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Transcranial alternating current stimulation (tACS) is a noninvasive method for brain stimulation that artificially modulates oscillatory brain activity in the cortical region directly beneath the electrodes by applying a weak alternating current. Beta (β) oscillatory activity in the supplementary motor area (SMA) is involved in motor planning and maintenance, whereas gamma (γ) oscillatory activity is involved in the updating of motor plans. However, the effect of applying tACS to the SMA on motor learning has not yet been investigated. This study assessed the effects of applying tACS to the SMA on motor learning. Forty-two right-handed healthy adults (age 20.6 ± 0.5 years, 24 men and 18 women) were included. Motor learning was assessed using a visuomotor tracking task with pinch tension of the right thumb and right forefinger. Each trial lasted 60 s, and the error rates were measured. Conductive rubber electrodes were attached to the SMA and the left shoulder for tACS. Stimulation was applied at an intensity of 1.0 mA and frequencies of 70 and 20 Hz in the γ-tACS and β-tACS treatment groups, respectively. The sham group was only administered a fade-in/out. The visuomotor tracking task was performed for 10 trials before tACS and 10 trials after tACS. Two trials were conducted on the following day to determine motor skill retention. The average deviation measured during 60 s was considered the error value. Pre-stimulation learning rate was calculated as the change in error rate. Post-stimulation learning rate and retention rate were calculated as the change in error rate after stimulation and on the day after stimulation, respectively. In both the stimulation groups, differences in pre-stimulation learning, post-stimulation learning, and retention rates were not significant. However, in the γ-tACS group, baseline performance and pre-stimulation learning rate were positively correlated with post-stimulation learning rate. Therefore, applying γ-tACS to the SMA can increase post-stimulation learning rate in participants exhibiting low baseline performance and high pre-stimulation learning rate. Our findings suggest that motor learning can be effectively enhanced by applying γ-tACS to the SMA based on an individual’s motor and learning abilities.
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1 Introduction

Motor learning involves acquisition of motor skills. In motor learning, skills are acquired relatively quickly in the early stages and then improve slowly over multiple practice sessions in the later stages (Doyon and Benali, 2005; Dayan and Cohen, 2011). The late stage of learning is essential for long-term use of motor skills. We believe that motor skills can be further improved by enhancing learning efficiency during this period. Acquisition of motor skills during motor learning involves activities in various regions of the brain, including the primary motor cortex (M1), cerebellum, prefrontal cortex, premotor cortex, and supplementary motor area (SMA) (Jenkins et al., 1994; Karni et al., 1995). The SMA is a higher motor cortical area in Brodmann area 6 and is involved in regulating motor planning based on feedback information (Kasess et al., 2008), motor preparation and initiation, motor learning, and execution of complex motor tasks (Gross et al., 2005). SMA neurons are involved in updating and maintaining continuous motor planning and are activated before movement execution (Mushiake et al., 1991). Thus, the SMA formulates motor plans in advance of actual movement, serving as a crucial cortical region for executing movement. A study of oscillatory brain activity in the SMA demonstrated that β-oscillatory activity is involved in maintaining motor planning and γ-oscillatory activity is involved in updating motor plans (Hosaka et al., 2016). Therefore, β-and γ-oscillatory activities of the SMA play an important role in motor planning. We hypothesize that increasing γ-oscillatory activity, rather than β-oscillatory activity, during the latter half of learning (when skill improvement is slow) can promote motor learning by updating motor plans (Hosaka et al., 2016).

Transcranial alternating current stimulation (tACS) is a noninvasive brain stimulation method that modulates brain oscillations in cortical areas (Antal and Herrmann, 2016). The application of tACS through two electrodes attached to a participant’s head modulates brain oscillations to a specific frequency immediately below the electrodes (Helfrich et al., 2014a,b). This phenomenon is called entrainment, wherein endogenous oscillatory activity approximates externally applied frequency, and it is considered one of the mechanisms of tACS (Reato et al., 2013; Helfrich et al., 2014b; Lakatos et al., 2019; Vogeti et al., 2022). Previous studies have demonstrated that tACS modulates oscillatory brain activity directly beneath the electrode during and after stimulation (Neuling et al., 2013; Helfrich et al., 2014a,b), and the neurophysiological effects of tACS were observed for up to 30 min after stimulation (Herrmann et al., 2013). In recent years, the effects of tACS on motor learning have been investigated. A previous study reported that γ-band tACS (γ-tACS) administered to M1 improved performance when a typing task was repeated after stimulation, indicating that γ-tACS improves motor learning ability (Sugata et al., 2018). Administration of γ-tACS to M1 improved the performance of a finger visuomotor tracking task, and simultaneous administration of γ-tACS to M1 and the cerebellum improved retention of motor ability 1 day after exercise training (Santarnecchi et al., 2017; Miyaguchi et al., 2020b). Thus, application of tACS to M1 and the cerebellum may enhance motor learning and motor skills. However, studies on administering tACS to the SMA are limited. Many studies on tACS and motor learning have focused on the early stages of learning and the next-day retention stage, but few studies have focused on the later stages of learning.

We previously investigated the effects of applying tACS to the SMA on bimanual motor task performance (Miyaguchi et al., 2020a). In participants exhibiting lower baseline performance, γ-tACS improved motor performance; however, in those exhibiting higher baseline performance, β-tACS improved motor performance. These results suggest that the effectiveness of different stimulus frequencies depends on an individual’s motor ability (Miyaguchi et al., 2020a). However, this previous study only examined the immediate effects of tACS on motor skills and did not assess motor learning. Thus, the effect of applying tACS to the SMA on motor learning remains unclear. In another study, administration of γ-tACS to M1 enhanced motor learning capacity, whereas β-tACS did not have a similar effect (Sugata et al., 2018). As mentioned above, the β-oscillatory activity of the SMA is involved in maintaining motor plans, whereas the γ-oscillatory activity is involved in updating these plans (Hosaka et al., 2016). Based on this, when tACS is applied to the SMA after learning has progressed to a certain extent, β-tACS does not show significant changes, as evidenced in previous studies, but γ-tACS may lead to improved motor learning efficiency (Sugata et al., 2018). In the present study, we hypothesized that administering γ-tACS to the SMA would promote the updating of motor plans and improve motor learning efficiency after stimulation. We also established a β-tACS group to confirm whether this effect was specific to γ-tACS. We hypothesized that there would be no change in learning efficiency after stimulation in the β-tACS group due to maintenance of the motor plan. Therefore, this study aimed to determine the effect of applying tACS to the SMA on motor learning. Our findings may provide useful information for developing motor learning programs that contribute to motor planning.



2 Materials and methods


2.1 Participants

The study included 42 right-handed healthy adults without neurological disorders (age 20.6 ± 0.5 years, 24 men and 18 women). The participants had no metal in their bodies; no heart problems, such as arrhythmia; and were not taking any medication during the study. The participants were categorized into three groups (n = 14 per group): γ-tACS (age 20.6 ± 0.5 years, 8 men and 6 women); β-tACS (age 20.6 ± 0.5 years, 8 men and 6 women); and sham (age 20.6 ± 0.5 years, 8 men and 6 women). Handedness was evaluated using the Edinburgh handedness test (γ-tACS group: 94.1% ± 7.7%; β-tACS group: 94.1% ± 9.7%; and sham group: 94.8% ± 7.9%). There were no significant differences in age and handedness scores among the groups, and they were nearly equivalent (age: p = 1.000; handedness: p = 0.960). The study was conducted according to the principles of the Declaration of Helsinki and received approval from the Ethics Committee of Niigata University of Health and Welfare (approval number: 19224-240227). We explained the contents of the study to all participants and obtained their consent to participate.



2.2 tACS

tACS was performed using a constant-current transcranial stimulator (Nurostym tESr, NeuroDevice) and two conductive rubber electrodes (5 cm × 5 cm, 25 cm2) covered with a sponge saturated with physiological saline (tES Electrodes, Product number: NSEL35001). The electrodes and sponge were designed for use with the transcranial electrical stimulation device. The sponge covering the electrodes was soaked in physiological saline, and then a conductive gel was applied to the head-contact surface, reducing resistance and discomfort. The electrode attachment sites were in the SMA region (3.0 cm anterior to Cz based on the international 10–20 system) and on the left shoulder (Green et al., 2018; Manji et al., 2018; Miyaguchi et al., 2018). Following insights from earlier studies, we set the stimulation intensity at 1.0 mA (peak-to-peak), incorporated fade-in and fade-out periods lasting 5 s each, and designated stimulation frequencies of 70 and 20 Hz for the γ-tACS and β-tACS groups, respectively (Moisa et al., 2016; Miyaguchi et al., 2018). Stimulation time was set to 15 min based on previous studies demonstrating that tACS promotes motor learning (Bologna et al., 2019). In the sham group, the stimulus frequency was set at either 70 Hz or 20 Hz, and only a 10 s fade-in/out was performed. During stimulation, the participants rested in a seated position.



2.3 Visuomotor tracking task

Visuomotor tracking tasks have been commonly employed in motor learning studies. Therefore, we assessed motor learning using a visuomotor tracking task, referencing our previous study (Miyaguchi et al., 2020b) (Figure 1). Motor task parameters were measured using a pinch tension meter (Takei Scientific Instruments, T.K.K. 1269n, Niigata, Japan) and force control software (Takei Scientific Instruments, Niigata, Japan). The participants were seated on a chair with their right elbow joint flexed, the forearm in an intermediate position, the wrist slightly dorsiflexed, and the forearm resting on the armrest. The pinch tension meter was operated by the participant using the right thumb and index finger. Pinch force was adjusted to accurately align the marker, which moved up and down in response to pinch force exerted by the participant, whereas the target waveform flowed from right to left on the laptop screen. Five variations of waveform times were included in the test: 1,111, 1,428, 1,666, 2,500, and 3,333 ms. Movement intensity was set in the range of 0–25% of the participant’s maximum pinch force, with five variations (0–10%, 0–15%, 5–15%, 0–20%, and 10–25%). This range was established to enable moderate learning without imposing excessive burden on the participants. Five combinations of movement intensity and waveform duration were selected to create a movement pattern (pattern A: 0–10%, 1,111 ms; pattern B: 0–15%, 2,500 ms; pattern C: 5–15%, 1,428 ms; pattern D: 0–20%, 3,333 ms; and pattern E: 10–25%, 1,666 ms). Each trial lasted 60 s and included the presentation of the five movement patterns six times in random order. Participants were instructed to trace the target waveform as accurately as possible. During each trial, the force control software was used to measure the deviation in pinch tension required to match the provided target waveform. The sampling frequency of the software was set to 100 Hz, and the amount of deviation during the trial, recorded to the third decimal place, was saved in an Excel file and used for analysis. The average of the deviations measured during 60 s was taken as the error value, and this value was normalized using each participant’s maximum tension to calculate the error rate for each trial.
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FIGURE 1
 Visuomotor tracking task. (A) Pinch movements in the visuomotor tracking task. Pinch force between the participant’s right thumb and index finger was measured. (B) An example of the markers and waveforms used in the visuomotor tracking task. The light blue curve represents the target waveform, and the blue circle represents the target marker. Pinch tension was adjusted to accurately align the marker, which moved up and down in response to the pinch tension exerted by the participant, whereas waveforms flowed from right to left.




2.4 Experimental procedure

Figure 2 shows the experimental procedure, which was based on previous studies on tACS and motor learning (Sugata et al., 2018). First, we measured maximum pinch force of the participant and set exercise intensity for the visuomotor tracking task. Next, the position of the SMA was identified based on the international 10–20 system (3 cm anterior to Cz). For the learning phase, we conducted 10 trials of the visuomotor tracking task (T1–T10). After the learning phase, tACS was applied for 15 min. Then, the visuomotor tracking task was repeated for 10 trials (T11–T20) for the relearning phase. The rest period between each trial was 60 s. Two trials (R1 and R2) were conducted 24 h later to determine the retention of motor skills. Additionally, we calculated the learning rate before tACS intervention (pre-stimulation learning rate), learning rate after tACS intervention (post-stimulation learning rate), and next-day retention rate (retention rate). The calculation method is explained in section 2.6.
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FIGURE 2
 Experimental procedure. Participants performed 10 motor learning trials using a visuomotor tracking task before stimulation (pre). tACS was performed with the participant in a resting state. Then, 10 motor learning trials were conducted again (post). Two trials were performed 24 h after the second trial set (day 2).




2.5 Questionnaires

To examine side effects (phosphene, itching, etc.) during tACS and no stimulation, participants rated the intensity of side effects on a 7-point scale (0 = “no sensation” to 6 = “very strong sensation”) during tACS (Raco et al., 2014). They were asked about side effects at the beginning of stimulation (0 min), during stimulation (7.5 min), and after stimulation (15 min).



2.6 Data and statistical analysis

Pre-stimulation learning, post-stimulation learning, and retention rates were calculated using error rates obtained from visuomotor tracking tasks for each participant. The T1 error rate of each participant was considered the baseline error rate. The pre-stimulation learning rate was calculated by subtracting the T10 error rate from the T1 error rate and dividing by the T1 error rate ([T1 − T10]/T1). The post-stimulation learning rate was calculated by subtracting the T20 error rate from the T11 error rate and dividing by the T11 error rate ([T11 − T20]/T11). The retention rate was calculated by subtracting the R1 error rate from the T20 error rate and dividing by the T20 error rate ([T20 − R1]/T20). The calculated pre-stimulation learning, post-stimulation learning, and retention rates are different from the error rate for each trial, with larger values indicating better learning.

SPSS ver. 25 (IBM Corp., Armonk, NY, United States) was used for all statistical analyses. Analysis of normality using the Shapiro–Wilk test revealed that the baseline error rate of the β-tACS group did not follow normal distribution. Therefore, the Kruskal–Wallis test was used to compare whether participants in each group had equivalent motor abilities. The calculated pre-stimulation learning, post-stimulation learning, and retention rates followed normal distribution across all groups. Mixed analysis of variance (ANOVA) (time factor and stimulus factor) was performed to compare temporal changes in error rates across conditions. Subsequently, one-way ANOVA was used to compare the pre-stimulation learning, post-stimulation learning, and retention rates of each group. The relationships among baseline error, pre-stimulation learning, post-stimulation learning, and retention rates were calculated using Pearson’s product–moment correlation coefficient when data followed normality. Correlation analysis of baseline error rate in the β-tACS group did not follow normality, so Spearman’s rank correlation coefficient was adopted. Furthermore, to compare the calculated correlation coefficients, a test for differences in mother correlation coefficients was performed (Bonferroni correction). The significance level was set at 5% for all analyses.




3 Results


3.1 Side effect of tACS

Table 1 shows the mean values of side effects assessed during tACS. All 42 participants endured the current for 15 min without interruptions. We believe that sensations related to side effects, such as phosphene and itching, were mild in the γ-tACS and sham groups. In the β-tACS group, side effects were slightly stronger, but not to the extent that the stimulation could be distinguished. No participants reported other side effects during the intervention.



TABLE 1 Mean value of side effects for each tACS condition (mean ± standard deviation).
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3.2 Change in error rates over time

Figure 3 shows the temporal error rate change for each group. No significant differences in baseline error rates were detected between groups (p = 0.990). In mixed ANOVA, only the main effect of the time factor (F(2.359, 93.394) = 174.307, p < 0.001, η2p = 0.817) for the pre-stimulation error rate (T1–T10) was significant; the main effects of the stimulus factor (F(2, 39) 409, p = 0.667, η2p = 0.021) and interaction (F(4.789, 93.394) = 0.925, p = 0.466, η2p = 0.045) were not significant. Similarly, for the post-stimulation error rate (T11–T20), only the main effect of the time factor (F(9, 351) = 12.554, p < 0.001, η2p = 0.244) was significant; the main effects of the stimulus factor (F(2, 39) = 1.035, p = 0.365, η2p = 0.050) and interaction (F(18, 351) = 0.975, p = 0.489, η2p = 0.048) were not significant. For the next-day error rate (R1 and R2), only the main effect of the time factor (F(1, 39) = 32.598, p < 0.001, η2p = 0.455) was significant; the main effect of the stimulus factor (F(2, 39) = 0.077, p = 0.926, η2p = 0.004) was not significant. No interaction (F(2, 39) = 2.590, p = 0.088, η2p = 0.117) was observed.
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FIGURE 3
 Changes in error rates over time for each group. Solid red, blue, and gray lines show average error rates for the γ-tACS, β-tACS, and sham groups, respectively. Bars indicate standard deviations.




3.3 Pre-stimulation learning, post-stimulation learning, and retention rates

Figure 4 shows the pre-stimulation learning, post-stimulation learning, and retention rates for each group. No significant differences in pre-stimulation learning (F(2, 39) = 0.562, p = 0.575, η2p = 0.028; Figure 4A), post-stimulation learning (F(2, 39) = 0.333, p = 0.719, η2p = 0.017; Figure 4B), and retention (F(2, 39) = 0.239, p = 0.789, η2p = 0.012) rates (Figure 4C) were detected among the groups.
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FIGURE 4
 Pre-stimulation learning, post-stimulation learning, and retention rates for each group. Bars indicate standard deviations. (A) Pre-stimulation learning rate. (B) Post-stimulation learning rate. (C) Retention rate.




3.4 Correlation between baseline error and pre-stimulation learning rates for each group

Baseline error and pre-stimulation learning rates were positively correlated in all groups (γ-tACS group: p < 0.001, r = 0.891; β-tACS group: p = 0.01, r = 0.659; and sham group: p < 0.001, r = 0.890). Therefore, in all groups, a relationship was observed in which participants with lower baseline performance had higher pre-stimulation learning rates.



3.5 Correlation between baseline error and post-stimulation learning rates for each group

Figure 5 shows correlations between baseline error and post-stimulation learning rates for each group. A positive correlation was observed in the γ-tACS group (p = 0.008, r = 0.678; Figure 5A). However, no significant correlations were observed in the β-tACS and sham groups (β-tACS group: p = 0.982, r = −0.007, Figure 5B; sham group: p = 0.398, r = 0.245, Figure 5C). Analysis of differences in mother correlation coefficients revealed no significant difference among the correlation coefficients of each group (γ-tACS group vs. β-tACS group: p = 0.076; β-tACS group vs. sham group: p = 0.823; and γ-tACS group vs. sham group: p = 0.270).
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FIGURE 5
 Correlation between baseline error and post-stimulation learning rates for each group. (A) γ-tACS group. (B) β-tACS group. (C) sham group.




3.6 Correlation between pre-stimulation learning and post-stimulation learning rates for each group

Figure 6 shows the correlation between pre-stimulation and post-stimulation learning rates for each group. A positive correlation was observed between pre-stimulation and post-stimulation learning rates in the γ-tACS group (p = 0.003, r = 0.727; Figure 6A). However, no significant correlation was observed between pre-stimulation and post-stimulation learning rates in the β-tACS and sham groups (β-tACS group: p = 0.340, r = 0.276, Figure 6B; sham group: p = 0.897, r = −0.038, Figure 6C). Analysis of differences in mother correlation coefficients revealed a significant difference between the correlation coefficients of the γ-tACS and sham groups (p = 0.036). However, no significant difference was observed in correlation coefficients between the γ-tACS and β-tACS groups and between the β-tACS and sham groups (γ-tACS group vs. β-tACS group: p = 0.204; β-tACS group vs. sham group: p = 0.679).
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FIGURE 6
 Correlation between pre-stimulation learning and post-stimulation learning rates for each group. (A) γ-tACS group. (B) β-tACS group. (C) sham group.




3.7 Correlation with retention rate

We investigated the relationship of each rate with the retention rate. There was no significant correlation between baseline error and retention rates in all groups (γ-tACS group: p = 0.086, r = −0.475; β-tACS group: p = 0.113, r = −0.443; and sham group: p = 0.427, r = −0.231). A significant negative correlation was observed between pre-stimulation learning and retention rates only in the γ-tACS group (γ-tACS group: p = 0.010, r = −0.659; β-tACS group: p = 0.509, r = −0.193; and sham group: p = 0.749, r = −0.094). Regarding the relationship between post-stimulation learning and retention rates, no significant correlation was observed in the γ-tACS group, but a significant negative correlation was observed in the β-tACS and sham groups (γ-tACS group: p = 0.084, r = −0.477; β-tACS group: p = 0.017, r = −0.624; and sham group: p = 0.048, r = −0.536).




4 Discussion

This study aimed to determine the effects of applying tACS to the SMA on motor learning. Rates of pre-stimulation learning, post-stimulation learning, and retention for a visuomotor tracking task were compared in individuals subjected to different stimulation conditions. No significant differences in pre-stimulation learning, post-stimulation learning, or retention rates were detected among the groups. However, in the γ-tACS group, a positive correlation was observed between baseline error and post-stimulation learning rates and between pre-stimulation learning and post-stimulation learning rates. This suggests that applying γ-tACS to the SMA increases post-stimulation learning rates in individuals exhibiting poor baseline performance and high pre-stimulation learning rates.

The findings of this study suggest that tACS may modulate the oscillatory neural activity of the SMA, potentially influencing its function. tACS is a noninvasive brain stimulation method that modulates brain vibrations in the cerebral cortex and can modulate oscillatory brain activity directly under the electrodes to a specific frequency (Helfrich et al., 2014a,b). Previous studies have demonstrated the modulation of oscillatory neural activity following tACS (Neuling et al., 2013; Helfrich et al., 2014a). Our previous study showed that individuals exhibiting lower baseline performance in a bimanual motor task demonstrated improved motor abilities with γ-tACS targeting the SMA, whereas those exhibiting higher baseline performance showed improvement with β-tACS (Miyaguchi et al., 2020a). In the present study, a correlation with baseline performance was observed in the γ-tACS group but not in the β-tACS and sham groups. Therefore, the relationships observed in this study partially support our previous findings. A plausible explanation for the present study results is that γ-tACS applied to the SMA facilitated the updating of motor plans in participants exhibiting low baseline performance and high pre-stimulation learning rates. Mary et al. (2017) reported that young healthy individuals exhibiting higher learning performance demonstrated a strengthened neural network between the SMA and the primary sensorimotor cortex (SM1), whereas those exhibiting lower learning performance demonstrated a strengthened neural network between the cerebellum and SM1. Thus, SMA activity may be necessary for motor tasks in individuals exhibiting high pre-stimulation learning rates but not for those exhibiting low pre-stimulation learning rates. Furthermore, γ-band activity in the SMA is involved in the updating of motor plans (Hosaka et al., 2016). Therefore, it is possible that in participants exhibiting high pre-stimulation learning rates in this study, SMA γ-band activity updated motor plans during repetitive movement practice. In participants exhibiting low learning rates, the neural network between the cerebellum and SM1 is more involved than the SMA (Mary et al., 2017), resulting in low demand for SMA activity. Thus, γ-tACS may not affect post-stimulation learning rates in these individuals. In contrast, in the β-tACS group, it is conceivable that γ-oscillatory activity was disturbed in participants exhibiting lower baseline performance and higher pre-stimulation learning rates. The β-oscillatory activity of the SMA is involved in maintaining motor planning (Hosaka et al., 2016). It is possible that the correlation observed in the γ-tACS group was not found in the β-tACS group because the application of β-tACS to the SMA did not affect the updating of motor plans during exercise practice. This was also true for the sham group, suggesting that no correlation could be established because updating of the motor plan could not be promoted. Furthermore, in this study, a relationship was observed across all groups where participants exhibiting lower baseline performance showed higher learning rates before stimulation. This suggests that participants exhibiting poor baseline performance have higher pre-stimulation learning rates because they have more room for improvement in motor skills. Nevertheless, only the γ-tACS group showed a correlation with post-stimulation learning rates. Therefore, the effect of increasing post-stimulation learning rates in participants exhibiting low baseline performance and high pre-stimulation learning rates may be specific to γ-tACS. However, in this study, no significant difference was observed in the post-stimulation learning rate between each group. This suggests that the effect of applying γ-tACS to the SMA on motor learning may not be effective for all participants but may vary depending on the individual’s motor ability.

Additionally, administration of tACS to the SMA did not affect the next-day retention rate. Therefore, although the stimulation effect in this study improved post-stimulation learning in participants exhibiting low baseline performance and high pre-stimulation learning rates, it did not extend to next-day motor skills. Steele and Penhune (2010) observed activity in areas such as the SMA during the early stages of learning, but activity decreased as learning progressed, suggesting that motor planning activity may have decreased. In the present study, it is possible that next-day SMA activity decreased with repeated exercise practice and updating of the exercise plan. Thus, the effect of applying tACS to the SMA may not have carried over to the next day.

This study has several limitations. First, participants were not asked at the end of the experiment whether the stimulus they received was real or sham. Therefore, their blinding to the stimuli may not have been optimal. Second, brain activity was not measured. Therefore, it is unclear whether oscillatory brain activity was altered by applying tACS to the SMA. Sugata et al. (2018) reported that oscillatory brain activity in the β-band increased after applying γ-tACS to M1. Consistently, in the present study, γ-tACS may have increased oscillatory activity in frequency bands other than the γ-band. Moreover, this study did not investigate the electric field through electric field simulation. Therefore, it remains unclear whether the stimulation parameters employed effectively modulated brain activity in the SMA. Furthermore, because head size varied between participants, it is necessary to use an electroencephalogram cap and optimize electrode placement through simulation. By conducting electric field simulations, it may be possible to enhance focus and effectively facilitate motor learning. Finally, the study had 14 participants in each group, potentially leading to small sample sizes and substantial variability in tACS efficacy. Recognizing this sample size constraint and increasing the number of participants in future studies may yield more reliable results.

There are several other issues that must be addressed in the future. First, this study was unable to examine the effects of repeated interventions. Thus, further investigation is required to determine whether similar effects can be obtained when tACS is repeated over several days. In the future, investigating the effects of intervention over the next few days will likely contribute to a deeper understanding of the stimulation effect. Second, it is necessary to consider changing the timing of tACS intervention. Review papers reporting the effects of tACS on athletic performance suggest that online tACS can effectively improve athletic performance (Hu et al., 2022). Although this study focused on the effects on motor learning after stimulation, tACS intervention during motor practice may more effectively promote motor learning. Despite these limitations and challenges, few reports have described stimulation methods that enhance post-stimulation learning of motor skills. To the best of our knowledge, this study is the first to demonstrate the effect of applying tACS to the SMA on motor learning. Our findings provide a basis for clarifying the effects of applying tACS to the SMA on motor learning. In the future, by addressing these limitations and issues, it may be possible to utilize tACS to contribute to the development of new motor learning programs tailored to individual motor abilities.



5 Conclusion

This study demonstrates that γ-tACS applied to the SMA improved post-stimulation learning rates in participants with lower baseline performance and higher pre-stimulation learning rates. We attribute this outcome to the updating of motor plans by applying γ-tACS to the SMA. Hence, applying γ-tACS to the SMA based on an individual’s motor and learning abilities may effectively promote motor learning.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Ethics Committee of Niigata University of Health and Welfare, Niigata, Japan. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SY: Conceptualization, Data curation, Investigation, Validation, Visualization, Writing – original draft. SM: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. TO: Conceptualization, Investigation, Validation, Writing – original draft. YI: Project administration, Supervision, Writing – review & editing. NO: Project administration, Supervision, Writing – review & editing. HO: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by a Grant-in-Aid for Scientific Research (C) [grant number 21K11299] from the Japan Society for the Promotion of Science (JSPS), a Grant-in-Aid for Scientific Research (C) [grant number 24K14232] from the Japan Society for the Promotion of Science (JSPS), a Grant-in-Aid for Scientific Research (A) [grant number 19H01090] from JSPS, and a Grant-in-Aid for Scientific Research from Niigata University of Health and Welfare [grant number R03C51].



Acknowledgments

The authors would like to express our gratitude to Enago (www.enago.jp) for proofreading this paper.



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Antal, A., and Herrmann, C. S. (2016). Transcranial alternating current and random noise stimulation: possible mechanisms. Neural Plast. 2016:3616807. doi: 10.1155/2016/3616807 

 Bologna, M., Guerra, A., Paparella, G., Colella, D., Borrelli, A., Suppa, A., et al. (2019). Transcranial alternating current stimulation has frequency-dependent effects on motor learning in healthy humans. Neuroscience 411, 130–139. doi: 10.1016/j.neuroscience.2019.05.041 

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

 Doyon, J., and Benali, H. (2005). Reorganization and plasticity in the adult brain during learning of motor skills. Curr. Opin. Neurobiol. 15, 161–167. doi: 10.1016/j.conb.2005.03.004


 Green, P. E., Ridding, M. C., Hill, K. D., Semmler, J. G., Drummond, P. D., and Vallence, A. M. (2018). Supplementary motor area-primary motor cortex facilitation in younger but not older adults. Neurobiol. Aging 64, 85–91. doi: 10.1016/j.neurobiolaging.2017.12.016


 Gross, J., Pollok, B., Dirks, M., Timmermann, L., Butz, M., and Schnitzler, A. (2005). Task-dependent oscillations during unimanual and bimanual movements in the human primary motor cortex and SMA studied with magnetoencephalography. NeuroImage 26, 91–98. doi: 10.1016/j.neuroimage.2005.01.025 

 Helfrich, R. F., Knepper, H., Nolte, G., Strüber, D., Rach, S., Herrmann, C. S., et al. (2014a). Selective modulation of interhemispheric functional connectivity by HD-tACS shapes perception. PLoS Biol. 12:e1002031. doi: 10.1371/journal.pbio.1002031 

 Helfrich, R. F., Schneider, T. R., Rach, S., Trautmann-Lengsfeld, S. A., Engel, A. K., and Herrmann, C. S. (2014b). Entrainment of brain oscillations by transcranial alternating current stimulation. Curr. Biol. 24, 333–339. doi: 10.1016/j.cub.2013.12.041


 Herrmann, C. S., Rach, S., Neuling, T., and Strüber, D. (2013). Transcranial alternating current stimulation: a review of the underlying mechanisms and modulation of cognitive processes. Front. Hum. Neurosci. 7:279. doi: 10.3389/fnhum.2013.00279 

 Hosaka, R., Nakajima, T., Aihara, K., Yamaguchi, Y., and Mushiake, H. (2016). The suppression of beta oscillations in the primate supplementary motor complex reflects a volatile state during the updating of action sequences. Cereb. Cortex 26, 3442–3452. doi: 10.1093/cercor/bhv163 

 Hu, K., Wan, R., Liu, Y., Niu, M., Guo, J., and Guo, F. (2022). Effects of transcranial alternating current stimulation on motor performance and motor learning for healthy individuals: a systematic review and meta-analysis. Front. Physiol. 13:1064584. doi: 10.3389/fphys.2022.1064584 

 Jenkins, I. H., Brooks, D. J., Nixon, P. D., Frackowiak, R. S., and Passingham, R. E. (1994). Motor sequence learning: a study with positron emission tomography. J. Neurosci. 14, 3775–3790. doi: 10.1523/JNEUROSCI.14-06-03775.1994 

 Karni, A., Meyer, G., Jezzard, P., Adams, M. M., Turner, R., and Ungerleider, L. G. (1995). Functional MRI evidence for adult motor cortex plasticity during motor skill learning. Nature 377, 155–158. doi: 10.1038/377155a0


 Kasess, C. H., Windischberger, C., Cunnington, R., Lanzenberger, R., Pezawas, L., and Moser, E. (2008). The suppressive influence of SMA on M1 in motor imagery revealed by fMRI and dynamic causal modeling. NeuroImage 40, 828–837. doi: 10.1016/j.neuroimage.2007.11.040 

 Lakatos, P., Gross, J., and Thut, G. (2019). A new unifying account of the roles of neuronal entrainment. Curr. Biol. 29, R890–R905. doi: 10.1016/j.cub.2019.07.075 

 Manji, A., Amimoto, K., Matsuda, T., Wada, Y., Inaba, A., and Ko, S. (2018). Effects of transcranial direct current stimulation over the supplementary motor area body weight-supported treadmill gait training in hemiparetic patients after stroke. Neurosci. Lett. 662, 302–305. doi: 10.1016/j.neulet.2017.10.049 

 Mary, A., Wens, V., Op de Beeck, M., Leproult, R., De Tiège, X., and Peigneux, P. (2017). Age-related differences in practice-dependent resting-state functional connectivity related to motor sequence learning. Hum. Brain Mapp. 38, 923–937. doi: 10.1002/hbm.23428 

 Miyaguchi, S., Inukai, Y., Matsumoto, Y., Miyashita, M., Takahashi, R., Otsuru, N., et al. (2020a). Effects on motor learning of transcranial alternating current stimulation applied over the primary motor cortex and cerebellar hemisphere. J. Clin. Neurosci. 78, 296–300. doi: 10.1016/j.jocn.2020.05.024 

 Miyaguchi, S., Inukai, Y., Takahashi, R., Miyashita, M., Matsumoto, Y., Otsuru, N., et al. (2020b). Effects of stimulating the supplementary motor area with a transcranial alternating current for bimanual movement performance. Behav. Brain Res. 393:112801. doi: 10.1016/j.bbr.2020.112801 

 Miyaguchi, S., Otsuru, N., Kojima, S., Saito, K., Inukai, Y., Masaki, M., et al. (2018). Transcranial alternating current stimulation with gamma oscillations over the primary motor cortex and cerebellar hemisphere improved visuomotor performance. Front. Behav. Neurosci. 12:132. doi: 10.3389/fnbeh.2018.00132 

 Moisa, M., Polania, R., Grueschow, M., and Ruff, C. C. (2016). Brain network mechanisms underlying motor enhancement by transcranial entrainment of gamma oscillations. J. Neurosci. 36, 12053–12065. doi: 10.1523/JNEUROSCI.2044-16.2016 

 Mushiake, H., Inase, M., and Tanji, J. (1991). Neuronal activity in the primate premotor, supplementary, and precentral motor cortex during visually guided and internally determined sequential movements. J. Neurophysiol. 66, 705–718. doi: 10.1152/jn.1991.66.3.705 

 Neuling, T., Rach, S., and Herrmann, C. S. (2013). Orchestrating neuronal networks: sustained after-effects of transcranial alternating current stimulation depend upon brain states. Front. Hum. Neurosci. 7:161. doi: 10.3389/fnhum.2013.00161 

 Raco, V., Bauer, R., Olenik, M., Brkic, D., and Gharabaghi, A. (2014). Neurosensory effects of transcranial alternating current stimulation. Brain Stimul. 7, 823–831. doi: 10.1016/j.brs.2014.08.005


 Reato, D., Rahman, A., Bikson, M., and Parra, L. C. (2013). Effects of weak transcranial alternating current stimulation on brain activity-a review of known mechanisms from animal studies. Front. Hum. Neurosci. 7:687. doi: 10.3389/fnhum.2013.00687


 Santarnecchi, E., Biasella, A., Tatti, E., Rossi, A., Prattichizzo, D., and Rossi, S. (2017). High-gamma oscillations in the motor cortex during visuo-motor coordination: a tACS interferential study. Brain Res. Bull. 131, 47–54. doi: 10.1016/j.brainresbull.2017.03.006 

 Steele, C. J., and Penhune, V. B. (2010). Specific increases within global decreases: a functional magnetic resonance imaging investigation of five days of motor sequence learning. J. Neurosci. 30, 8332–8341. doi: 10.1523/JNEUROSCI.5569-09.2010 

 Sugata, H., Yagi, K., Yazawa, S., Nagase, Y., Tsuruta, K., Ikeda, T., et al. (2018). Modulation of motor learning capacity by transcranial alternating current stimulation. Neuroscience 391, 131–139. doi: 10.1016/j.neuroscience.2018.09.013 

 Vogeti, S., Boetzel, C., and Herrmann, C. S. (2022). Entrainment and spike-timing dependent plasticity - a review of proposed mechanisms of transcranial alternating current stimulation. Front. Syst. Neurosci. 16:827353. doi: 10.3389/fnsys.2022.827353 


Copyright
 © 2024 Yamamoto, Miyaguchi, Ogawa, Inukai, Otsuru and Onishi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-18-1378059-g005.jpg
Post-stimulation learning rate (%)

sham

Baseline error rate (%)

Post-stimulation learning rate (%)

Baseline error rate (%)

Post-stimulation learning rate (%)

Baseline error rate (%)





OPS/images/fnbeh-18-1378059-g006.jpg
Post-stimulation learning rate (%)

80

“ e 0

80

7-tACS sham
-~ ~ 40
s B
£ £
g <
g bl i
7] & £
3o Q )
i 3
H H

Pre-stimulation learning rate (%)

Pre-stimulation learning rate (%)

Pre-stimulation learning rate (%)

80





OPS/images/fnbeh-18-1378059-g003.jpg
»
n

= -o-y-tACS
S0 —B-tACS
‘:‘; —&-sham
£25

=

o

20

=]

n

. Mk N

DL ILLL RS

SAICIE NI 0 4





OPS/images/fnbeh-18-1378059-g004.jpg
30

(3%) a1ea wopuarn

(%) 2w Suyueay uo

(%) 91w Bupueap wopenuns-s1g

<

p-tACS  sham

J-tACS

PtACS  sham

1-tACS

B-tACS  sham

7-tACS





OPS/images/fnbeh-18-1378059-t001.jpg
Phosphene

Itching

J-tACS B-tACS B-tACS
Omin 0 150+ 1.09 029061 0574085 136+ 101 0364050
75min 007027 1214080 0 0574076 0.644084 0142036
15min 0 0714083 0 0504076 0364063 0074027

0="no sensation” to 6 ="very strong sensations.”





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of transcranial alternating current stimulation to the supplementary motor area on motor learning



		1 Introduction



		2 Materials and methods



		2.1 Participants



		2.2 tACS



		2.3 Visuomotor tracking task



		2.4 Experimental procedure



		2.5 Questionnaires



		2.6 Data and statistical analysis









		3 Results



		3.1 Side effect of tACS



		3.2 Change in error rates over time



		3.3 Pre-stimulation learning, post-stimulation learning, and retention rates



		3.4 Correlation between baseline error and pre-stimulation learning rates for each group



		3.5 Correlation between baseline error and post-stimulation learning rates for each group



		3.6 Correlation between pre-stimulation learning and post-stimulation learning rates for each group



		3.7 Correlation with retention rate









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnbeh-18-1378059-g001.jpg
(5]

Target waveform






OPS/images/fnbeh-18-1378059-g002.jpg
Learning phase Relearning phase Retention test

1 min
Y-tACS
B-tACS e
sham /
(
T1 T2 T3 T10 15 min TITI2TI3  T20 R1 R2

pre post day2





OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Effects of transcranial alternating
current stimulation to the
supplementary motor area on
motor learning












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience






