjects were randomly divided into two groups: a high-intensity interval training (HIIT) group and a control group. All subjects participated in three periods: a pre-training period, training period, and a post-training period. As illustrated in Figure 1, prior to the pre-training session, subjects reported demographic information, including age, education, body mass index (BMI), physical activity preparation (PAR-Q), Physical activity level measured by the international physical activity questionnaire (IPAQ). The training protocol was similar to that of previous studies (Babraj et al., 2009; Ellen et al., 2017). During the period of training, the HIIT group completed 8 high-intensity interval training sessions, 25 min each in length, 4 times per week, lasting for 2 weeks. Participants in the control group maintained their normal lifestyle without training. During pre-training and post-training periods, the physiological and cognitive function of each subject, and cortical plasticity (assessed by TMS) and neuropsychological tests were evaluated.


[image: image]

FIGURE 1. Study timeline. Firstly participants reported demographic information. RHR, VO2peak, motor cortical plasticity (rMT, SICI, ICF), Stroop task were then measured before and after HIIT. During the training period, the HIIT group received 2 weeks of training consisting of 8 sessions lasting 20 min each.




Ethics and Dissemination

This study was approved by the Ethics Committee of Guangzhou Sport University (2019LCLL-10) and conducted in accordance with the Declaration of Helsinki. The trial was registered in the China Clinical Trial Registration Center (ChiCTR1900028645). All participants signed an informed consent form before they were randomly assigned into their respective groups.



Exercise Protocol

The exercise procedure was same as that of previous studies (Ellen et al., 2017). High-intensity interval training was conducted using a stationary power bike (BikeReha, Netherlands). The intensity of training for each subject was selected based on their heart rate reserve (HRR). We used age-predicted HRpeak to calculate HRR (Tanaka et al., 2001). Resting heart rate (RHR) was recorded while seated. The training program consisted of alternating on 4 occasions between a 50% HRR cycle for 3 min and 90% HRR cycle for 2 min, for a total duration of 20 min. Subjects completed a 2-min warm-up and a 2-min relaxation session by cycling at very low intensity both prior to and following training. Subjects’ heart rates were monitored continuously during the entire training session. The Borg perceived fatigue scale was used after training to assess each subject’s feelings of fatigue, ranging from 6 (no exertion at all) to 20 (maximal exertion). HIIT parameters detailed in Supplementary Table 1.



Physiological Function Evaluation

Blood pressure measurement: The blood pressure of each subject was measured from 08:00 to 10:00 in the morning while fasting using an Omron HEM-7124 electronic sphygmomanometer (Omron, Dalian). Subjects sat quietly for 10 min prior to measurement.

Peak oxygen consumption (VO2peak) measurement: VO2peak was measured using a respiratory portable gas analyzer (Cosmed K5, Rome, Italy) during running in a treadmill (hpCosmus,Germany). Heart rate was measured and recorded using a Polar heart rate monitor (Polar, Finland). For the test, a 3-min warm-up was performed at a constant running speed of 2.7 km/h, followed by increased speed and gradient every 3 min. The criteria for recording VO2peak measurements ensured that the heart rate reached 180 beats/min, with a respiratory quotient greater than 1.15.



Neuropsychological Measurement

All subjects were assessed using the Pittsburgh Sleep Quality Index (PSQI), Beck Depression Inventory (BDI), Beck Anxiety Inventory (BAI), and Barratt Impulsivity Scale (BIS). The BIS consists of 30 items assessing three sub-dimensions of impulsivity, including attentional impulsivity (BIS-attention), motor impulsivity (BIS-motor), and no plan (BIS-no plan).



Stroop Task

The Stroop task referred to the previous studies (Plenger et al., 2016). The stimulus was presented on a black screen. In the center of the screen, a white “+” fixation point was first presented for 500 ms, and then a stimulus was randomly presented for 200 ms. The stimulus consisted of four words, including “red”, “blue”, “green”, and “yellow”, with font colors including red, blue, green, and yellow. Subjects were asked to respond to the color of the stimulus by pressing the key on the keyboard (“D” for “red”, “F” for “blue”, “J” for “green” and “K” for “yellow”) corresponding to the color of the stimulus as quickly and accurately as possible, rather than from the actual words. The task consisted of six blocks. Two task conditions were in the block sequence ABBABA. In condition A (congruent condition), the color of the stimulus matched the word. In condition B (incongruent condition), the color of the stimulus did not correspond with the word. For each block, 12 stimuli were presented over 30 s.



Functional Near-Infrared Spectroscopy Test

Functional near-infrared spectroscopy (fNIRS) was used during the Stroop task. A continuous wave near infrared spectroscopy (CW-NIRS) system (NIRSIT, OBELAB, South Korea) was used to measure changes in light intensity at a sampling rate of 8.13 Hz. The light probe consisted of 24 light sources and 32 detectors. A total of 48 predefined channels were measured, with intervals of 3 cm between light source-detectors. Measurements were obtained from the prefrontal cortex, where the center of the lowest optical probe was aligned with the frontal pole zero (FPz) position of the 10-20 electrode EEG system to eliminate positional uncertainty between subjects. The modified Beer Lambert Law (MBLL) was used to convert raw light intensities into concentration changes in oxygenated hemoglobin (ΔHbO2). The region of interest (ROI) was selected based on previous study (Zhang et al., 2020; Jang et al., 2021). The MNI coordinates for each channel were defined base on the equipment coordinates.



Transcranial Magnetic Stimulation

Subjects were seated in an upright armchair with the instruction to relax their right arm entirely. Surface electromyography (EMG) was recorded from the abductor pollicis brevis (APB) muscle of the right hand via electrodes placed 2 cm apart in a belly-tendon montage. Single monophasic TMS was used via a figure of eight coil (outer diameter of each loop: 70 mm) connected to a Neuro-MS/D stimulator (Neurosoft, Russia). The coil was held tangentially to the skull, with the handle pointing posteriorly and laterally at an angle of approximately 45°to the sagittal plane over the left primary motor cortex (M1) hand region. The resting motor threshold (RMT) was then measured by determining the TMS intensity required to obtain a motor evoked potential (MEP) in the APB > 50 μV in five out of 10 consecutive trials, expressed as the percentage of maximum stimulator output (MSO). The SICI and ICF were measured using paired-pulse TMS paradigms. The intensity of the conditioning stimulus (CS) was 90% of RMT and that of the test stimulus (TS) was 120% RMT. TS and CS were separated by an interstimulus interval (ISI) of 2.5 ms for SICI and 12 ms for ICF. 10 consecutive trials were delivered with TMS pulse given every 5 s. SICI and ICF were assessed by calculating the peak-to-peak amplitude of the MEPTS and MEPCS–TS. Then the SICI and ICF were computed as the ratio of MEPCS–TS and MEPTS (MEPCS–TS / MEPTS).



Statistical Analysis

Statistical analysis of the cognitive and TMS test data was conducted using SPSS Statistics version 21 software. Any values failing to meet assumptions of normality were transformed into log values. Two-way repeated-measures analysis of variance was used for the group and training periods (recording means and standard deviations). P-values <0.05 were considered significant. Bonferroni-adjusted pairwise comparisons were used.

fNIRS data were analyzed by NIRSIT Analysis Tool v2.2 software. Oxygenated hemoglobin concentration (HbO) was analyzed by the peak value of oxy-Hb in the present study. Spline interpolation was used in preprocessing to eliminate the effects of head movements. Components with frequencies greater than 0.1 Hz and less than 0.01 Hz were filtered to eliminate the effects of high-frequency physiological signals and low-frequency baseline drift. The data in the first 10 s of each condition was used as a baseline for HbO, which was then subtracted from the HbO values of each task condition to obtain final HbO data. According to the previous studies (Zhang et al., 2020; Jang et al., 2021), a total of 8 regions of interest (ROI) were defined: right dorsolateral prefrontal cortex (right DLPFC), right ventrolateral prefrontal cortex (right VLPFC), right frontopolar prefrontal cortex (right FPA), right orbitofrontal cortex (right OFC), left dorsolateral prefrontal cortex (left DLPFC), left ventrolateral prefrontal cortex (left VLPFC), left frontopolar prefrontal cortex (left FPA), and left orbitofrontal cortex (left OFC). The mean HbO value for each ROI was calculated.




RESULTS


Demographic Results

There were no differences in the HIIT and Control groups in terms of their demographic characteristics (age, education, BMI, and physical activity level), neuropsychological characteristics (sleep quality, depression, anxiety), pre-training physiological function (DBP, SBP, RHR, and VO2peak) impulsivity, and TMS parameters in the pre-training period (Table 1). We also used 2-way ANOVA for RMT and MEP: groups: (HIIT, Control) × training periods (pre-training, post training). The results showed that there was no significant main effect of groups or training periods for RMT, F group(1, 30) = 1.01, p = 0.377, η2 = 0.063; F training(1, 30) = 0.03, p = 0.872, η2 = 0.001. The interaction effect was significant, F interaction(1, 30) = 5.15, p = 0.012, η2 = 0.256. Simple t test found RMT of CON group was significantly higher in post-training than in pre-training, t = 3.31, p = 0.005, Cohen’s d = 0.516, while no difference for HIIT group, t = 0.70, p = 0.494, Cohen’s d = 0.109. Group difference was not significant both in pre-training and post-training, t = 0.41, p = 0.685, Cohen’s d = 0.141, t = 1.287, p = 0.208, Cohen’s d = 0.229. There was no significant main effect or interaction effect for MEP, F training(1, 30) = 1.453, p = 0.237, η2 = 0.046; F group(1, 30) = 0.17, p = 0.680, η2 = 0.008; F interaction(1, 30) = 1.68, p = 0.205, η2 = 0.053.


TABLE 1. Demographic information and Baseline TMS parameters (X ± SD).
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Short-Interval intracortical Inhibition and Intracortical Facilitation

We first compared the TMS parameters between HIIT group and control group. Independent t test was adapted. As shown in Table1, there was no significant difference on RMT, MEP, CS, TS, SICI, and ICF amplitude between two groups in pre-training session.

A two-factor repeated measures ANOVA was adopted with 2 groups: (HIIT, Control) × 2 training periods (pre-training, post training). As displayed in Figure 2, for SICI, the results indicate that neither the principal effect of group or training period nor the interaction between group and training period were significant, with the group main effect: F(1,30) = 0.88, p = 0.356, η2 = 0.028; training main effect: F(1,30) = 0.152, p = 0.701, η2 = 0.007; interaction effect: F(1,30) = 2.576, p = 0.123, η2 = 0.109. For ICF, the results suggest a marginally significant interaction between the group and training periods, F(1,30) = 4.17, p = 0.054, η2 = 0.167. Post-hoc comparison indicated that ICF declined significantly after training in the HIIT group, t = 2.76, p = 0.015, Cohen’s d = 0.690, but not in the Control group, t = 0.54, p = 0.597, Cohen’s d = 0.135. The main effect of the group and training periods were not significant, F(1,30) = 0.21, p = 0.65, η2 = 0.001; F(1,30) = 0.35, p = 0.561, η2 = 0.016.
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FIGURE 2. (A) Mean short intracortical inhibition value calculated from the percentage of the test stimulus in the pre-training period compared with the post-training periods of the control and HIIT groups. (B) Mean intracortical facilitation value calculated from the percentage of the test stimulus in the pre-training and post-training periods of the control and HIIT groups. The hollow circles represent the raw values of each participant. *p < 0.05.




Stroop Task Performance

We first calculated the Stroop effect for accuracy (ACC) and response time (RT) by subtracting ACC (or RT) in the congruent condition from the incongruent condition.

Stroop effects were significant in both the pre-training and post-training periods for the two groups: the ACC in the congruent condition was higher than in the incongruent condition, ps < 0.001. The RT in the congruent condition was significantly shorter than that of the incongruent condition, ps < 0.001. Repeated measures ANOVA (2 group (HIIT, Control) × 2 training periods (pre-training, post-training)) indicates a significant main effect from the training period in terms of RT, F(1,30) = 4.61, p = 0.041, η2 = 0.141. The Stroop effect of RT in the post-training period was shorter than in the pre-training period. But other effects or interactions were not significant, ps > 0.05 (see Table 2).


TABLE 2. Accuracy and response time in stroop task of HIIT group and Control group (X ± SE).
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fNIRS Outcomes

For the outcome of fNIRS analysis, we focused on the neural response of 8 ROIs during the congruent and incongruent conditions and used the difference (incongruent-congruent) to represent the hemodynamic response due to Stroop interference. Furthermore, a 2 group (HIIT, Control) × 2 training periods (pre-training, post-training) repeated measures ANOVA was used for the Stroop effect for HbO in the 8 ROIs. As shown in Figure 3, Group × training period indicated a significant interaction effect in the left DLPFC, F(1,30) = 5.60, p = 0.025, η2 = 0.157. The simple effect indicated that HbO was higher in the post-training period (Mpost = 1.55∗10–4, SDpost = 2.53∗10–4) than in the pre-training period (Mpre = 2.29∗10–5, SDpre = 1.58∗10–4) for the HIIT group, t = 2.09, p = 0.045, Cohen’s d = 0.52, but with no difference for the Control group (Mpre = 8.45∗10–5, SDpre = 1.56∗10–4; Mpost = 1.11∗10–6, SDpost = 1.30∗10–4), t = 1.19, p = 0.250, Cohen’s d = 0.29. A similar result was found in the left OFC: the interaction between the group and training periods was marginally significant, F(1,30) = 4.00, p = 0.046, η2 = 0.118. Post-hoc comparison demonstrated that HbO was significantly higher in the post-training period (Mpost = 1.64∗10–4, SDpost = 2.76∗10–4) than in the pre-training period (Mpre = 7.32∗10–5, SDpre = 1.95∗10–4) for the HIIT group, t = 2.95, p = 0.010, Cohen’s d = 0.74, but with no difference for the Control group (Mpre = 2.46∗10–6, SDpre = 2.65∗10–4; Mpost = 1.16∗10–5, SDpost = 1.19∗10–4), t = 0.18, p = 0.859, Cohen’s d = 0.045.
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FIGURE 3. (A) Mean oxygenated hemoglobin concentration in the left DLPFC in the pre-training and post-training periods of the control and HIIT groups. (B) Mean oxygenated hemoglobin concentration in the left OFC in the pre-training and post-training periods of the control and HIIT groups. Error bars represent standard deviations. *p < 0.05.





DISCUSSION

The present study targeted in sedentary female individuals, examined the effect of short-term, high-intensity interval exercise on motor cortex plasticity and executive function. We found that, compared with the Control group, those individuals who received 2 weeks of HIIT exhibited an exercise-mediated reduction of intracortical facilitation. The brain activation related to Stroop interference was also significantly enhanced in the left dorsolateral prefrontal cortex and the left orbitofrontal cortex following training. These findings provide evidence that short-term HIIT effectively enhances motor cortical plasticity and modulates the prefrontal cortical activation. It emphasizes the importance of the effect of short-term physical training on improvements in neuroplasticity.

To date, various HIIT protocols has been conducted to improve the motor or cognitive functions. Nicolini et al. (2019) carried out 6 weeks HIIT over sedentary young males, to evaluate their corticospinal excitability and working memory. They found ICF was significantly reduced while no change of working memory. Similarily, in our findings, short-term HIIT can also reduce ICF which indicates that short-term exercise is effective and adequate to improve fitness for healthy young adults. What is different is that our study found short-term HIIT can also modulate the executive-related cortical activations though no changes in behavioural performance. Previous study demonstrated that acute HIIT can improve executive performance in association with dorsolateral prefrontal activation (Kujach et al., 2018). These findings combined may suggest that HIIT specifically enhances the specific executive functions. it needs further investigate simultaneously in the future.

Previous studies have demonstrated that acute aerobic exercise modulates motor cortical excitability, suggesting that acute exercise might promote short-term plasticity within the motor region (Singh et al., 2014; Hendrikse et al., 2017; Andrews et al., 2020). In the present study, we found that ICF declined after 2 weeks of HIIT in sedentary females. This finding is similar to that of a previous study in which appeared in sedentary males after 6 weeks of HIIT (Nicolini et al., 2019). These findings suggest that short-term and chronic exercise possibly affect the modulation of ICF comparably. ICF is thought to reflect the activation of glutamatergic interneurons and NMDA receptors (Liepert et al., 1997; Paulus et al., 2008). Suppression of ICF after short-term training might help maintain excitability and prime the release of GABAergic inhibition. As with ICF, previous research suggests that the inhibitory after-effects of cTBS are modulated by NMDA receptors (Huang et al., 2007). Consequently, the results of the present study add to the evidence that short-term HIIT can modulate cortical excitability in a facilitative manner (Nicolini et al., 2019).

High intensity interval training modulates the executive-related brain activations. In the previous studies, 4 weeks of light intensity exercise in sedentary individuals improved performance of the Stroop task (Gomes-Osman et al., 2017) and acute high intenrsity interval training can improve stroop performance with related dorsolateral prefrontal activation (Kujach et al., 2018). Similarily, the present study utilized the Stroop task to reflect the performance of executive function of sedentary females and investigated potential mechanisms using fNIRS. Although HIIT did not have a measurable effect on executive performance, increased activation of the Stroop effect on the left DLPFC and on the left OFC was observed. Greater activation was observed in the incongruent condition following HIIT, consistent with previous studies (Kujach et al., 2018; Ji et al., 2019). The DLPFC is a crucial region of the brain that monitors and processes Stroop cognitive conflict, essential for executive function (Yanagisawa et al., 2010). The OFC and its functional connectivity with the DLPFC are also important for inhibitory control (Kronhaus et al., 2006; Darnai et al., 2019). Recent study demonstrated that optimal cognitive control performance are associated with the functional interactions of specific cortical structures belonging to both the cognitive control network and the default mode network, not to the cognitive control network alone (Herbet and Duffau, 2020). Thus, our findings may reflect improvements in executive control processes at the macro neural level and need explore the whole brain activation in the future study.

There are a number of limitations to the present study. Firstly, we did not monitor the menstrual cycle, which is specific to females and has a significant impact on the activity of the central nervous system (Farage et al., 2008; Andreano and Cahill, 2010). Additionally, significant changes in SICI were not observed in the present study which may be due to the selected population or specific exercise protocol. Further investigation is required to explain this. Furthermore, cortical plasticity was measured on the musculus abductor pollicis brevis but training mostly focused on the muscles of the lower limb, which may indicate an indirect relationship.

In conclusion, the current study demonstrates that 2 weeks of high-intensity interval training in sedentary females decreased Intracortical facilitation and induced greater activation in the left DLPFC and OFC during executive tasks. The results provide evidence that short-term high-intensity interval training can modulate cortex plasticity and executive-related cortical activations.
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Subsequent Acupuncture Reverses the Aftereffects of Intermittent Theta-Burst Stimulation
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Objective: This study explored whether acupuncture affects the maintenance of long-term potentiation (LTP)-like plasticity induced by transcranial magnetic stimulation (TMS) and the acquisition of motor skills following repetitive sequential visual isometric pinch task (SVIPT) training.

Methods: Thirty-six participants were recruited. The changes in the aftereffects induced by intermittent theta-burst stimulation (iTBS) and followed acupuncture were tested by the amplitude motor evoked potential (MEP) at pre-and-post-iTBS for 30 min and at acupuncture-in and -off for 30 min. Secondly, the effects of acupuncture on SVIPT movement in inducing error rate and learning skill index were tested.

Results: Following one session of iTBS, the MEP amplitude was increased and maintained at a high level for 30 min. The facilitation of MEP was gradually decreased to the baseline level during acupuncture-in and did not return to a high level after needle extraction. The SVIPT-acupuncture group had a lower learning skill index than those in the SVIPT group, indicating that acupuncture intervention after SVIPT training may restrain the acquisition ability of one’s learning skills.

Conclusion: Acupuncture could reverse the LTP-like plasticity of the contralateral motor cortex induced by iTBS. Subsequent acupuncture may negatively affect the efficacy of the acquisition of learned skills in repetitive exercise training.

Keywords: acupuncture, cortical excitably, long-term potentiation, acquisition of learned skills, sequential visual isometric index finger abduction task


INTRODUCTION

Motor learning is the process of acquiring motor skills in repetitive training, in which the execution of actions is improved by goal-oriented training (Roth et al., 2020). When given a series of varying motor learning items, subsequent movements may interfere with the imprinted memory stimulated by previous motor learning (Hulme et al., 2013). In order to learn the different motor skills in sequential order, the acquired memory for the previous motor skill would be inhibited by the later movement (Hulme et al., 2013). Several preclinical studies have found that skill learning in the previous movement can be influenced by subsequent behavioral activity. For example, in a rat model, when stimulated by differing frequencies of electric stimulation, the hippocampal trisynaptic loop demonstrated the efficiency of frequency-dependent synaptic transmission, known as long-term potentiation (LTP) and long-term depression (LTD)-like plasticity (Huang and Kandel, 2005). Several studies have supported the hypothesis that LTP is critical in memory formation and consolidation (Kramar and Lynch, 2003). The presence of LTP could be reversed by subsequent electrical stimulation or depotentiation. This was demonstrated by Dong et al., 2020, who applied low-frequency electrical stimulation and found a form-and time-dependent effect on the maintenance of LTP of the hippocampus (Dong et al., 2020). Similarly, LTP of hippocampal synapses in adult rats was reversed as rats entered a novel environment (Xu et al., 1998).

Acupuncture is a traditional Chinese therapeutic method and is widely used in clinical practice to treat diseases such as hemiplegia, stroke, and Alzheimer’s disease (Wang et al., 2018; Zheng et al., 2018). Previous research has suggested that electroacupuncture could restore hippocampal LTP in rats (He et al., 2012). Clinical data also indicated that acupuncture could modulate corticomotoneuronal excitability in healthy adults and post-stroke patients (Yi et al., 2017; He et al., 2019).

In the first part of the present study, to investigate the effects of acupoint acupuncture on LTP-like plasticity changes, we applied the intermittent theta-burst stimulation (iTBS) over the motor cortex of the upper extremities to induce LTP-like plasticity and then investigated the neuromodulation effect induced by acupuncture. In the second portion, we explored whether acupuncture could affect the acquisition of motor skills following repetitive exercise training.



MATERIALS AND METHODS


Patients

A total of 37 healthy participants were recruited from Taihe Hospital in Shiyan City, and one withdrew due to illness. All healthy right-handed subjects had no history of head trauma, neurological disease, or other medical problems. Exclusion criteria included left-handedness, contraindications to TMS (e.g., metal residues, menstruating or pregnant women, etc.), taking any medication on a regular basis, and a positive history of psychiatric or neurologic diseases. Before the experiment, all participants were required to sign a written informed consent. The protocols were approved by the Ethics Committee of Taihe Hospital (Affiliated Hospital of the Hubei University of Medicine in China; approval number: 2014001-2).



Experimental Design

The present study was divided into two parts (Figure 1). In the first experiment, the participants were randomly divided into iTBS (control group, n = 18) and iTBS-acupuncture (acupuncture group, n = 18) groups. The effects of TMS with the iTBS scheme on motor cortical excitability were verified (Figure 1A). Next, to observe the neuromodulation of aftereffects induced by the iTBS and the subsequent intervention of acupuncture, acupuncture was performed 10 min after iTBS, and the needle was in-situ for 30 min. The measurements of motor cortical excitability were assessed before iTBS and every 5 min for up to 70 min after the end of iTBS (Figure 1A).
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FIGURE 1. Experimental design. (A) In the intermittent theta-burst stimulation (iTBS) group, the baseline of motor evoked potential (MEP) amplitudes induced by transcranial magnetic stimulation (TMS) with the iTBS scheme over the primary motor cortex (M1) under resting conditions was measured for 10 min, then the LTP-like plasticity induced by iTBS was measured by TMS elicited MEP for 35 min. In the iTBS-acupuncture group, the changes of MEP were tested at pre- and post-iTBS for 10 min, then measured under acupuncture-in and off for 30 min after iTBS intervention. (B) Both groups carried on sequential visual isometric pinch task (SVIPT) training for 30 min, but the SVIPT-acupuncture group was given additional acupuncture after SVIPT training. After 10 min of SVIPT intervention, two needles were inserted into the Quchi and Waiguan acupoints and kept in the upper limb of the training side for 30 min and then extracted. The learning skill index was evaluated by video recorder continuously over 5 consecutive days.


In the second part (Figure 1B), to observe the effect of acupuncture on the acquisition of motor skills following repetitive exercise training, 36 participants were randomly divided into the sequential visual isometric pinch task (SVIPT) and SVIPT-acupuncture equal groups. The SVIPT training was conducted for 5 days on the left upper limb. The motor skill proficiency was assessed after each SVIPT training for five successive days. In the SVIPT-acupuncture group, with the same motor skill proficiency evaluation for five consecutive days, the SVIPT-acupuncture group received extra acupuncture with Quchi and Waiguan acupoints for 30 min on the same left upper limb after SVIPT repetitive training for four consecutive days. However, on the fifth day, the subjects only received the SVIPT training but not given the acupuncture. Under this experimental design, the immediate effect of acupuncture on the ability of motor skill acquisition can be observed for four successive days. In addition, with the avoidance of the immediate or short effect of acupuncture, the long-term effect of SVIPT combined with acupuncture on the acquisition of motor skills was assessed on the fifth day after 4 days of SVIPT-acupuncture intervention. All the above trial protocols have been registered with the China Clinical Trial Registry (registration no. ChiCTR-IPR-17010490).



Assessment of Motor Cortical LTP-Like Plasticity

Motor cortical plasticity was evaluated by changes in MEP amplitude following iTBS. All TMS and TMS-iTBS interventions were performed using a transcranial magnetic stimulator (YRD-1, maximum magnetic field intensity = 2.2 T; Wuhan Yiruide Medical Equipment New Technology Co., Ltd., Wuhan, China) and a figure of eight coils (YRD, diameter = 9 cm; Wuhan Yiruide Medical Equipment New Technology Co., Ltd.). To determine the level of MEP amplitude, electromyographic (EMG) activity was obtained with disposable adhesive electrodes on the belly of the first dorsal interosseous (FDI) muscle and the metacarpophalangeal joint (Yahagi and Kasai, 1998). The EMG activity was amplified with (gain = 1000) and filtered using 50-Hz notches prior to digitization at 1 kHz (MP30, BIOPAC System, CA, United States).

To properly induce the MEP elicited by a single pulse of TMS, the center of TMS coils was focused on the right motor cortex corresponding to the left FDI muscle. The optimal scalp location, known as the hot spot, was determined by the scalp location at which MEPs could be elicited in the FDI muscle at the lowest stimulus strength. Once the hot spot was found, the coil was securely fixed in place with a mechanical device.

The resting motor threshold (rMT) was defined as the minimum stimulus intensity at which five of the 10 consecutive single stimuli at the hot spot elicited an MEP amplitude of at least 50 μV in the relaxed muscle (Rossini et al., 2015). The single pulse of the TMS intensity to elicit MEP during the entire stimulation paradigm was set at 120% rMT of the FDI. In the single iTBS group, the MEPs were measured “before” (10 min before iTBS, referred to as iTBSpre) and “after” (30 min after iTBS, referred to as iTBSpost–5 min, iTBSpost–15 min, and iTBSpost–30 min). In the iTBS-acupuncture group, the MEP was measured “before” (10 min before iTBS, referred to iTBS’pre) and “after” (10 min after iTBS, referred to iTBS’post–5 and iTBS’post–10), as well as “in” (30 min with the needle in situ, referred to as acupuncturein–5 min, acupuncturein–15 min, and acupuncturein–30 min) and “off” (30 min after needle removal, referred to as acupuncturepost–5 min, acupuncturepost–15 min, and acupuncturepost–30 min) (Figure 1A). The mean MEP amplitude was calculated as the average of the MEPs at each time point and then normalized to the 15-min pre-iTBS baseline.



Intermittent Theta-Burst Stimulation and Acupuncture Intervention

To induce LTP-like plasticity, the intervention mode of iTBS was utilized in both groups over the right motor cortex corresponding to the left hand. The stimulus parameter of iTBS was a series of stimuli strings at 80% aMT of output intensity with a total of 600 TMS stimuli for 190 s. The iTBS protocol, containing 3-pulse bursts at 50 Hz repeated at 5 Hz, was performed with a 2-s train and repeated every 10 s for 20 repetitions (Franca et al., 2006; Hsieh et al., 2015). For acupuncture in-off, the iTBS-acupuncture group was under aseptic conditions and received extra acupuncture by experienced acupuncturists after 10 min of iTBS stimulation. The acupuncture needles were 0.3 × 40 mm (Huatuo; Suzhou Medical Supplies Factory, Suzhou City, China). The Quchi (LI-11) and Waiguan (TB-5) acupoints on the left hand are two of the most frequently explored points in Chinese acupuncture to treat poststroke motor dysfunction (Gao et al., 2011). To ensure that the patients felt De Qi (sensations of aching and tingling), proper techniques such as “lifting and thrusting” and no “rotating” were conducted at each point, and then the needles were kept in situ for 30 min without further stimulation.



Motor Skills Training and Evaluation

In the second part, the intelligent feedback training system (IFTS, SV3.8, Guangzhou Yikang Medical Equipment Industry Co., Ltd., Guangzhou, China) was used for motor skills training. For the starting position, participants were seated with the left shoulder and elbow flexed and the forearm in a neutral position and fixed on the upper limb exoskeleton of the IFTS. The wrist and finger joints were unrestricted, and the radial side of the index finger was tightly attached to the columnar sensor to receive pressure when the index finger was abducted. A 40-inch monitor was placed 1.5 m in front of the participants, where the height could be adjusted to the height of the participants’ eyes (Figure 2).
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FIGURE 2. The SVIPT program. Participants were seated with the left shoulder and elbow flexed and the forearm in a neutral position and fixed on the upper limb exoskeleton of the intelligent feedback training system (IFTS). The radial side of the index finger and thumb was tightly attached to the columnar sensor. Participants learned to control column pressure to reach the target number range.


The motor skill proficiency was calculated using the SVIPT speed and error rates. Before implementing the SVIPT program, the maximum abducting force of each participant’s index finger was measured to ensure that the maximum pinching would not exceed the top of the column. The 0–50% range of the maximum abducting force of each participant’s index finger was marked on the pressure column and was divided into ten equal parts. The participants were able to control the pressure in the range of the marked number by abducting the index finger. Seven metronomes with different speeds (30, 45, 60, 75, 90, 105, and 120 bpm) were used to remind the participants to complete the action/movement/motion within each beat following the starting instructions and that at every beat, action/motion should be accomplished. Control of the cursor rose from 0 point to the corresponding number, and once it reached the target, the participant had control over the cursor to return to the 0 point as soon as possible. Participants repeated the above procedure in the order of 0–6–0–3–0–1–0–7–0–2–0–9–0–5–0–8–0–4–0. Finally, the cursor returned to the 0 point, with a total of nine target points in the order of: 6/3/1/7/2/9/5/8/4. Seven metronomes beats appeared randomly, and each beat was repeated three times with a 1 min rest between each task. We used a camera to monitor the entire process. Finally, the SVIPT-acupuncture group was given additional acupuncture by experienced acupuncturists. The needles’ Quchi and Waiguan acupoints were kept in the training side upper limb for 30 min and then extracted. Proper techniques such as “lifting and thrusting” and no “rotating” were conducted to make the patients experience De Qi. The acupuncture stimulus was repeated consecutively for 4 days, and no acupuncture was given after the fifth day of SVIPT training.

The hand performance of movement speed and errors were recorded by a video recorder continuously over five consecutive days after SVIPT training. SVIPT speed was the average time to complete three learning tasks in a row under each beat. Accuracy was defined as the number of times the cursor reached the serial number in three consecutive learnings at each metronome beat. The error rates were calculated as a 1 – accurate rate. The speed–accuracy tradeoff function (SAF) of each day quantified the acquisition ability of motor skills, calculated as the time of completion speed under each metronome beat as the abscissa and the corresponding error rate as the ordinate. The motor skills index was the change in SAF value using the following formula:
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Statistical Analysis

STATA software was used to conduct statistical analyses (version 14.0; StataCorp, College Station, TX, United States). The MEP amplitude was calculated by the electromyogram software automatically. Three MEPs amplitudes every 5 min were measured to calculate the average amplitude and the average of the first three amplitudes (15 min) before the acupuncture were considered baseline. The average MEP amplitude in every 5 min divided by the baseline equaled the rate of change with the time as the abscissa and the change rate as the ordinate. The double factor variance analysis method was used to compare the changes in the skill index of the two groups over time. The Q-test was applied to intra-group and inter-group comparisons. The significance level was set at P < 0 05. Unless otherwise stated, values are reported as mean ± standard deviation.



RESULTS


Motor Evoked Potential Amplitudes Were Consistently Higher After iTBSpost–30 min Stimulation

During iTBS intervention, subjects had no muscle contractions but felt scalp constrictions. The constrictions disappeared when the iTBS stimulation was stopped. The data showed that MEP amplitudes began to increase after iTBS stimulation. Representative changes in MEPs recorded at the iTBSpre baseline, iTBSpost–5 min, iTBSpost–15 min, and iTBSpost–30 min are presented in Figure 3A. The MEP amplitudes after 10 min increased to 1.547 ± 0.454 mV, 1.5 times higher than the baseline value (P < 0.05). Next, MEP gradually decreased and flattened, but it was statistically higher than the baseline lasting for 30 min (P = 0.046). The MEP amplitude ratio after iTBSpost–30 min was 139 ± 16.89%, indicating that iTBS facilitated cortical excitability and induced LTP-like plasticity (Figures 3A, 4).
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FIGURE 3. Effect of iTBS and acupuncture on MEPs. Time-course changes of MEPs following iTBS in panel (A) and iTBS and subsequent acupuncture intervention in panel (B). Representative MEP traces following iTBS present an apparent increase, whereas there are traces of a decrease in MEP amplitude after subsequent acupuncture intervention.




Inhibition of MEP Amplitudes After iTBS-Acupuncture (In-Off) Stimulation

Representative changes in MEPs recorded at iTBSpre, iTBSpost–5, iTBSpost–10, acupuncturein–5 min, acupuncturein–10 min, acupunctureoff–5 min, and acupunctureoff–10 min are presented in Figure 3B. Under acupuncture-in stimulation, the amplitude of MEP in a V-shaped change, as it first decreased and then increased, was always below the iTBS level (Figure 4).
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FIGURE 4. Averaged changes in the MEP amplitude at pre and after iTBS, as well as iTBS with subsequent acupuncture in-off intervention are presented. Data are shown as the mean ± SEM.


After needling in the Quchi and Waiguan acupoints, the averaged normalized MEP amplitude decreased approximately to the baseline level (1.03 ± 0.34) during acupuncturein–5 min and continued to drop to its lowest point (0.84 ± 0.39) during acupuncturein–10 min, and then began to increase to the baseline level during acupuncturein–15–25 min. During acupuncture-off stimulation, MEPs showed progressive enhancement for up to 25 min when compared with the baseline MEPs (Figure 4). This pattern demonstrates that acupuncture may suppress MEP amplitudes and disturb the maintenance of LTP-like plasticity induced by iTBS.



Acupuncture Restrained the Learning Skill Index After Movement Practice

The SVIPT training effect was evaluated using the acquired learning skill index. A learning curve is defined as “the rate of skills or knowledge acquired over a period of time.” The learning curve consisted of the time abscissa of action completion and the error rate ordinate at each metronome velocity. The acquisition ability of motor skills after every day of training was assessed by SAF. As shown in Table 1 and Figure 5, both the SVIPT and SVIPT-acupuncture groups demonstrated that all participants had higher error rates while speed increased, especially during the first 2 days of training. As the training time increased, the subjects in the SVIPT group showed a noticeable decrease in error rates with either fast or slow metronome velocity. As seen in the SAF curve, when compared with the SVIPT group, the error rate in the SVIPT-acupuncture group was still maintained at a higher level with an increase in number of training days, especially at the higher speed (Figure 5).


TABLE 1. Learning skills index in sequential visual isometric pinch task (SVIPT) and SVIPT-acupuncture groups.
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FIGURE 5. (A) As practice continued, participants in SVIPT groups obtained an apparent decrease in error rates with either fast or slow metronome velocity. (B) Acupuncture restrained the learning skill index after movement practice. The SVIPT-acupuncture group obtained higher error rates when the test speed was increased.


The learning skill index in the SVIPT group was higher than that of the SVIPT-acupuncture group. The result of two-factor ANOVA showed a statistically significant difference between the two groups (F = 50.68, P < 0.01). The learning skill indices had a cumulative effect on time and training. Alternatively, with the accumulation of time and quantity of training, the participants engaged in SVIPT motor practice without acupuncture demonstrated a better average learning skill index than participants with additional acupuncture (Table 1). No significant differences were found in the first 2 practice days (q = 0.001, P = 0.68; q = 0.022, P = 0.743). Over time, the SVIPT group demonstrated a progressively higher index than the SVIPT-acupuncture group on the third (q = 0.035, P = 0.058), fourth (q = 0.083, P < 0.01), and fifth days (q = 0.088, P < 0.01) (Table 2). These results suggest that acupuncture intervention may restrain the subjects’ learning skill index after movement practice and could inhibit the cortical plasticity induced by the SVIPT practice.


TABLE 2. Learning skill index for 5 days in the SVIPT and SVIPT-acupuncture groups.
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DISCUSSION

Several notable results were demonstrated in the present study. First, iTBS facilitated cortical excitability and induced LTP-like plasticity over the M1 cortex. Second, unilateral acupuncture in off stimulation reversed the maintenance of LTP-like plasticity induced by iTBS. Third, these results suggested that subsequent acupuncture intervention after movement practice may inhibit learning skill indices following repetitive exercise training, indicating that subsequent acupuncture in the contralateral upper limb had a negative impact on the behavioral outcomes of motor learning.

In the present study, we measured cortical plasticity as reflected by MEP changes. iTBS over the M1 region was proven to initiate a long-term increase in MEP amplitude that was higher than the baseline (139 ± 16.89%, P = 0.046) and LTP-like plasticity had a duration longer than 30 min. This is consistent with the literature and it is believed that LTP-like plasticity is produced over the stimulus cortical side. Preclinical and clinical studies have confirmed that the induction of LTP is related to the intensity and time-dependent on stimuli (Fino et al., 2010; Zhang et al., 2010), regulates the magnitude and direction of MEP induction (He et al., 2019), and is involved in two mechanisms of homeostatic plasticity or gating mechanisms (Karabanov et al., 2015; Yee et al., 2017). Recently, several studies have reported that homeostatic plasticity plays an important role in the control of synaptic plasticity. In accord with the Bienenstock–Cooper–Munro (BCM) rule contribute to regulating plasticity (Bienenstock et al., 1982), the plasticity induced by motor skill training, transcranial direct current stimulation (tDCS) or paired associative stimulation (PAS) changed the synaptic modification threshold or regulated excitability in the motor cortex (Rioult-Pedotti et al., 2000; Siebner et al., 2004). In the current study, the changes of LTP-like plasticity induced by iTBS or acupuncture could be expected from a homeostatic mechanism that controls the motor cortical excitability. Gating mechanisms could also be involved in the changes of LTP-like plasticity induced by iTBS or acupuncture. The gating mechanisms, including transiently suppressing the efficacy of intracortical inhibitory circuits, shifting intrinsic excitability of the targeted neurons or increasing net calcium influx into the targeted cortical neurons, may promote the induction of LTP-like plasticity in neural circuits targeted by iTBS, physical training or acupuncture (Ziemann and Siebner, 2008; Karabanov et al., 2015).

The present study concluded that acupuncture at the Quchi and Waiguan acupoints reversed the LTP induced by iTBS, indicating that high MEP gradually reduced to the baseline level after acupuncture-in and did not return to the iTBS level after needle extraction. This suggests a time-dependent reversal of LTP by unilateral acupuncture in-off stimulation, considered as “depotentiation” (Huang and Hsu, 2011). Concurrent with previous studies (Kramar and Lynch, 2003), subsequent low-frequency afferent stimulations (LFS), such as brief periods of hypoxia, application of receptor, and brief cooling shock reversal of the depotentiation (Kulla and Manahanvaughan, 2000; Huang and Hsu, 2011; Park et al., 2019), were introduced after TBS completely reversed LTP. As we adopted acupoint acupuncture as the subsequent spike, in the phase of acupuncture-in, the MEP amplitude demonstrated a V-shaped change, as it decreased after acupuncturein–5 min administration, until it reached the lowest point (0.90 ± 0.25) after acupuncturein–15 min, and then slowly recovered to the equivalent baseline level (1.01 ± 0.36) after acupuncturein–30 min. In acupuncture-off, the MEP continued to reach the lowest point (0.91 ± 0.42) after acupunctureoff–5 min, and slowly increased to approximately 1.18 times of the baseline (1.18 ± 0.40) after acupunctureoff–20 min. These results indicated that the depotentiation effects of the motor cortex-corticospinal tract comprised a reversal of iTBS induced LTP, which occurred following acupuncture. This potentiation may provide a mechanism for preventing the saturation of synaptic potentiation and increase the efficiency and capacity of the information storage of the neuronal network (Kulla and Manahanvaughan, 2000; Chen et al., 2001; Huang and Hsu, 2011; Park et al., 2019).

The mechanisms responsible for the depotentiation effect of acupuncture following LTP induction are unclear, and metaplasticity does not explain the results. Our previous study demonstrated that the MEP amplitude after simple acupuncture-in gradually decreased and slowly recovered in the shape of a “V,” immediately rose, and then continued to slowly rise after extraction of the needle. Both simple acupuncture processes did not exceed 20 min, which may be a short-term inhibition or potentiation, in accordance with the results of simple acupuncture examinations of the modulatory effect on cortical plasticity (Chen et al., 2006; He et al., 2019). Researchers have suggested that simple acupuncture needling or LFS (Huang et al., 2001) that affects cortical excitability may be related to the plasticity processes mediated by N-methyl-D-aspartic (NMDA) receptors. To a certain extent, we suggest that the functional state of GABAb receptors involved in acupuncture may be partially interpreted as decreased cortex excitability during the acupuncture-in state reversed by iTBS induction. However, the mechanisms of decreased cortex excitability during the acupuncture-off state persistently reversed iTBS induction, although this was unclear due to the increased MEP after needle extraction. Some researchers have also found that LTP stabilization requires protein synthesis in the consolidation of long-term memory (Abraham and Williams, 2008), and that the pharmacological inhibition of proteasome-dependent protein degradation would disrupt the expression of late (L-) LTP (Fonseca et al., 2006). Researchers have also emphasized that brain-derived neurotrophic factors (BDNFs) can sustain L-LTP through PKM when protein synthesis is inhibited fluence the subsequent induction ability of the latter stimulus (Abraham, 2008). Depotentiation effects have shown that synaptic modifications can be reversed by subsequent stimuli, which inhibit the maintenance of LTP instead of reversing LTP into LTD; however, these effects do not demonstrate a long-term change. This finding has been demonstrated previously, as LTP of hippocampal synapses in adult rats was reversed as the rats entered a novel environment (Zhou and Poo, 2004; Abraham, 2008). Previous studies have revealed that acupuncture mainly comes with short-term potentiation/depression and that it modulates an opposite effect on MEP change with slight depression after needling-in and significant facilitation after needling-off (Zhou and Poo, 2004; He et al., 2019). We found that iTBS-induced LTP-like plasticity can be inhibited by either needle in or needle off, which indicates that depotentiation, rather than metaplasticity, occurs in motor cortical circuits; however, little is known about its molecular mechanisms.

Recently, considerable interest has been generated by the possibility that the activity-dependent persistent reversal of previously established synaptic LTP (depotentiation) may be important in the time- and state-dependent erasure of memory. We used the experimental scheme of SVIPT (Abraham, 2008; Reis et al., 2009) and acupuncture to explore whether SVIPT-acupuncture can affect the acquisition ability of learning skills. The SAF curve showed that the SVIPT group without acupuncture demonstrated a more satisfactory performance than the SVIPT-acupuncture group with an acupoint needle, especially as practice time continued, in reducing error rates with either the fast or slow metronome. Simultaneously, the learning skill index in the SVIPT group was significantly higher than that of the SVIPT-acupuncture group (F = 50.68, P < 0.01). These results suggest that subsequent acupoint acupuncture after motor skill training inhibited the maintenance of LTP-like plasticity and restrained the subjects’ learning ability, which was consistent with this electrophysiological results. The present and previous studies are concordant because they both demonstrated that abnormal maintenance of LTP/LTD would lead to difficulty in the reconstruction of the normal motor in learning ability in preclinical Parkinson’s models (Picconi et al., 2003). Exercise training is closely related to cortical motor regions, and how depotentiation affects motor skill acquisition needs further research. This behavioral data showed that the learning skill indices in the SVIPT-acupuncture group were lower than those of the SVIPT group, but a small amount of skill improvement could still be achieved through daily training. The underlying reasons for this difference require further analysis.

In this study, we first observed the effects of acupuncture on the left upper limb area corresponding to contralateral motor cortical excitability. In the secondary objective, we further investigated the interaction between acupuncture and the acquisition of learned skills. In addition, many existing studies on the interaction of non-invasive brain stimulation technologies such as repetitive TMS and transcranial direct current stimulation have verified synaptic metaplasticity (Hamada et al., 2008; Pötter-Nerger et al., 2009), while this research was focused on depotentiation. We propose that subsequent acupuncture may negatively affect the efficacy of learned skills after iTBS or rehabilitation training.



CONCLUSION

The repetitive TMS Evidence-based guidelines recommend the use of HF-rTMS or iTBS over the M1 area on the affected side, which can facilitate the M1 excitability and LTP effect and improve recovery of upper limb function in stroke patients (Lefaucheur et al., 2020). Acupuncture can specifically modulate the excitability of the contralateral primary motor cortex (M1) (Ferbert et al., 1992). However, these two different therapies were dependent on the therapist’s schedule in clinical practice. It has not been reported whether the order of application of iTBS and acupuncture affects the therapeutic effect and the mechanism is unclear. This research attempts to explore this relationship and contribute to this regard. The results of the present study indicate that unilateral acupuncture in-off can reverse LTP-like plasticity of the contralateral motor cortex induced by iTBS, namely acupuncture electrically induced synaptic depotentiation. Subsequent continuous acupuncture on the upper limbs of the training side may inhibit the acquisition of learned skills during repetitive exercise training. Understanding the neurophysiological or cellular basis of motor cortical plasticity may help gain insight into the long-term synaptic plasticity involved in rehabilitation therapy and neuromodulatory technologies (such as iTBS and acupuncture), thereby revealing potential therapeutic targets for neurological diseases.
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Mirror training (MT) is an observation-based motor learning strategy. Intermittent theta burst stimulation (iTBS) is an accelerated form of excitatory repetitive transcranial magnetic stimulation (rTMS) that has been used to enhance the cortical excitability of the motor cortices. This study aims to investigate the combined effects of iTBS with MT on the resting state functional connectivity at alpha frequency band in healthy adults. Eighteen healthy adults were randomized into one of three groups—Group 1: iTBS plus MT, Group 2: iTBS plus sham MT, and Group 3: sham iTBS plus MT. Participants in Groups 1 and 3 observed the mirror illusion of the moving (right) hand in a plain mirror for four consecutive sessions, one session/day, while participants in Group 2 received the same training with a covered mirror. Real or sham iTBS was applied daily over right motor cortex prior to the training. Resting state electroencephalography (EEG) at baseline and post-training was recorded when participants closed their eyes. The mixed-effects model demonstrated a significant interaction effect in the coherence between FC4 and C4 channels, favoring participants in Group 1 over Group 3 (Δβ = −0.84, p = 0.048). A similar effect was also found in the coherence between FC3 and FC4 channels favoring Group 1 over Group 3 (Δβ = −0.43, p = 0.049). In contrast to sham iTBS combined with MT, iTBS combined with MT may strengthen the functional connectivity between bilateral premotor cortices and ipsilaterally within the motor cortex of the stimulated hemisphere. In contrast to sham MT, real MT, when combined with iTBS, might diminish the connectivity among the contralateral parietal–frontal areas.

Keywords: theta burst stimulation, mirror training, mirror visual feedback, coherence, electroencephalogram


INTRODUCTION

Mirror training (MT), in which participants are required to move one side of their hand while simultaneously observing the mirror visual feedback (MVF) from a mirror placed in the mid-sagittal plane, has been investigated with healthy adults to study the process of observation-based motor learning (Zult et al., 2016; Chen et al., 2019) and also applied in stroke rehabilitation to improve the upper extremity motor relearning in patients with hemiplegia (Fong et al., 2019). The neural correlates underlying the MT are still under exploration, and there has been evidence that MVF can activate the parietal–frontal areas across bilateral hemispheres as well as the ipsilateral sensorimotor area (ipsilateral to the training hand and contralateral to the static hand behind the mirror) (Zhang et al., 2018). A possible explanation is that the parietal–frontal area encompasses the so-called human mirror neuron system (MNS), which can be activated during both observation and execution of movements (Rizzolatti and Craighero, 2004). In humans, it is believed that mirror neurons are located in the inferior frontal gyrus and adjacent premotor cortex, and in the rostral part of the inferior parietal lobule (Iacoboni and Dapretto, 2006). The role of the MNS is to facilitate the sensorimotor area in order to prepare the brain to be more receptive and ready to acquire new motor skills, in either healthy individuals (Bahr et al., 2018) or patients with stroke (Ding et al., 2018; Bai et al., 2019b).

Some studies have used non-invasive brain stimulation (NIBS)—most commonly repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS), to modulate the brain response to MT (von Rein et al., 2015; Kim and Yim, 2018; Jin et al., 2019). Facilitating the motor cortex by excitatory NIBS, including high-frequency rTMS or anodal tDCS, prior or concurrently to MT showed a greater effect on enhancing motor performance (measured using a two-ball rotation task) in healthy adults (von Rein et al., 2015) and motor recovery (measured using the box and block test or the action research arm test) in patients with stroke (Kim and Yim, 2018; Jin et al., 2019), indicating a synergistic effect when combining these two treatment modalities. Intermittent theta burst stimulation (iTBS) is an accelerated form of excitatory rTMS as it can yield a similar effect with high-frequency rTMS by using a very short conditioning time (i.e., 600 pulses a session, delivered in 3 min) (Huang and Rothwell, 2004). There is evidence to support that iTBS delivered to the motor cortex could enhance the efficacy of motor training in healthy individuals (Platz et al., 2018) and patients with stroke (Ackerley et al., 2016). However, it is still unclear whether iTBS could enhance observation-based motor learning via MT, and what its underpinning neural correlates are.

Brain activation during MVF training has been investigated in previous studies. Studies have shown the activation of the ipsilateral motor cortex (ipsilateral to the training hand and contralateral to the MVF) caused by MT (Saleh et al., 2017; Bai et al., 2019a). The activation of frontal regions, for example, premotor area, and parietal regions, has been also reported in previous literature (Hamzei et al., 2012; Saleh et al., 2017; Bai et al., 2019a; Ding et al., 2019). However, the intercortical functional connectivity when receiving MT is seldom investigated, which is of importance to understand the role of MNS in MT-related neural networks. Coherence-based connectivity analysis using electroencephalography (EEG) has been used to study the focal and remote effects of NIBS (Jing and Takigawa, 2000; Jin et al., 2017). Previously, an EEG experiment has shown that observation-induced neurophysiological changes over frontal, central, and parietal areas are primarily evident in the alpha frequency band (Frenkel-Toledo et al., 2013). This finding indicated the alpha rhythm might be associated with the function of the MNS network. Therefore, the alpha frequency band has been used as the outcome to explore the neuromodulatory effects of rTMS (Jin et al., 2017) and MT (Rosipal et al., 2019) in healthy adults.

To the best of our knowledge, no study to date has explored the functional connectivity for combined effect of iTBS with MT; in existing studies, they have been applied alone. The aim of this study was to explore the combined effect of iTBS with right-hand motor training with MVF on modulating the functional connectivity at alpha frequency band during the eye closed resting state in a group of healthy adults, compared with either iTBS or MT alone. This proof-of-concept experiment would help clarify the neural network in both ipsilateral (ipsilateral to the training hand in MT) and contralateral (contralateral to the training hand in MT) hemispheres of this combined intervention and lead to future studies in the stroke population.



MATERIALS AND METHODS


Participants

Potential participants were students enrolled from a local university via convenience sampling. Participants were invited to join the study if they could fulfill all the following inclusion criteria: (1) aged between 18 and 30; (2) right-handed, assessed by Edinburgh handedness inventory (Oldfield, 1971); and (3) normal or correct-to-normal vision. Participants were excluded if they met any of the following exclusion criteria: (1) any contraindication of NIBS (e.g., history of seizure, metal implant, current use of psychoactive drugs, etc.); (2) any known neurological or psychiatric disease; (3) any form of upper limb or hand injury in the past 3 months; and (4) upper limb or hand deformities. Written informed consent was obtained before their participation. The ethical approval for the current study was obtained from the Human Ethics Sub-Committee, University Research Committee of The Hong Kong Polytechnic University (Reference number: HSEARS20180120003). The study was designed as a controlled experiment with three parallel groups.



Experimental Procedure

Participants were randomly allocated to one of the three groups: (1) iTBS plus MT, (2) iTBS plus sham MT, and (3) sham iTBS plus MT, by drawing lots. Figure 1 demonstrates the procedure of study and the intervention setup. All participants had to attend two EEG assessment sessions and four consecutive training sessions, one session per day.


[image: image]

FIGURE 1. The demonstration of study design and intervention. (A) The study procedure. (B) Demonstration of mirror training (left-side) and sham mirror training (right-side). The red arrow denotes the visual direction during the training.




EEG Acquisition

Electroencephalography was captured with a 64-channel cap (64-channel Quik-Cap, Compumedics Neuroscan, United States) using a Digital DC EEG Amplifier and Neuroscan Curry 7 (Compumedics Neuroscan, United States). Electrode impedance was kept below 10 kohm, and signal was sampled at 1,024 Hz. A ground electrode was positioned on the forehead in front of the Cz electrode, and two reference electrodes were placed on the left and right mastoids. All channels were used during recording, although our analysis was limited to a few channels of interest. Task-designed EEG recording and corresponding results were reported in another article (Zhang and Fong, 2019). In this article, we focus on the resting state functional connectivity. Resting state EEG was recorded for approximately 2 min and 50 s at each assessment session, when the participants closed their eyes. Participants were seated upright in an electromagnetic shielded room and required to minimize any body movement during the recording. EEG data were collected by the same experimenter who performed the TBS and motor training.



Transcranial Magnetic Stimulation Session

Standard 600-pulse iTBS protocol proposed by Huang and Rothwell (2004) (i.e., 20 trains of 10 bursts given with 8-s intervals, with a total of 600 pulses, 192 s per session) was delivered daily by MagPro stimulators (MagVenture, Denmark) with a butterfly-shape coil (C-B60), over the right motor cortex for four consecutive days. The coil was positioned at an angle of 45° to the mid-sagittal plane of the participants’ heads. The stimulation target (i.e., right motor cortex) was identified as the area in which the most consistent and largest motor-evoked potential (MEP) output was found. The positioning of the coil was maintained by means of Vicra optical tracking using the Localite neuro-navigation system based on a data set of a standard head (Localite, Bonn, Germany). The intensity of stimulation of iTBS was set at 80% of individual active motor threshold (Huang and Rothwell, 2004). Active motor threshold is defined as the minimum intensity over the motor cortex that could elicit an MEP of no less than 200 μv in five out of 10 trials during a slightly voluntary contraction (20% of the maximal voluntary contraction) of the contralateral first dorsal interosseous muscle. Sham stimulation was delivered using the same coil that delivers only 20% of the individual active motor threshold.



Motor Training Session

Immediately after each TBS session, participants underwent right-hand motor training with a mirror or a covered mirror. We followed the previous studies using four-day MT in healthy adults (Hamzei et al., 2012; Lappchen et al., 2015). The participants in Groups 1 and 3 were required to look at the MVF reflected in the mirror when performing the right-hand motor training, with the left hand behind the mirror remaining static. Participants in Group 2 were asked to perform the same training with the mirror covered and looking directly at their moving (right) hand, the aim of which was to control the cross-education effect from the right hand motor training to the static left hand (Zult et al., 2014). Our training tasks were modified from the Nine-hole peg test, Minnesota dexterity test, Purdue Pegboard test, and two-ball rotation task, lasting for approximately 15 min per session, including picking up, placing and displacing pegs, making an assembly with a pin, a washer, and a collar, placing, displacing, and turning plastic disks, and in-hand rotation of two wooden balls. Behavioral motor performance was also assessed before and after the intervention, by using these four assessments. The results of behavioral motor performance have been reported in another article (Zhang and Fong, 2019).



EEG Data Pre-processing

Raw EEG signals were band-pass filtered between 1 and 30 Hz, by using pop_eegfiltnew function in EEGLab. The data were filtered using a Hamming windowed sinc FIR filter. The filter orders were 3,300 and 440, respectively. Then the data were down-sampled at 250 Hz. By visual inspection, we rejected bad channels with abnormally high-amplitude signals and time periods containing significant movement artifacts. Channel’s data were then re-referenced to the common average. An independent component analysis algorithm was used to identify any ocular component that was further rejected (Delorme and Makeig, 2004).

Surface Laplacian transformation was carried out in order to minimize volume conduction effects from real connectivity among brain areas, via the current source density toolbox (Tenke and Kayser, 2005). The continuous data were segmented into several 2-s epochs before the surface Laplacian. We first generated two transformation matrices terms. The two matrices were used for the spherical spline interpolation of surface potentials (G) and current source densities (H), respectively (Perrin et al., 1989). The following parameters were used in the calculation, i.e., smoothing constant (lambda) = 10–5, the number of iterations = 50, m = 4 (the constant which affected the flexibility of the spherical splines). Then, we applied the CSD transform to EEG data with the two transformation matrices (Kayser and Tenke, 2006).



Coherence Analysis

Based on the previous hypothesis of MNS, we focused on the intrahemispheric connectivity within premotor, motor, and parietal areas in either left (contralateral to the training hand) or right (ipsilateral to the training hand) hemisphere, and interhemispheric connectivity among bilateral premotor, motor, and parietal areas (Zhang et al., 2018). As there is evidence showing the connectivity between ipsilateral MNS to the contralateral motor area (Hamzei et al., 2012; Saleh et al., 2017), we also explored the functional linkage of the premotor or parietal area on one side of the hemisphere with the motor area on another side of the hemisphere. Therefore, 13 pairs of channels were investigated (see Figure 2 for the selected channel pairs). Channels FC3, FC4, C3, C4, CP3, and CP4 were selected to represent the left and right premotor areas, left and right motor areas, and left and right parietal areas, respectively, according to a previous report (Jin et al., 2017). Coherence-based measure was used in the present study to probe the functional connectivity among the cortical areas (Guevara and Corsi-Cabrera, 1996). Coherence represents the normalized covariance of two time series in the frequency band. The coherence at a frequency f for signal x and y is computed by the normalization of cross spectrum as follows (Guevara and Corsi-Cabrera, 1996):
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FIGURE 2. Channel pairs of interest.


where Pxx and Pyy refer to the auto-spectrum of signal x and y, respectively, and Pxy refers to the cross-spectral spectrum. The estimated coherence ranges from 0 to 1, in which 0 means that there is no linear dependence between the two channels at frequency f. A higher level of coherence suggests higher statistical dependence between the two signals, and vice versa. Frequency band was set at between 8 and 12 Hz, as the alpha rhythm is the dominant frequency during the eye closed resting state (Jin et al., 2017) and previous literature also shows the potential correlation between alpha rhythm and MNS activities (Frenkel-Toledo et al., 2013). Coherence was further transformed to z scores by using the following formula:
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Statistical Analysis

Statistical analysis was performed with IBM Statistical Product and Service Solutions (SPSS) version 23.0. Baseline characteristics were compared by one-way ANOVA or Fisher’s exact test. A mixed-effects regression model with random intercepts and slopes was used to detect any significant difference in the change of coherence, using the z score after log transformation, among the three groups, because of its superiority in analyzing the repeated measures data (Gueorguieva and Krystal, 2004). We included group allocation, time, and interaction of group and time as fixed-effects. The random intercept and random slope of change in dependent variables over time were included as random-effects, i.e., the model assumed that individuals differed at baseline and in the rate of change over time, which accounted for the uncontrollable variability within the sample and hence achieved greater power (Gueorguieva and Krystal, 2004). Group was labeled as 1, 2, and 3, which represented our three experimental groups. Time was coded as baseline and post-training, represented as values of 1 and 2. Maximum likelihood was chosen as the estimation method, and the heterogeneous first−order autoregressive covariance structure was selected to estimate the model parameters. Between-group differences were investigated in terms of group by time interaction effects, i.e., the difference in slope reflected the difference in change of coherence between-group (Lewthwaite et al., 2018). According to our objective, we compared the potential differences between Group 1 (iTBS plus MT) with Group 2 (iTBS plus sham MT), and Group 1 (iTBS plus MT) with Group 3 (sham iTBS plus MT). Within-group differences were examined by separated related-sample Wilcoxon signed rank tests. The level of significance was set at p < 0.05.



RESULTS


Characteristics of Participants

We received 19 applications for participation, of which one participant was excluded due to the history of childhood epilepsy. Therefore, 18 participants were recruited for our experiment. There was no significant between-group difference in age (25.30 ± 2.00 vs. 26.50 ± 2.17 vs. 26.33 ± 2.25, p = 0.602) and gender (three females vs. two females vs. four females, p = 0.835). From the 18 participants, one case’s baseline EEG data and another case’s post-training EEG data were removed from data analysis due to significant noise. Therefore, the pre–post comparison of EEG analysis was conducted on 16 cases (Group 1 = 5 vs. Group 2 = 6 vs. Group 3 = 5). On average, 2.59 ± 2.08 channels were labeled as bad channels and thus rejected after the data preprocessing. No channel of interest was labeled as bad channels among our sample. The mean length of data that were used in the final analysis was 149.89 ± 15.57 s.



Coherence Analysis

The results of statistical comparisons across the three groups are reported in Table 1. When comparing Group 3 and Group 1, the mixed-effect model demonstrated a significant interaction effect in the coherence between FC4 and C4 (Group 3 vs. Group 1, difference in slope = −0.84; SE = 0.39, p = 0.048), and between FC3 and FC4 (Group 3 vs. Group 1, difference in slope = −0.43; SE = 0.21, p = 0.049). The results indicated enhanced connectivity between right premotor and motor areas and bilateral premotor areas in participants from Group 1, in contrast to those in Group 3. Within-group comparison showed that there were significant differences in coherence between FC4 and C4 channels, and between C3 and C4 channels in Group 1 (Z = −2.02, p = 0.043).


TABLE 1. Results of coherence differences across three groups.

[image: Table 1]When comparing Group 2 and Group 1, the mixed-effect model demonstrated a significant interaction effect in the coherence between C3 and CP3 (Group 2 vs. Group 1, difference in slope = 0.59; SE = 0.27, p = 0.045), as well as the coherence between FC3 and CP3 (Group 2 vs. Group 1, difference in slope = 0.63; SE = 0.27, p = 0.033), which indicated enhanced connectivity among premotor, motor, and parietal areas over the contralateral hemisphere (contralateral to the moving hand and ipsilateral to the MVF) in Group 2, in contrast to Group 1. Within-group differences were found in coherence between C3 and CP3 (Z = −2.00, p = 0.046) in Group 2, but there was no significant interaction effect among the groups observed (see Figure 3 for the pre–post comparisons of coherence in each group and see Figure 4 for the channel pairs with significant interaction effects).


[image: image]

FIGURE 3. The pre–post comparison of coherence in each group. Only pairs with coherence > 0.3 were shown.



[image: image]

FIGURE 4. Significant interaction effects in channel pairs. (A) Significant interaction effects favoring Group 1 over Group 3 were noted in coherence between FC3 and FC4 and between FC4 and C4. (B) Significant interaction effects favoring Group 2 over Group 1 were noted in coherence between FC3 and CP3 and between C3 and CP3.




DISCUSSION

The present study investigated the combined effect of iTBS with MT on modulating the resting state functional connectivity at alpha frequency band, in healthy adults. Our experiment found that the combination of iTBS with MT strengthened intrahemispheric connectivity between premotor and motor areas in the ipsilateral (right) side, as indicated by the increased coherence between FC4 and C4 channels, as well as the interhemispheric connectivity of bilateral premotor cortices, as indicated by the increased coherence between FC3 and FC4 channels. Compared with participants who received iTBS with MT, those who received iTBS with sham MT showed an increase of functional connectivity between contralateral (left) premotor and parietal areas, as well as the connectivity between left premotor and motor areas, as indicated by increased coherence between FC3, C3, and CP3 channels.

The change of cortical connectivity induced by MT has been investigated in previous studies. Bai et al. (2019a) investigated the instant effect of MVF on healthy adults, using functional near-infrared spectroscopy (fNIRS) and they reported a strengthened functional correlation between the supplementary motor area and the sensorimotor area over the ipsilateral (right) hemisphere (ipsilateral to the training hand and contralateral to the MVF) when participants were viewing the MVF. Saleh et al. studied the instant effect of MVF on patients with stroke using functional magnetic resonance imaging (fMRI). Increased connectivity between contralesional inferior parietal lobule and ipsilesional primary motor cortex induced by MVF was then reported (Saleh et al., 2017). Those findings were in line with the hypothesis of MNS, which postulates that the activation of both the parietal–frontal area and the sensorimotor area could be elicited by MVF. The training effect of multiple-session MT on functional connectivity was only investigated in one previous study by Hamzei et al. (2012), which demonstrated the strengthened functional connectivity between the bilateral premotor areas and the motor area in healthy adults after four daily sessions of MT.

The effect of MT on functional connectivity in healthy adults has only been investigated by using hemodynamic signals (Hamzei et al., 2012; Bai et al., 2019a). Thus, our study probes functional connectivity in response to these two treatment modalities by EEG. The advantage of EEG is its excellent temporal resolution, which is likely to enable the detection of subtle neuroplastic changes. Compared with participants who received sham iTBS with MT, those who received iTBS with MT showed enhanced connectivity between premotor (FC4) and motor (C4) areas in the ipsilateral hemisphere as well as interhemispheric connectivity between bilateral premotor areas (i.e., FC3 and FC4). Functionally, the premotor cortex receives sensory input from the parietal cortex and projects to the motor cortex, which plays an important role in motor preparation and planning (Wong et al., 2015). There has been evidence that the premotor cortex has a mirror neuron-like property that can be activated during the observation of movement (Rizzolatti et al., 1996). A meta-analysis of fMRI experiments showed a bilateral activation of premotor areas in response to the action observation of unilateral hand movement (Caspers et al., 2010). The functional difference of left and right premotor cortices was revealed in an fMRI study, which showed that the left premotor cortex was more involved with the object manipulation during action observation and the right premotor cortex was more involved with the observed movement (Manthey et al., 2003). In a study on stroke patients, the activation of premotor cortex in both ipsilesional and contralesional hemispheres was enhanced after mirror therapy (Bhasin et al., 2012), indicating that the premotor areas on both hemispheres are likely to be part of the MNS. Strengthened connectivity among bilateral premotor and ipsilateral motor areas may indicate that the effect of MVF-based observation motor learning could be enhanced when it is in combination with iTBS over the motor cortex. A previous clinical study about the effects of MT on functional connectivity in patients with stroke, identified significant connectivity enhancement at resting state, over premotor, motor, and parietal areas bilaterally (Ding et al., 2019), in patients who received 10-session MT. Therefore, in order to yield maximal benefits for patients, there needs to be further investigation to determine an optimal dose of MT intervention when it is applied in different clinical populations with suitable priming techniques that can be combined with.

In our previous study (Zhang and Fong, 2019), we did not observe any significant difference in MVF-induced ERD and motor performance between iTBS plus MT and iTBS plus sham MT. However, using coherence analysis, we observed strengthened connectivity between left premotor, motor, and parietal areas in participants who received iTBS plus sham MT, in contrast to those who received iTBS plus MT. This finding may be attributed to the modulatory effect of active hand training with direct observation of the moving hand, which promotes the functional interrelationship among the premotor, motor, and parietal areas, but the effect was limited within the contralateral hemisphere and was not transferred interhemispherically across the corpus callosum. A previous experimental study showed that MT may have a suppression on the contralateral hemisphere (contralateral to the training hand in MT), compared with sham MT (Bartur et al., 2015). The increase in coherence in contralateral hemisphere after receiving iTBS plus sham MT might also reveal that MT may induce a shift of activation to the ipsilateral hemisphere (ipsilateral to the training hand in MT) and simultaneously suppress the activity of the contralateral hemisphere. We hypothesized that this modulatory effect to the ipsilateral hemisphere (i.e., ipsilesional hemisphere in patients with stroke) associated with MT may therefore be useful to the hemiparetic arm recovery for patients after a unilateral stroke.



LIMITATIONS

This proof-of-concept study has several limitations. First, our current study was limited by its small sample size. Although a multiple-session intervention may stabilize the response, we cannot fully control the confounding effects in association with the inter-subject variability of iTBS. Second, we did not apply multiple comparison corrections with regard to the exploratory nature of this study. Third, EEG has its limitation in spatial resolution, although we had applied spatial filters to improve the spatial precision. Besides, our connectivity analysis was limited to coherence. This measure has been widely used to assess the functional connectivity and its meaning is easy for clinicians to understand. However, there were other novel connectivity indices that we did not use in the current study, such as phase synchronization-based measures and Granger causality-based measures. They may provide additional information about the connectivity. Lastly, we only measured the resting-state functional connectivity; motor task-related functional connectivity may also be very promising to be used as a physiological biomarker for motor recovery. In addition, different stages of movement may influence the dynamics of functional connectivity. An event-related EEG experiment with motion analysis may provide rich information for us to explore the motor task-related functional connectivity. Further study on the stroke population is needed to investigate the potential clinical effects of the combined treatments for hemiparetic arm functions.



CONCLUSION

In contrast to sham iTBS combined with MT, iTBS combined with MT may strengthen the functional connectivity between bilateral premotor cortices and ipsilaterally within the motor cortex of the stimulated hemisphere. In contrast to sham MT, real MT, when combined with iTBS, might diminish the connectivity among the contralateral parietal–frontal–motor circuits, perhaps due to the shift of activation to the ipsilateral hemisphere after MT.
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Brain-Computer Interfaces (BCI) coupled to robotic assistive devices have shown promise for the rehabilitation of stroke patients. However, little has been reported that compares the clinical and physiological effects of a BCI intervention for upper limb stroke rehabilitation with those of conventional therapy. This study assesses the feasibility of an intervention with a BCI based on electroencephalography (EEG) coupled to a robotic hand orthosis for upper limb stroke rehabilitation and compares its outcomes to conventional therapy. Seven subacute and three chronic stroke patients (M = 59.9 ± 12.8) with severe upper limb impairment were recruited in a crossover feasibility study to receive 1 month of BCI therapy and 1 month of conventional therapy in random order. The outcome measures were comprised of: Fugl-Meyer Assessment of the Upper Extremity (FMA-UE), Action Research Arm Test (ARAT), motor evoked potentials elicited by transcranial magnetic stimulation (TMS), hand dynamometry, and EEG. Additionally, BCI performance and user experience were measured. All measurements were acquired before and after each intervention. FMA-UE and ARAT after BCI (23.1 ± 16; 8.4 ± 10) and after conventional therapy (21.9 ± 15; 8.7 ± 11) were significantly higher (p < 0.017) compared to baseline (17.5 ± 15; 4.3 ± 6) but were similar between therapies (p > 0.017). Via TMS, corticospinal tract integrity could be assessed in the affected hemisphere of three patients at baseline, in five after BCI, and four after conventional therapy. While no significant difference (p > 0.05) was found in patients’ affected hand strength, it was higher after the BCI therapy. EEG cortical activations were significantly higher over motor and non-motor regions after both therapies (p < 0.017). System performance increased across BCI sessions, from 54 (50, 70%) to 72% (56, 83%). Patients reported moderate mental workloads and excellent usability with the BCI. Outcome measurements implied that a BCI intervention using a robotic hand orthosis as feedback has the potential to elicit neuroplasticity-related mechanisms, similar to those observed during conventional therapy, even in a group of severely impaired stroke patients. Therefore, the proposed BCI system could be a suitable therapy option and will be further assessed in clinical trials.
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INTRODUCTION

It is estimated that worldwide, 24.9 million people are living with ischemic stroke sequelae, and there are approximately 11.6 million new cases per year, making stroke one of the leading causes of disability (Benjamin et al., 2018). Stroke sequelae include complete or partial paralysis of one hemibody, known as hemiparesis (Bruce, 2005). Treatment for hemiparesis focuses on motor rehabilitation strategies that aim to enhance neural plasticity, stroke’s primary recovery mechanism (Bruce, 2005; Pekna et al., 2012). These strategies are most effective during the acute and subacute phases of stroke (Lee et al., 2015; Branco et al., 2019). Specifically, upper limb motor recovery seems to occur predominantly during these stages (Borschmann and Hayward, 2020). However, it has been reported that motor rehabilitation of the upper limb is difficult to achieve for most patients; 6 months after stroke onset, approximately 65% of patients are unable to use the affected upper limb in their daily activities (Bruce, 2005; Lee et al., 2015). Therefore, assessing the efficacy of new upper limb rehabilitation technologies is currently of interest to research (Hatem et al., 2016; Bertani et al., 2017).

Brain-Computer Interfaces (BCI) is a promising technology for upper limb stroke rehabilitation. These systems allow users to control an external device by decoding their intentions from the central nervous system, typically from electroencephalogram (EEG) recordings (Wolpaw et al., 2002). BCI systems comprise four stages: brain signal acquisition, processing, external device control, and feedback. Mental rehearsal of movement, attempted movement, or motor intention (MI), elicits activations over the sensorimotor cortex (Monge-Pereira et al., 2017). Studies confirm that stroke patients can control a BCI using this MI. MI can elicit increased or decreased alpha (8–13 Hz) and beta (14–32 Hz) oscillations in the EEG with respect to baseline. These cortical activations, known as event-related desynchronization/synchronization (ERD/ERS) (Pfurtscheller and Lopes Da Silva, 1999), are similar to those produced by passive movement and motor execution (Carrillo-de-la-Peña et al., 2008; Kraeutner et al., 2014). There is some evidence that BCI based on MI and coupled to assistive robotic devices promotes neural plasticity by providing somatosensory feedback while the subject executes MI of the paralyzed upper limb (Remsik et al., 2016; Monge-Pereira et al., 2017). This closed-loop somatosensory stimulation has the potential to enhance motor-related cortical activity in healthy subjects (Cantillo-Negrete et al., 2019) and stroke patients (Ono et al., 2014), ultimately aiding in restoring function to the affected upper limb.

Although BCI systems with different feedback types, such as visual, robotic, and functional electrical stimulation (FES) devices, have shown great potential for upper-limb rehabilitation of stroke patients, their efficacy is under evaluation by different research groups. For a review, see López-Larraz et al. (2018) and Cervera et al. (2018). However, most of these studies are on chronic stroke patients (Ramos-Murguialday et al., 2013; Ang et al., 2014; Ono et al., 2014). Few studies of BCI coupled to robotic assistive devices have focused on patients in earlier stroke stages (Frolov et al., 2017). Moreover, to the authors’ knowledge, little has been reported that compares the effects of these devices for upper limb motor recovery after stroke to those of conventional therapy. Studies with the largest reported sample sizes have provided conventional therapy simultaneous to the intervention with the BCI coupled to a robotic device, without a direct comparison between them (Ramos-Murguialday et al., 2013; Frolov et al., 2017). Their direct comparison may help define a potential role for BCI interventions in the clinical environment for stroke patients. The implementation of these systems would reduce dependence on the availability of physiotherapists, which could effectively increase the amount of upper limb therapy stroke patients receive in the critical window after injury, thereby lessening the burden of stroke in healthcare systems worldwide.

Therefore, this study assesses the feasibility of an intervention with an MI-based BCI coupled with a robotic hand orthosis for upper limb stroke rehabilitation (referred to as ReHand-BCI) and compares patients’ outcomes with those obtained with conventional therapy. For this purpose, subacute and chronic stroke patients were recruited for a crossover pilot study, in which two groups of patients received both BCI and conventional upper limb therapy in a different sequence. The Fugl-Meyer Assessment of Upper Extremity (FMA-UE) and the Action Research Arm Test (ARAT) (Lang et al., 2006) were used for assessing upper limb motor recovery after each treatment. Hand dynamometry, transcranial magnetic stimulation (TMS), BCI performance, quantitative EEG, and user experience were also evaluated to complement the clinical measurements.



MATERIALS AND METHODS


Patients

Patients meeting the following criteria were invited to participate by medical specialists from the stroke rehabilitation service of the medical institution in which this study was conducted. Inclusion criteria: adults (>18 years) diagnosed by a neurologist with ischemic stroke in either hemisphere confirmed by magnetic resonance imaging (MRI) or computed tomography (CT). No less than 2 months and no more than 12 months since the onset of stroke. Study subjects presented mild to severe hand paralysis [Motricity Index = 0, 11 or 19 (Demeurisse et al., 1980)] and were right-handed before the stroke. Subjects had normal or corrected to normal vision. Most had mild alterations in attention and memory processes according to the neuropsychological test NEUROPSI (Ostrosky et al., 2019) and demonstrated an adequate understanding of instructions according to the Boston Diagnostic Aphasia Examination (BDAE-3) (Goodglass et al., 2005). Exclusion criteria were: severe spasticity (Modified Ashworth Scale score > 2) in finger regions, severe aphasia (severity scale score ≥ 2), and history of other previous neurological lesions. Elimination criteria included the patients’ determination to withdraw from therapy, pain in the upper limb, epilepsy, seizures, or symptoms of any other neurological disorder during the study.



ReHand-BCI System

The ReHand-BCI is controlled by MI of the stroke patients’ paralyzed hand and includes the following stages:


• Acquisition stage: EEG signals were recorded using a cap with 11 active electrodes (g.LadyBird, g.tec). Electrodes were placed on F3, C3, T3, P3, Fz, Cz, Pz, F4, C4, T4, and P4 according to the international 10-20 system. The reference electrode was placed in the right earlobe, and the ground electrode was placed in the AFz position. Each channel was amplified and digitalized with a g.USBamp amplifier from g.tec connected to a PC at a sampling rate of 256 Hz with 24-bit A/D resolution.

• Processing stage: Windows of one-second length were processed following these phases. The first phase consisted of the temporal filtering of the acquired multichannel EEG using subject-specific frequency bands, selected following an offline setup described below. A 30th-order FIR notch filter was also applied to the EEG signals. The second phase comprised spatial filtering using the Common Spatial Pattern (CSP) algorithm (Blankertz et al., 2008). Afterward, in the third phase, Linear Discriminant Analysis (LDA) was used for classification. Spatial filters and LDA coefficients were computed as described below. This processing stage is similar to the Filter-Bank Common Spatial Patterns (FBCSP) algorithm (Ang et al., 2008). The processing stage’s algorithms were programmed using the MATLAB 2015b software. A more detailed description of the online processing stage’s algorithms can be found in a previous work by Cantillo-Negrete et al. (Cantillo-Negrete et al., 2018).

• Robotic Hand Orthosis Control: If the processing stage detected MI of the stroke patients’ paralyzed hand, a Bluetooth wireless command was sent to a robotic hand orthosis fixed to that hand, which then provided passive flexion and extension of their paralyzed fingers (Martinez-Valdes et al., 2014). Patients were shown faces with different degrees of smiling expressions after a defined number of trials had elapsed (a run of the system). This feedback indicated the number of times the system correctly identified MI and activated the robotic hand orthosis.

• Computation of subject-specific parameters: These parameters were computed to set up the online BCI processing stage. First, acquired multichannel EEG were visually inspected to discard trials with excessive artifacts. Afterward, temporal filtering using six 30th-order FIR bandpass filters in the 8–12, 12–16, 16–20, 20–24, 24–28, and 28–32 Hz frequency bands was performed, and a 30th-order FIR notch filter was also applied to the EEG signals. Then, CSP spatial filtering was performed. Spatial filters were calculated by solving the eigenvalue of the covariance matrices of the MI and rest classes, which resulted in 11 spatial filters for each sub-band; thus, 66 features were computed for each trial. Next, the feature selection algorithm using Particle Swarm Optimization (PSO) (Shi and Eberhart, 1998) was applied to select the least number of features for which a higher classification accuracy could be obtained. PSO parameters were set based on previous studies (Cantillo-Negrete et al., 2017, 2018), with the stopping criteria of the algorithm set at either finding a combination of features for which 100% of classification accuracy could be reached or when 50 generations (iterations) had elapsed. Finally, the fourth phase is an LDA classifier, which uses a subset of the 66 features obtained with CSP as input. This combination of temporal and spatial filtering and particle swarm optimization used for feature selection is referred to as FBCSP+PSO. After this process, subject-specific frequency bands, CSP filters, and LDA coefficients were used for the online implementation of the algorithm.



Previous studies had shown that stroke patients could control the ReHand-BCI with the 11 electrode configuration (Cantillo-Negrete et al., 2017, 2018) and that the ReHand-BCI could be set up in less than 10 min. To determine if the robotic hand orthosis was apt for BCI feedback, its capability to promote cortical activations above the sensorimotor cortex was first confirmed in healthy subjects (Cantillo-Negrete et al., 2019). The ReHand-BCI system is depicted in Figure 1.
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FIGURE 1. ReHand-BCI system. Acquisition stage comprised of EEG electrodes, amplifier, and A/D converter. The processing module included CSP, PSO, and LDA programmed in a PC, which also has a graphical user interface for setting up therapy parameters. Commands are sent through wireless communication from the PC to the robotic hand orthosis.




Study Design

A randomized crossover pilot study was planned with a convenience sample of at most 10 subacute and chronic stroke patients, as is recommended in feasibility studies for early clinical evaluation of medical devices (FDA, 2011; Billingham et al., 2013). Patients were randomly allocated to one of two different sequences of therapeutic intervention. The sequence for group 1 (AB) was comprised of 12 sessions of BCI therapy (A) followed by 12 sessions of conventional upper limb therapy (B). While the sequence for group 2 was, first 12 sessions of conventional therapy (B), then 12 sessions of BCI therapy (A). Each therapeutic intervention consisted of three sessions per week for 4 weeks. Standard treatment for stroke sequelae, including lower-limb and speech therapy, was unrestricted for the study subjects. The experimental sessions were added to the patients’ standard treatment, with both groups receiving conventional upper limb therapy. Simple randomization was programmed in Microsoft Excel® and was blinded for all study participants, except for the researcher who executed the program. Figure 2 shows a diagram of the experimental study’s design.
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FIGURE 2. Study design diagram. After eligibility criteria were assessed, patients were assigned randomly to one of the two sequences.


Before the group assignment, baseline clinical assessments were obtained for each patient, including FMA-UE and ARAT. Stroke diagnosis was confirmed with an MRI study. Physiological measurements such as hand dynamometry (HD), TMS and EEG, were also assessed at baseline. After each group’s first therapy, FMA-UE, ARAT, HD, TMS, and EEG were measured again. Then after the crossover therapy, these same measurements were repeated.



Baseline EEG

Baseline EEG was recorded to obtain the patients’ offline performance and rule out exclusion criteria such as other neurological pathologies. EEG acquisition was performed in two sessions to avoid patient fatigue. In each session, patients performed four tasks; affected hand motor imagery, non-affected hand motor imagery, affected hand movement intention, and non-affected hand movement execution (80 trials per task, 320 trials in total). Only the 80 trials of affected hand motor intention were used to compare ERD/ERS at baseline and after therapies. The post-therapy EEGs were acquired in a single session of 60 trials similar to a therapy session. Recordings were done in a sound-attenuated closed room, with a computer screen placed at approximately 1.5 m from patients seated in a comfortable armchair. The electrode positions and recording system were the same as with the ReHand-BCI (see section “ReHand-BCI System”). Visual and auditory cues, based on the Graz paradigm (Pfurtscheller and Neuper, 2001), were shown to patients, instructing them when to perform MI. Figure 3A shows the timing of the visual and auditory cues during baseline recordings.
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FIGURE 3. Time diagrams of offline and online trials. (A) Baseline EEG recordings. During the first 3 s, patients rested with their eyes open (REST). From 3 to 4.5 s, an arrow signaled them to initiate MI with the affected or unaffected limb. MI was performed from 3 to 8 s. The data from REST (0–3 s) and MI (4–7 s) periods were used for posterior EEG analyses. (B) Online BCI trials. The first 3 s was used for classification of the REST condition, and from 4 to 7 s for MI of the affected limb.




BCI Therapy

Sessions were conducted in the same sound-attenuated room and under the same experimental conditions as those used for baseline EEG (see section “Baseline EEG”). First, an EEG cap with 11 electrodes as mentioned above was adjusted to the patient’s head; next, the robotic hand orthosis was fitted to the stroke patients’ affected hand. Afterward, visual and auditory cues signaled patients when to initiate MI of their hand, which involved the intention of continuous finger flexion and extension. Each session included three runs of 20 trials each (60 trials, i.e., attempts of MI per session). The time structure of each trial was as follows. The first 3 s were of REST, then an arrow pointing at the stroke patient’s affected hand signaled the onset of MI. The arrow was shown for 1.5 s, after which the screen turned black until the 8 s mark of the trial. From 8 to 12 s, feedback was either provided by the robotic hand orthosis, which passively flexed then extended the fingers, or by non-activation of the orthosis. During the feedback period, the screen turned gray. From 12 s onward, a blue screen signaled to patients that they could move or relax and lasted for a random interval of 3–5 s to prevent habituation. Following this interval, a new trial started, or if 20 trials had already elapsed, then a resting period of a least 1 min was observed before the next run started. The time structure of the trials is shown in Figure 3B. The duration of each session ranged from 30 to 40 min, depending on the time needed to place the electrodes and fit the robotic orthosis.

In the first session, the robotic orthosis was activated in all 60 of the trials to obtain MI and REST data used to set the BCI processing stage of the following session and for patients to get familiarized with the system. From the second session onward, the BCI processing stage was configured (see section “ReHand-BCI System”) with data from the previous session, and the robotic orthosis was only activated if at least two 1-s time windows of the MI interval were correctly classified. Patients’ online performance was computed for each of the 12 sessions. For each trial, classification accuracy was computed as the percentage of correct classified 1-s windows of REST and MI of each trial (see Figure 3B). Then, the classification accuracy of all 60 trials recorded per BCI intervention session was averaged for each patient. Afterward, the grand averaged classification accuracies were computed.

At the end of each patient’s last session of BCI, they answered the NASA Task Load Index (NASA-TLX) (Hart and Staveland, 1988) and System Usability Scale (SUS) (Brooke, 1996) questionnaires that assessed the subjective mental workload and the quality of the user experience when interacting with the ReHand-BCI. The raw NASA-TLX was used (the version that does not incorporate a multi-dimensional rating procedure), as evidence suggests that this version might increase experimental validity (Bustamante and Spain, 2012; Hart, 2012).



Conventional Therapy

Conventional therapy was conducted in identical environmental conditions and by the same experienced professional therapist from the brain plasticity service. The intervention consisted of activities aimed at improving function of the affected upper limb, including neurofacilitation techniques for strengthening muscle tone and increasing voluntary movement, sensitivity reeducation, stretching, activities for the improvement of fine and gross grip, mobility arcs, muscle strength, and coordination. The duration of each session ranged from 30 to 40 min, depending on the time it took patients to complete the same exercise routine. Figure 4 shows a patient’s execution of upper-limb rehabilitation exercises during conventional therapy.
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FIGURE 4. Conventional therapy. (A) Finger and wrist stretching exercises. (B) Arm stretches. (C) Gross pinch and lifting objects. (D) Gross pinch and rotating arm exercise. (E) Fine pinch grip lifts.




Outcome Measurements

Clinical guidelines state that the FMA-UE should be used for sensitivity and motor evaluations of stroke patients and the ARAT for motor assessment of upper-limb function (Winstein et al., 2016). FMA-UE is the primary outcome measure reported by studies aiming to assess BCI efficiency for stroke rehabilitation (Ramos-Murguialday et al., 2013; Ang et al., 2014, 2015; Frolov et al., 2017). The ARAT has also been used as a primary or complementary outcome measure in BCI-based stroke rehabilitation studies (Frolov et al., 2017). Therefore, these two clinical scales were used to assess patient’s upper-limb motor recovery. The FMA-UE is a 0–66 item scale, in which a higher score represents less upper-limb motor impairment. The ARAT score ranges from 0–57; 0 is given if no upper-limb movements could be executed. FMA-UE and ARAT measurements were taken three times for each patient, at baseline, after the first therapy, and after the crossover therapy.

For HD, grip and pinch strength of the affected hand were assessed using the Biometrics E-link evaluation system. The dynamometer was placed in the second handle position. First, three measurements of grip strength were taken of the unaffected hand; if the coefficient of variation (Kroemer and Marras, 1980) was above 15%, then the measurements were repeated. Afterward, the affected hand was assessed using the same procedure. Patients had a 1-min rest period between measurements. Pinch strength was assessed using the same procedure but by measuring the force exerted between the index and thumb fingers. These measurements were used to compute the average grip and pinch strength for each hand per session.

For TMS, a baseline MRI was used for the neuronavigation system. It was obtained by acquiring an image sequence using a 64-channel head coil (Siemens Skyra 3.0T, Erlangen, Germany). The anatomical scan collected 192 mm × 1.2 mm thick slices with a voxel size of 1 mm × 1 mm × 1.2 mm, repetition time and echo time (TR/TE) of 2050/2.43 ms, field of view (FOV) 256 × 256 and matrix 256 × 256, and a coronal sequence for neuronavigation.

Single-pulse TMS motor evoked potentials (MEPs) were recorded by a physician trained to use a Rapid2 MAGSTIM device with a figure-of-eight coil. A bipolar EMG with a sampling frequency of 1,500 Hz was placed in the first dorsal interosseous muscle of both affected and unaffected hands. Each TMS session started with an initial mapping of the sensorimotor cortex of the patients’ unaffected hemisphere (UH), using MRI-guided stereotaxic neuronavigation, following the relative-frequency method described by Rossini et al. (Rossini et al., 2015) to determine the resting motor threshold (RMT). Then, stimulus intensity was lowered in steps of 1% MSO until MEPs were not detected in less than five out of 10 trials. Next, using this stimulus intensity plus 1 (i.e., the RMT), 30 trials were recorded to compute the MEP amplitude of the UH motor cortex. Afterward, the same procedure was used for the affected hemisphere (AH). It has been reported that at least 20 trials of MEP recordings should be made for reliable assessment of single-pulse MEPs (Biabani et al., 2018). Therefore, each session’s MEP peak to peak amplitude was computed using an automatic recognition software that averaged maximum and minimum values from the 20 trials with the fewest artifacts (Tecuapetla-Trejo et al., 2020). MEP amplitude was used to assess the corticospinal tract integrity of patients before and after the interventions.

EEG recordings were first filtered with a 30th-order FIR bandpass filter from 8 to 32 Hz and a 30th-order FIR notch filter from 58 to 62 Hz. Afterward, a common average reference (CAR) spatial filter was applied on each channel to reduce reference placement effects on the EEG signal (Bertrand et al., 1985). Visual inspection of the EEG readouts was performed to identify and reject trials with artifacts. Alpha (8–13 Hz) and beta (14–32 Hz) ERD/ERS (Pfurtscheller and Lopes Da Silva, 1999) were computed for each trial and channel, using Equation 1.
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Where PMI is the MI task’s power, and Prest is the averaged power during the rest condition. Power was computed using the complex Morlet wavelet transform, as reported by Tallon-Baudry et al. (1999).

For the posterior statistical analysis, 3-s windows, including REST (0–3 s) and MI (4–7 s) intervals were extracted. Grand average topographic maps were computed with the ERD/ERS from baseline, after BCI, and after conventional therapy. To unify the data collected from patients’ affected and unaffected hemispheres, ERD/ERS for the left hemisphere’s channels (F3, C3, T3, and P3) of patients with right hemisphere lesions were interchanged with right hemisphere channels (F4, C4, T4, and P4). This change allowed all patient’s cortical activity of the affected hemisphere to be shown over the left hemisphere’s channels (FAH, CAH, TAH, and PAH) and the unaffected hemisphere’s activity to be shown over the right channels (FUH, CUH, TUH, and PUH).



Statistical Analysis

Outcome measures obtained at baseline, after BCI, and after conventional therapy were assessed for Gaussian distribution with a Lilliefors-corrected Kolmogorov-Smirnov test. Differences between groups’ baseline clinical measurements were evaluated using non-paired t-tests (Wilcoxon rank-sum tests for non-Gaussian distributions). Repeated measurements analysis of variance (ANOVA) was used if data followed a Gaussian distribution; if not, an exact Friedman test was used to assess if significant differences were found between baseline and after both therapies. Multiple comparisons testing with paired t-tests (Wilcoxon signed-rank tests for non-Gaussian distributions) was performed with a Bonferroni correction applied. The binary outcome of the TMS results (presence or not of resting motor threshold) was analyzed with the McNemar test to assess differences between the two therapies, and a Cochran’s Q test was used to identify differences between repeated measurements. To assess the reliability of the BCI, the practical level of chance, defined by Müller-putz et al. (2008) as the upper confidence interval of a random classifier’s accuracy, was computed with a binomial distribution using a significance level of 0.05. For all statistical tests, the significance level (α) was set at 0.05. Statistical analysis was done using the SPSS v.17 software.




RESULTS


Clinical Outcomes

In total, 11 patients were included in this study; patient P2 was eliminated after presenting a mild convulsive episode after the conventional therapy (B) and before the BCI intervention (A). The patient (male, 53 years old, 160 days since stroke onset) did not report previous seizure events at enrollment in the study nor during the baseline TMS session (MEPs were elicited in both hemispheres). His elimination from the study was due to the possibility that another neuropathology triggered the seizure event and could affect his motor recovery. Demographic data for each patient is shown in Table 1.


TABLE 1. Demographic data of stroke patients included in the present study, including therapy sequence allocation.

[image: Table 1]The recruited sample was balanced regarding gender and affected hemisphere. Seven patients were in the subacute (7 days to 6 months) and three in the chronic (>6 months) phase of stroke (Bernhardt et al., 2017). Their age range was between 43 and 85 years at the beginning of the study. Most patients presented subcortical stroke (n = 8), one patient had a cortical stroke (n = 1), and one patient had a cortical-subcortical stroke (n = 1). The patients’ age was similar for sequence AB and BA, t(8) = −0.023, p = 0.398. However, there was a significant difference in time after stroke onset, t(8) = 2.38, p = 0.023. The baseline clinical and HD data were similar for both sequences (FMA-UE, p = 0.214; ARAT, p = 0.326; grip strength, p = 0.167; pinch strength, p = 0.683). Table 2 shows FMA-UE, ARAT, and HD scores at baseline and after both therapies.


TABLE 2. Clinical and hand dynamometry (kgf) outcomes.

[image: Table 2]An exact Friedman test showed a statistically significant difference between FMA-UE scores measured at baseline, after BCI therapy, and after conventional therapy (Table 2). Post hoc tests using an exact Wilcoxon signed-rank test with a Bonferroni-adjusted alfa level showed a statistically significant increase in FMA-UE scores after BCI and conventional therapy compared to baseline. However, the scores after BCI and conventional therapy were not significantly different. FMA-UE scores measured before and after BCI therapy indicated an average gain of 2.4 (SD = 3.2), and before and after conventional therapy showed an average gain of 3 (SD = 7.7). Therefore, after completing the interventions, the mean FMA-UE score increased by 5.4 points.

Similarly, an exact Friedman test showed a statistically significant difference in ARAT scores measured at baseline, after BCI therapy, and after conventional therapy (Table 2). Post hoc tests demonstrated that ARAT scores after BCI and after conventional therapy were significantly higher than baseline. However, BCI and conventional therapy scores were not significantly different. ARAT scores measured before and after BCI therapy indicated an average gain of 2.1 (SD = 3.2), and before and after conventional therapy showed an average gain of 3 (SD = 5.1). So, after completing the interventions, the mean ARAT score increased by 5.1 points. An average FMA-UE gain of 4.6 (SD = 7.5) was observed in patients after the first intervention, while an average FMA-UE gain of 0.8 (SD = 2.5) was observed after the second intervention. An average ARAT gain of 3.4 (SD = 5.1) was observed in patients after the first intervention, followed by a gain of 1.7 (SD = 2.9) after the second intervention.



Hand Dynamometry

The outcomes for grip and pinch strength of each stroke patients’ paralyzed hand are presented in Table 2. Although an exact Friedman test shows no statistical difference in grip strength measured at baseline, after BCI, and after conventional therapy, median grip strength of the patients’ paralyzed hand was higher after BCI. Similarly, there was no statistically significant difference between pinch strength measured at baseline and after both interventions; however, median pinch strength after BCI was higher than after conventional therapy.



TMS Outcomes

Figure 5 shows the MEP amplitudes of each patient before and after each therapy. Patients presented the most pronounced differences in the AH. The highest difference in median MEP amplitude was observed in the AH after the BCI intervention (Δ = 132 μV), while after conventional therapy, this difference was less pronounced (Δ = −52 μV). In the UH, differences of median MEP amplitude were not as pronounced as in the AH (Δ = 3 μV after the BCI and Δ = 66 μV after conventional therapy). Two patients that did not present MEPs in their AH before the BCI presented them after the intervention, whereas one patient that did not present MEPs in the AH before conventional therapy presented them after the intervention.
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FIGURE 5. MEP amplitude before and after each intervention. TMS elicited median MEP amplitude in patients’ affected (AH) and unaffected (UH) hemispheres, before and after the BCI and conventional therapies. Patients that did not present MEPs are not shown in the measurements.


Median resting motor thresholds in the UH were between 63–66% of the maximum output of the TMS system, while in the AH, they were between 87–100%. As resting motor thresholds and MEPS were not detected in all patients, statistical analyses could not be done on TMS continuous measurements. Therefore, MEPS in the affected hemisphere were analyzed as binary outcomes, considered either detected or not. A McNemar’s test determined no statistical difference (p > 0.05) between BCI and conventional therapy regarding MEP presence. Besides, a Cochran’s test showed that statistically, there was no difference in detection/presence of MEPS between baseline, after BCI, and after conventional therapy (p > 0.05).



Quantitative EEG

Figure 6 shows grand averaged ERD/ERS during MI of patients’ affected hand at baseline and after interventions. Also, for each band, the results of exact Friedman tests, with Bonferroni correction for comparing channels’ ERD/ERS are given. In alpha (8–13 Hz), comparisons with baseline activations showed that after the BCI intervention, patients presented significant ERD/ERS differences in more regions (central, temporal and parietal) than the regions with significant differences observed after conventional therapy (frontal and temporal). The only significant difference noted between BCI and conventional therapies was in the central sagittal area, with more pronounced ERD elicited after the BCI therapy. In beta (14–32 Hz), ERD/ERS differences after the BCI compared to baseline were detected in frontal and parietal regions. After the conventional therapy, significant differences were evident in frontal channels compared to baseline measurements. Differences between ERD/ERS after the BCI and conventional therapies were only significant in the frontal and parietal regions of the AH.
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FIGURE 6. Grand average ERD/ERS maps in alpha and beta. ERD/ERS is shown over affected and unaffected hemispheres during MI (4–7 s). Channels that presented significant differences (p < 0.017) between measurements are shown.




BCI Performance

The grand average percentage of classification accuracy (%CA) during each of the 12 BCI sessions is shown in Figure 7. Since the last session’s (session 12) percentage of classification accuracy (%CA) had the highest median, we only compared this session’s %CA with the %CA of the other sessions (session 2 to 11). Session 1 was not compared because it was a calibration session. Therefore, post hoc analysis with Wilcoxon signed-rank tests was done with a Bonferroni correction (p = 0.05/10) since 10 comparisons were performed. Significant differences were only observed between session 12 with sessions 2 and 4. Only the second session’s median %CA was below the practical level of chance (58%). A positive linear trend of 0.61 was computed from %CA and session number using linear regression analysis (R2 = 0.47, p = 0.002), which suggests that classification accuracy increased across sessions.
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FIGURE 7. Linear trend of BCI performance measured with the percentage of classification accuracy (%CA). Significant differences (p < 0.005) in %CA between consecutive sessions are indicated with (*). Outliers are also marked (+). The practical level of chance is shown as a horizontal broken line.




User Experience With the BCI

Figure 8A shows the average SUS scores given by each patient that underwent BCI therapy. For the SUS graph, patients rated different aspects of the system’s usability with a descriptive adjective ranging from “best imaginable” to “worst imaginable,” per the study of Bangor et al. (2009). Eight patient’s assessment of the system was within the best possible range. One patient rated the system in the second-best range (P6), and one patient graded its usability in the acceptable range (P1). Figure 8B displays averaged NASA-TLX scores. Adjectives words were added to figure based on the rating scale’s endpoints. Their responses indicated high overall performance and low frustration with the system. Also, patients stated that using the system required moderate mental demand and effort and low to moderate physical and temporal demand.
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FIGURE 8. User experience after concluding the BCI intervention. (A) System Usability Scale and (B) NASA-TLX, showing averaged scores assigned to the factors of Mental Demand (MD), Physical Demand (PD), Temporal Demand (TD), Overall Performance (P), Effort (E), and Frustration Level (FL).





DISCUSSION

While FMA-UE and ARAT measurements showed no significant differences in patients’ upper limb motor recovery between the BCI and conventional therapy, patients were less impaired after either intervention, which suggests both interventions effectively increased upper limb motor function in stroke patients. A relevant point to consider is that the conventional therapy involved gross pinch and different upper-limb movements, unlike the BCI, that only comprised gross pinch. However, clinical outcomes showed that the effects of both interventions were similar. Therefore, although the BCI therapy only targeted finger flexion-extension, it was hypothesized that the ReHand-BCI could also benefit motor recovery due to the closed-loop communication between the patient and their affected upper limb that it provides. This hypothesis is reinforced by other BCI studies that reported lower stroke rehabilitation outcomes of control groups that only received passive movement feedback (Li et al., 2014) or sham feedback (Ramos-Murguialday et al., 2013; Frolov et al., 2017).

In the present study, changes in FMA-UE after BCI were between 2.4 ± 3.2, which is within the range of the study of Ang et al. (Ang et al., 2015) (4.55 ± 6.1) and Ramos-Murguialday et al. (2013) (3.4 ± 2.2). It is important to remark that the mean gain of FMA-UE scores in our study was lower than those reported in the aforementioned studies. However, in the study of Ang et al., mean FMA-UE scores at baseline were 26.3 ± 10.3, while in the present study, they were 17.5 ± 15.3. This difference suggests that our patients had more upper limb motor impairment at baseline, and therefore, as stated in other works, their probability of achieving upper limb motor recovery was lower (Bruce, 2005; Lee et al., 2015). Also, Frolov et al. (2017) reported a median FMA-UE difference of three points in subacute stroke patients after therapy with a BCI, which is within the observed range of 2.4 ± 3.2 in our study. However, these FMA-UE differences were below the range of 7.2 ± 2.3 reported in another study of Ang et al. (2014) after 1.5-months of BCI coupled to a robotic hand knob. Possible explanations for these results could be the longer duration of their BCI therapy and lower baseline upper limb motor impairment (33 ± 16.2). Therefore, the upper limb motor recovery of the patients in this study was similar to what has been reported for other BCI coupled to robotic assistive devices with a comparable duration of therapy and upper limb impairment at baseline, and lower than studies reporting longer BCI interventions, or patients with lower baseline upper limb motor impairments.

To the authors’ knowledge, only Frolov et al. (Frolov et al., 2017) have reported stroke patients’ ARAT scores after upper limb rehabilitation using a BCI system coupled to a robotic assistive device. In their work, a median difference of two points in the ARAT score was reported after the BCI therapy in subacute stroke patients, which is within the range observed in the present study. This finding implies that the ReHand-BCI could elicit a similar degree of motor recovery as a state-of-the-art BCI system coupled to a robotic assistive device designed for stroke patients’ upper limb neurorehabilitation.

After each therapy, mean differences in the FMA-UE were not higher than the minimal clinically important difference (MCID) of 5.25 (Page et al., 2012), nor was the ARAT mean difference for any individual intervention higher than the MCID for ARAT of 5.7 (Van Der Lee et al., 2001). However, the mean gain in the FMA-UE observed in the present study after finalizing the interventions (M = 5.4) was higher than the MCID. Also, the MCID of the ARAT is close to the mean gain observed after completing the interventions in this study (M = 5.1); therefore, even to a small degree, patients’ recovery may be noticeable in their daily living activities. It also highlights that for stroke patients with severe baseline impairments to achieve clinically relevant gains in upper limb recovery, the duration of treatment should be more than 1-month and include more than 12 sessions. Also worthy of mention is that patients showed a higher average recovery in both FMA-UE and ARAT after the first therapy, compared to the recovery observed after the second therapy. Greater recovery after the first period of intervention, compared to the second, was also reported by Ang et al. (2014) since an average gain of 5.8 points in the FMA-UE score during three intervention weeks was followed by a lower gain of 1.4 after another 3 weeks of intervention in stroke patients. The lower motor recovery gain observed during the second intervention could have been caused by attenuation of treatment-driven functional recovery mechanisms due to less availability of residual neuronal substrate used for compensatory cortical reorganization processes (Stern, 2009; Alawieh et al., 2018). However, the effects of BCI and conventional treatments over time need to be assessed with a larger sample.

Most patients included in the present study were in the subacute stage of stroke, so spontaneous recovery was likely a contributing factor to patients’ observed clinical outcomes. However, the magnitude of spontaneous recovery has been reported to be correlated with initial stroke severity (Cassidy and Cramer, 2017; Delavaran et al., 2017), and subacute patients with low scores of FMA-UE have been reported to have a lower degree of spontaneous recovery (Franck et al., 2017). Only one of the seven subacute patients that participated in the present study had moderate impairment (a score of 23 in FMA-UE), while the others had severe impairment (0–22 in FMA-UE) (Woodbury et al., 2013). Furthermore, most subacute patients had severely compromised corticospinal tract integrity, as shown by an absence of MEPs in their AH before interventions; which has been related to lower recovery prognosis (Stinear et al., 2017). Therefore, the recovery observed in the subacute patients of our study was likely to be associated with the effects of the BCI and conventional therapies.

Grasp and pinch dynamometry showed no significant differences between measurements taken at baseline or after either therapy. However, the highest median scores for both grasp and pinch were observed after the BCI. Also, after the BCI intervention, relative changes in median grasp strength were 108% higher than baseline measurements and 20% higher than a study that used an MI-based BCI without an assistive robotic device, reported by Prasad et al. (Prasad et al., 2010). The gain in grip strength after 1 month of the BCI intervention (Mdn = 0.65 kg) amounted to almost half the grip strength gain reported in a sample of severely impaired stroke patients (Mdn = 2 kg) after 12 months of conventional therapy (Franck et al., 2017). These results suggest that the ReHand-BCI may increase grip strength in patients’ affected hands.

The majority of patients did not present MEPs when TMS was applied over their AH, which reinforces the statement that most had severe upper limb motor impairment and suggests that the integrity of the AH corticospinal tract of most patients was compromised. It also indicates that most patients in the present study had a poor prognosis. The PREP algorithm proposed by Stinear et al. (Stinear et al., 2017) predicts the potential for upper limb motor recovery after stroke; it shows an association between the absence of MEPs in the AH and adverse prognosis. Interestingly, two patients who did not present MEPs in the AH at baseline presented them after the BCI intervention. Furthermore, higher median MEP amplitudes over the AH after the BCI intervention could imply that neuroplasticity effects led to an increase in these patients’ corticospinal integrity. Integrity of the corticospinal tract in the AH, measured with TMS, has been associated with decreased upper limb motor impairment in stroke patients (Delvaux et al., 2003; Stinear et al., 2017). However, due to the low number of patients that presented MEPs in the AH and the difficulty of finding MEPs in the AH of stroke patients overall, these observations must be confirmed in a larger sample.

After the BCI therapy, quantitative EEG showed that in alpha band, ERD was significantly more pronounced in central sagittal regions than at baseline and after conventional therapy. This finding implies that when patients’ performed MI of their affected hand during BCI therapy, more areas of the sensorimotor cortex presented enhanced motor-related activity than at baseline or after conventional therapy. A possible explanation for this could be that the passive movement feedback provided by the robotic orthosis reinforced closed-loop communication between the sensorimotor cortex and the affected upper limb. As reported previously by our group (Cantillo-Negrete et al., 2019) and others (Ang et al., 2015), in healthy individuals and stroke patients, respectively, subjects presented more activity in alpha and/or beta after training with the BCI compared to baseline in areas not usually associated with motor tasks, such as frontal, parietal, and temporal regions. Also, frontal regions showed higher activations in beta after the BCI compared to conventional therapy, which could be due to an enlargement of the motor cortex area during motor-related tasks. This compensatory mechanism was observed by Ward et al. (2003) in severely impaired stroke patients using fMRI, in a review by Cassidy and Cramer (Cassidy and Cramer, 2017), and was hypothesized after the preliminary results of a longitudinal analysis of ERD/ERS across therapy sessions (Carino-Escobar et al., 2019). Although some BCI aimed for stroke rehabilitation only use activations from the AH (López-Larraz et al., 2018), the ReHand-BCI (that uses data from both hemispheres) could be enhancing cortical activations usually present in motor-related regions of the cortex and other areas. This enhancement may be associated with the neural plasticity observed during motor-related tasks in patients with severe motor impairment.

Despite variability in patients’ BCI system control, a trend toward higher %CA was observed across therapy sessions. Patients’ median control was only below the practical level of chance in the second session (which was the first session patients attempted to control the BCI) and was highest in the last session (72%). Increased %CA across sessions with a BCI coupled to robotic assistive devices has been previously reported in stroke patients by Ramos-Murguialday et al. (2013) and Frolov et al. (2017). In the present study, the only significant differences in patients’ BCI control were observed between sessions 2 and 4 and the session with the highest median (session 12). This indicates that patients were achieving higher accuracy scores from the fifth session onward, which is slightly sooner than patients in the study by Ramos-Murguialday et al. (2013), whose degree of control was higher from the seventh session forward. In the 12th session of the present study, patients obtained a median maximum accuracy with the ReHand-BCI of 72% [55.8, 82.5%]. These degrees of control are in the same range as those reported by Ang et al. (2011) of an average of 74% in 46 stroke patients, using a 27-electrode system. However, in the last session with the ReHand-BCI, patients’ median accuracy was lower than the maximum accuracy range of 97.5–96.2% reported by Irimia et al. (2018) in five stroke patients controlling a BCI using 64 electrode positions, but within their minimum reported accuracy range (82.5–60%). A possible reason for this difference could be the enhanced spatial resolution of a BCI system with 64 electrode positions, compared to ReHand-BCI with 11. While a higher number of electrode positions has shown to increase %CA in BCI (Edlinger et al., 2015), an association between stroke patients’ control accuracy of a BCI system and upper limb motor recovery has not been proven. Therefore, further research is needed to ascertain its relevance for stroke rehabilitation.

Responses to the SUS questionnaire suggest that stroke patients in this study found the ReHand-BCI easy to use. The NASA-TLX results indicate that only moderate mental demand and effort were needed to use the system. This level of effort may have helped maintain patients’ motivation throughout the therapy, as it reflects that the task required for system control was neither easy nor too difficult. Patients evaluated their overall performance using the system as excellent. Therefore, the system could be improved by offering different levels of difficulty, which would help sustain their interest level during more extended treatment periods. Also, patients reported low frustration, coupled with low mental and temporal demands while using the ReHand-BCI. A system that is too demanding could make patients feel frustrated and potentially lead to the abandonment of the intervention.


Limitations

The present work has the following limitations. First, a convenience sample of 10 patients is too low to accurately measure the differences in recovery, TMS, EEG, and HD measurements obtained after BCI and after conventional therapy. However, the sample size was adequate to perform an early clinical evaluation and had the advantage that each patient served as his or her own control. Moreover, the sample of this study was homogeneous regarding stroke-induced upper limb sequelae. Therefore, the results of this study support the hypothesis that the ReHand-BCI system has similar effects in stroke upper limb rehabilitation as conventional therapy and invite future clinical trials to assess this hypothesis.

Another limitation is the duration of the therapy since more than 1 month would be ideal for correctly assessing whether a BCI intervention improves the clinical and physiological outcomes of conventional therapy. Also, physiological measurements with a higher spatial resolution such as fMRI would provide additional insights into neuroplasticity-related mechanisms that could better elucidate the ReHand-BCI system’s efficacy for neurorehabilitation. Finally, the differences between therapies were calculated with the assumption that carryover effects were equal among groups. Carryover effects are an important limitation in crossover study designs; however, a washout period cannot be implemented without depriving stroke patients of valuable therapy sessions. Therefore, for ethical reasons, patients were provided upper limb rehabilitation therapy for the study duration, and no washout period was implemented. Despite these limitations, the findings support the hypothesis that ReHand-BCI is an effective approach to increase stroke patients’ recovery of upper-limb function.




CONCLUSION

The present work assesses the feasibility of an intervention with a BCI system coupled to a robotic hand orthosis for stroke patients’ upper limb rehabilitation by comparing outcomes measured after a 12-session intervention using the ReHand-BCI with those obtained after the same number of sessions of conventional therapy. Also, system usability and subjective mental workload metrics were assessed after the BCI. This early clinical evaluation supports the hypothesis that the ReHand-BCI system can promote neuroplasticity and could be as effective as conventional therapy for upper limb recovery, but this still needs to be assessed in clinical trials. Also, future studies should consider interventions with a duration of more than 12 sessions to better assess gains in motor recovery. The measurement of physiological variables such as corticospinal tract integrity to complement clinical outcomes and the integration of user experience surveys that evaluate if the system has an adequate degree of difficulty for stroke patients will further elucidate the efficacy of BCI systems.

Finally, it has been suggested that increasing the frequency of interventions which include movement of patients’ paralyzed upper limbs, such as BCI therapies, could enhance stroke patients’ motor recovery (López-Larraz et al., 2018). However, the World Health Organization (WHO) has stated that the current rehabilitation workforce is insufficient in several parts of the world (Krug and Cieza, 2017). Therefore, the validation of BCI systems for stroke recovery is relevant as BCI systems could fill this gap by offering an additional tool to healthcare institutions, thereby increasing the number of patients that receive rehabilitation sessions or the frequency of these sessions, even in the early stages of stroke.
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Objective: Individuals with different severities of traumatic brain injury (TBI) often suffer long-lasting motor, sensory, neurological, or cognitive disturbances. To date, no neuromodulation-based therapies have been used to manage the functional deficits associated with TBI. Cortical electrical stimulation (CES) has been increasingly developed for modulating brain plasticity and is considered to have therapeutic potential in TBI. However, the therapeutic value of such a technique for TBI is still unclear. Accordingly, an animal model of this disease would be helpful for mechanistic insight into using CES as a novel treatment approach in TBI. The current study aims to apply a novel CES scheme with a theta-burst stimulation (TBS) protocol to identify the therapeutic potential of CES in a weight drop-induced rat model of TBI.

Methods: TBI rats were divided into the sham CES treatment group and CES treatment group. Following early and long-term CES intervention (starting 24 h after TBI, 1 session/day, 5 days/week) in awake TBI animals for a total of 4 weeks, the effects of CES on the modified neurological severity score (mNSS), sensorimotor and cognitive behaviors and neuroinflammatory changes were identified.

Results: We found that the 4-week CES intervention significantly alleviated the TBI-induced neurological, sensorimotor, and cognitive deficits in locomotor activity, sensory and recognition memory. Immunohistochemically, we found that CES mitigated the glial fibrillary acidic protein (GFAP) activation in the hippocampus.

Conclusion: These findings suggest that CES has significant benefits in alleviating TBI-related symptoms and represents a promising treatment for TBI.

Keywords: traumatic brain injury (TBI), cortical electrical stimulation, neuromodulation, sensorimotor impairment, cognitive dysfunction


INTRODUCTION

Traumatic brain injury (TBI) is a common brain injury caused by an external mechanical force, such as rapid acceleration or deceleration impact, crushing, or projectile penetration (Faul et al., 2010). TBI has been estimated to affect approximately 1.7 million American residents, resulting in the cost of over $76.5 billion to the medical care systems each year in the United States (Faul et al., 2010). Following TBI, damage to the brain can be identified as primary injury and secondary injury. Primary injury is direct damage to the intracranial contents resulting from mechanical forces, such as an object, rapid acceleration/deceleration, as seen in motor vehicle accidents, penetrating injury, and blast waves. Acute injury of the parenchyma can manifest as contusions, hematomas, shearing of white matter tracts, and cerebral edema (Popernack et al., 2015). Secondary injury is the subsequent damage that occurs over hours to days and results in the alternation of cerebral blood flow and inflammatory processes. In addition, cerebral blood flow is often altered and causes vasospasm, focal microvascular occlusion, and vascular injury, resulting in brain edema. This secondary ischemia can lead to hypoxia and neuronal hyperactivity or excessive inhibition (Ping and Jin, 2016). Individuals with different severities of TBI suffer long-lasting motor, sensory, neurological, cognitive, or behavioral disturbances. To date, no neuromodulation-based therapies have been used to manage the development of pathological deficits associated with TBI.

A number of alternative nonpharmacological procedures have been suggested as new therapeutic strategies for neurological disorders, including TBI. Electrical or magnetic neuromodulation approaches are promising tools for inducing changes in neural activity and plasticity. Repetitive transcranial magnetical stimulation (rTMS) or cortical electrical stimulation (CES) are used as neuromodulatory means for neurological disorders. Recent research suggests that rTMS or CES can alter the neural activities via plasticity-like mechanisms, which have been applied for the treatment of neurological or psychiatric disorders and might have the therapeutic potential for TBI (Gaynes et al., 2014; Kamble et al., 2014; Sokal et al., 2019; Zaninotto et al., 2019; Pink et al., 2021). However, the results exploring the therapeutic effects of such neuromodulatory tools on TBI are still inconclusive. The major concern with rTMS is the risk of seizure-induction (Cavinato et al., 2012; Dhaliwal et al., 2015). Under this consideration, individuals with TBI are frequently excluded from rTMS studies making it difficult to assess the efficacy and safety of rTMS as a treatment for TBI (Rossi et al., 2009).

Recently, increasing attention has focused on cortical electrical stimulation (CES). This technique was initially used as an experimental treatment to control neuropathic and intractable central pain (Son et al., 2006; Fagundes-Pereyra et al., 2010; Alm and Dreimanis, 2013). It has been reported that the CES can improve motor and sensory functions in stroke patients (Brown and Pilitsis, 2005). Similar to the rTMS, a recent animal study suggests that CES can modulate motor cortical excitability via plasticity-like mechanisms (Hsieh et al., 2015a). Earlier preclinical studies also show that CES coupled with motor rehabilitative training promotes synaptic plasticity and improves motor function after ischemic stroke (Adkins-Muir and Jones, 2003; Adkins et al., 2006, 2008). However, the therapeutic value of such a stimulatory approach for TBI is still unclear.

For the purpose of translational research, an animal model of disease could be the best way to study the pathogenesis of TBI, as it may provide a stable condition to eliminate any discrepancies and clarify the existence of a treatment effect. A suitable TBI animal model could help explore an effective therapeutic strategy, allowing the rapid screening of a stimulation protocol and identifying the detailed mechanisms of the CES protocol in TBI animal studies through neurophysiological and molecular analysis. Although the CES methodology has been reported in a few animal studies, studies with the application of CES as a long-term treatment in TBI animals are relatively rare. To date, the long-term effects of CES on detailed TBI-related motor and nonmotor symptoms, as well as its neuroprotective effects, have not been studied in TBI animal models. The current study was, therefore, designed to identify the therapeutic effects of CES in rats with weight drop-induced TBI. The therapeutic effects of CES were measured by behavioral assessments, including detailed time-course analysis of motor and nonmotor symptoms, such as the modified neurological severity score (mNSS), adhesion removal test, beam walking, novel object recognition (NOR), and histological assessment. It is hypothesized that long-term CES treatment may result in the improvement of TBI-related motor and nonmotor symptoms in weight drop-induced TBI rats. The knowledge obtained in these procedures may have translational relevance for establishing new therapeutic applications as neuromodulation therapy in clinical use.



MATERIALS AND METHODS


Animal Preparation

Experiments were carried out on male Sprague-Dawley rats (350–400 g) obtained from the Animal Center of Chang Gung University. The rats were housed in standard cages in a temperature (25°C) and humidity (50%) controlled facility with a 12 h light/dark cycle. All animal assessment and surgical procedures were approved by the guidelines of the Institutional Animal Care and Use Committee at Chang Gung University (IACUC Approval No. CGU107-104). All efforts were made to minimize the number of rats required in the present study.



TBI Rat Model

To provide a stable and controllable environment and obtain detailed mechanical insights from the TBI animal model, researchers have widely used one of the typical TBI rodent models, known as the weight-drop model, to mimic diffuse axonal injury and concussion caused by falls or motor vehicle accidents in individuals with TBI (Foda and Marmarou, 1994; Marmarou et al., 1994). The weight drop model is the use of weights that are freely dropped or through a guiding tube to generate an impact on the head. The widely recognized weight drop induced TBI model is Marmarou’s impact acceleration model, which has been described as resulting in diffused brain injury in rats (Marmarou et al., 1994; Smith et al., 2015). In this model, weight-drop procedures can provide a secure and inexpensive method for producing different graded brain injuries in animals by adjusting the height during the weight drop (1–2 m; Foda and Marmarou, 1994; Marmarou et al., 1994; Hsieh et al., 2017). In the current study, for the induction of TBI in rats, the Marmarou’s impact acceleration model was modified and applied. Animal preparations for the induction of the TBI rat model were described previously (Hsieh et al., 2017). Briefly, to minimize animal suffering and distress during TBI lesions, we anesthetized the animals using an intraperitoneal administration of tiletamine-zolazepam (50 mg/kg, i.p.; Zoletil, Vibac, France) with xylazine (10 mg/kg; Rompun, Bayer, Leverkusen, Germany) 30 min before impact. A 2-cm incision was made, and the area was carefully cleared to expose the line of bregma. The stainless steel disc (10 mm in diameter, 3 mm in thickness) was fixed with the self-adherent wrap (1582, 3M, St. Paul, MN, USA) to the central portion of the rat skull vault between the bregma and lambdoid sutures. The rats were placed prone on flexible foam and secured by using two belts. A Plexiglas tube was then positioned vertically, and the lower end of the tube was centered directly above the stainless steel disc. TBI was induced using a 450-g brass weight falling from 2 m through a vertical transparent Plexiglas tube (Figure 1A). Based on our earlier study, the averaged response of impact force and acceleration are 9.43 ± 0.27 kg and 370.28 ± 9.98 g (Hsieh et al., 2017). Under this weight drop TBI model, the different graded severity of brain injury can be reproducibly and reliably induced. Following the TBI lesion, the body temperature was monitored throughout surgery, and the temperature was maintained at 37.0 ± 0.5°C using an adjustable heating pad during recovery from anesthesia.
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FIGURE 1. Instrumentation setup of the traumatic brain injury (TBI) rat model and the placement and assembly of the cortical electrical stimulation (CES) electrode. (A) TBI rat model was induced using a 450-g brass weight falling from 2 m through a vertical transparent Plexiglas tube. (B,C) The CES electrodes were positioned at the frontal and parietal cortex and connected with wires in the six-channel pedestal and fixed with dental cement. (D) During CES treatment, the head electrode pedestal served as the plugin site of the electrode pin to conduct electrical current via the screw electrode on the cortex.





CES Electrode Implantation

After the TBI lesion, a CES electrode was implanted in the rat’s skull. Four burr holes were made using a dental drill (NE213, NSK-Nakanishi Inc, Tochigi, Japan) with a 1.5-mm burr for screw electrodes (1.6-mm-diameter pole; Plastics One, Inc., Roanoke, VA). According to the stereotaxic brain atlas of Paxinos and Watson, cortical electrodes were placed epidurally (A = + 4.0 mm, L = ± 2 mm for the frontal cortex; A = −3.6 mm, L = ± 4 mm for the parietal cortex; Paxinos and Watson, 2005; Figure 1B). All electrodes were inserted into a six-channel pedestal (MS363, Plastics One, Inc., Roanoke, VA, USA). The surgical incision was closed with three stitches. The screw electrodes and pedestal were secured to the skull surface with dental acrylic (Lang Dental Mfg., Wheeling, IL, USA; Figures 1C,D). Following TBI lesion and CES electrode implantation, the analgesia (Carprofen, 5 mg/kg; Pfizer Animal Health Inc., PA, USA) was administered subcutaneously every 24 h for 48 h postoperatively.



CES Treatment and Experimental Design

Twenty-three rats were used for the present experiment. Following TBI lesion, a 30.4% (7/23) mortality rate was observed following weight-drop induced TBI. 16 TBI rats were utilized to observe the efficacy of CES treatment. Animals were randomly divided into the sham CES treatment group and CES treatment group (n = 8 in each group). For the stimulation protocol of CES, we applied a popular and specific rTMS paradigm, the continue theta-burst stimulation (TBS; cTBS) and intermittent theta-burst stimulation (iTBS) protocol, have been proposed for inducing more efficient long-term potentiation (LTP) or long-term depression (LTD)-like plasticity in the motor cortex beyond the short period of stimulation and lower intensity (Huang et al., 2005; Fitzgerald et al., 2006; Khedr et al., 2007). The basic pattern of cTBS or iTBS consisted of three pulses at 50 Hz and repeated every 200 ms (Figure 2). In the cTBS paradigm, the stimuli were given in a continuous train lasting 40 s (i.e., 600 bursts; Huang et al., 2005). The iTBS scheme was given in a 2-s train and repeated every 10 s for 20 cycles (190 s, total 600 pulses). The stimulus intensity was set at 80% resting motor threshold (RMT). The RMT was defined as the minimal intensity of CES required for eliciting minimal forelimb muscle twitches. Under the intensity at 80% RMT for CES treatment, no obvious muscle twitches were observed during CES treatment.
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FIGURE 2. Experimental design for the long-term treatment effects of CES. The TBI rats in the sham CES group remained in conditions identical to those of the CES group for the same period of time. In the treatment group, CES was performed in 20 sessions over 28 successive days, a session/day for 5 consecutive days per week. The inhibition and facilitation protocols were applied under the acute and subacute stages, respectively. The open field, adhesion removal, beam balance, and modified neurological severity score (mNSS) tests were performed every week to investigate long-term treatment effects. The novel object recognition (NOR) test was measured at baseline and 28 days post TBI lesion to identify the function of short-term recognition memory.



In the CES treatment group, the CES intervention protocols were divided into two stages: the acute stage and the chronic stage. In the acute stage (24 h-1 week post-TBI), the CES treatment protocol using continuous theta-burst stimulation (cTBS) was designed for the suppression of the hyperexcitability cascade, which may prevent or minimize some of the disabling consequences of TBI and have a potential therapeutic effect (Demirtas-Tatlidede et al., 2012; Villamar et al., 2012). In the chronic stages (>1 week), the CES parameter using intermittent theta-burst stimulation (iTBS) was set to modulate or increase brain plasticity, which could be useful to reduce functionally maladaptive changes to counter disability (Demirtas-Tatlidede et al., 2012). One day after the TBI lesion, the TBI animals in the CES group received the CES-cTBS protocol at an intensity of 80% RMT for 40 s daily for five consecutive days on the first 7 days. In the subacute and chronic stage, from 7 days to 28 days post-TBI, the CES-iTBS protocol (1 session/day, five consecutive days/week, pulse intensity = 80% of the RMT) was carried out to evoke neural facilitation (Figure 2). In the sham CES treatment group, the TBI rats also experienced the same CES protocol but did not receive any electrical stimulation at the same time points. All TBI rats were allowed to move freely during the CES or sham CES intervention. Behavioral tests, including open field locomotor activity tests, adhesion removal tests, beam walking, and mNSS, were performed at baseline (pre-TBI) and 1, 3, 7, 14, 21, and 28 days post-TBI lesion. For the cognitive measure in TBI rats, because the exploratory behavior could be influenced by the impairment of locomotor ability during the novel object recognition test, to avoid this potential confound, the novel object recognition test was assessed pre-lesion and at 28 days post-TBI lesion. Immunohistochemistry analysis was applied on day 28 post-TBI lesion to identify the changes in neural inflammation levels following CES treatment.



Behavioral Tests

A well-trained examiner was blinded to the type of intervention and performed all examinations before and after sham or CES treatment. All experimental animals were trained and pretested for these tasks at least 3 days before TBI lesion to record the baseline level (as pre-TBI data). After habituation and training, all behavioral test sessions were performed at our set time points under the same environmental conditions. Behavioral tests measured the time-course changes in sensorimotor and cognitive functions associated with TBI, i.e., mNSS, adhesion removal tests for sensory function, beam walking tests for balance function, and novel object recognition tests for short-term recognition memory. There was at least a 4-h break between behavioral tests to avoid possible interference.



Assessment of Motor Symptoms in TBI Rats


Beam-Walking Test

Balance and coordination were assessed by the beam-walking test (Dixon et al., 1987). Animals were pretrained to walk along the Plexiglas beam (120 cm long, 1.5 cm wide) toward their home cage at the opposite end. The latency of walking across within five testing trials after injury was calculated (Yu et al., 2016; Hsieh et al., 2017).



Adhesion-Removal Test

Sensory function was evaluated by the adhesion-removal test (Albertsmeier et al., 2007; Hsieh et al., 2017). Rats were familiarized with the environment. Two small dot stickers were attached to the bilateral forelimb. The removal duration was recorded.



Modified Neurological Severity Score (mNSS)

The mNSS is one of the most common neurological scales applied in animal studies of stroke. Severe TBI shares similar symptoms and pathology with stroke. The mNSS might also be a good test to evaluate the cortical functions of TBI rats. The mNSS includes a composite of balance, motor (muscle status and abnormal movement), sensory (visual, tactile, and proprioceptive), and reflex tests (Schaar et al., 2010; Hsieh et al., 2017).



short-term Recognition Memory

A novel object recognition (NOR) test was used to evaluate short-term recognition memory based on the tendency of rats to discriminate between familiar and new objects (Cheng et al., 2015). Before the acquisition phases, rats were habituated in the open field box for 10 min on day 3 and were then transferred to the home cage for 2 min. After that, the animals were placed back in the box for 10 min with the addition of two objects made of the same material placed in a symmetrical position. After 1 h, one of the objects was replaced with a novel object, and exploratory behavior was again analyzed for 10 min (day 3). The exploration duration was defined as sniffing, rearing on the object at a distance of less than 2 cm, or touching it with the nose (Zhang et al., 2019). The data was further analyzed as the discrimination index, which is defined as the exploration time at the novel object—the exploration time at the familiar object / the exploration time at the novel object + the exploration time at the familiar object (Aggleton et al., 2010; Antunes and Biala, 2012). After each session, the objects were cleaned with 75% ethanol to prevent odor recognition from impacting the testing results.



Locomotor Activity

The open-field test was applied to measure general locomotor activity. In this test, each rat was monitored in an open field black plexiglass arena (60 × 60 × 100 cm in dimension) by a video camera. The total distance traveled and the movement time of each animal was recorded within a 10 min testing period (Feng et al., 2020). Each trial was recorded and analyzed using the tracking system (Smart 3.0, Panlab, Harvard Apparatus, Barcelona, Spain). The testing area was thoroughly cleaned with 75% ethanol between each testing period for each rat to avoid odor interference in the test response.


Immunohistochemistry Staining

After behavioral tests at 28 days post-lesion, TBI rats were sacrificed for glial fibrillary acidic protein (GFAP) staining. Briefly, brains were postfixed in a 4% paraformaldehyde fixative solution (PFA) and cytoprotected in 30% sucrose solution for 48 h at 4°C until the brain sank. The cerebral tissues between −3.00 and −3.36 mm to bregma were sectioned into coronal blocks at a thickness of 30 mm on a cryostat (Leica CM3050S Cryostat, FL, US), and the areas of the frontal cortex, corpus callosum, and hippocampus were selected. The sections were quenched with 0.3% H2O2/PBS for 10 min and 10% milk (Anchor Shape-up, New Zealand) for 1 h to block nonspecific antibodies and then incubated with rabbit primary anti-GFAP (1:1,000, AB7260, Millipore, USA) for 1 h at room temperature. After the sections were washed three times with PBS, they were incubated with the secondary anti-rabbit antibody (1:200, MP-7401, Vector Labs, USA) for 1 h at room temperature. The sections were developed by using a solution of 3.3-diaminobenzidine (DAB, SK-4105, Vector Labs, USA) for 5 min. Next, the sections were dehydrated in graded alcohols, cleared in xylene, and mounted with DPX. Mounted coronal sections were digitally imaged at 40x optical zoom (0.25 μM/pixel) using a digital pathology slide scanner (Aperio CS2, Leica Biosystems Inc. Buffalo Grove, IL, USA). For revealing the different expression levels of GFAP-positive cells between sham CES and CES rats, the higher magnification pictures were selected and captured from the Aperio ImageScope viewer software for further quantification and of GFAP-positive cells and observation of the morphology of GFAP-immunoreactive astrocytes. The consistent regions of interest for the frontal cortex, corpus callosum, and hippocampus were manually outlined according to the atlas of Paxinos and Watson (Paxinos and Watson, 2005). The obtained images with various degrees of GFAP expression were converted to binary (8-bit black-and-white) images. The binary threshold was determined to capture the GFAP-positive cells in the regions of interest while minimizing background staining and were kept constant for all images. The particle size used in particle analysis was set so that almost all astrocytes could be detected (Wakasa et al., 2009). The numbers of GFAP-positive cells in each region were counted by means of particle analysis under a computer-based image analysis system (Image-pro, Media Cybernetics, Bethesda, MD, USA) and then manually validated by two investigators in order to ensure the correct identification of immunoreactivity patterns. The density of GFAP-positive cells was calculated by individually counting the number of GFAP-positive cells within the region and was expressed as the mean numbers of cells per mm2 (cells/mm2) for further statistical analysis.



Data Analysis

Data were analyzed using SPSS version 21.0 with the significance level set as p < 0.05 for each analysis. All data are presented as mean ± SEM. The effect of CES on the behavioral tests (i.e., beam-walking test, adhesion-removal test, mNSS, locomotor activity) was evaluated by a two-way repeated-measures analysis of variance (ANOVA) with the group (CES and sham CES treatment) as the between-subject factor and time (pre, every week after sham or CES treatment over 4 weeks) as a within-subject factor. For the short-term recognition memory, a two-way repeated measures ANOVA was used with two-way with the group (real CES and sham CES treatment) as the between-subject factor and time (pre and after sham or CES treatment over 4 weeks) as a within-subject factor. Unpaired t-tests were performed to compare groups at each time point when the main effect of the group was significant. Furthermore, the post hoc Fisher’s LSD tests were also used to compare time points on behavioral and immunohistochemical data.






RESULTS


Effect of CES Treatment on Neurological Function in TBI Rats

The neurological function of rats was rated by the mNSS, which is a multifunctional evaluation scale that comprises balance, sensory, motor, and reflex tests. Repeated measures ANOVA identified significant main effects of time (F6, 84 = 148.373, p < 0.001) and group (F1, 14 = 11.738, p = 0.004) and a significant time × group interaction (F6, 84 = 2.154, p = 0.04). When compared with baseline value, subsequent post hoc Fisher’s LSD tests demonstrate that the mNSS score was significantly increased at day 1 after TBI lesion (p < 0.001) and remained maintained in the high level for up to 28 days after TBI lesion (all p < 0.001 in both groups). For the comparison of the mNSS score between two groups, post hoc t-tests between the two groups showed that the scores reached significant differences at day 7 (p = 0.02), day 14 (p = 0.031), day 21 (p = 0.015), and day 28 (p = 0.049) after TBI lesion (Figure 3).
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FIGURE 3. Effect of CES treatment on neurological function evaluated by mNSS. Values are expressed as the mean ± SEM. *p < 0.05, significant difference between the two groups.





Effects of CES Treatment on Locomotor Dysfunction and Balance Function in TBI Rats

In the open field test, the overall distance traveled was calculated to investigate the general locomotor activity between the CES group and the sham CES group following the TBI lesion. Repeated measures ANOVA indicated a significant main effect of time (F6, 84 = 21.010, p < 0.001) and a time × group interaction (F6, 84 = 2.575, p = 0.024) but not an effect of group (F1, 14 = 3.799, p = 0.072). When compared with baseline value, subsequent post hoc Fisher’s LSD tests show that locomotor activity was significantly decreased at day 1 after TBI lesion (p < 0.001) and remained maintained in the low level for up to 28 days after TBI lesion in the sham treatment group (all p < 0.001). However, in the CES treatment group, when compared with baseline value, post hoc tests show that the locomotor activity was significantly decreased on day 1 and day 3 after TBI lesion (p < 0.01). No significant differences were found between baseline and the time points of observation after 7 days post TBI lesion in the CES treatment group. For the comparison of locomotor activity between the two groups, post hoc t-tests between the two groups showed that the distance traveled in the open field test was significantly different at day 21 (p = 0.031) and day 28 (p = 0.008) after TBI (Figure 4A).
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FIGURE 4. Effects of CES treatment on (A) locomotor activity and (B) balance assessed by the open field test and beam walking test, respectively. Values are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, significant difference between the two groups.



Furthermore, the beam walking test was applied to investigate the balance and motor coordination of the TBI rats with or without CES invention (Figure 4B). Repeated measures ANOVA identified significant main effects of time (F6, 84 = 6.874, p < 0.001) and group (F1, 14 = 6.844, p = 0.02) but not a time × group interaction (F6, 84 = 1.722, p = 0.126). When compared with baseline value, subsequent post hoc Fisher’s LSD tests show that latency to traverse the beam was significantly increased at day 1 after TBI lesion (p < 0.001). No significant differences were found between baseline and the time points of observation after 3 days post TBI lesion in the sham treatment group. For the comparison of beam balance function between two groups, post hoc t-tests between the two groups showed that the latency in the beam walking test was significantly different at day 1 (p = 0.049) and at day 28 (p = 0.039) after TBI (Figure 4B).



Effect of CES Treatment on Sensory Function in TBI Rats

The adhesive removal test was adopted in this study to observe sensory function in TBI rats. Repeated measures ANOVA applied to the removal time indicated significant main effects of time (F6, 84 = 7.012, p < 0.001) but not group (F1, 14 = 1.731, p = 0.209) or the time × group interaction (F6, 84 = 0.814, p = 0.562). When compared with baseline value, subsequent post hoc Fisher’s LSD tests show that sensory function was significantly decreased at day 1 after TBI lesion in both groups (p < 0.01). No significant differences were found between baseline and the time points of observation after 3 days post-TBI lesion in both groups (all p > 0.05). For the comparison of locomotor activity between the two groups, post hoc t-tests between the two groups showed that removal time showed a significant difference at day 14 (p = 0.019) and day 21 (p = 0.037) after TBI lesion (Figure 5).
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FIGURE 5. Effect of CES treatment on sensory function assessed by adhesive removal test. Values are expressed as the mean ± SEM. *p < 0.05, significant difference between the two groups.





Effect of CES Treatment on Recognition Memory in TBI Rats

Novel object recognition was used to evaluate short-term recognition memory based on the tendency of rats to discriminate between familiar and new objects. Repeated measures ANOVA indicated a significant main effect of time (F1, 14 = 5.28, p = 0.038) and time × group interaction (F1, 14 = 5.15, p = 0.04) but not an effect of group (F1, 14 = 2.92, p = 0.109). Independent t-tests between the CES and sham CES groups showed that the discrimination index was significantly different at day 28 after TBI lesion (Figure 6; t = 2.67, p = 0.018).
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FIGURE 6. Effect of CES treatment on recognition memory evaluated by the novel object recognition test. Values are expressed as the mean ± SEM. *p < 0.05, significant difference between the two groups.





Effect of CES Intervention Assessed by Immunohistochemistry in TBI Rats

With regard to the effects of the 4-week CES intervention on GFAP positive cells, the results of GFAP immunohistochemistry in the frontal cortex, corpus callosum, and hippocampus are shown in Figure 7. The densities of GFAP-immunoreactive astrocytes in the frontal cortex and corpus callosum were similar between the two groups (Figures 7A,B,E,F). When compared with sham CES-treated rat, lower density of GFAP-positive cells in the hippocampus of CES-treated rat was found (Figures 7C,D). No morphological abnormalities or obvious hypertrophy in the GFAP-positive astrocytes were found between sham CES and CES rats. Independent t-tests between the CES and sham CES groups showed that the density of GFAP-positive cells was significantly lower in the CES treatment group compared with the sham CES group in the hippocampus (p = 0.033; Figure 7G).
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FIGURE 7. (A,B) Representative of glial fibrillary acidic protein (GFAP) immunostaining and example of GFAP images to a binary image in the frontal cortex (L + R, Magnification, ×50; Scale bars = 400 μm), corpus callosum (Magnification, ×50; Scale bars = 300 μm), and hippocampus (L + R, Magnification, ×50; Scale bars = 400 μm) in TBI rat with sham CES treatment and TBI rat with 4 weeks of CES treatment. (C,D) Representative views of the morphology of GFAP-positive cells in the hippocampus (Magnification, ×300; Scale bars = 30 μm). (E–G) The averaged data (L + R) of the density of GFAP-positive cells in the frontal cortex, corpus callosum and hippocampus in the sham CES treatment and CES-treated groups. *p < 0.05, significant difference between the two groups.






DISCUSSION

In the current study, we applied a TBI rat model to investigate the effect of long-term CES treatment for 4 weeks on the TBI rats. We found that early and long-term CES intervention can ameliorate TBI-induced dysfunctions in sensorimotor and memory behavior. Moreover, the immunohistological results showed that long-term CES could ameliorate the TBI-induced elevations in GFAP in the hippocampus, suggesting that less central nervous system (CNS) damage was found in the CES treatment group. To date, the therapeutic efficacy and the underlying mechanisms of CES treatment for TBI remain unknown. An animal model would help provide more information on the benefits and underlying mechanism of CES treatment of TBI. Here, we performed several comprehensive and quantitative assessments of neurological severity score, sensory function, balance, and short-term memory, all of which are commonly affected in TBI patients, to identify the beneficial effects during and after 4 weeks of CES. After treatment with CES for 4 weeks, a clear improvement in all parameters of the mNSS score was observed in the CES treatment group. Moreover, compared with the sham CES treatment, CES treatment for 4 weeks ameliorated and delayed disease progression in the TBI rats. To the best of our knowledge, this is the first study to confirm the therapeutic effect of CES on several comprehensive motor and nonmotor functions in a TBI rat model. These data strengthen the growing amount of basic research and clinical literature on the efficacy of CES in TBI treatment.

For the design of the potential CES stimulation protocol, in this study, two theta-burst stimulation (TBS) protocols, intermittent TBS (iTBS) and continuous TBS (cTBS), were applied to induce long-term potentiation-like or long-term depression-like plasticity at specific time points during disease development (Hsieh et al., 2015a,b). With regard to the natural development pattern of neuropathological changes following TBI, several key molecular and biochemical processes have been identified in earlier studies. For example, following TBI, excessive glutamate accumulation is induced and causes NMDA-mediated glutamatergic excitotoxicity (Faden et al., 1989). Additionally, increased NMDA receptor activation results in neuronal and glial depolarization. Intracellular calcium overload induces further inflammation, mitochondrial dysfunction, and apoptosis (Katsura et al., 1994; Forster et al., 1999; Bramlett and Dietrich, 2004). Furthermore, overactive calcium levels may trigger calcium-induced calpain proteolysis of cytoskeletal proteins and subsequent cellular collapse (Bramlett and Dietrich, 2004). Cellular destruction may also result from increased oxidative stress due to mitochondrial dysfunction and increased neuronal and inducible nitric oxide synthase, enhancing the production of free radicals and lipid peroxidation (Forster et al., 1999; Syntichaki and Tavernarakis, 2003; Bramlett and Dietrich, 2004). Therefore, in this acute stage, we tried to apply the inhibitory theta burst protocol using CES-cTBS to suppress the hyperexcitability cascade and prevent or minimize some of the disabling consequences. In the subacute stage, based on an animal imaging study, GABA levels were found to be increased at 1–2 days post-TBI, as shown by magnetic resonance spectroscopy (Pascual et al., 2007). Additionally, TBI induces long-lasting working memory deficits associated with increased GABA levels, and administration of GABA antagonists restores memory function, suggesting that lasting deficits following TBI are associated with overreactive GABA-mediated inhibition (Kobori and Dash, 2006). Thus, in this stage (>1 week), we applied the facilitation protocol using the CES-iTBS scheme to counter GABAergic tone and increase neuronal excitability to further reduce functional deficits. Finally, in the chronic stage, the recovery process operating through synaptic reorganization may not be complete and adequate. This process may cause concentration of and damage to critical neural networks. The maladaptive plasticity of the brain may limit functional recovery and promote lasting disability. Therefore, in the chronic stages (1–4 weeks), we continued the facilitation protocol using the CES-iTBS scheme to increase brain plasticity and reduce the functionally maladaptive changes to counter disability. Based on current results, we found that the use of different neuromodulatory CES approaches at different stages after TBI could have the potential to reduce the sensorimotor and memory and promote functional recovery. However, although the time-course assessments of several functional behaviors have been made at different time points after CES treatment, we cannot clearly differentiate whether the long-term beneficial effects of CES come solely from CES-cTBS protocol during the acute stage of TBI or from the combination of both CES-cTBS and CES-iTBS protocols. It is one of the limitations in this study; hence a well-designed experiment is still needed in the future to prove the efficacy of CES in different stages after TBI and define the optimal CES protocols that maximize the functional recovery. Moreover, when compared with the sham treatment group, we found that early and long-term CES treatment can ameliorate TBI-induced dysfunctions. However, in this study, to avoid the possible interference between two evaluation time points and behavioral tests, we did not compare the pre-treatment values between two groups before CES or sham treatment. Thus, it cannot rule out the possibility of the severity difference between groups before the intervention. It is another limitation of this study. To eliminate this possible confounding factor, in addition to performing the standard procedures of TBI lesion, following TBI lesion, the TBI rats were randomly assigned to the control or treatment group before sham/CES treatment. These efforts could reduce the differences between groups before intervention.

CES is a cortical stimulation technique that has been used in the control of neuropathic pain (Fagundes-Pereyra et al., 2010; Alm and Dreimanis, 2013). Previous preclinical studies have shown that cortical stimulation can enhance neuronal plasticity and improve the functional performance in stroke rat model (Adkins-Muir and Jones, 2003). Furthermore, recent research suggests that CES can modulate motor cortical excitability via plasticity-like mechanisms (Hsieh et al., 2015a), and might have therapeutic potential for TBI (Adkins, 2015). In the current study, we found that 4 weeks of CES treatment of TBI rats improved the recovery of locomotor function. These results parallel the findings from another TBI animal study, showing that CES is effective for the recovery of motor function, spatial memory (Yu et al., 2018). In addition, it has been found that the 100 Hz CES combined with daily motor training for 9 weeks significantly improved forelimb motor performance (Jefferson et al., 2016), encouraging further research into its therapeutic potential. To date, it is still unclear what the optimal stimulation parameters of CES are, although they are currently under exploration in vivo or in human studies for TBI. A suitable disease animal model could help identify an effective stimulation protocol, including adjustment and optimization of frequency, polarity, and current level, allowing rapid screening and neurophysiological analysis in TBI animal studies. Future research is still needed to clarify the mechanisms of action of CES to explore and optimize CES protocols in TBI.

Histological investigation of GFAP staining was performed in both groups and revealed that CES ameliorated TBI-induced the upregulation of GFAP in the hippocampus in the group that received CES treatment compared with the group that received sham stimulation. GFAP is an astrocyte-specific intermediate filament component of the central nervous system (CNS) and is a common target used for observing the astroglial responses after TBI in vivo experiments (Myer et al., 2006; Chen et al., 2012). The astrocytes respond to TBI by pronounced changes in cell proliferation and cellular hypertrophy in the lesion site (Myer et al., 2006; Babaee et al., 2015; Cikriklar et al., 2016). In our earlier study using the same diffuse TBI rat model, the upregulation of GFAP has been found at day 1 and remained elevated for at least 1-week post TBI-lesion (Hsieh et al., 2017). In the current study, with the spontaneous recovery of functional behaviors, the GFAP-positive cells were found in the frontal cortex, corpus callosum, and hippocampus at day 28 after the TBI lesion, indicating sustained GFAP-positive astrocyte activation was still remarkably in the chronic stage after TBI. This finding was consistent with a previous TBI animal study using a controlled cortical impact rat model, showing GFAP-positive cells increased significantly in the cortex, corpus callosum, and hippocampus at 3 days, 14 days, and 28 days after TBI (Wang et al., 2018). Furthermore, when compared with the sham CES group, we found that long-term CES treatment significantly reduces the GFAP-positive astrocytes in the hippocampus at day 28 after the TBI lesion. The lower GFAP-positive astrocytes in the CES-treated group also support the beneficial effect on recognition memory and implies that the long-term CES treatment could be able to reduce the astroglial proliferation in the hippocampus, which may eventually alleviate the progressive deterioration of recognition memory in TBI rats. Although the CES electrodes were fixed on the skull and the electrical current was administered epidurally, the electric field could spread to 2–3 mm depth of rat’s brain (Asan et al., 2019). It indicates that the hippocampus could be stimulated and further induced the plastic or functional changes after CES. However, the detailed and precise mechanisms are still unclear. Further investigations are still needed to clarify the underlying mechanisms of the beneficial effects of CES.



CONCLUSIONS

In conclusion, this study provides a clearer picture of the progressive symptom changes in induced TBI with or without CES treatment and documents the efficacy of CES in preventing several sensorimotor and memory dysfunctions. Future preclinical studies are still needed to further define the underlying mechanisms, leading to improved CES protocols for TBI.
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Objective: This study aims to explore the efficacy of cerebellar intermittent theta-burst stimulation (iTBS) on upper limb spasticity in subacute stroke patients.

Methods: A total of 32 patients with upper limb spasticity were enrolled and randomly assigned to treatment with cerebellar iTBS or sham stimulation before conventional physical therapy daily for 2 weeks. The primary outcomes included the modified Ashworth scale (MAS), the modified Tardieu scale (MTS), and the shear wave velocity (SWV). The secondary outcomes were the H-maximum wave/M-maximum wave amplitude ratio (Hmax/Mmax ratio), motor-evoked potential (MEP) latency and amplitude, central motor conduction time (CMCT), and the Barthel Index (BI). All outcomes were evaluated at baseline and after 10 sessions of intervention.

Results: After the intervention, both groups showed significant improvements in the MAS, MTS, SWV, and BI. In addition, patients treated with cerebellar iTBS had a significant increase in MEP amplitude, and patients treated with sham stimulation had a significant decrease in Hmax/Mmax ratio. Compared with the sham stimulation group, the MAS, MTS, and SWV decreased more in the cerebellar iTBS group.

Conclusion: Cerebellar iTBS is a promising adjuvant tool to reinforce the therapeutic effect of conventional physical therapy in upper limb spasticity management after subacute stroke (Chinese Clinical Trial Registry: ChiCTR1900026516).

Keywords: stroke, spasticity, intermittent theta-burst stimulation, upper limb, randomized controlled trial


INTRODUCTION

Poststroke spasticity (PSS) is a motor disorder clinically manifested as a velocity-dependent increase in stretch reflexes due to the hyperexcitability of alpha motor neurons in the spinal cord (Ward, 2012). It is one of the most common complications after stroke, affecting 19–43% of survivors (Aloraini et al., 2015; Cai et al., 2017). Around 36% of the patients suffered moderate or severe upper limb spasticity (Nam et al., 2019). Weakness, pain, loss of dexterity, stiffness, fibrosis, and atrophy followed by upper limb PSS always contribute to disordered motor control, functional limitations, and poor quality of life that result in an increased burden on caregivers (Leo et al., 2017; Li et al., 2019).

The treatments for managing PSS include pharmacological and non-pharmacological options (Bethoux, 2015). Oral medications are well-known and generally safe, but usually with side effects, especially sedation and weakness (Dvorak et al., 2011). Botulinum toxin A injection, the most widely used local management of spasticity, has a definite efficacy on severe PSS but has a more limited impact on function (Kinnear et al., 2014; Bethoux, 2015). Conventional physical therapy, one of the non-pharmacological options, is strongly recommended for patients with clinically significant spasticity (Khan et al., 2019).

Repetitive transcranial magnetic stimulation (rTMS) is one of the physical therapies for spasticity management, and the efficacy of rTMS on upper limb spasticity after stroke has been identified over the past 10 years (Barros Galvao et al., 2014; McIntyre et al., 2018). Intermittent theta-burst stimulation (iTBS) is a novel form of rTMS, which was developed by John Rothwell in his laboratory in 2005 (Rounis and Huang, 2020). It can lead to consistent and long-lasting therapeutic effects in regulating the excitability of neural structures (Huang et al., 2005). Previous studies have confirmed that iTBS can decrease upper limb spasticity and improve motor function in individuals with stroke (Kim et al., 2015; Chen et al., 2019).

The cerebellum works in concert with the cerebral cortex and plays an important role in muscle tone adjustment (Glickstein et al., 2009). The corticopontocerebellar pathway and the cerebellothalamocortical system are the two main connections. In addition, the cerebellum as a promising stimulation target of neuromodulation has been investigated by accruing studies in recent years. Relevant research revealed that the cerebellum suppresses cortical excitability of the motor cortex via cerebellar brain inhibition (CBI) (Fernandez et al., 2018). Koch et al. found that cerebellar iTBS has efficacy in reconstructing cerebello-cortical plasticity and recovering motor function in individuals with stroke (Koch et al., 2018). However, no study has been conducted to investigate the effect of cerebellar iTBS on PSS since now. Therefore, the objective of this study was to preliminarily explore the short-term efficacy of cerebellar iTBS coupled with conventional physical therapy on upper limb spasticity in subacute stroke patients. We hypothesized that iTBS over ipsilesional cerebellum combined with conventional physical therapy could improve PSS significantly more than by applying conventional physical therapy alone.



MATERIALS AND METHODS


Participants

A total of 32 patients [25 males (78%); mean (SD) age, 54.14 (9.02) years] were enrolled from Sichuan University West China Hospital Rehabilitation Medicine (Chengdu, Sichuan Province, China) between September 2019 and September 2020. Inclusion criteria were as follows: (1) age between 18 and 80 years (Koch et al., 2018); (2) first-ever unilateral ischemic or hemorrhagic stroke confirmed by computed tomography or magnetic resonance imaging; (3) subacute stroke survivors (stroke onset ranged from 2 weeks to 6 months) (Chien et al., 2020; Soulard et al., 2020); (4) having affected elbow flexors and wrist flexors spasticity with the modified Ashworth scale (MAS) score between 1+ and 3 (Barros Galvao et al., 2014); and (5) absence of cognitive impairment that is determined by the mini-mental state examination score is over 27 (Sun et al., 2014). Exclusion criteria included the following: (1) coexisting other neurological diseases; (2) cerebellar or brain stem injury; (3) used anti-spasticity drugs or injected botulinum toxin type A within 3 months before enrollment; (4) severe general impairment or concomitant diseases; and (5) contraindications for rTMS (e.g., history of seizures, intracranial metallic implants, cardiac pacemakers, and pregnancy).



Trial Design

This randomized, double-blind, sham-controlled trial was designed to explore the safety and the short-term efficacy of cerebellar iTBS on upper limb spasticity after subacute stroke. Eligible participants were randomly allocated in a 1:1 ratio to either cerebellar iTBS group or sham stimulation group. The randomization sequences were generated based on the table of random digits and were concealed in opaque numbered envelopes, which were opened in numerical order by a neutral non-involved researcher. All outcome measures were evaluated at baseline (T0) and after 10 sessions of intervention (T1). Each evaluation was performed by a clinician or by a physical therapist who was blinded to the experimental condition of the patient. Patients themselves were also unaware of the group assignment.

The sample size was estimated using G*power of 3.1.9.2 (Faul et al., 2007), with the following parameters: effect size (d) = 1.35, α = 0.05 (two tails), power (1–β) = 90%, and allocation ratio n2/n1 = 1. The effect size was determined based on the result of our pilot study. After calculation, the necessary sample size of n = 26 was obtained. Considering the compliance of subjects, a total of 32 patients were required to allow for a 20% dropout rate.



Ethics Committee

This study was approved by the local institutional biomedical Ethics Committee on September 30, 2019, and complied with the Declaration of Helsinki. All patients provided written informed consent before the experiment. The trial was then registered on October 13, 2019, in the Chinese Clinical Trial Registry (registration number: ChiCTR1900026516).



Interventions

Each patient received 1 session of cerebellar iTBS or sham stimulation daily, always before conventional physical therapy, for a total of 10 sessions. The overall intervention periods were 5 days/week for 2 consecutive weeks. All the patients did not use anti-spasticity drugs or injected botulinum toxin type A throughout the whole trial.


Intermittent Theta-Burst Stimulation

Before each daily conventional physical therapy, one session of cerebellar iTBS was applied over the ipsilesional lateral cerebellum, which was carried out using a 70-mm figure 8 coil attached to a magnetic stimulator (Yiruide Medical Company, Wuhan, China). The coil was positioned tangentially to the scalp, with the handle pointing superiorly. The center of the coil was positioned at 1 cm inferior and 3 cm lateral to the inion based on previously reported studies (Hardwick et al., 2014; Olfati et al., 2020). The stimulation intensity was determined by the active motor threshold (aMT), defined as the lowest intensity which evoked at least 5 out of 10 motor-evoked potentials (MEP) with an amplitude >200 μV peak to peak in the abductor pollicis brevis muscle during 10% of maximum contraction (Popa et al., 2013; Koch et al., 2019). iTBS protocol was used with a total of 600 pulses over 200 s delivered at 80% aMT (Schwippel et al., 2019). For sham stimulation, the stimulation coil was rotated 90° so that the minimal current flow was induced in the brain, and it was still centered on the same scalp position with the same parameter as the cerebellar iTBS group (Wang et al., 2020).



Conventional Physical Therapy

Conventional physical therapy program was composed of exercises designed to improve spasticity and promote recovery of voluntary motor function of the upper limb, including limb positioning, postural training, stretching, task-oriented therapy, and sensory stimulation (Winstein et al., 2016; Kucukdeveci et al., 2018), lasting 50 min per session (Supplementary Material).




Outcome Measures
 
Primary Outcome Measures

The primary outcomes were the measurements to assess the elbow flexors and wrist flexors spasticity of the affected upper limb, including the modified Ashworth scale (MAS), the modified Tardieu scale (MTS), and the shear wave velocity (SWV).


Modified Ashworth Scale

The MAS is a reliable scale for evaluating the muscle tone in individuals with stroke, which has shown satisfactory inter- and intra-rater reliability and agreement (Meseguer-Henarejos et al., 2018; Chen et al., 2019). It was scored using a six-point (0, 1, 1+, 2, 3, 4) scale, ranging from 0 (normal muscle tone) to 4 (limb rigid in flexion or extension) (Li et al., 2020).



Modified Tardieu Scale

The MTS measures spasticity using three parameters: angle of fast-stretch R1, angle of relatively slow-stretch R2, and angle differences between R2 and R1 (Ben-Shabat et al., 2013). The differences between R2 and R1 indicate the level of the dynamic component of spasticity in the muscle (Singh et al., 2011). A standard goniometer was utilized to measure the range of motion of the elbow and wrist joints.



Shear Wave Ultrasound Elastography

The muscle hardness of the affected biceps brachii and flexor carpi radialis was measured at a relaxed position using the shear wave ultrasound elastography images obtained by an ultrasonic apparatus (Resona 7, Mindray, Shenzhen, China). The transducer (L9-3U type) was placed over the bellies of biceps brachii or flexor carpi radialis and was perpendicular to the muscle fibers in the transverse axis (Wu et al., 2017). In the image, a region of interest (ROI, 0.5 cm*0.5 cm) was set near the center part where the muscle was thickest. During SWV acquisition, a warm thin layer of acoustic gel was kept on the skin and the transducer was held stationary. After that, three measurements of SWV with the lowest coefficient of variation were acquired and averaged for further statistical analysis (Akagi and Takahashi, 2013).




Secondary Outcome Measures

The secondary outcomes included the H-maximum wave/M-maximum wave amplitude ratio (Hmax/Mmax ratio) to assess the intrinsic excitability of the alpha motor neurons, neurophysiological parameters to assess the cortical activity, and the Barthel Index (BI) to assess the ability of activities of daily living (ADL).


Hmax/Mmax Ratio

Compound muscle action potentials and Hoffmann (H) reflex were obtained using an electromyography (EMG) unit (Keypoint, Dantec, Denmark) with a bandpass filter at 20 Hz to 2 kHz, sweep speed at 10 ms/division, and sensitivity at 200–500 μV. Ag–AgCl surface electrodes were utilized to record the EMG activity. A bipolar stimulus probe was used to stimulate the median nerve at the antecubital fossa. After skin preparation, the active electrode was placed over the bellies of the affected flexor carpi radialis at one-third of the proximal distance between the medial epicondyle of the humerus and the radial styloid, the reference electrode was 4 cm distal and lateral to the active electrodes, and the ground electrode was between the stimulating and the active electrode (Pizzi et al., 2005; Naghdi et al., 2014). Stimulus intensity was gradually increased until an H-reflex emerged. And then, the Hmax/Mmax ratio was recorded to estimate the intrinsic excitability of the alpha motor neurons.



Neurophysiological Parameters

Neurophysiological parameters were recorded by the above-mentioned TMS instrument. The MEP latency and amplitude, and central motor conduction time (CMCT) were detected in the unaffected hemisphere recorded by the contralateral abductor pollicis brevis. Before the MEP measurement, the resting motor threshold (rMT) was determined as the lowest intensity to evoke at least 5 MEPs of peak-to-peak amplitude higher than 50 μV on 10 consecutive stimulations during a resting period. Later, latencies and amplitudes of 5 MEPs were obtained by stimulating at 120% of the rMT intensity (Pisa et al., 2020), and three intermediate values were acquired and averaged for further statistical analysis. In addition, the CMCT was calculated as the latency difference between MEPs elicited by stimulating the motor cortex and those evoked by spinal (motor root) stimulation (Cakar et al., 2016).



Barthel Index

The BI is a 10-item measure of ADL (i.e., feeding, bathing, personal hygiene, dressing, bowel control, bladder control, using the toilet, chair/bed transfer, ambulation, and stair climbing) used to quantify functional change after rehabilitation intervention (Silveira et al., 2018). It is a self-reported scale with excellent inter-rater reliability for standard administration after stroke (Duffy et al., 2013).




Statistical Analysis

Professional physical therapists monitored adverse effects throughout the trial. Data management and analyses were performed using GraphPad Prism 7.00 (GraphPad Software, Inc., La Jolla, CA, USA). Before undergoing statistical analyses, the normal distribution of data was evaluated by the Shapiro–Wilk test. Continuous variables, ordinal variables, and categorical variables were, respectively, presented as mean (±standard deviation, SD), medians (interquartile range, IQR), and number (percentage, %). The level of significance was set at α = 0.05. Descriptive analyses were conducted to show the demographic and clinical characteristics of subjects. Fisher's exact test and unpaired t-test were used to evaluate the differences between the groups in the distribution of the characteristics of the subject at baseline.

For the MAS, the scores 0, 1, 1+, 2, 3, and 4 were converted to 0, 1, 2, 3, 4, and 5. The intervention efficacy within the group and between groups was analyzed with the Wilcoxon matched-pairs signed-rank test and the Mann–Whitney U test, respectively. For other outcome measures, a paired t-test of raw data was performed to evaluate the treatment effects within groups. Additionally, an unpaired t-test of changes between T0 and T1 was conducted to analyze the difference between groups.



RESULTS



Participant Characteristics and Flow of the Trial

After the screening based on the inclusion and exclusion criteria, a total of 32 out of 404 patients recruited were identified as being eligible for the trial. The whole procedure was well-tolerated, and no adverse events were reported in either group. During the intervention period, three subjects withdrew because two subjects were discharged in advance and one subject was transferred to another hospital that is near home (Figure 1). At baseline, no significant between-group differences were found in age, sex, time since stroke, types of stroke, paretic side, and the severity of stroke assessed by NIHSS (Table 1).


[image: Figure 1]
FIGURE 1. Consolidated standards of reporting trials flow diagram of the trial. iTBS, intermittent theta-burst stimulation.



Table 1. Characteristics of the participants.
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Outcome Measures

Table 2 lists the descriptive data for all outcome measures in both groups at T0 and T1. Figure 2 provides the statistical analysis results between groups.


Table 2. The descriptive data for all outcome measures in both groups at T0 and T1.
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FIGURE 2. The statistical analysis results between groups for the primary outcomes. The data are expressed as the Median with IQR or Mean with 95%CI. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



The Results of Primary Outcomes

The Mann–Whitney U test showed that 2 weeks of cerebellar iTBS coupled with conventional physical therapy resulted in the decreases of the MAS scores for affected elbow flexors and wrist flexors compared with sham stimulation (elbow flexors: P = 0.004, wrist flexors: P = 0.002). After the intervention, Wilcoxon matched-pairs signed-rank test revealed that both groups showed a significant decrease in the MAS scores of elbow flexors (cerebellar iTBS group: P < 0.001, sham stimulation group: P = 0.031), and the cerebellar iTBS group also showed the improvement in the MAS scores of wrist flexors (P < 0.001).

Consistent with the result of MAS, significant differences in MTS scores (elbow flexors: P < 0.001, wrist flexors: P < 0.0001) and SWV values (biceps brachii: P = 0.015, flexor carpi radialis: P < 0.001) of upper limb were also found between cerebellar iTBS and sham stimulation groups. The analysis of effectiveness within groups indicated that MTS scores and SWV values of upper limb significantly improved after interventions both in the cerebellar iTBS group (MTS scores: elbow flexors, P < 0.001; wrist flexors, P < 0.001. SWV values: biceps brachii, P < 0.001; flexor carpi radialis, P < 0.001) and the sham stimulation group (MTS scores: elbow flexors, P = 0.005; wrist flexors, P < 0.001. SWV values: biceps brachii, P = 0.002; flexor carpi radialis, P = 0.023) (Figure 2).




The Results of Secondary Outcomes

After the intervention, the patients of both groups showed significant improvements in the BI (cerebellar iTBS group, P < 0.001; sham stimulation group, P < 0.001) scores compared with baseline. For the MEP amplitude, a significant increase was detected only in the cerebellar iTBS group at T1 compared with T0 (P = 0.003). For the Hmax/Mmax ratio, a significant decrease was detected only in the sham stimulation group at T1 compared with T0 (P = 0.009). However, there were no differences between the groups for all the secondary outcomes (Figure 3).


[image: Figure 3]
FIGURE 3. The statistical analysis results between groups for the secondary outcomes. The data are expressed as the Median with IQR or Mean with 95%CI.






DISCUSSION

This randomized, double-blind, sham-controlled study was designed to explore the short-term efficacy of cerebellar iTBS coupled with conventional physical therapy on upper limb spasticity in subacute stroke patients. Our results show that cerebellar iTBS coupled with conventional physical therapy improves PSS of the upper limb and ADL in individuals with stroke, as demonstrated by the decreased MAS and MTS scores, the reduced SWV values, and the increased BI scores after intervention. Importantly, the effectiveness of cerebellar iTBS on spasticity is promising, as significant improvements in the MAS scores, MTS scores, and SWV values were detected in the cerebellar iTBS group when compared with the sham stimulation group.


The Effect of Cerebellar iTBS on Spasticity

Our study systematically assessed elbow flexors and wrist flexors spasticity by clinical, electrophysiological, and biomechanical measurements. Both clinical and biomechanical measurements showed significant improvements after cerebellar iTBS when compared with sham stimulation.

From a clinical point of view, we found that cerebellar iTBS coupled with conventional physical therapy decreased MAS scores of elbow flexors and wrist flexors from 3 to 2 points, passing from a marked increase level (2) to a slight increase level (1+) (Bohannon and Smith, 1987). In addition, the result of the difference between groups showed that the median changes of MAS scores of both elbow flexors and wrist flexors decreased one level in the cerebellar iTBS group when compared with the sham stimulation group, revealing that the efficacy of the cerebellar iTBS combined with conventional physical therapy was significantly better than that of the conventional physical therapy alone. Notably, the above changes reached the minimal clinically important difference that indicates a clinical significance was detected (Chen et al., 2019). Consistent with the result of MAS, MTS was also significantly improved by the 2 weeks of cerebellar iTBS coupled with conventional physical therapy, with the average angle differences between R2 and R1 of elbow flexors and wrist flexors reduced 43.00 degrees and 51.93 degrees, respectively. The range of motion at the upper limb is associated with cosmesis, hygiene, and active movement capabilities (Malhotra et al., 2011). Therefore, the increase in the range of motion at the upper limb can remove some participation restrictions and improve the quality of life in individuals with stroke.

From an electrophysiological point of view, spasticity is associated with the over hyperexcitability of spinal alpha motor neurons. The H-reflex is commonly used to quantify the level of spinal alpha motor neuron excitability (Pizzi et al., 2005). The Hmax/Mmax ratio is proposed as a measure of the percentage of motoneurons activated by eliciting the monosynaptic H-reflex compared with those directly activated (Okuyama et al., 2018), which presents high reliability and good sensitivity in detecting changes in spasticity (Levin and Hui-Chan, 1993). In this study, no significant improvements in the Hmax/Mmax ratio were found between groups. It may be attributed to the high variability of H-reflex in measuring the median nerve (Kim et al., 2015). Another possible reason is that the stimulation intensity of iTBS (80% aMT) was lower than the intensity of conventional rTMS (100% rMT) to induce electrophysiological changes in PSS improvement. Kim et al. also reported similar findings that iTBS over the affected motor cortex did not affect the H-reflex evoked in flexor carpi radialis (Kim et al., 2015).

From a biomechanical point of view, shear wave ultrasound elastography is feasible in muscle hardness assessment that may offer a better quantification of spasticity compared with clinical and electrophysiological measurements (Gao et al., 2018; Chen et al., 2019). In contrast to normal muscle cells, spastic muscle cells from stroke had shorter resting sarcomeres and increased elastic moduli, indicating that muscle stiffness can reflect the disease-related alterations in tissue properties (Wu et al., 2017). As shear waves travel faster in stiffer tissues, greater SWV and echo intensity were detected in spastic muscles (Lee et al., 2015). Our data demonstrated that the average SWV values of both biceps brachii and flexor carpi radialis were decreased in both groups after the intervention, and the cerebellar iTBS coupled with conventional physical therapy significantly decreased more SWV than sham stimulation. It implied that the therapeutic effect of cerebellar iTBS on changing muscle tissue properties was relatively obvious.

In agreement with relevant reported research published in 2014 (Barros Galvao et al., 2014), it was found that physiotherapy combined with additional low-frequency rTMS on unaffected primary motor cortex was more effective than physiotherapy alone in reducing upper limb spasticity in patients with chronic stroke (Barros Galvao et al., 2014). Furthermore, the benefits of iTBS on the affected motor cortex as an effective intervention to improve PSS had been identified by Kim et al. (2015). Their research found that a single session of iTBS contributed to a transient improvement in upper limb spasticity after stroke, which proved that iTBS seems to be an effective adjuvant to manage upper limb spasticity. Consistent with the above-reported studies, our study revealed significant improvements in upper limb spasticity after cerebellar iTBS in individuals with subacute stroke.

It is important to point out that the mean age of the subjects in the cerebellar iTBS group was 5.94 years older than that in the sham stimulation group, although it did not reach statistical significance. Age is a significant predictor of upper limb spasticity after stroke, with an odds ratio of 0.01 (Tedesco Triccas et al., 2019). The increase in aging individuals could have an impact on a higher incidence of upper limb spasticity. Besides, age is also a critical factor for predicting stroke outcome, with a negative correlation between age and the score of the motor component of the Functional Independence Measure and an active correlation between age and the length of hospital stay (Koyama et al., 2020). In our study, a significant decrease in upper limb spasticity was detected in the older cerebellar iTBS group patients.



Possible Mechanism

The mechanism of iTBS over the ipsilesional lateral cerebellum reducing upper limb spasticity is still unclear. iTBS consists of high-frequency stimulation bursts, and the stimulus pattern is based on the natural theta rhythm occurring in the hippocampus of the brain, which can strongly modulate the neural activity of the cerebellum (Klomjai et al., 2015; Koch et al., 2019). An animal study reported that there were two modes of synaptic plasticity in the cerebellum, long-term depression (LTD) and long-term potentiation (LTP) (Jörntell and Hansel, 2006). Cerebellar iTBS can induce plasticity changes in the cerebellum of stroke patients (Koch et al., 2018). Besides, the molecular evidence also suggested that high-frequency rTMS could induce neural plasticity in the cerebellum associated with LTD (Lee et al., 2014). iTBS over the ipsilesional lateral cerebellum can increase the activation of Purkinje cells; the inhibitory synaptic connections between Purkinje cells and deep cerebellar nuclei are enhanced so that the neural plasticity in the cerebellum has been regulated (Fernandez et al., 2018). Besides, cerebellum iTBS can influence the activities of spinal neurons involved in the muscle tone adjustments in two ways: the inhibitory synaptic connections between Purkinje cells and dentate nucleus reduce the tonic excitatory effect of the dentate nucleus over the contralateral cerebral cortex through the ventrolateral nucleus of the thalamus; alternatively, interposed nuclei (globose and emboliform) and fastigial nucleus directly affect both the medial and lateral descending motor systems to reduce muscle spasticity (Teixeira et al., 2015). The relevant descending pathways include the corticospinal, reticulospinal, vestibulospinal, rubrospinal, and tectospinal tracts (Matsugi and Okada, 2020). Considering the results of our study, no significant difference in corticospinal excitability assessments (MEP latency and amplitude, and CMCT) was observed between groups. Therefore, the cerebellar iTBS improved upper limb spasticity may attribute to promoting the functional connection between the cerebellum and other brain areas rather than concerting with the cerebral cortex.

Physiological evidence shows that the cerebellum can interfere in the muscle tone adjustment by regulating neuronal discharge in different brain stem nuclei, primarily the reticular formation, red nucleus, and vestibular nucleus. Besides, the vestibular nucleus is involved in the alpha motor neuron activation, while the reticular formation and red nucleus are involved in the gamma motor neuron activation (D'Angelo, 2018). Chothia et al. found that anodal cerebellar direct current stimulation regulated the reticular spinal tract and rubrospinal tract to affect the motor neurons of the spinal cord (Chothia et al., 2016).

Other than motor areas, cerebellar iTBS also affects non-motor areas. Casula et al. found that the induction of cerebellar plasticity by iTBS was also associated with relevant changes in the neural activity of the posterior parietal cortex (Casula et al., 2016). The posterior parietal cortex participates in the perception and processing of action-related information and encodes the more abstract aspects of sensorimotor control processes, which is involved in the upper limb rehabilitation in patients with PSS (Veverka et al., 2019).



The Effects of Cerebellar iTBS on ADL

In our study, increases in BI scores were shown in both groups after interventions. These effects are likely due to the course of coupled 2 weeks of daily conventional physical therapy, independently from the cerebellar iTBS treatment. Conventional physical therapy has been confirmed as an effective way for the recovery of function after stroke (McDonnell and Stinear, 2017), whereas iTBS is an adjuvant tool to reinforce the therapeutic effect of conventional physical therapy.



Limitations

We acknowledge that some limitations still existed in this study. First, the lack of follow-up did not allow us to explore the long-term efficacy of cerebellar iTBS. Second, the potential mechanisms of cerebellar iTBS need to explore further to confirm our hypothesis. Therefore, high-quality randomized controlled trials with larger sample sizes to investigate the long-term efficacy and potential mechanisms of cerebellar iTBS are recommended for future studies.




CONCLUSION

Our study is the first study to provide novel evidence that combining cerebellar iTBS with conventional physical therapy is an effective strategy to promote upper limb PSS recovery in patients with subacute stroke. The result of the effectiveness of cerebellar iTBS in terms of the MAS, MTS, and SWV at the upper limb is significant. Therefore, cerebellar iTBS is a promising adjuvant tool to reinforce the therapeutic effect of conventional physical therapy in spasticity management for patients after subacute stroke.
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Pair 9: C3-CP3 Group 1 —1.48 0.138 Group 3 vs. Group 1 0.40 0.28 0.173
Group 2 —1.992 0.046x% Group 2 vs. Group 1 0.59 0.27 0.045x%
Group 3 —0.674 0.500

Pair 10: C3-CP4 Group 1 —0.67 0.500 Group 3 vs. Group 1 —0.01 0.21 1.000
Group 2 —0.94 0.345 Group 2 vs. Group 1 —0.25 0.20 1.000
Group 3 —0.41 0.686

Pair 11: C4-CP3 Group 1 —-0.41 0.686 Group 3 vs. Group 1 0.11 0.17 0.522
Group 2 —1.36 0.173 Group 2 vs. Group 1 0.11 0.16 0.513
Group 3 —-1.75 0.080

Pair 12: C4-CP4 Group 1 —-0.67 0.500 Group 3 vs. Group 1 0.16 0.18 0.380
Group 2 —-1.15 0.249 Group 2 vs. Group 1 —0.01 0.17 0.935
Group 3 —1.48 0.138

Pair 13: CP3-CP4 Group 1 —-1.75 0.080 Group 3 vs. Group 1 0.05 0.12 0.688
Group 2 —-1.15 0.249 Group 2 vs. Group 1 0.05 0.12 0.688
Group 3 —-1.75 0.080

*P < 0.05.
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Characteristic

ONFH Controls P-value
Number () 10 10 /

Male/ferale (1) 6/4 46 0371%
Age (mean = SD, years)  54.80 = 19.00 557+ 10.72 0.842%
MMSE scores 28.90 + 2.85 20.60+ 0,84 0.465%
Harris scores 7840 £5.19 97.40+353  <0.001*

ONFH, Osteonecrosis of the femoral head; MMSE, Mini-Mental State Examination; SD,
standard deviation; *incicates that P-values for sex distribution between the groups were
obtained by a chi-square test; **incicates that P-values were obtained by a two-tailed

t-tast.
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ID (Sequence) Gender Hemiparesis TSSO (days) Age (years) Lesion, type, and location Baseline Baseline grip, MEPs

FMA-UE, pinch in AH
ARAT strength (Kgf)
P1(AB) Female Right 280 54 Subcortical. L. Lentiform Nucleus, 12,0 0.6, 0.1 No
L. Internal Capsule, and L.
Thalamus.
P3(BA) Female Left 81 85 Subcortical. R. Pontine 13,3 18,07 Yes
Tegmentum.
P4(AB) Female Right 218 58 Subcortical. L. Lentiform Nucleus, 8,6 0.5,0 Yes
L. Internal Capsule.
P5(BA) Female Left 146 54 Cortical-Subcortical. R. Insula, R. 9,0 0.5,0 No
Lentiform Nucleus, R. Internal
Capsule.
P6(BA) Male Left 37 43 Subcortical. R. Pontine 8,0 0:2,0:2 No
Tegmentum.
P7(AB) Male Right 100 48 Subcortical. L. Internal Capsule. 15,0 18,0 No
P8(BA) Male Right 97 53 Cortical. L. Insula 14,3 0.7,0 No
PI(AB) Male Right 260 63 Subcortical. L. Lentiform Nucleus, 59, 21 9.7.2.8 Yes
L. Internal Capsule.
P10(BA) Male Left 87 65 Subcortical. R. Internal Capsule. R. 12,8 0,0 No
Thalamus.
P11(AB) Female Left 98 76 Subcortical. R. Internal Capsule. 24,8 0.8,0.5 No
Mean (SD) 140 (83) 59.9 (12.8) 17.5(15.3), 1.62(2.9),
4.3(6.4) 0.38(0.72)

TSSO, Time since stroke onset; AH, Affected Hemisphere.

Patients’ age and time since stroke onset are relative to the beginning of the study. The presence of Motor Evoked Potentials (MEPs) was assessed with Transcranial
Magnetic Stimulation before interventions.

The bold values are the mean and the standard deviation of values of the fourth and fifth columns of the table.
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Outcome Measure Baseline (BL) BCI (A) Conventional (B) P Pairwise Comparison
Mean (SD) Median [IQR] Mean (SD) Median [IQR] Mean (SD) Median [IQR]

FMA-UE 17.5 (156.3) 12.5 [9;17] 23.1 (16.1) 15.5 [13;30] 21.9(15.5) 15[12;35] 0.014 BL> A% BL>BA=B

ARAT 4.3 (6.4) 3[0:6] 8.4 (10.1) 4.5(0;16] 8.7(11.3) 4.5(0;16] 0.001  BL>A%BL>B:A=B

HD(grip) 1.62 (2.9) 0.65 [0.4;1.5] 2.42 (3.3) 1.35[0.3;1.4] 1.58 (2.6) 0.90[0.7;3.2] 0.682 -

HD(pinch) 0.38 (0.72) 0.05 [0;0.6] 0.45 (0.48) 0.30[0.8;0.3] 0.29 (0.48) 0.15[0.1;0.7] 0.376 -

HD, Hand Dynamometry; SD, Standard Deviation; IQR, Interquartile Range; “p < .017.
Highest median values are shown in bold.
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PD + FOG PD — FOG
Age (years) 68.2+1.8 65.1+1.4
Gender (male/female) 10/8 8/7
Disease duration (years) 82+14 39+07
UPDRS-IIl (scores) 211 +£1.7 151+1.8
Levodopa equivalent 822.3 £ 119.4 489.7 £76.4

dosage (mg/day)

Control

P

68.0+ 1.4 0.295

6/9

0.641

0.009*
0.022*
0.032*

Values are presented as mean =+ standard error for continuous variables and
frequency for categorical variables. UPDRS-IIl: part-Ill of Unified Parkinson’s

Disease Rating Scale. “p < 0.05.
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PD + FOG PD — FOG Control P n2

Single-pulse TMS

RMT (%MSO) 419+ 2.4 458+ 24 534 +3.4 0.031 0.111
Resting MEP (V) 1013.5 £+ 206.8 1074.9 £ 2454 1000.7 £177.8 0.991 0.044
Active MEP (V) 2271.2 £ 269.0 2502.6 + 298.3 2777.4 + 356.5 0.566 0.026
CSP (s) 0.150 + 0.008 0.141 £ 0.104 0.163 £ 0.014 0.701 0.029
Paired-pulse TMS

SICloms (%) 456 £ 6.7F 41.1+95 19.3+3.7 0.011 0:155
SIClzms (%) 475+ 9.6 44.0+ 95 279+58 0.333 0.004
ICF12ms (%) 91.4 +£18.0 69.0 £13.7 109.3 +£21.5 0.274 0.004
ICF15ms (%) 94.7 + 24 1 71.2417.2 109.1 £29.3 0.433 0.003
Gait performances

Walking velocity (m/s) 0.91 + 0.06* 1.09 £ 0.05 1.22 £0.04 0.003 0.214
Step length (m) 0.48 + 0.03*F 0.60 + 0.03 0.66 + 0.02 <0.001 0.307
Cadence (step/s) 1.88 £0.04 1.81 £0.03 1.87 £0.06 0.175 0.033

Values are presented as mean + standard error. RMT, resting motor threshold; MSO, maximal stimulator output; MER, motor evoked potentials; CSP, cortical silent
period; SICI, short-interval intracortical inhibition; ICF, intracortical facilitation. *Significant difference between PD + FOG group and Control group (p < 0.05). TSigniﬁcam‘
difference between PD + FOG group and PD — FOG group (p < 0.05).
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Correlation (p) RMT Rest Active CSP SICI ICF
MEP MEP

Control

Velocity 0.240 —0.043 —0.211 0.318 0.5656*  0.300

Step length 0.250 —0.585* —-0.185  —0.318 0.404  0.465

PD - FOG

Velocity 0.011  —0.036 —0.061 0.399 0.504  0.013

Step length 0.126  -0.116 —0.133 0.559* 0418 0.115

PD + FOG

Velocity —0.109 0.156 0.044 -0.133 -0.260 -0.020

Step length —0.200 0.213 0.017 -0.126 —-0.342 -0.055

Values are presented as Spearman’s rho. RMT, resting motor threshold; MER
motor evoked potentials; CSP cortical silent period; SICI, short-interval intracortical
inhibition; ICF, intracortical facilitation. *p < 0.05.
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CON (n = 16) HIIT (n = 16) t p

Agelyear) 19.31 + 0.60 19.13 + 0.62 0.868 0.392
Education(year) 13.69 + 0.79 13.44 % 0.51 1.059 0.298
BMi(kg/m?) 21.04 +2.48 21.31 £2.08 ~0.330 0.744
IPAQMET-min/w) 1111 £ 930 1655 + 1136 —1.488 0.147
PSQl 7.25 + 252 7194234 0.073 0.943
BDI 6.50 + 6.71 573 +7.92 0.280 0.782
BAI 6.60 + 6.47 5.73+£7.93 0.987 0.330
BIS-noplan 53.57 + 12.16 62.50 + 13.69 ~1.876 0.071
BIS-motor 34.82 + 11.54 31.41 £ 11.79 0.799 0.431
BIS-attention 66.43 £ 9.84 69.53 + 8.86 —0.909 0.371
BIS-total 51.07 + 5.52 54.47 + 6.18 —1.334 0.193
RHR (opm) 77.56 + 7.68 80.50 + 6.40 1.213 0.211
VO, peak(mi/kg/min) 35.57 +2.83 35.28 + 4.82 0.211 0.834
RMTpre(%MSO) 65.12 £ 9.69 68.19 £ 11.44 0.409 0.685
RMTp0st(%MSO) 63.63 + 10.91 63.14 + 10.74 1.287 0.208
MEP,o(1v) 716.52 + 215.81 765.91 & 203.65 —0.666 0.511
MEPpost(11v) 717.90 + 229.05 727.88 £ 170.77 ~0.140 0.890
TS(%MSO) 77.27 £ 11.25 74.87 + 13.44 0.572 0.600
CS(%MS0) 57.84 £ 8.45 56.28 £ 10.28 0.414 0.653
SICI(%TS) 29.18 £ 8.54 30.63 £ 9.89 —0.347 0.670
ICF(9%TS) 143.61 + 21.78 138.82 + 25.63 —0.514 0.611

BMI = body mass index; IPAQ = International Physical Activity Questionnaire; PSQI = Pittsburgh sleep quality scores; BDI = Beck depression scores; BAl = Beck anxiety
scores; BIS-noplan = no planning impulsiveness scores; BIS-motor = motor impulsiveness scores; BIS-attention = attention impulsiveness scores; BIS-total = Barratt
impulsiveness total scores; RHR = resting heart rate; VO2peak = peak oxygen uptake;, RMTpre = resting motor threshold in pre-training session; RMTpost = resting motor
threshold in post-training session; MEP: motor evoked potential; MSO = maximum stimulus output; TS = test stimulus; CS = conditional stimulus; SICI = short intracortical
inhibition; ICF = intracortical facilitation.
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CON HIT
pre-test post-test pre-test post-test
RT(ms) congruent 441.02 + 24.30 430.09 + 22.37 459.59 + 18.25 438.35 + 20.63
incongruent 581.73 £ 27.53 552.25 + 25.62 603.41 £ 18.05 585.82 + 24.78
ACC(%) congruent 97.22+£0.77 96.83 + 0.64 98.21 £ 0.69 98.02 £ 0.68
incongruent 94.84 +1.08 96.03 + 0.91 96.23 £ 1.22 95.44 +£0.85

HIIT, high intensity interval training; RT, response time; ACC, accuracy.
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A Significant interaction effects B Significant interaction effects
favoring Group 1 than Group 3 favoring Group 2 than Group 1
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Baseline

EEG measurement

Group 1 Resting state iTBS plus mirror training Resting state
(Eye closed) 15 minutes/day, 4 days (Eye closed)
Group 2 Resting state iTBS plus sham mirror training Resting state
(Eye closed) 15 minutes/day, 4 days (Eye closed)
Group 3 Resting state Sham iTBS plus mirror training Resting state
(Eye closed) 15 minutes/day, 4 days (Eye closed)
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Channel pairs Connectivity

FC3-FC4 Interhemispheric, premotor-premotor
FC3-C3 Intrahemispheric, premotor-motor
FC3-C4 Interhemispheric, premotor-motor
FC3-CP3 Intrahemispheric, premotor-parietal
FC4-C3 Interhemispheric, premotor-motor
FC4-CP4 Intrahemispheric, premotor-parietal
FC4-C4 Intrahemispheric, premotor-motor
C3-C4 Interhemispheric, motor-motor
C3-CP3 Intrahemispheric, motor-parietal
C3-CP4 Interhemispheric, motor-parietal
C4-CP3 Interhemispheric, motor-parietal
C4-CP4 Intrahemispheric, motor-parietal

CP3-CP4 Interhemispheric, parietal-parietal
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120 bpm 105 bpm 90 bpm 75 bpm 60 bpm 45 bpm 30 bpm

SVIPT group D1 Error rate 73.33 70.00 66.67 66.11 65.56 57.78 50.00
Time 5.63 6.21 6.79 8.05 9.31 13.59 17.87

D2 Error rate 57.78 55.00 52.22 48.33 44.44 39.44 34.44

Time 5.72 6.31 6.90 7.94 8.99 13.58 18.16

D3 Error rate 48.56 42.11 36.67 37.11 37.56 32.22 28.89

Time 5.41 6.25 7.10 8.20 9.31 13.88 18.45

D4 Error rate 43.33 39.89 32.44 30.44 28.44 30.00 25.56

Time 5.67 6.42 7.16 9.30 8.84 13.72 17.99

D5 Error rate 41.33 31.89 26.44 24.94 24.44 25.00 21.56

Time 5.57 6.32 7.06 8.30 9.54 13.27 16.99

SVIPT-acupuncture group D1 Error rate 7144 69.89 68.89 67.64 63.78 58.65 49.56
Time 5.78 6.23 6.78 8.12 9.33 13.50 17.61

D2 Error rate 65.56 60.30 56.67 53.40 51.11 46.70 34.67

Time 5.82 6.01 6.44 8.05 9.89 12.80 17.67

D3 Error rate 62.22 58.40 55.56 47.90 40.00 36.80 33.33

Time 5.69 6.20 6.30 8.07 9.44 13.10 17.78

D4 Error rate 56.67 55.80 55.56 42.80 36.67 32.20 29.56

Time 5.58 6.15 6.00 7.68 9.44 13.00 16.81

D5 Error rate 55.89 54.21 54.28 40.79 32.60 27.87 21.93

Time 5.61 6.20 5.98 7.58 9.33 12.98 17.01
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SVIPT group SVIPT-acupuncture q P
group
D1 0.082 +0.013 0.083 +0.014* 0.00104 0.68
D2 0.107 £ 0.015 0.090 + 0.022# 0.02202 0.743
D3 0.189 + 0.019 0.098 + 0.022# 0.03545 0.058
D4 0.187 £ 0.016 0.104 + 0.020* 0.08276 <0.01
D5 0.213+0.019 0.126 + 0.027** 0.08777 <0.01

#Represents P > 0.05.
**Represents P < 0.01.
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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
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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.
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Control (n = 15) MK-801 (n = 15) SAH (n = 15) F P

Baseline RMT (mA) 1.05 +0.04 1.04+0.04 1.04+0.03 Floaz) = 0.085 097
latency (ms) 142+ 0.81 13.6+0.32 135+ 0.34 Foaz = 1.466 024

ampitude (1V) 280 £9.72 201+ 1864 3124918 Foaz = 1.485 024

MER motor evoked potential; RMT, resting motor threshold; SAH, subarachnoid hemorrhage.
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Outcome measures T0 T Difference within groups (T1-T0)

Cerebellar iTBS  Sham stimulation Cerebellar iTBS ~ Sham stimulation ~ Cerebellar iTBS Sham stimulation
MAS
Elbow flexors 3.00(3.00,3.00) .00 (2.00,3.00) 200 (2.00,2.00) 200(2.00,3.00) ~1.00 (~1.00, 0.00 (~1.00, 0.00)%"
Wrist flexors 3.00 (2.75,3.00) 3.00 (2.00,3.00) 2.00 (1.00,2.00) 200(2.00,3.00)  ~1.00 (~2.00, 0.00 (~1.00, 0.001*
MTS (R2-R1) (deg.)
Elbow flexors 80.00 (75.00, 88.00)  79.50 (67.50, 81.25) 36.73 2226 55.71%19.91 —40.27 £ 15.20%™ ~16.36 + 16.84%"
Wrist flexors 7157 £19.76 62.14+22.45 19.64 + 15.87 451442264 -5193+ 285557 —17.00 £ 11.58>"
SWY (ms)
Biceps brachii 3.07 £ 050 273£0.75 215035 2254059 —0.92 40,485 ~0.48 & 0.445"
Flexor carpi radialis 347 £0.42 257 £0.39 230 +0.32 2.32+037 —0.87 +0.43>™ —0.25 + 0.35°
Himax/Minax ratio 0.60 £ 0.49 0.79 £ 047 0.33:£0.26 0.46 £0.22 ~0.05 (~0.53, 0.00)° ~0.33 4 0.37%"
MEP latency (ms) 22.44£1.32 21.33:£221 21724156 21.45:£2.10 —0.42 % 1.24° 000 (~1.13, 0.73
MEP amplitude (1)~ 140.47  48.45 188.00£97.41  170.00(136.00,238.67) 17634+ 69.01  B0.67 (12.00, 62.00" 2,67 (~43.97, 46.67)°
CMCT (ms) 817 £2.41 7.28+£236 6.37 £2.26 650+234 ~085(-2.72, ~0.17)° —0.74£291°
8l 60.00 + 21.68 7094 £ 13.32 69.06 % 16.75 7813+ 12.76 9.06 + 8615 719+ 676"

70, at baseline; T1, after 10 sessions of intervention; iTBS, intermittent theta burst stimulation; MAS, modified Ashworth scale; MTS, modified Tardieu scale; deg., degree; SWV, shear
Wave Vlocity; Hax/Mmax ratio, H-maximurm wave/M-meximum wave amplitude ratio; MER, motor-evoked potential; CMCT, central motor conduction time; B, the Barthel Index.
“Within group: P < 0.05, when compared with baseline.

Within group: P < 0.01, when compared with baseline.

“Within group: P < 0.001, when compared with baseline.

*Wicoxon matched-pairs signed-rank test.

bpaired t-test.
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Variable

Age (y), mean = SD
Gender: male, n (%)

Time since the stroke
(d), mean & SD

Type of stroke:
ischemic, n (%)
Paretic side: left, n (%)
NIHSS score, n (%)
0~4

5~15

Cerebellar
iTBS
(n=16)

57.38 +8.04
13 (81.25%)
80.13 £ 35.19

10 (62.50%)

12 (75.00%)

13 (81.25%)
3(18.75%)

Sham
stimulation
(n=16)

5144 £9.19
12 (75.00%)
101.50 £ 54.15

8(50.00%)

7(43.75%)

11(68.75%)
5(31.25%)

P-value

0.0612
>0.999°
0.196*

0.722°

0.149°
0.685°

iTBS, intermittent theta-burst stimulation; y, years; d, days; SD, standerd deviation;
NIHSS, Netional Institute of Health Stroke Scale.

?Analyzed by unpaired t-test.
bAnalyzed by Fisher's exact test.
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Variables rTMS No-stim control P x2/ df

(N =16) (N =18) t/z value
Sex (male/female) 14/2 16/2 0.90 0.02 1
Age, mean (SD), years 56.69 (12.92) 58.17 (11.27) 0.72 —0.36 32
Type of stroke 5/11 6/12 0.90 0.02 1
(hemorrhagic/ischemic)
Side of stroke (left/right/bilateral) 4/6/6 6/7/5 0.91 0.51 2
Education, mean (SD), years 10.08 (4.15) 9.33(3.87) 0.62 0.51 32
Disease duration, median (IQR), days 52 (38.25-98.75) 55 (39.75-94.75) 0.88 —0.16
MoCA score, mean (SD) 13.06 (6.90) 14.72 (5.76) 0.45 —0.76 32
VST-A: time, median (IQR), s 42 (35.50-63) 42.50 0.80 —0.26
(33.50-51.25)
VST-B: time, median (IQR), s 67.50 48.50 (37.75-120) 0.57 —-0.57
(48.50-92.50)
VST-C: time, mean (SD), s 100.13 (41.38) 107.72 (61.35) 0.68 —0.42 32
VST-A: error words, median (IQR) 0.50 (0-1) 1.50 (0-2) 0.12 —1.56
VST-B: error words, median (IQR) 1.50 (0-4) 2.50 (0-6) 0.46 -0.74
VST-C: error words, mean (SD) 4.94 (2.67) 5.72(3.89) 0.50 -0.68 32
RBMT score, mean (SD) 7.75 (4.36) 9.33 (56.76) 0.38 -0.90 32
MBI score, mean (SD) 48.06 (19.52) 50.33 (24.03) 0.77 -0.30 32

PSCI, post-stroke cognitive impairment; rTMS, repetitive transcranial magnetic stimulation; MoCA, Montreal Cognitive Assessment Scale; VST, Victoria Stroop Test;
RBMT, Rivermead Behavior Memory Test; MBI, Modified Barthel Index. Data presented as mean (SD) or median (interquartile range, IQR).
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Variables rTMS No-stim control P x2/ df

N=7) N=T7) t/z value

Sex (male/female) 6/1 5/2 0.52 0.42 1
Age, median (IQR), years 58 (41-65) 62 (40-63) 1 0.00

Type of stroke 3/4 3/4 1 0.00 1
(hemorrhagic/ischemic)

Side of stroke (left/right/bilateral) 3/3/1 3/3/1 1 0.00 2
Education, median (IQR), years 12 (12-16) 11 (8-12) 0.21 —1.32

Disease duration, mean (SD), days 84.86 (50.43) 76.14 (48.79) 0.75 0.33 12
MoCA score, mean (SD) 13.29 (7.65) 11.29 (6.50) 0.61 0.53 12
VST-A: time, mean (SD), s 4214 (17.31) 56 (33.90) 0.35 —0.96 12
VST-B: time, median (IQR), s 61 (50-70) 38 (33-123) 0.95 —0.06

VST-C: time, mean (SD), s 88.71 (24.62) 108.71 (61.02) 0.44 —0.80 12
VST-A: error words, median (IQR) 0(0-1) 2 (0-4) 0.24 —1.17

VST-B: error words, median (IQR) 0(0-3 4 (0-7) 0.42 -0.80

VST-C: error words, mean (SD) 4.14 (3.13) 5.86 (3.53) 0.36 -0.96

RBMT score, mean (SD) 7.86 (6.26) 7.71 (5.35) 0.96 0.05

MBI score, median (IQR) 27 (26-70) 45 (37-65) 0.48 -0.70

PSCI, post-stroke cognitive impairment; fMRI, functional MRI; rTMS, repetitive transcranial magnetic stimulation; MoCA, Montreal Cognitive Assessment Scale; VST,
Victoria Stroop Test; RBMT, Rivermead Behavior Memory Test; MBI, Modified Barthel Index. Data presented as mean (SD) or median (interquartile range, IQR).
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Region Side MNI coordinates

x y z t-value Cluster size (k)
Middle occipital gyrus R 48 —66 24 364 238
Inferior parietal R 42 —48 45 345 8
Angular gyri L —42 —51 24 3.41 150
Insula R 20 12 —18 338 29
Superior temporal gyrus R 89 -33 3 325 110
Lingual gyrus R 6 —63 -3 3.22 786
Median cingulate and paracingulate gyri L -9 -39 Ed 3.21 786
Precuneus L -6 —54 54 347 72
Cuneus L -6 -9 27 315 786
Parahippocampal gyrus R 18 -6 —21 3208 4
Middle temporal gyrus R 48 —54 3 283 238
Calcarine fissure and surrounding cortex L —18 —63 12 274 786
Precentral gyrus R 6 —15 51 2.71 52
Inferior frontal gyrus, triangular part R 48 21 9 2.61 122
Middle frontal gyrus R 20 27 320 2.60 8
Inferior temporal gyrus L —45 —48 —12 259 786
Paracentral lobule R 0 —27 69 258 52
Superior parletal gyrus L —24 —69 60 256 150
Superior occipital gyrus R 21 -78 21 242 786
Anterior cingulate and paracingulate gyri R 6 51 9 287 14
Postcentral gyrus L —24 —45 69 2.41 72
Lingual gyrus L —21 —48 -6 225 786
Precentral gyrus L —27 —21 57 222 11
Fusiform R 24 -72 -6 205 786

This table shows al the local maxima separated by more than 20 mm. Regions were automatically labeled using the automated anatomical labeling (AAL) 2 atlas. x, y, and z = Montreal
Neurological Institute (NI coordlinate in the left-right, anterior-posterior, and inferior-superior dimensions, respectively. The statistical threshokd was set at P < 0.05 and the cluster
volume at 10 voxels between the ONFH patients and healthy controls comected by a GRF correction. ONFH, Osteonecrosis of the femoral head; GRF, Gaussian random field; ALFF,
amplitude of low-frequency fluctuations.
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223 Assessed for eligibility

\ 4

36 Randomized

18 Assigned to rTMS group
18 Received scale assessment and rTMS
intervention
13 Received MRI scan (2 refused for
fearing of noise, 3 couldn’t withstand
prolonged examination)

187 Excluded
157 Not meeting inclusion criteria
26 Refused to participate
4 Other reasons

18 Assigned to sham rTMS group
18 Received scale assessment and
sham rTMS intervention
15 Received MRI scan (3 couldn’t
withstand prolonged examination)

0 Lost to follow-up

2 Discontinued rTMS intervention
(complained of scalp pain during treatment)

6 Discontinued MRI scan (2 complained of
scalp pain and refused to continue the
experiment, 3 couldn’t withstand prolonged
examination, 1 machine fault)

0 Lost to follow-up
0 Discontinued sham rTMS intervention

8 Discontinued MRI scan (3 refused for
fearing of noise, 3 couldn’t withstand
prolonged examination, 2 refused without
any reason)

16 Included in analysis

7 Included in the MRI data analysis

v

18 Included in analysis

7 Included in the MRI data analysis
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MEP SIcl ICF

df. F P F P F P
Protocof 123 1966 0474 0259 0616 0031 0863
Time® 123 6210 0020* 6.090* 0.021* 1.087 0.308

Protocol X Time  1.23  1.850 0.187 1.314 0.263 1.006 0.326

“P < 0.05. 22 levels (PAS and PASm). b2 levels (pre and post). Abbreviations: df.,
degrees of freedom; ICF, intracortical faciltation; MER, motor evoked potential; SICl,
short-interval intracortical inhibition. The bold values mean statistical significance.
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Conditioning intensity* 40+5 4045
Test intensity* 59+8 5048 5048

*Prasented as percentage of maximal stimulator output.
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1: Right median nerve stimulation
2: Transcranial magnetic stimulation at left motor cortex
3. Left thumb reaction to the auditory stimulation
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* Target recording muscle: right abductor pollicis brevis
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Brain regions Brodmann’s MNI coordinates Peak Voxels

area t-value
X y z

ALFF
rTMS
(4w > baseline)
L-MPFC 10 -5 57 -15 5.64 53
No-stim control
(4w > baseline)
R-PPC 6 12 -24 57 —-12.75 135
FC
R-MPFC 10 9 45 -18 719 69
R-vACC 25 10 28 —-14 10.06 56

ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; MNI,
Montreal Neurological Institute coordinates; L, left; R, right; MPFC, medial
prefrontal cortex; PPC, posterior parietal cortex; VACC, right ventral anterior
cingulate cortex.





