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Abstract25

Background: Transcranial static magnetic stimulation (tSMS) is a non-invasive brain stimulation 26
technique that place a strong neodymium magnet on scalp to reduce cortical excitability. We have 27
recently developed a new tSMS device with three magnets placed close to each other (triple tSMS)28
and confirmed that this new device can produce a stronger and broader static magnetic field than the 29
conventional single tSMS. The aim of the present study was to investigate the effect of the30
conventional single tSMS as well as triple tSMS over the unilateral or bilateral motor association 31
cortex (MAC) on simple and choice reaction time (SRT and CRT) task performance.32

Methods: There were two experiments: one involved the conventional tSMS, and the other involved 33
the triple tSMS. In both experiments, right-handed healthy participants received each of the 34
following stimulations for 20 min on different days: tSMS over the unilateral (left) MAC, tSMS over 35
the bilateral MAC, and sham stimulation. The center of the stimulation device was set at the 36
premotor cortex. The participants performed SRT and CRT tasks before, immediately after, and 15 37
min after the stimulation (Pre, Post 0, and Post 15). We evaluated RT, standard deviation (SD) of RT, 38
and accuracy (error rate). Simulation was also performed to determine the spatial distribution of 39
magnetic field induced by tSMS over the bilateral MAC.40

Results: The spatial distribution of induced magnetic field was centered around the PMd for both 41
tSMS systems, and the magnetic field reached multiple regions of the MAC as well as the42
sensorimotor cortices for triple tSMS. SD of CRT was significantly larger at Post 0 as compared to 43
Pre when triple tSMS was applied to the bilateral MAC. No significant findings were noted for the44
other conditions or variables.45

Discussion: We found that single tSMS over the unilateral or bilateral MAC did not affect 46
performance of RT tasks, whereas triple tSMS over the bilateral MAC but not over the unilateral 47
MAC increased variability of CRT. Our finding suggests that RT task performance can be 48
modulated using triple tSMS.49



tSMS over motor association cortex

3

1 Introduction50

Transcranial static magnetic stimulation (tSMS) now has become a new member of non-invasive 51
brain stimulation (NIBS). TSMS can reduce cortical excitability by placing a strong neodymium, 52
iron, and boron (NdFeB) magnet that generates moderate-intensity (about 500 mT) static magnetic 53
field (SMF) on scalp (Oliviero et al., 2011). In comparison to the other NIBS expected to induce 54
inhibitory effects, such as cathodal transcranial direct current stimulation (tDCS) (Nitsche and 55
Paulus, 2000), low-frequency repetitive transcranial magnetic stimulation (LF-rTMS) (Chen et al., 56
1997), continuous theta-burst stimulation (cTBS) (Huang et al., 2005), which induce electric current 57
flow, tSMS (that induces SMF) causes less discomfort to the participants and is safe, economical, and 58
easy to handle. In the past decade, various local brain regions such as the sensorimotor (Silbert et al., 59
2013; Kirimoto et al., 2014; Nojima et al., 2015; Kirimoto et al., 2016; Kirimoto et al., 2018; Davila-60
Perez et al., 2019; Nakagawa et al., 2019; Nojima et al., 2019; Shibata et al., 2020), supplementary 61
motor (Kirimoto et al., 2016; Pineda-Pardo et al., 2019; Tsuru et al., 2020; Guida et al., 2023), visual 62
(Gonzalez-Rosa et al., 2015; Oliviero et al., 2015; Lozano-Soto et al., 2018), and dorsolateral 63
prefrontal (Sheffield et al., 2019; Chen et al., 2021; Watanabe et al., 2021; Soto-León et al., 2023; 64
Watanabe et al., 2023) cortices have been revealed to be modulated by tSMS, with potential clinical 65
applications for neurological disorders (Di Lazzaro et al., 2021; Dileone et al., 2022; Shimomura et 66
al., 2023). In addition, a new tSMS device constructed with three NdFeB magnets (called "SHIN 67
jiba") was introduced last year, and simulation has revealed that this triple tSMS can produce the 68
greater static magnetic fields than the conventional tSMS (Shibata et al., 2022). However, its effect 69
on behavioral performance has not been clear to date.70
Anatomical and neurophysiological studies using monkeys showed that the dorsal premotor cortex 71
(PMd) is involved in selection and planning of visually guided motor action (Mushiake et al., 1991).72
Also, human studies have demonstrated the importance of the PMd in action selection to visual cues, 73
with the left hemisphere exhibiting dominance in rapid action selection (Schluter et al., 1998). In 74
addition, recent functional magnetic resonance imaging (fMRI) research has revealed that the left 75
PMd is engaged in all processes of visuomotor task, whereas the right PMd specifically contributes to 76
rule-based visuomotor control and action preparation (Nakayama et al., 2022). Based on these 77
findings, previous studies examining the effect of NIBS on the PMd in healthy individuals have 78
evaluated performance of visual reaction time (RT) tasks. So far, ones that examined the effect of 79
inhibitory NIBS over the PMd using these tasks have reported inconsistent results: Some reported 80
declines in the performance (Schlaghecken et al., 2003; Mochizuki et al., 2005; Gorbet and Staines, 81
2011), while the others reported no changes in the performance (O'Shea et al., 2007; Ward et al., 82
2010; Lu et al., 2012). The lack of inhibitory effects found in the later studies may be ascribed to a 83
compensation within the network associated with this task (Hartwigsen, 2018), and it is possible that, 84
when activity of the PMd is suppressed, the PMd on the other side support the suppressed one 85
(O'Shea et al., 2007). In the present study, taking this point into consideration, the conventional 86
single tSMS as well as the new triple tSMS were used to stimulate not only the unilateral motor 87
association cortex (MAC) including the PMd (Kirimoto et al., 2011), but also the bilateral MAC.88
Accordingly, the purpose of the present study was to investigate the effect of tSMS over the 89
unilateral or bilateral MAC on performance of RT tasks. Since the effect of tSMS has been revealed 90
to depend on task difficulty (Gonzalez-Rosa et al., 2015; Chen et al., 2021; Watanabe et al., 2021; 91
Watanabe et al., 2023), we adopted simple and choice reaction time (SRT and CRT) tasks, as the 92
CRT task, requiring additional visual attention and cognitive resources to select the effector, is 93
considered more difficult than the SRT task. We hypothesized that tSMS over the MAC would94
influence the RT performance particularly when the triple tSMS was applied over the bilateral MAC95
during the CRT task. 96
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2 Materials and methods97

2.1 Participants98

Eighteen healthy adults (10 female, mean age ± SD = 23.9 ± 3.8 years) participated in Experiment 1, 99
and fifteen healthy adults (4 female, 23.4 ± 3.7 years) participated in Experiment 2. Six of them 100
participated in both experiments. All participants provided written informed consent prior to the 101
experiment, which was conducted in accordance with the principles of the Declaration of Helsinki. 102
All participants in Experiment 1 (mean Laterality Quotient ± SD = 96.1 ± 7.78) and 2 (mean 103
Laterality Quotient ± SD = 91.2 ± 10.3) were right-hand dominant according to the Edinburgh 104
Handedness Inventory (Oldfield, 1971), and had normal or corrected-to-normal vision. This study 105
was approved by the ethics committee of Hiroshima University (No. C-332).106

2.2 Procedure107

Participants were seated in a comfortable chair with armrests and a mounted headrest in a dark room. 108
They faced a 27-inch monitor (LCD-MF276XDB, I-O DATA, Japan) placed at a distance of 150 cm. 109
The location of the PMd was determined using TMS, which was delivered using a figure-of-eight 110
coil (external loop diameter of 95 mm) connected to a stimulator (Magstim 200, Magstim, UK). The 111
motor cortex site where TMS consistently evoked visible twitch of the first dorsal interosseous 112
muscle was determined as the motor hotspot (Varnava et al., 2011). The PMd was defined as 2 cm 113
anterior to the hotspot (Fink et al., 1997; Gangitano et al., 2008), and its location was marked on the 114
scalp with a pen. Prior to the experimental session, participants practiced SRT and CRT tasks by 115
performing three blocks of 60 trials (a total of 180 trials) for each task. Then, they performed the 116
tasks (three blocks of 60 trials for each task) in a random order before (Pre), immediately after (Post 117
0), and 15 min after the tSMS or sham stimulation (Post 15) (Figure 1A). Participants were blinded to 118
the stimulation condition, and, after the experiment, they were asked which stimulation they think 119
they have received in order to confirm whether blinding was successful or not.120

2.3 Simple and choice reaction time tasks121

The visual stimuli used in the SRT and CRT tasks included four types of figures: small circle 122
(diameter, 2.6 cm), large circle (diameter, 5.3 cm), small square (side, 2.3 cm), and large square 123
(side, 4.6 cm). All visual stimuli were presented in the center of monitor and in white color on a 124
black background. The visual stimuli were displayed for 500 ms with a random interstimulus interval 125
of 1000-1300 ms. Participants placed their index and middle fingers on two separate buttons on a 126
custom-made device. In the SRT task, they pressed the button with their right index finger in 127
response to all the figures (Figure 1B). In the CRT task, they pressed the button with their index 128
finger in response to a small circle or large square and pressed the button with their middle finger in 129
response to a large circle or small square (Figure 1B). The instruction was to press the button as 130
quickly as possible when the visual stimulus was presented. The visual stimuli were presented using 131
a customized LabVIEW program (National Instruments, Austin, TX, USA).132

2.4 Transcranial static magnetic stimulation over the MAC133

In Experiment 1, we applied the conventional single tSMS using a cylindrical NdFeB magnet 134
(diameter, 50 mm; height, 30 mm) with a surface magnetic flux density of 534 mT, maximum energy 135
density of 49 MGOe, and strength of 862 N (88 kgf) (NeoMag, Ichikawa, Japan). A non-magnetic 136
stainless-steel cylinder of the same size, weight, and appearance was used for sham stimulation 137
(NeoMag, Ichikawa, Japan). The center of the magnet or stainless-steel cylinder was placed on the 138
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mark on the scalp (PMd) using custom-made headgear (Hiroshima Prefectural Technology Research 139
Institute and Fashion Reform Ace, Hiroshima, Japan) (Chen et al., 2021) (Figure 1C). Participants 140
received each of the following stimulations for 20 min: 1) tSMS over the left MAC (unilateral), 2) 141
tSMS over the bilateral MAC (bilateral), and 3) sham stimulation over the bilateral MAC (sham). For 142
the unilateral stimulation, the stainless-steel cylinder was placed on the right MAC as well. During 143
the tSMS or sham stimulation, participants watched a silent movie to avoid falling asleep. Three 144
stimulation conditions were randomized among the participants. Each stimulation was conducted on 145
separate days (at least 3 days apart) at similar hours of the day to avoid carryover effects.146
In Experiment 2, we used a triple tSMS system with three NdFeB magnets placed close to each other 147
(New-Mag, Sakura, Japan). The north pole of the three magnets were embedded in a foundation 148
made of non-magnetic material (a diameter of 140 mm) (Figure 1D). These magnets had the same 149
flux density, maximum energy density, and strength as the magnet used in the conventional single 150
tSMS. Sham stimulation was applied using a device with three non-magnetic stainless-steel cylinders 151
embedded in the foundation. Its size and appearance were same as the triple tSMS system. Triple 152
tSMS or sham device was held using an arm type lighting stand (Avenger C-stand, Manfrotto, 153
Cassola, Italy), and the center of the foundation was localized just above the mark (PMd). The 154
following procedure was same as the Experiment 1. Details of triple tSMS system are described 155
elsewhere (Shibata et al., 2022).156

2.5 Simplified simulation of the spatial distribution of the magnetic field157

We compared the distributions of magnetic field on the human cortical surface generated by single 158
and triple tSMS placed above the bilateral MAC. The simulation was conducted in COMSOL 159
Multiphysics v6.0 (COMSOL, Burlington, MA, USA) (Shibata et al., 2022). ICBM152 (Fonov et al., 160
2009; Fonov et al., 2011) was used for a human head model. In simulation, the head was surrounded 161
by an air sphere of radius 40 cm. To simplify the simulation process, the layers of skin, skull, and 162
cerebrospinal fluid and those of gray matter and white matter were merged into the outer and inner 163
layer, respectively.164

2.6 Data and statistical analysis165

RT was defined as the interval between the onset of visual stimulus and the button press. Responses 166
faster than 150 ms or slower than the mean + 3SD and those with choice errors were excluded from 167
the analysis (Hultsch et al., 2002; Berger and Kiefer, 2021). Consequently, 4.41 % and 4.17 % of 168
data were excluded for SRT and CRT tasks, respectively, in Experiment 1, and 4.23% and 4.54% of 169
data for SRT and CRT tasks, respectively, in Experiment 2. We evaluated the mean RT, SD of RT, 170
and accuracy. The data at Post 0 and Post 15 were normalized to that at Pre. Normality of data were 171
checked using Shapiro-Wilk test, and the data with non-normal distributions were log transformed 172
(log(x+1)). Two-way repeated-measures analyses of variance (ANOVA) were conducted to examine 173
the effect of tSMS over the MAC on the task performance, with Stimulation (Sham, Unilateral, and 174
Bilateral) and Time (Pre, Post 0, and Post 15) as factors. Bonferroni’s correction for multiple 175
comparisons was used for post hoc analysis. We used the Fisher’s exact test to assess whether 176
participants were blinded to stimulation conditions. The level of significance was set at p < 0.05. All 177
statistical analyses were conducted using SPSS (IBM, Armonk, NY, USA) and R (R Development 178
Core Team).179

3 Results180

3.1 Experiment 1: Effect of single tSMS over the MAC on RT performance181
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None of the participants reported any adverse effects during or after single tSMS. There was no 182
association between actual stimulation condition and participant’s judgment (Fisher’s exact test, p =183
0.138; Table 1), demonstrating that participants were unable to determine the stimulation condition.184
SRT, SD of SRT, and accuracy of SRT task before stimulation were comparable between the 185
stimulation conditions (SRT: mean RT ± SE = 238.57 ± 6.39 ms for Sham, 244.37 ± 7.12 ms for 186
Unilateral, and 240.76 ± 6.92 ms for Bilateral; SD of SRT: mean ± SE = 35.14 ± 2.52 ms for Sham, 187
41.76 ± 3.88 ms for Unilateral, and 36.90 ± 3.84 ms for Bilateral; Accuracy: mean accuracy ± SE = 188
96.11 ± 0.62 % for Sham, 96.76 ± 0.46 % for Unilateral, and 98.06 ± 0.28 % for Bilateral). Figure 189
2A, B, and C show SRT, SD of SRT, and accuracy of SRT task, respectively. A two-way repeated-190
measures ANOVA for SRT and SD of SRT indicated no significant main effect of Stimulation (SRT: 191
F2, 34 = 1.338, p = 0.276; SD of SRT: F2, 34 = 0.071, p = 0.932), Time (SRT: F2, 34 = 0.857, p = 0.434; 192
SD of SRT: F2, 34 = 1.161, p = 0.325), or their interaction (SRT: F4, 68 = 0.737, p = 0.570; SD of SRT: 193
F4, 68 = 0.046, p = 0.996). A two-way repeated-measures ANOVA for accuracy of SRT task revealed 194
a significant main effect of Time (F2, 34 = 5.895, p = 0.006), but there was no significant main effect 195
of Stimulation (F2, 34 = 0.338, p = 0.715) or interaction between Time and Stimulation (F4, 68 = 0.464, 196
p = 0.647). 197
CRT, SD of CRT, and accuracy of CRT task before stimulation were comparable between the 198
stimulation conditions (CRT: mean RT ± SE = 460.51 ± 13.44 ms for Sham, 454.28 ± 13.42 ms for 199
Unilateral, and 449.17 ± 13.57 ms for Bilateral; SD of CRT: mean ± SE = 111.94 ± 5.13 ms for 200
Sham, 113.24 ± 7.47 ms for Unilateral, and 108.31 ± 5.11 ms for Bilateral: Accuracy: mean accuracy 201
± SE = 94.72 ± 1.04 % for Sham, 95.83 ± 0.81 % for Unilateral, and 96.67 ± 0.82 % for Bilateral). 202
Figure 2D, E, and F show CRT, SD of CRT, and accuracy of CRT task, respectively. A two-way 203
repeated-measures ANOVA for CRT and SD of CRT revealed a significant main effect of Time 204
(CRT: F2, 34 = 5.846, p = 0.007; SD of CRT: F2, 34 = 6.345, p = 0.005), but there was no main effect of 205
Stimulation (CRT: F2, 34 = 1.434, p = 0.253; SD of CRT: F2, 34 = 0.729, p = 0.490) or interaction 206
between Time and Stimulation (CRT: F4, 68 = 0.941, p = 0.446; SD of CRT: F4, 68 = 1.367, p = 0.266). 207
A two-way repeated-measures ANOVA for accuracy of CRT task showed no significant main effect 208
of stimulation (F2, 34 = 2.064, p = 0.143), time (F2, 34 = 0.230, p = 0.718), or their interaction (F4, 68 =209
2.388, p = 0.092).210

3.2 Experiment 2: Effect of triple tSMS over the MAC on RT performance211

Similar to single tSMS, none of the participants reported any adverse effects during or after triple 212
tSMS. There was no association between actual stimulation condition and participant’s judgment 213
(Fisher’s exact test, p = 0.903; Table 2). This indicates that participants were unable to determine the 214
stimulation condition.215
SRT, SD of SRT, and accuracy of SRT task before stimulation were comparable between the 216
stimulation conditions (SRT: mean RT ± SE = 228.58 ± 6.46 ms for Sham, 232.48 ± 7.24 ms for 217
Unilateral, and 234.52 ± 6.82 ms for Bilateral; SD of SRT: mean ± SE = 33.25 ± 2.73 ms for Sham, 218
34.40 ± 3.41 ms for Unilateral, and 35.63 ± 3.32 ms for Bilateral; Accuracy: mean accuracy ± SE = 219
95.89 ± 0.89 % for Sham, 96.22 ± 0.90 % for Unilateral, and 96.78 ± 0.62 % for Bilateral). Figure 220
3A, B, and C show SRT, SD of SRT, and accuracy of SRT task. A two-way repeated-measures 221
ANOVA for SRT and SD of SRT showed no significant main effect of Stimulation (SRT: F2, 34 =222
1.210, p = 0.313; SD of SRT: F2, 34 = 1.526, p = 0.235), Time (SRT: F2, 34 = 1.556, p = 0.229; SD of 223
SRT: F2, 34 = 0.890, p = 0.422), or their interaction (SRT: F4, 68 = 0.767, p = 0.551; SD of SRT F4, 68 =224
1.759, p = 0.150). A two-way repeated-measures ANOVA for accuracy of SRT task revealed a 225
significant main effect of Time (F2, 34 = 5.851, p = 0.017), but there was no significant main effect of 226
Stimulation (F2, 34 = 0.620, p = 0.545) or interaction between Time and Stimulation (F4, 68 = 0.824, p227
= 0.516). 228
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CRT, SD of CRT, and accuracy of CRT task before stimulation were comparable between the 229
stimulation conditions (CRT: mean RT ± SE = 440.33 ± 25.55 ms for Sham, 438.35 ± 16.75 ms for 230
Unilateral, and 448.40 ± 16.55 ms for Bilateral; SD of CRT: mean ± SE = 115.83 ± 9.23 ms for 231
Sham, 122.27 ± 9.75 ms for Unilateral, and 109 ± 7.76 ms for Bilateral; Accuracy: mean accuracy ± 232
SE = 96.56 ± 0.79 % for Sham, 96.67 ± 0.81 % for Unilateral, and 96.00 ± 0.72 % for Bilateral). 233
Figure 3D, E, and F show CRT, SD of CRT, and accuracy of CRT task, respectively. A two-way 234
repeated-measures ANOVA for CRT revealed a significant main effect of Time (F2, 34 = 8.279, p =235
0.002), but there was no significant main effect of Stimulation (F2, 34 = 0.084, p = 0.920) or 236
interaction between Time and Stimulation (F4, 68 = 1.242, p = 0.304). A two-way repeated measures 237
ANOVA for SD of CRT revealed significant main effects of Stimulation (F2, 34 = 4.715, p = 0.017) 238
and Time (F2, 34 = 3.460, p = 0.045), and their interaction (F4, 68 = 2.793, p = 0.035). Post-hoc tests 239
revealed that SD of CRT was significantly larger at Post 0 as compared to Pre in the bilateral 240
condition (p = 0.01) (Figure 3E). A two-way repeated-measures ANOVA for accuracy of CRT task 241
revealed no significant main effect of Stimulation (F2, 34 = 1.141, p = 0.313), Time (F2, 34 = 0.660, p =242
0.454) or their interaction (F4, 68 = 1.325, p = 0.277).243

3.3 Spatial distribution of magnetic field by tSMS244

Figure 4 shows the spatial distribution of the magnetic field by single (Figure 4A) and triple (Figure 245
4B) tSMS over the bilateral MAC generated in a human brain model (ICBM152). In single tSMS, the 246
spatial distribution of the induced magnetic field was centered around the PMd (80-100 mT) (Baumer 247
et al., 2009), with some reaching the motor cortex and a portion of the anterior part of PM (aPM) (< 248
80mT) (Civardi et al., 2001). On the other hand, in triple tSMS, there was a strong magnetic field (> 249
100 mT) not only in the PMd but also in the sensorimotor cortices and the other MAC, such as the250
supplementary motor area (SMA), with some reaching the prefrontal cortex (PFC).251

4 Discussion252

In this study, for the first time, not only the conventional single tSMS but also the triple tSMS that 253
generates a quite high magnetic field was applied to the unilateral or bilateral MAC in humans to 254
investigate their effects on RT performance. As a result, performance of CRT task was impaired 255
immediately after triple tSMS over the bilateral MAC. On the other hand, neither single tSMS over 256
the unilateral/bilateral MAC nor triple tSMS over the unilateral MAC had influenced the 257
performance of RT tasks. The simulation results revealed that triple tSMS generated a strong 258
magnetic field over the sensorimotor areas, PFC and MAC. No adverse effects were observed under 259
any stimulation condition, including the tripe tSMS over the bilateral MAC. The reliability of sham 260
stimulation was confirmed to be high as well.261
Although the exact mechanism of how SMFs influence the central nervous system remains unclear, 262
some hypotheses have been proposed at a cellar level (Albuquerque et al., 2016). It has been 263
suggested that SMFs induce reorientation of membrane phospholipids via diamagnetic anisotropy, 264
consequently deforming the embedded ion channels, thereby altering their functions (Rosen, 2003).265
In addition, the magnetic field gradient produced by SMFs can induce surface tensions altering 266
substantially the gating probability of mechanosensitive channels (Hernando et al., 2020).267
Meanwhile, studies in humans showed that the primary motor cortex (M1) excitability can be 268
reduced by single as well as triple tSMS, and that the strength and range of SMFs produced by triple 269
tSMS was greater than those by single tSMS (Shibata et al., 2022). Thus, it is reasonable to assume 270
that triple tSMS reduced the excitability of the MAC including the PMd more strongly than single 271
tSMS in this study. 272
The present study found no significant changes in RT after single or triple tSMS for both SRT and 273
CRT tasks. Some previous studies in which LF-rTMS or cTBS was applied to the unilateral PMd 274
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reported that RT was prolonged transiently after the stimulation (Mochizuki et al., 2005; Gorbet and 275
Staines, 2011), while the others reported no significant changes in RT (O'Shea et al., 2007; Ward et 276
al., 2010; Lu et al., 2012). Regardless of the unilateral or bilateral tSMS, our results were consistent 277
with the latter studies. The underlying reason behind this difference is currently unclear, but one 278
possibility relates to compensatory activation of the non-stimulated brain regions. For example, 279
O’Shea et al. demonstrated that LF-rTMS over the left PMd resulted in a compensatory increase in 280
the right PMd activity (O'Shea et al., 2007), and that TMS to the right PMd showing the 281
compensatory increase in activity prolonged CRT. To suppress this compensatory activation, tSMS 282
was applied to the bilateral MAC simultaneously in this study; however, no significant changes in RT 283
was observed. As the other brain regions, such as the bilateral parietal cortices, are activated during 284
the CRT task (Johansen-Berg et al., 2002; Chouinard and Paus, 2006; O'Shea et al., 2007), it is 285
possible that these brain regions have increased their activity to compensate for the PMd in the 286
present study.287
In contrast to the RT, SD of CRT increased immediately after triple tSMS over the bilateral MAC.288
This result is similar to a previous study demonstrating that cTBS over the PMd affected 289
performance of CRT task but not of SRT task (Mochizuki et al., 2005). Observation of the effect of 290
tSMS only on the SD of CRT and not on the SRT, SD of SRT, or CRT can be due to the sensitivity 291
of the variables and/or cognitive load of the task. RT reflects speed of information processing, while 292
SD of RT reflects consistency in processing speed (Jensen, 1992), suggesting that alertness and 293
sensory processing were inconsistent across trials after triple tSMS over the bilateral MAC. Also, SD 294
of RT has been reported to be more sensitive than mean RT as a marker of cognitive impairment 295
(Klein et al., 2006; Schulz-Zhecheva et al., 2023). Moreover, Gonzalez-Rosa et al. demonstrated that 296
visual search RT was prolonged after tSMS over the occipital cortex only when the task was difficult 297
(Gonzalez-Rosa et al., 2015). Thus, the effect of tSMS might have been apparent only for the 298
sensitive variable during the CRT task that is considered to be more difficult than SRT task. Another 299
possibility can be changes in finger movement. Specifically, triple tSMS over the bilateral MAC 300
(potentially affecting the broad areas of the brain) might have decreased the finger dexterity. 301
The decline in RT performance was observed only after triple tSMS and not after single tSMS. This 302
finding could be ascribed to a stronger stimulation of the PMd and/or stimulation of multiple brain 303
regions by triple tSMS. Indeed, the simulation results of the present study revealed that triple tSMS 304
generated a stronger SMF in the PMd compared to single tSMS, and also that a SMF generated by 305
triple tSMS reached to multiple brain regions. In addition, Terao et al. reported that single-pulse TMS 306
applied over various brain regions, including the prefrontal, motor association and parietal cortices, 307
during a pre-cued CRT task prolonged RT (Terao et al., 2005). Similarly, LF-rTMS over these brain 308
regions has been found to induce a delay in RT in the same task (Terao et al., 2007). Moreover, there 309
is a study demonstrating that patients with lesions in the PFC have greater SD of SRT and CRT than 310
patients with non-frontal lesions or healthy controls (Stuss et al., 2003), suggesting that increased 311
behavioral variability can be linked to the frontal brain regions (MacDonald et al., 2006). Hence, it is 312
quite likely that our finding was attributed to the stimulation of multiple cortical regions by triple 313
tSMS. Meanwhile, combined rTMS and fMRI study reported that rTMS over the PMd did not alter 314
neural activity when stimulation was delivered at a strength of motor threshold (Kemna and Gembris, 315
2003), indicating that strength of stimulation needs to be quite high to modulate the PMd activity.316
Nonetheless, the neurophysiological impact of triple tSMS on the cortical activity and behavioral 317
performance requires further investigations.318
Our study has three main limitations. First, we did not assess activity of the MAC or connectivity 319
between the brain regions. Since brain activity/connectivity can be modulated by tSMS (Gonzalez-320
Rosa et al., 2015; Chen et al., 2021; Shibata et al., 2021; Watanabe et al., 2023), future studies should 321
consider this aspect. Second, accuracy of SRT and CRT tasks declined as experiment progressed. It is 322
possible that fatigue and lapse of attention influenced our results because the declines were observed 323



tSMS over motor association cortex

9

in all stimulation conditions (Williams et al., 2005; Langner et al., 2010). Third, we did not use an 324
MRI-based neuronavigation system to identify the location of the PMd. Similar to most previous 325
studies, we defined the location of the PMd based on the motor hotspot within the M1 (Schlaghecken 326
et al., 2003; Mochizuki et al., 2005; Gangitano et al., 2008).327

5 Conclusion328

Single tSMS over the unilateral or bilateral MAC did not affect performance of RT tasks, whereas 329
triple tSMS over the bilateral MAC but not over the unilateral MAC increased variability of CRT. 330
These results suggest that RT task performance can be modulated using triple tSMS.331

6 Conflict of Interest332

The authors declare that the research was conducted in the absence of any commercial or financial 333
relationships that could be construed as a potential conflict of interest.334

7 Author Contributions335

TM (Takuya Matsumoto): Investigation, Formal analysis, Writing – Original draft, Visualization., 336
Funding acquisition. TW: Methodology, Software, Writing – Review and Editing, Funding 337
acquisition, Supervision. KI: Investigation, Data Curation, Resources, Writing – Review and Editing.338
TH: Investigation, Resources, Funding acquisition, Writing – Review and Editing. SS: Software, 339
Writing – Review and Editing, Visualization, Funding acquisition. HK (Hiroshi Kurumadani):340
Writing – Review and Editing. TS: Writing – Review and Editing, Supervision. TM (Tatsuya Mima):341
Writing – Review and Editing, Supervision, Project administration, Funding acquisition. HK (Hikari 342
Kirimoto): Conceptualization, Methodology, Writing – Review and Editing, Funding acquisition, 343
Supervision.344

8 Funding345

This work was partially supported by Grants-in-Aid (KAKENHI) from the Japan Society for the 346
Promotion of Science [grant numbers 23H00459 (Tatsuya Mima), 22H03454 (Hikari Kirimoto), 347
21K17671 (SS), 22K17777 (TW), 20J21369 (Takuya Matsumoto), and 23KJ1643 (TH)].348

9 Acknowledgments349

We would like to thank mathematical statistics group of Hiroshima University for statistical 350
consultation.351

10 References352

Albuquerque, W.W., Costa, R.M., Fernandes Tde, S., and Porto, A.L. (2016). Evidences of the static 353
magnetic field influence on cellular systems. Prog Biophys Mol Biol 121(1), 16-28. doi: 354
10.1016/j.pbiomolbio.2016.03.003.355

Baumer, T., Schippling, S., Kroeger, J., Zittel, S., Koch, G., Thomalla, G., et al. (2009). Inhibitory 356
and facilitatory connectivity from ventral premotor to primary motor cortex in healthy 357
humans at rest--a bifocal TMS study. Clin Neurophysiol 120(9), 1724-1731. doi: 358
10.1016/j.clinph.2009.07.035.359



tSMS over motor association cortex

10

Berger, A., and Kiefer, M. (2021). Comparison of Different Response Time Outlier Exclusion 360
Methods: A Simulation Study. Front Psychol 12, 675558. doi: 10.3389/fpsyg.2021.675558.361

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E.M., Hallett, M., et al. (1997). 362
Depression of motor cortex excitability by low-frequency transcranial magnetic stimulation. 363
Neurology 48(5), 1398-1403. doi: 10.1212/wnl.48.5.1398.364

Chen, X., Watanabe, T., Kubo, N., Yunoki, K., Matsumoto, T., Kuwabara, T., et al. (2021). Transient 365
Modulation of Working Memory Performance and Event-Related Potentials by Transcranial 366
Static Magnetic Field Stimulation over the Dorsolateral Prefrontal Cortex. Brain Sciences367
11(6). doi: 10.3390/brainsci11060739.368

Chouinard, P.A., and Paus, T. (2006). The primary motor and premotor areas of the human cerebral 369
cortex. Neuroscientist 12(2), 143-152. doi: 10.1177/1073858405284255.370

Civardi, C., Cantello, R., Asselman, P., and Rothwell, J.C. (2001). Transcranial magnetic stimulation 371
can be used to test connections to primary motor areas from frontal and medial cortex in 372
humans. Neuroimage 14(6), 1444-1453. doi: 10.1006/nimg.2001.0918.373

Davila-Perez, P., Pascual-Leone, A., and Cudeiro, J. (2019). Effects of Transcranial Static Magnetic 374
Stimulation on Motor Cortex Evaluated by Different TMS Waveforms and Current 375
Directions. Neuroscience 413, 22-30. doi: 10.1016/j.neuroscience.2019.05.065.376

Di Lazzaro, V., Musumeci, G., Boscarino, M., De Liso, A., Motolese, F., Di Pino, G., et al. (2021). 377
Transcranial static magnetic field stimulation can modify disease progression in amyotrophic 378
lateral sclerosis. Brain Stimul 14(1), 51-54. doi: 10.1016/j.brs.2020.11.003.379

Dileone, M., Ammann, C., Catanzaro, V., Pagge, C., Piredda, R., Monje, M.H.G., et al. (2022). 380
Home-based transcranial static magnetic field stimulation of the motor cortex for treating 381
levodopa-induced dyskinesias in Parkinson's disease: A randomized controlled trial. Brain 382
Stimul. doi: 10.1016/j.brs.2022.05.012.383

Fink, G.R., Frackowiak, R.S., Pietrzyk, U., and Passingham, R.E. (1997). Multiple nonprimary motor 384
areas in the human cortex. J Neurophysiol 77(4), 2164-2174. doi: 10.1152/jn.1997.77.4.2164.385

Fonov, V., Evans, A.C., Botteron, K., Almli, C.R., McKinstry, R.C., Collins, D.L., et al. (2011). 386
Unbiased average age-appropriate atlases for pediatric studies. Neuroimage 54(1), 313-327. 387
doi: 10.1016/j.neuroimage.2010.07.033.388

Fonov, V.S., Evans, A.C., McKinstry, R.C., Almli, C.R., and Collins, D.L. (2009). Unbiased 389
nonlinear average age-appropriate brain templates from birth to adulthood. NeuroImage 47. 390
doi: 10.1016/s1053-8119(09)70884-5.391

Gangitano, M., Mottaghy, F.M., and Pascual-Leone, A. (2008). Release of premotor activity after 392
repetitive transcranial magnetic stimulation of prefrontal cortex. Soc Neurosci 3(3-4), 289-393
302. doi: 10.1080/17470910701516838.394

Gonzalez-Rosa, J.J., Soto-Leon, V., Real, P., Carrasco-Lopez, C., Foffani, G., Strange, B.A., et al. 395
(2015). Static Magnetic Field Stimulation over the Visual Cortex Increases Alpha Oscillations 396
and Slows Visual Search in Humans. J Neurosci 35(24), 9182-9193. doi: 397
10.1523/JNEUROSCI.4232-14.2015.398

Gorbet, D.J., and Staines, W.R. (2011). Inhibition of contralateral premotor cortex delays visually 399
guided reaching movements in men but not in women. Exp Brain Res 212(2), 315-325. doi: 400
10.1007/s00221-011-2731-y.401



tSMS over motor association cortex

11

Guida, P., Foffani, G., and Obeso, I. (2023). The Supplementary Motor Area and Automatic 402
Cognitive Control: Lack of Evidence from Two Neuromodulation Techniques. J Cogn 403
Neurosci 35(3), 439-451. doi: 10.1162/jocn_a_01954.404

Hartwigsen, G. (2018). Flexible Redistribution in Cognitive Networks. Trends Cogn Sci 22(8), 687-405
698. doi: 10.1016/j.tics.2018.05.008.406

Hernando, A., Galvez, F., Garcia, M.A., Soto-Leon, V., Alonso-Bonilla, C., Aguilar, J., et al. (2020). 407
Effects of Moderate Static Magnetic Field on Neural Systems Is a Non-invasive Mechanical 408
Stimulation of the Brain Possible Theoretically? Front Neurosci 14, 419. doi: 409
10.3389/fnins.2020.00419.410

Huang, Y.Z., Edwards, M.J., Rounis, E., Bhatia, K.P., and Rothwell, J.C. (2005). Theta burst 411
stimulation of the human motor cortex. Neuron 45(2), 201-206. doi: 412
10.1016/j.neuron.2004.12.033.413

Hultsch, D.F., MacDonald, S.W., and Dixon, R.A. (2002). Variability in reaction time performance 414
of younger and older adults. J Gerontol B Psychol Sci Soc Sci 57(2), P101-115. doi: 415
10.1093/geronb/57.2.p101.416

Jensen, A.R. (1992). The importance of intraindividual variation in reaction time. Personality and 417
Individual Differences 13(8), 869-881. doi: 10.1016/0191-8869(92)90004-9.418

Johansen-Berg, H., Rushworth, M.F., Bogdanovic, M.D., Kischka, U., Wimalaratna, S., and 419
Matthews, P.M. (2002). The role of ipsilateral premotor cortex in hand movement after 420
stroke. Proc Natl Acad Sci U S A 99(22), 14518-14523. doi: 10.1073/pnas.222536799.421

Kemna, L.J., and Gembris, D. (2003). Repetitive transcranial magnetic stimulation induces different 422
responses in different cortical areas: a functional magnetic resonance study in humans. 423
Neurosci Lett 336(2), 85-88. doi: 10.1016/s0304-3940(02)01195-3.424

Kirimoto, H., Asao, A., Tamaki, H., and Onishi, H. (2016). Non-invasive modulation of 425
somatosensory evoked potentials by the application of static magnetic fields over the primary 426
and supplementary motor cortices. Sci Rep 6, 34509. doi: 10.1038/srep34509.427

Kirimoto, H., Ogata, K., Onishi, H., Oyama, M., Goto, Y., and Tobimatsu, S. (2011). Transcranial 428
direct current stimulation over the motor association cortex induces plastic changes in 429
ipsilateral primary motor and somatosensory cortices. Clin Neurophysiol 122(4), 777-783. 430
doi: 10.1016/j.clinph.2010.09.025.431

Kirimoto, H., Tamaki, H., Matsumoto, T., Sugawara, K., Suzuki, M., Oyama, M., et al. (2014). 432
Effect of transcranial static magnetic field stimulation over the sensorimotor cortex on 433
somatosensory evoked potentials in humans. Brain Stimul 7(6), 836-840. doi: 434
10.1016/j.brs.2014.09.016.435

Kirimoto, H., Tamaki, H., Otsuru, N., Yamashiro, K., Onishi, H., Nojima, I., et al. (2018). 436
Transcranial Static Magnetic Field Stimulation over the Primary Motor Cortex Induces 437
Plastic Changes in Cortical Nociceptive Processing. Front Hum Neurosci 12, 63. doi: 438
10.3389/fnhum.2018.00063.439

Klein, C., Wendling, K., Huettner, P., Ruder, H., and Peper, M. (2006). Intra-subject variability in 440
attention-deficit hyperactivity disorder. Biol Psychiatry 60(10), 1088-1097. doi: 441
10.1016/j.biopsych.2006.04.003.442



tSMS over motor association cortex

12

Langner, R., Willmes, K., Chatterjee, A., Eickhoff, S.B., and Sturm, W. (2010). Energetic effects of 443
stimulus intensity on prolonged simple reaction-time performance. Psychol Res 74(5), 499-444
512. doi: 10.1007/s00426-010-0275-6.445

Lozano-Soto, E., Soto-Leon, V., Sabbarese, S., Ruiz-Alvarez, L., Sanchez-Del-Rio, M., Aguilar, J., 446
et al. (2018). Transcranial static magnetic field stimulation (tSMS) of the visual cortex 447
decreases experimental photophobia. Cephalalgia 38(8), 1493-1497. doi: 448
10.1177/0333102417736899.449

Lu, M.K., Arai, N., Tsai, C.H., and Ziemann, U. (2012). Movement related cortical potentials of cued 450
versus self-initiated movements: double dissociated modulation by dorsal premotor cortex 451
versus supplementary motor area rTMS. Hum Brain Mapp 33(4), 824-839. doi: 452
10.1002/hbm.21248.453

MacDonald, S.W., Nyberg, L., and Backman, L. (2006). Intra-individual variability in behavior: links 454
to brain structure, neurotransmission and neuronal activity. Trends Neurosci 29(8), 474-480. 455
doi: 10.1016/j.tins.2006.06.011.456

Mochizuki, H., Franca, M., Huang, Y.Z., and Rothwell, J.C. (2005). The role of dorsal premotor area 457
in reaction task: comparing the "virtual lesion" effect of paired pulse or theta burst 458
transcranial magnetic stimulation. Exp Brain Res 167(3), 414-421. doi: 10.1007/s00221-005-459
0047-5.460

Mushiake, H., Inase, M., and Tanji, J. (1991). Neuronal activity in the primate premotor, 461
supplementary, and precentral motor cortex during visually guided and internally determined 462
sequential movements. J Neurophysiol 66(3), 705-718. doi: 10.1152/jn.1991.66.3.705.463

Nakagawa, K., Sasaki, A., and Nakazawa, K. (2019). Accuracy in Pinch Force Control Can Be 464
Altered by Static Magnetic Field Stimulation Over the Primary Motor Cortex. 465
Neuromodulation 22(8), 871-876. doi: 10.1111/ner.12912.466

Nakayama, Y., Sugawara, S.K., Fukunaga, M., Hamano, Y.H., Sadato, N., and Nishimura, Y. (2022). 467
The dorsal premotor cortex encodes the step-by-step planning processes for goal-directed 468
motor behavior in humans. Neuroimage 256, 119221. doi: 469
10.1016/j.neuroimage.2022.119221.470

Nitsche, M.A., and Paulus, W. (2000). Excitability changes induced in the human motor cortex by 471
weak transcranial direct current stimulation. J Physiol 527 Pt 3, 633-639. doi: 10.1111/j.1469-472
7793.2000.t01-1-00633.x.473

Nojima, I., Koganemaru, S., Fukuyama, H., and Mima, T. (2015). Static magnetic field can 474
transiently alter the human intracortical inhibitory system. Clin Neurophysiol 126(12), 2314-475
2319. doi: 10.1016/j.clinph.2015.01.030.476

Nojima, I., Watanabe, T., Gyoda, T., Sugata, H., Ikeda, T., and Mima, T. (2019). Transcranial static 477
magnetic stimulation over the primary motor cortex alters sequential implicit motor learning. 478
Neurosci Lett 696, 33-37. doi: 10.1016/j.neulet.2018.12.010.479

O'Shea, J., Johansen-Berg, H., Trief, D., Gobel, S., and Rushworth, M.F. (2007). Functionally 480
specific reorganization in human premotor cortex. Neuron 54(3), 479-490. doi: 481
10.1016/j.neuron.2007.04.021.482

Oldfield, R.C. (1971). The Assessment and Analysis of Handedness: The Edinburgh Inventory. 483
Neuropsychologia 9(1), 97-113. doi: Doi 10.1016/0028-3932(71)90067-4.484



tSMS over motor association cortex

13

Oliviero, A., Carrasco-Lopez, M.C., Campolo, M., Perez-Borrego, Y.A., Soto-Leon, V., Gonzalez-485
Rosa, J.J., et al. (2015). Safety Study of Transcranial Static Magnetic Field Stimulation 486
(tSMS) of the Human Cortex. Brain Stimul 8(3), 481-485. doi: 10.1016/j.brs.2014.12.002.487

Oliviero, A., Mordillo-Mateos, L., Arias, P., Panyavin, I., Foffani, G., and Aguilar, J. (2011). 488
Transcranial static magnetic field stimulation of the human motor cortex. J Physiol 589(Pt 489
20), 4949-4958. doi: 10.1113/jphysiol.2011.211953.490

Pineda-Pardo, J.A., Obeso, I., Guida, P., Dileone, M., Strange, B.A., Obeso, J.A., et al. (2019). Static 491
magnetic field stimulation of the supplementary motor area modulates resting-state activity 492
and motor behavior. Commun Biol 2, 397. doi: 10.1038/s42003-019-0643-8.493

Rosen, A.D. (2003). Mechanism of Action of Moderate-Intensity Static Magnetic Fields on 494
Biological Systems. Cell Biochemistry and Biophysics 39(2), 163-174. doi: 495
10.1385/cbb:39:2:163.496

Schlaghecken, F., Münchau, A., Bloem, B.R., Rothwell, J., and Eimer, M. (2003). Slow frequency 497
repetitive transcranial magnetic stimulation affects reaction times, but not priming effects, in 498
a masked prime task. Clinical Neurophysiology 114(7), 1272-1277. doi: 10.1016/s1388-499
2457(03)00118-4.500

Schluter, N.D., Rushworth, M.F., Passingham, R.E., and Mills, K.R. (1998). Temporary interference 501
in human lateral premotor cortex suggests dominance for the selection of movements. A study 502
using transcranial magnetic stimulation. Brain 121 ( Pt 5), 785-799. doi: 503
10.1093/brain/121.5.785.504

Schulz-Zhecheva, Y., Voelkle, M.C., Beauducel, A., Biscaldi, M., and Klein, C. (2023). Intra-Subject 505
Variability, Intelligence, and ADHD Traits in a Community-Based Sample. J Atten Disord506
27(1), 67-79. doi: 10.1177/10870547221118523.507

Sheffield, A., Ahn, S., Alagapan, S., and Frohlich, F. (2019). Modulating neural oscillations by 508
transcranial static magnetic field stimulation of the dorsolateral prefrontal cortex: A 509
crossover, double-blind, sham-controlled pilot study. Eur J Neurosci 49(2), 250-262. doi: 510
10.1111/ejn.14232.511

Shibata, S., Watanabe, T., Matsumoto, T., Yunoki, K., Horinouchi, T., Kirimoto, H., et al. (2022). 512
Triple tSMS system ("SHIN jiba") for non-invasive deep brain stimulation: a validation study 513
in healthy subjects. J Neuroeng Rehabil 19(1), 129. doi: 10.1186/s12984-022-01110-7.514

Shibata, S., Watanabe, T., Yukawa, Y., Minakuchi, M., Shimomura, R., Ichimura, S., et al. (2021). 515
Effects of transcranial static magnetic stimulation over the primary motor cortex on local and 516
network spontaneous electroencephalogram oscillations. Sci Rep 11(1), 8261. doi: 517
10.1038/s41598-021-87746-2.518

Shibata, S., Watanabe, T., Yukawa, Y., Minakuchi, M., Shimomura, R., and Mima, T. (2020). Effect 519
of transcranial static magnetic stimulation on intracortical excitability in the contralateral 520
primary motor cortex. Neurosci Lett 723, 134871. doi: 10.1016/j.neulet.2020.134871.521

Shimomura, R., Shibata, S., Koganemaru, S., Minakuchi, M., Ichimura, S., Itoh, A., et al. (2023). 522
Transcranial static magnetic field stimulation (tSMS) can induce functional recovery in 523
patients with subacute stroke. Brain Stimulation. doi: 10.1016/j.brs.2023.05.024.524

Silbert, B.I., Pevcic, D.D., Patterson, H.I., Windnagel, K.A., and Thickbroom, G.W. (2013). Inverse 525
correlation between resting motor threshold and corticomotor excitability after static magnetic 526



tSMS over motor association cortex

14

stimulation of human motor cortex. Brain Stimul 6(5), 817-820. doi: 527
10.1016/j.brs.2013.03.007.528

Soto-León, V., Díez-Rodríguez, E., Herrera-Pérez, S., Rosa, J.M., Aguilar, J., Hernando, A., et al. 529
(2023). Effects of transcranial static magnetic field stimulation over the left dorsolateral 530
prefrontal cortex on random number generation. Clinical Neurophysiology. doi: 531
10.1016/j.clinph.2023.02.163.532

Stuss, D.T., Murphy, K.J., Binns, M.A., and Alexander, M.P. (2003). Staying on the job: the frontal 533
lobes control individual performance variability. Brain 126(Pt 11), 2363-2380. doi: 534
10.1093/brain/awg237.535

Terao, Y., Furubayashi, T., Okabe, S., Arai, N., Mochizuki, H., Kobayashi, S., et al. (2005). 536
Interhemispheric transmission of visuomotor information for motor implementation. Cereb 537
Cortex 15(7), 1025-1036. doi: 10.1093/cercor/bhh203.538

Terao, Y., Furubayashi, T., Okabe, S., Mochizuki, H., Arai, N., Kobayashi, S., et al. (2007). 539
Modifying the cortical processing for motor preparation by repetitive transcranial magnetic 540
stimulation. J Cogn Neurosci 19(9), 1556-1573. doi: 10.1162/jocn.2007.19.9.1556.541

Tsuru, D., Watanabe, T., Chen, X., Kubo, N., Sunagawa, T., Mima, T., et al. (2020). The effects of 542
transcranial static magnetic fields stimulation over the supplementary motor area on 543
anticipatory postural adjustments. Neurosci Lett 723, 134863. doi: 544
10.1016/j.neulet.2020.134863.545

Varnava, A., Stokes, M.G., and Chambers, C.D. (2011). Reliability of the 'observation of movement' 546
method for determining motor threshold using transcranial magnetic stimulation. J Neurosci 547
Methods 201(2), 327-332. doi: 10.1016/j.jneumeth.2011.08.016.548

Ward, N.S., Bestmann, S., Hartwigsen, G., Weiss, M.M., Christensen, L.O., Frackowiak, R.S., et al. 549
(2010). Low-frequency transcranial magnetic stimulation over left dorsal premotor cortex 550
improves the dynamic control of visuospatially cued actions. J Neurosci 30(27), 9216-9223. 551
doi: 10.1523/JNEUROSCI.4499-09.2010.552

Watanabe, T., Chen, X., Yunoki, K., Matsumoto, T., Horinouchi, T., Ito, K., et al. (2023). 553
Differential Effects of Transcranial Static Magnetic Stimulation Over Left and Right 554
Dorsolateral Prefrontal Cortex on Brain Oscillatory Responses During a Working Memory 555
Task. Neuroscience 517, 50-60. doi: 10.1016/j.neuroscience.2023.03.006.556

Watanabe, T., Kubo, N., Chen, X., Yunoki, K., Matsumoto, T., Kuwabara, T., et al. (2021). Null 557
Effect of Transcranial Static Magnetic Field Stimulation over the Dorsolateral Prefrontal 558
Cortex on Behavioral Performance in a Go/NoGo Task. Brain Sciences 11(4). doi: 559
10.3390/brainsci11040483.560

Williams, B.R., Hultsch, D.F., Strauss, E.H., Hunter, M.A., and Tannock, R. (2005). Inconsistency in 561
reaction time across the life span. Neuropsychology 19(1), 88-96. doi: 10.1037/0894-562
4105.19.1.88.563

564

565



tSMS over motor association cortex

15

Table 1. Participants’ judgements on the stimulation conditions of single tSMS566

Actual stimulated conditions

Sham Unilateral Bilateral Total

Participant’s 
judgements

Real 1 4 4 9

Sham 3 0 0 3

Cannot say 14 14 14 42

Total 18 18 18 54

567

Table 2. Participants’ judgements on the stimulation conditions of triple tSMS568

Actual stimulated conditions

Sham Unilateral Bilateral Total

Participant’s 
judgements

Real 7 5 5 17

Sham 2 4 4 10

Cannot say 6 6 6 18

Total 15 15 15 45

569
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Figure captions570

Figure 1 Single and triple tSMS setup and experimental protocol. (A) Participants performed SRT 571
and CRT tasks before (Pre), immediately after (Post 0), and 15 min after (Post 15) tSMS or sham for 572
20 min. (B) In the SRT task, participants pressed a button with their right index finger in response to 573
all the figures. In the CRT task, participants pressed a button with their right index finger in response 574
to a small circle or large square and pressed a button with their right middle finger in response to a 575
large circle or small square. The visual stimuli were displayed for 500 ms with an interstimulus 576
interval of 1000-1300 ms. (C) In Experiment 1, a magnet and a non-magnetic stainless-steel cylinder 577
(sham) were placed on the MAC using the custom headgear. This image is adapted from a previous 578
study under Creative Commons Attribution (CC BY) license (Chen et al, 2021). (D) In Experiment 2, 579
triple tSMS (or sham) was held using an arm type lighting stand. Abbreviations: CRT = choice 580
reaction time; MAC = motor association cortex; SRT = simple reaction time; tSMS = transcranial 581
static magnetic stimulation. 582

Figure 2 Serial changes in the average of RT, SD, and accuracy before (Pre), immediately after (Post 583
0), and 15 min (Post 15) after single tSMS/Sham. Single tSMS did not affect the performance of SRT 584
or CRT tasks. Black, red, and blue lines indicate results from Sham, Unilateral, and Bilateral 585
stimulation, respectively. Note that data at Post 0 and Post 15 were normalized to that at baseline 586
(Pre). Abbreviations: CRT = choice reaction time; SD = standard deviation; SRT = simple reaction 587
time. 588

Figure 3 Serial changes in the average of RT, SD, and accuracy before (Pre), immediately after (Post 589
0), and 15 min (Post 15) after triple tSMS/Sham. SD of CRT was significantly larger at Post 0 as 590
compared to Pre when triple tSMS was applied to the bilateral MAC (Figure 3E). Black, red, and 591
blue lines indicate results from Sham, Unilateral, and Bilateral stimulation, respectively. Note that 592
data at Post 0 and Post 15 were normalized to that at baseline (Pre). * p = 0.01. Abbreviations: CRT 593
= choice reaction time; MAC = motor association cortex; RT = reaction time; SD = standard 594
deviation; SRT = simple reaction time; tSMS = transcranial static magnetic stimulation.595

Figure 4 Simulated magnetic field by single and triple tSMS over the MAC. (A) Single tSMS. (B) 596
Triple tSMS. Distribution of the magnetic field on the cortical surface is presented in the middle 597
column. Distribution of the magnetic field on the brain slice is presented in the right column. (C) 598
With single tSMS (left), the strength of magnetic field ranged from 80 to 98 mT, and its distribution 599
was centered around the PMd (80-100 mT) with some reaching the M1 and anterior part of the PM 600
(<80 mT). With triple tSMS (middle and right), the strength of magnetic field ranged from 100 to 601
160 mT, and its distribution was centered around the PMd and M1 (> 100 mT) with some reaching 602
the SMA, PFC, and sensorimotor cortices. Abbreviations: MAC = motor association cortex; M1 = 603
primary motor cortex; PFC = prefrontal cortex; PMd = dorsal premotor cortex; SMA = 604
supplementary motor area; tSMS = transcranial static magnetic stimulation.605
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