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Anodal Transcranial Direct Current Stimulation Over the Supplementary Motor Area Improves Anticipatory Postural Adjustments in Older Adults
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We examined the influence of anodal transcranial direct current stimulation (tDCS) over the supplementary motor area (SMA) on anticipatory postural adjustments (APAs) and center of pressure (COP) sway in older adults. The study enrolled 12 healthy older adult volunteers. Subjects received anodal tDCS (2 mA) or sham stimulation over the SMA for 15 min and performed a self-paced rapid upward arm movement task on a force plate before, immediately after, and 15 min after the stimulation condition. APAs were measured as the temporal difference between activation onset in the deltoid anterior (AD) and biceps femoris (BF) muscles. The root mean square (RMS) area of COP sway, sway path length, medio-lateral mean velocity, and antero-posterior mean velocity of standing posture were also measured before and after the stimulation condition during the task. Anodal tDCS of the SMA extended APAs and decreased COP sway path length immediately after and 15 min after stimulation compared to baseline. These findings suggest that anodal tDCS over the SMA enhanced APAs function and improved postural sway during rapid upward arm movement in older adults.
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INTRODUCTION

Nitsche and Paulus (2000) were the first to report modulation of the primary motor cortex (M1) by anodal transcranial direct current stimulation (tDCS) in human subjects. Since this discovery, numerous studies have described anodal tDCS as a useful tool for improving motor performance in healthy subjects and patients with neurological disorders such as stroke hemiplegia (see review, Hashemirad et al., 2016; Kang et al., 2016). The direction of current flow determines the effects on the underlying tissue. When tDCS is applied over the primary motor cortex (M1), anodal tDCS (using the anodal electrode over M1 and the cathodal electrode over the contralateral orbit) enhances cortical excitability, which increases the amplitude of motor evoked potentials (MEPs). On the other hand, cathodal tDCS (using the cathodal electrode over M1) shows the opposite effect (Nitsche and Paulus, 2000). Yet, most previous studies applied tDCS over M1 rather than the motor association cortex. A recent study demonstrated that anodal tDCS over the supplementary motor area (SMA) promotes short-term visuomotor learning (Vollmann et al., 2013) and improves reaction times in the balance task, which is a task that requires complex planning (Hupfeld et al., 2017). In addition, anodal tDCS over SMA modulates anticipatory postural adjustments (APAs) in index finger flection tasks (Bolzoni et al., 2015) while cathodal stimulation has an inhibitory effect on APAs in rapid upward arm movements while standing (Kirimoto et al., 2013). Accordingly, anodal tDCS over the SMA may have important therapeutic utility for older adults with deteriorated balance function.

The SMA plays an important role in motor planning prior to the initiation of movement (Stephan et al., 1995; Taube et al., 2015). APAs are a representative function of the SMA. In the first report to describe APAs, it was found that activation of the postural muscles of the legs and trunk that control standing posture preceded the activation of muscles directly involved in rapid upward arm movements while standing (Belen’kii et al., 1967). APAs function is markedly reduced in patients with Parkinson’s disease; as such, the basal ganglia–subthalamic nucleus–SMA loop is thought to be involved in APAs generation (Jacobs et al., 2009). Additionally, brain function imaging studies combining functional magnetic resonance imaging (fMRI) or magnetoencephalography (MEG) and electroencephalography (EEG) have described increased excitability in the SMA, globus pallidus, putamen, and thalamus during bimanual load-lifting tasks involving APAs with healthy subjects (Ng et al., 2011).

Older adults without lesions in the basal ganglia–subthalamic nucleus–SMA loop have lower APAs than young adults (Kanekar and Aruin, 2014), and the functional degradation of APAs is associated with an increased risk of falls in older adults (Overstall et al., 1977; Hass et al., 2008). While balance is not just purely controlled via central motor processes, but also involves an interaction with cognitive function, a decrease in the connectivity of SMA – basal ganglia – thalamus, which play an important role in postural adjustment, may be considered as one cause for the reduction of APAs function. Hence, anodal tDCS over the SMA is one possible approach to restoring APA function as a fall prevention measure in aging individuals. Two previous reports have described an effect of tDCS over the SMA on APAs in healthy young adults (Kirimoto et al., 2013; Bolzoni et al., 2015), however, to our knowledge, no study has described effects on APAs function and postural regulation in older adults. If tDCS over SMA for older adults promotes the start of activation of postural muscle preceding the prime mover muscle in rapid upward arm movement tasks, it is expected to have the effect of preventing falls due to an individual’s posture change.

The aim of this study was to compare APAs and center of pressure (COP) sway at the time of a rapid upward arm movement before and after tDCS over the SMA in older adults, and to inform the potential utility of this intervention for fall prevention.

MATERIALS AND METHODS

Subjects

We studied 12 healthy older adults [4 men and 8 women, 72.3 ± 5.3 years, mean ± standard deviation (SD)] who were able to understand and follow instructions and were without neurologic, sensory, motor, vision, or cognitive impairment. We also used a brief assessment of cognitive status, the Mini Mental Status Examination (MMSE) which patients scored on average, 29.7 ± 0.5 (mean ± SD). All subjects were strongly right-handed as determined by an Oldfield inventory score of 0.9–1.0 (Oldfield, 1971). All subjects provided written informed consent prior to the experiment. The study was conducted in accordance with the Declaration of Helsinki and the experimental protocol was approved by the ethics committee of Niigata University of Health and Welfare (approval no. 17789–170303).

Experimental Procedures

All subjects received anodal tDCS (2 mA) or sham stimulation for 15 min in a counter-balanced order. To avoid carryover effects, each volunteer completed 2 sessions of 10 trials each on separate days that were each at least 14 days apart. Subjects performed self-paced rapid upward arm movements 10 times on a force plate before, immediately after, and 15 min after tDCS. Throughout the experiment, subjects were asked to make upward arm movements as fast as they could, and to maintain a constant COP. Prior to the start of the experiment, each subject performed the task of holding a 30 s resting standing position on the COP measurement force plate, 3 times, which was measured and the average coordinates were calculated. Subjects stood on the force plate and confirmed that their own COP position was within the average coordinate on a monitor. They were then instructed to move the right arm upward and forward to shoulder level at full speed, then hold this position for 3 s. Subjects gazed at their own COP position during the task execution and we instructed them to constantly raise their arm at a maximum effort speed in the same forward direction and to take care not to change the COP position during the task execution. In order to reduce the learning effect of the assignment, the experiment was started after sufficient training before each test session. During the task, electromyography (EMG) activity was recorded from the deltoid anterior (AD) as the prime mover muscle and the biceps femoris (BF) as a postural muscle, according to previous APAs studies (Kanekar and Aruin, 2014; Kubicki et al., 2016). Additionally, an accelerometer taped to right wrist was used to evaluate movement of the arm.

tDCS

Transcranial direct current stimulation was delivered using a direct current stimulator (Eldith; NeuroConn GmbH, Ilmenau, Germany) through a pair of saline-soaked surface sponge electrodes (anodal, 3 cm × 3 cm; cathodal, 5 cm × 7 cm). The anodal electrode was placed to cover FC1 and FC3, which corresponds to the left SMA based on the international 10–20 extended system for electrode placement, as previously reported (Vollmann et al., 2013; Hupfeld et al., 2017). This landmark was identified by measuring and marking the skull prior to electrode placement, similar to previous studies (Cui et al., 1999; Oostenveld and Praamstra, 2001; Stock et al., 2013). The cathode electrode was placed above the right supraorbital region in order to be functionally inefficient as previously shown (Nitsche and Paulus, 2000; Nitsche et al., 2007). The current intensity of tDCS was 2 mA and the duration of stimulation was 15 min with a 30 s fade-in/fade-out time. In the sham experiment, tDCS was turned off after 30 s (Gandiga et al., 2006).

COP Recording

Subjects stood upright on a force plate (CFP400PA102RS, Leptrino, Japan) with equal weight on each foot and their eyes open. COP visual feedback was provided on a monitor 1.5 m in front of participants with a height parallel to the line of sight. On the force plate, the distance between the feet was equal to the distance between the shoulder peaks, and the bottom outside of both fifth proximal phalanges was adjusted to the same distance. Subjects were instructed to look at and maintain the displayed COP position during the rapid upward right arm movement task. Ground reaction signals were recorded at 100 Hz and low-pass filtered (20 Hz). Data were recorded and stored on a personal computer for off-line analysis (BSMLGR, Leptrino, Japan). The average COP RMS area, sway path length, medio-lateral (ML) mean velocity, and antero-posterior (AP) mean velocity were calculated for analysis.

EMG and Acceleration Recording

Surface EMG was recorded from the right AD and BF muscles using double differential active electrodes (FSE-DEMG1, 4Assist, Japan). The skin was cleaned with alcohol and the recording and reference electrodes were placed over the center of each muscle. A ground electrode was attached to the anterior aspect of the leg over the left tibia. EMG signals were amplified (×500) and band-pass filtered (5–1,000 Hz) with an EMG amplifier system (FA-DL-140, 4assist, Japan) and digitized at 10 KHz (PowerLab, AD Instruments, Bella Vista, NSW, Australia). Data were also recorded form 3-axis acceleration sensors (FA-DL-110, 4Assist, Japan) attached to the subject’s right wrist and stored on a personal computer for off-line analysis (Chart 7, AD Instruments, Bella Vista, NSW, Australia).

Statistical Analysis

The EMG signal baseline for each muscle was sampled over a period of 100 ms while the participant stood quietly prior to beginning any movement. The activity onset in each muscle was defined as the point at which the EMG signal reached at least 3 SD above the mean baseline for a period of at least 20 ms (Nana-Ibrahim et al., 2008). APAs were measured by computing their timing (APAt) as previously reported (Fujiwara et al., 2003). APAt was defined as the temporal difference between activation onset in the AD and BF muscles (ΔEMG onset). The coefficient of variations (CV) was calculated to confirm the stability of the change of ΔEMG onset. The calculated average value ([image: image]) and SD (σ) of ΔEMG onset for each session (CV = σ/[image: image]) was then determined. A decreasing CV with a ΔEMG onset indicated a stable ΔEMG onset. Acceleration onset was measured using the same calculation method as EMG onset based on the 1,000 ms before and after movement onset; these values were used to compute the interval of acceleration and COP. The average acceleration and maximum acceleration on the y axis were measured, and the accuracy of the upward arm movement was evaluated. ΔEMG onset, average acceleration, maximum acceleration, RMS area, sway path length, ML mean velocity, and AP mean velocity were calculated the average data of the 10 trials each stimulation condition and normalized by the average values obtained before the stimulation condition. Parameter values taken before tDCS, immediately after tDCS, and 15 min after tDCS were compared with a two-way repeated-measures analysis of variance (ANOVA) (intervention [sham, anodal]) × (time [before tDCS, immediately after tDCS, 15 min after tDCS]). Significant differences were further analyzed with Bonferroni post hoc tests. All analyses were performed with IBM SPSS Statistics software version 20 (SPSS; IBM, Armonk, NY, United States) and the significance level was set at 5%.

RESULTS

EMG Activity After tDCS Over the SMA

Figure 1 shows representative EMG waveforms in the BF during the self-paced rapid shoulder flexion task before, immediately after, and 15 min after anodal tDCS over the SMA. ΔEMG onset was extended after anodal tDCS compared to baseline. A two-way repeated measures ANOVA of ΔEMG onset revealed significant main effects of intervention [F(1,11) = 10.267, p = 0.008, η2= 0.483, 1–β = 0.83], time [F(2,22) = 6.595, p = 0.006, η2= 0.375, 1–β = 0.74], and the intervention × time interaction term [F(2,22) = 11.293, p = 0.002, η2= 0.432, 1–β = 0.81] (Figure 2). A post hoc analysis revealed significant differences between anodal and sham tDCS both immediately after (p = 0.005) and 15 min after stimulation (p = 0.020). There were also significant differences between baseline and immediately after stimulation (p = 0.006) and between baseline and 15 min after stimulation for anodal tDCS (p = 0.025). Figure 3 shows percentages of the coefficients of variation (CVs) in ΔEMG onset. An ANOVA of CV-values revealed significant main effects of intervention [F(1,11) = 6.187, p = 0.032, η2= 0.382, 1–β = 0.62] and time [F(2,22) = 3.982, p = 0.035, η2= 0.285, 1–β = 0.65]. A post hoc analysis showed significant differences between anodal and sham tDCS both immediately after (p = 0.022) and 15 min after stimulation (p = 0.017). There was also a significant difference between baseline and immediately after stimulation for anodal tDCS (p = 0.002).
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FIGURE 1. (A) Electromyography waveforms in the biceps femoris (BF) during a self-paced rapid shoulder flexion task for a representative case. BF onset was defined as the point at which the EMG signal reached at least 3 standard deviations above the mean baseline. Data are shown representing the baseline stimulation condition (B), immediately after stimulation (C), and 15 min after stimulation (D) recorded from the representative subject. Electromyography waveforms were presented for the baseline stimulation condition in 10 trials of BF onset. Latency differences (ΔEMG onset) were calculated by subtracting the time of EMG burst onset of the BF (BF onset) from that of the activation onset of the deltoid anterior muscle (AD) (AD onset).
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FIGURE 2. Serial changes in ΔEMG onset before, immediately after, and 15 min after anodal or sham transcranial direct current stimulation (tDCS) over the supplementary motor area (SMA). ΔEMG onset was calculated by subtracting the time of EMG burst onset of the biceps femoris from that of the activation onset of the deltoid anterior muscle. Data were normalized to average value at baseline (mean ± standard error of the mean). ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 3. Serial changes in the percentage coefficient of variation (CV) before, immediately after, and 15 min after anodal or sham tDCS over the SMA (mean ± standard error of the mean). ∗p < 0.05, ∗∗p < 0.01.



Upward Arm Movement Acceleration

Figure 4 shows the average acceleration (A) and maximum acceleration (B) of rapid upward arm movements in the y-axis for each time-point in each stimulation condition. There were no significant between-group or within-group differences.
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FIGURE 4. Serial changes in average acceleration and maximum acceleration in the y-axis before, immediately after, and 15 min after anodal or sham tDCS over the SMA. (A) Normalized values of average acceleration in the y-axis. (B) Normalized values of maximum acceleration in the y-axis. All data reflect the mean ± standard error of the mean.



COP Sway After tDCS Over the SMA

Figure 5 shows the RMS area, sway path length, ML mean velocity, and AP mean velocity for each time-point in each stimulation condition. An ANOVA of sway path length revealed significant main effects of intervention [F(1,11) = 6.449, p = 0.028, η2= 0.370, 1–β = 0.74], time [F(2,22) = 7.085, p = 0.004, η2= 0.392, 1–β = 0.82], and the intervention × time interaction term [F(2,22) = 4.197, p = 0.029, η2= 0.276, 1–β = 0.60]. A post hoc analysis showed significant differences between anodal and sham tDCS immediately after stimulation (p = 0.022), between baseline and immediately after stimulation for anodal tDCS (p < 0.001), and between baseline and 15 min after stimulation for anodal tDCS (p < 0.001). An ANOVA of AP mean velocity revealed a significant main effect of time [F(2,22) = 5.713, p = 0.010, η2= 0.342, 1–β = 0.60]. A post hoc analysis showed significant differences between baseline and immediately after stimulation for anodal tDCS (p = 0.004), and between baseline and 15 min after stimulation for anodal tDCS (p = 0.012). There were no significant between-group or within-group differences in RMS area or ML mean velocity.
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FIGURE 5. Serial changes in root mean square (RMS) area, sway path length, medio-lateral (ML) mean velocity, and antero-posterior (AP) mean velocity before, immediately after, and 15 min after anodal or sham tDCS over the SMA. (A) Normalized RMS area values. (B) Normalized sway path length values. (C) Normalized ML mean velocity values. (D) Normalized AP mean velocity values. All data reflect the mean ± standard error of the mean. ∗p < 0.05, ∗∗p < 0.01.



DISCUSSION

The present study demonstrated that anodal tDCS over the SMA extended ΔEMG onset time for the AD and BF muscles during a rapid upward arm movement task in healthy older adults. Additionally, the CV of ΔEMG onset was decreased after anodal tDCS compared to sham stimulation. Further, COP sway path length was decreased immediately after and 15 min after tDCS compared to baseline. These findings suggest that tDCS over the SMA enhanced the timing of postural regulator muscle activity preceding rapid upward arm movements and strengthened stable execution of the APAs function in healthy older individuals.

Previous studies have reported that APAs are changed by the COP position before the start of motion (Fujiwara et al., 2003) and by acceleration in the upward arm movement task (Lee et al., 1987). When upward arm movements are made slowly with backward positioning of the body’s center of gravity, forward movement of the body center of gravity is estimated to be small, and thus APAs time is shortened. In this study, subjects were asked to execute upward arm movements as fast as they could while maintaining a constant COP. Importantly, average acceleration of the rapid upward arm movement did not vary between before and after tDCS. Therefore, changes in ΔEMG onset and its CV as well as COP sway path length can be attributed to anodal tDCS over the SMA rather than confounding factors such as changes in COP position and decreased acceleration of upward arm movements over time.

As described in other postural control tasks, older adults exhibit delays in the onset of anticipatory postural EMG activity compared to young adults (Kanekar and Aruin, 2014). In our previous study, the APAs time of young adults was 60 ms in a self-paced rapid upward arm movement task (Kirimoto et al., 2013). In this study of older subjects, the APAs time was extended from 36 ms pre-stimulation to 81 ms immediately after stimulation. This result shows that APAs time of older subjects pre-stimulation is delayed more than in the young subjects and approaches APA time of young subjects immediately after stimulation. Studies of young healthy adults suggest that anodal tDCS over the SMA is associated with improvements in motor skill (Vollmann et al., 2013). Further, SMA activation appears to be highly correlated with motor skill learning, suggesting an important role of the SMA in the acquisition of new motor skills (Lefebvre et al., 2012). Our results are consistent with these studies and suggest that anodal tDCS improved the stability of the postural control during rapid upward arm movement. The stability of posture control is meaningful for older adults, as many activities of daily living are conventionally performed in a stable standing position.

Our results also showed positive effects of anodal tDCS on the COP sway path length, corresponding to improved motor performance in postural control. The COP sway path length is increased in older adults compared to young adults (Benjuya et al., 2004). Additionally, fallers show a significantly higher COP sway path length compared to non-fallers (Melzer et al., 2004), and the COP sway path length is an independent factor predicting falls in older adults (Johansson et al., 2017). Taken together, improvements in the COP sway path length by anodal tDCS over the SMA may decrease the likelihood of falling in older adults.

Transcranial direct current stimulation is a non-invasive technique that allows the modulation of cortical excitability in humans (Nitsche and Paulus, 2000; Priori, 2003). It is thought that neuronal cell membranes below the anode are depolarized while those below the cathode are hyperpolarized, leading to increases and decreases in cortical excitability, respectively (Nitsche and Paulus, 2000; Antal et al., 2017; Lefaucheur et al., 2017). The cathode electrode is most effective when placed on the forehead on the contralateral side (Nitsche and Paulus, 2000). However, in any place it may affect the cortex beneath the cathode electrode (Schambra et al., 2011). It may also be necessary to consider placing the reference electrode outside the head. Numerous studies have reported the improvement of various motor functions by tDCS over M1 in healthy subjects and patients on the premise of this hypothesis (Hashemirad et al., 2016; Kang et al., 2016). In this study, we selected the SMA stimuli position by using tDCS on the scalp in conformity with a previous study of SMA tDCS in young adults by Hupfeld et al. (2017). Anode tDCS can lead to improved connectivity of the SMA pathway, connectivity between SMA and M1, SMA- cerebellar connectivity (Hamada et al., 2009; Polanía et al., 2012; Hupfeld et al., 2017). We hypothesize that tDCS promoted connectivity of the SMA modulated within the APAs processing network, consistent with the implications of previous research. It is possible that reinforcement of mutual connectivity of the SMA may have a positive effect on posture adjustment improvement. In our previous study, we also reported stimulatory effects of simultaneous tDCS over the SMA and dorsal premotor cortex on distant sites including M1 and the somatosensory cortex (Kirimoto et al., 2011). Accordingly, it is possible that the modulation of areas other than the SMA responsible for generating and outputting APAs (e.g., M1) was in part responsible for the observed changes in EMG and COP parameters in older adults. Further studies are needed to elucidate the neurophysiological effects of tDCS. In particular, it is necessary to verify whether there is an effect of tDCS over the SMA on posture control and risk of falling in older adults using electrophysiological methods.

Limitations

The sample size was small in this study which was one of the major limitations. However, in our study, we were able to examine whether the anodal tDCS can contribute to posture control for APAs functional changes due to aging of healthy older adults. These results have the potential to inform the development of anodal tDCS enhanced protocols in training. The effects of promotion of APAs function may be expected using the anodal tDCS as a condition stimulus before training. We will continue to consider protocols for older adults with balance disabilities. The findings in this study may assist with the development of enhanced protocols involving the combination of anode tDCS with exercise training and other rehabilitation protocols.

CONCLUSION

The present study demonstrates that anodal tDCS over the SMA extended ΔEMG onset time, decreased the CV of ΔEMG onset time, and reduced the COP sway path length during a rapid upward arm movement task. We suggest that anodal tDCS over the SMA is an effective method for improving APAs function in older adults.

AUTHOR CONTRIBUTIONS

HK conceived the study and designed the experiment. TN conducted the experiments. TN and HK performed the statistical analysis and interpreted the data, wrote and approved the manuscript.

FUNDING

This work was supported by JSPS KAKENHI grant numbers JP17K01533 and JP16K01522 and by a Grant-in-Aid for Challenging Exploratory Research from Niigata University of Health and Welfare, 2016 (H28B16).

ACKNOWLEDGMENTS

We thank all the study volunteers for their time and patience during experiments.

REFERENCES

Antal, A., Alekseichuk, I., Bikson, M., Brockmoller, J., Brunoni, A. R., Chen, R., et al. (2017). Low intensity transcranial electric stimulation: safety, ethical, legal regulatory and application guidelines. Clin. Neurophysiol. 128, 1774–1809. doi: 10.1016/j.clinph.2017.06.001

Belen’kii, V. E., Gurfinkel, V. S., and Pal’tsev, E. I. (1967). Control elements of voluntary movements. Biofizika 12, 135–141.

Benjuya, N., Melzer, I., and Kaplanski, J. (2004). Aging-induced shifts from a reliance on sensory input to muscle cocontraction during balanced standing. J. Gerontol. A Biol. Sci. Med. Sci. 59, 166–171. doi: 10.1093/gerona/59.2.M166

Bolzoni, F., Bruttini, C., Esposti, R., Castellani, C., and Cavallari, P. (2015). Transcranial direct current stimulation of SMA modulates anticipatory postural adjustments without affecting the primary movement. Behav. Brain Res. 291, 407–413. doi: 10.1016/j.bbr.2015.05.044

Cui, R. Q., Huter, D., Lang, W., and Deecke, L. (1999). Neuroimage of voluntary movement: topography of the Bereitschaftspotential, a 64-channel DC current source density study. Neuroimage 9, 124–134. doi: 10.1006/nimg.1998.0388

Fujiwara, K., Maeda, K., and Toyama, H. (2003). Influences of illusionary position perception on anticipatory postural control associated with arm flexion. J. Electromyogr. Kinesiol. 13, 509–517. doi: 10.1016/S1050-6411(03)00083-X

Gandiga, P. C., Hummel, F. C., and Cohen, L. G. (2006). Transcranial DC stimulation (tDCS): a tool for double-blind sham-controlled clinical studies in brain stimulation. Clin. Neurophysiol. 117, 845–850. doi: 10.1016/j.clinph.2005.12.003

Hamada, M., Hanajma, R., Terao, Y., Okabe, S., Nakatani-Enomoto, S., Furubayashi, T., et al. (2009). Primary motor cortical metaplasticity induced by priming over the supplementary motor area. J. Physiol. 587, 4845–4862. doi: 10.1113/jphysiol.2009.179101

Hashemirad, F., Zoghi, M., Fitzgerald, P. B., and Jaberzadeh, S. (2016). The effect of anodal transcranial direct current stimulation on motor sequence learning in healthy individuals: a systematic review and meta-analysis. Brain Cogn. 102, 1–12. doi: 10.1016/j.bandc.2015.11.005

Hass, C. J., Waddell, D. E., Wolf, S. L., Juncos, J. L., and Gregor, R. J. (2008). Gait initiation in older adults with postural instability. Clin. Biomech. 23, 743–753. doi: 10.1016/j.clinbiomech.2008.02.012

Hupfeld, K. E., Ketcham, C. J., and Schneider, H. D. (2017). Transcranial direct current stimulation (tDCS) to the supplementary motor area (SMA) influences performance on motor tasks. Exp. Brain Res. 235, 851–859. doi: 10.1007/s00221-016-4848-5

Jacobs, J. V., Lou, J. S., Kraakevik, J. A., and Horak, F. B. (2009). The supplementary motor area contributes to the timing of the anticipatory postural adjustment during step initiation in participants with and without Parkinson’s disease. Neuroscience 164, 877–885. doi: 10.1016/j.neuroscience.2009.08.002

Johansson, J., Nordstrom, A., Gustafson, Y., Westling, G., and Nordstrom, P. (2017). Increased postural sway during quiet stance as a risk factor for prospective falls in community-dwelling elderly individuals. Age Ageing 46, 964–970. doi: 10.1093/ageing/afx083

Kanekar, N., and Aruin, A. S. (2014). The effect of aging on anticipatory postural control. Exp. Brain Res. 232, 1127–1136. doi: 10.1007/s00221-014-3822-3

Kang, N., Summers, J. J., and Cauraugh, J. H. (2016). Transcranial direct current stimulation facilitates motor learning post-stroke: a systematic review and meta-analysis. J. Neurol. Neurosurg. Psychiatry 87, 345–355. doi: 10.1136/jnnp-2015-311242

Kirimoto, H., Ogata, K., Onishi, H., Oyama, M., Goto, Y., and Tobimatsu, S. (2011). Transcranial direct current stimulation over the motor association cortex induces plastic changes in ipsilateral primary motor and somatosensory cortices. Clin. Neurophysiol. 122, 777–783. doi: 10.1016/j.clinph.2010.09.025

Kirimoto, H., Yoshida, S., Matsumoto, T., Kojima, S., Suzuki, M., Onishi, H., et al. (2013). P 71. The effects of cathodal transcranial direct current stimulation of the supplementary motor area on the function of anticipatory postural adjustments. Clin. Neurophysiol. 124, e98–e99. doi: 10.1016/j.clinph.2013.04.149

Kubicki, A., Fautrelle, L., Bourrelier, J., Rouaud, O., and Mourey, F. (2016). The early indicators of functional decrease in mild cognitive impairment. Front. Aging Neurosci. 8:193. doi: 10.3389/fnagi.2016.00193

Lee, W. A., Buchanan, T. S., and Rogers, M. W. (1987). Effects of arm acceleration and behavioral conditions on the organization of postural adjustments during arm flexion. Exp. Brain Res. 66, 257–270. doi: 10.1007/BF00243303

Lefaucheur, J.-P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J., Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128, 56–92. doi: 10.1016/j.clinph.2016.10.087

Lefebvre, S., Dricot, L., Gradkowski, W., Laloux, P., and Vandermeeren, Y. (2012). Brain activations underlying different patterns of performance improvement during early motor skill learning. Neuroimage 62, 290–299. doi: 10.1016/j.neuroimage.2012.04.052

Melzer, I., Benjuya, N., and Kaplanski, J. (2004). Postural stability in the elderly: a comparison between fallers and non-fallers. Age Ageing 33, 602–607. doi: 10.1093/ageing/afh218

Nana-Ibrahim, S., Vieilledent, S., Leroyer, P., Viale, F., and Zattara, M. (2008). Target size modifies anticipatory postural adjustments and subsequent elementary arm pointing. Exp. Brain Res. 184, 255–260. doi: 10.1007/s00221-007-1178-7

Ng, T. H., Sowman, P. F., Brock, J., and Johnson, B. W. (2011). Premovement brain activity in a bimanual load-lifting task. Exp. Brain Res. 208, 189–201. doi: 10.1007/s00221-010-2470-5

Nitsche, M. A., Doemkes, S., Karakose, T., Antal, A., Liebetanz, D., Lang, N., et al. (2007). Shaping the effects of transcranial direct current stimulation of the human motor cortex. J. Neurophysiol. 97, 3109–3117. doi: 10.1152/jn.01312.2006

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation. J. Physiol. 527(Pt 3), 633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

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

Oostenveld, R., and Praamstra, P. (2001). The five percent electrode system for high-resolution EEG and ERP measurements. Clin. Neurophysiol. 112, 713–719. doi: 10.1016/S1388-2457(00)00527-7

Overstall, P. W., Exton-Smith, A. N., Imms, F. J., and Johnson, A. L. (1977). Falls in the elderly related to postural imbalance. Br. Med. J. 1, 261–264. doi: 10.1136/bmj.1.6056.261

Polanía, R., Paulus, W., and Nitsche, M. A. (2012). Modulating cortico-striatal and thalamo-cortical functional connectivity with transcranial direct current stimulation. Hum. Brain Mapp. 33, 2499–2508. doi: 10.1002/hbm.21380

Priori, A. (2003). Brain polarization in humans: a reappraisal of an old tool for prolonged non-invasive modulation of brain excitability. Clin. Neurophysiol. 114, 589–595. doi: 10.1016/S1388-2457(02)00437-6

Schambra, H. M., Abe, M., Luckenbaugh, D. A., Reis, J., Krakauer, J. W., and Cohen, L. G. (2011). Probing for hemispheric specialization for motor skill learning: a transcranial direct current stimulation study. J. Neurophysiol. 106, 652–661. doi: 10.1152/jn.00210.2011

Stephan, K. M., Fink, G. R., Passingham, R. E., Silbersweig, D., Ceballos-Baumann, A. O., Frith, C. D., et al. (1995). Functional anatomy of the mental representation of upper extremity movements in healthy subjects. J. Neurophysiol. 73, 373–386. doi: 10.1152/jn.1995.73.1.373

Stock, A. K., Wascher, E., and Beste, C. (2013). Differential effects of motor efference copies and proprioceptive information on response evaluation processes. PLoS One 8:e62335. doi: 10.1371/journal.pone.0062335

Taube, W., Mouthon, M., Leukel, C., Hoogewoud, H. M., Annoni, J. M., and Keller, M. (2015). Brain activity during observation and motor imagery of different balance tasks: an fMRI study. Cortex 64, 102–114. doi: 10.1016/j.cortex.2014.09.022

Vollmann, H., Conde, V., Sewerin, S., Taubert, M., Sehm, B., Witte, O. W., et al. (2013). Anodal transcranial direct current stimulation (tDCS) over supplementary motor area (SMA) but not pre-SMA promotes short-term visuomotor learning. Brain Stimul. 6, 101–107. doi: 10.1016/j.brs.2012.03.018

Conflict of Interest Statement: 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 © 2018 Nomura and Kirimoto. 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/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Human-Neuroscience

Anodal Transcranial Direct Current
Stimulation Over the
Supplementary Motor Area
Improves Anticipatory
Postural Adjustments in Older
Adults





OPS/images/fnhum-12-00317-g004.jpg
Ratio

—@—anodal
—O—sham

— i

baseline immediately after 15 min. after

o— 5 ——%

Ratio

—@—anodal
—O—sham






OPS/images/fnhum-12-00317-g005.jpg
1.5 4
—@—anodal
—O—sham
1.0 4
o
=
©
o
0.5 -
0.0 T T 1
baseline immediately after 15 min. after
15 4
—@—anodal
—O—sham
1.0
o
=
©
o
0.5
0.0 T T 1

baseline immediately after 15 min. after

1.5
—@—anodal
—O—sham
1.0 4
o
=
©
o
ok
0.5 -
ok
0.0 T T 1
baseline immediately after 15 min. after
1.5
—@—anodal
—O—sham
1.0
o
=
©
- =
0.5
ok
>
0.0 T T 1
baseline immediately after 15 min. after





OPS/images/fnhum-12-00317-g001.jpg
A # 10 BF onset

0.1mVv
20 msec
#10
) AD onset
AEMG onset |
20 msec
AD onset
D AD onset






OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





OPS/images/fnhum-12-00317-g002.jpg
Ratio

3.0

2.0

1.0

0.0

kK

—@— anodal

—O—sham

baseline immediately after 15 min. after





OPS/images/fnhum-12-00317-g003.jpg
Ccv

100

80

60

40 -

20

—@— anodal
—O—sham

|

*k

baseline immediately after 15 min. after





OPS/images/fnhum-12-00317-i001.jpg





