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Abstract 51 

Swallowing is a unique movement because orchestration of voluntary and involuntary movement, and 52 
coordination between sensory input and motor output are indispensable. We hypothesized that neural mechanism 53 
of them were revealed by cortical oscillatory changes. Eight epileptic participants fitted with intracranial electrodes 54 
over the orofacial cortex were asked to swallow a water bolus, and cortical oscillatory changes were investigated. 55 
At the boundary time between voluntary and involuntary swallowing, high γ (75-150 Hz) power achieved the peak, 56 
and subsequently, the power decreased. High γ power increases (burst) were associated with both sensory input 57 
and motor output. However, phase-amplitude coupling (PAC) revealed that sensory-related coupling appeared 58 
during high γ-bursts, and motor-related coupling appeared before high γ-bursts. The peak of high γ power 59 
suggests switching of swallowing driving force from the cortex to the brain stem, and PAC findings suggest that 60 
motor-related coupling induces later motor-related high γ-activities representing endogenous neural processing. 61 
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Introduction 63 
Swallowing is a unique movement because coordination of voluntary and involuntary movements is necessary for 64 
swallowing, which are executed by cooperation between motor output and somatosensory input. The cerebral 65 
cortex plays a crucial role in swallowing movements and is assumed to trigger swallowing and modulate the brain 66 
stem, and the central pattern generator (CPG) for swallowing is assumed to be in the brain stem in humans 67 
(Ertekin & Aydogdu, 2003). Thus, the swallowing movement is divided into two components, voluntary movement 68 
and involuntary movement (Jean, 2001). Oropharyngeal somatosensory input is crucial to swallowing (Lowell et 69 
al., 2008; Teismann et al., 2007), and there is a close relationship between oropharyngeal somatosensory input 70 
and swallowing-related motor output (Gow et al., 2004). As soon as things are placed into the mouth, we rapidly 71 
judge whether they are food items or not. 72 
 73 
The neural correlates of human swallowing are partly revealed by noninvasive methods, such as 74 
electroencephalography (EEG) (Satow et al., 2004), positron emission tomography (PET) (Hamdy, Rothwell, et 75 
al., 1999), transcranial magnetic stimulation (TMS) (Hamdy et al., 1996), functional magnetic resonance imaging 76 
(fMRI) (Hamdy, Mikulis, et al., 1999; Martin et al., 2001), and magnetoencephalography (MEG) (Dziewas et al., 77 
2003; Teismann et al., 2009). The orchestration between voluntary and involuntary movement, and 78 
somatosensory input and motor output are necessary for swallowing, however, low temporal resolution of 79 
noninvasive methods made difficult to reveal the neural processing of switching from voluntary to involuntary 80 
swallowing. Moreover, previous studies have mainly focused on either motor or somatosensory aspects, and 81 
studies dealing with both swallowing-related motor and swallowing-related somatosensory functions are rare 82 
(Furlong et al., 2004). 83 
 84 
Neurophysiological recording techniques such as the electrocorticogram (ECoG) are appropriate to identify neural 85 
oscillatory changes up to high frequency bands. Moreover, the temporal resolution of ECoG is high. A few reports 86 
have focused on swallowing-related cerebral oscillatory changes using MEG (Dziewas et al., 2003; Furlong et al., 87 
2004), but only frequency bands <50 Hz were mainly analyzed. High-frequency activities (high γ band, >50 Hz) is 88 
a key oscillation that reflects the neural processing of somatosensory, motor, and cognition (Canolty et al., 2006; 89 
Crone et al., 1998; Hashimoto et al., 2017; Hirata et al., 2002) and shows better functional localization than lower 90 
frequency activity (Crone et al., 1998; Hirata et al., 2002). Moreover, the amplitude of high γ activity is modulated 91 
by a phase of low-frequency oscillations (Canolty et al., 2006). The relationship describing the amplitude of high γ 92 
associated with the phase of low-frequency oscillations is known as phase-amplitude coupling (PAC) (Cohen, 93 
2008). This PAC plays different functional roles in cortical processing, such as motor execution (Yanagisawa et 94 
al., 2012) and somatosensory processing (Lakatos et al., 2008). Swallowing-related high γ activity and PAC has 95 
not been clarified. Here, we hypothesized that using ECoG enabled us to record swallowing-related high γ 96 
activities with high temporal resolution, and high γ activities and PAC analyses may contribute to reveal both of 97 
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switching mechanism from voluntary to involuntary swallowing and differences between motor and 98 
somatosensory neural processing.  99 
 100 
 101 
Results 102 
 103 
We studied eight patients with intractable epilepsy (four males and four females, aged 15–51 years with mean 104 
age: 27.8 ± 11.6 y) (Supporting Table S1) who had no swallowing disturbances, as confirmed by medical 105 
interviews. These patients had undergone craniotomy for temporal placement of intracranial electrodes to identify 106 
epileptic foci. We selected grid electrodes (4×5 array) over the lateral portion of the central sulcus as orofacial 107 
electrodes for analysis (18.9 ± 1.8 electrodes, Supporting Table S1). We instructed the participants to swallow a 108 
2-mL water bolus at their own pace without external cueing. A water bolus was injected into the mouth by an 109 
experimenter using a syringe. 110 
 111 
The electroglottographs (EGGs) and a throat microphone were used to detect the swallowing onset time (Firmin 112 
et al., 1997). The peak EGG signals corresponds to the transition time from voluntary to involuntary swallowing 113 
(Kusuhara et al., 2004). We defined the peak of EGG as the onset time of swallowing (Supporting Fig. S1A, S1B). 114 
In addition, we confirmed that the detected swallowing onset time was consistent with water swallowing, not saliva 115 
swallowing, using a video recorded by our newly developed simple swallow-tracking system (Hashimoto et al., 116 
2018) (Supporting Fig. S1C). Using this video, the time of mouth opening and water injection were also detected. 117 
We inserted three types of triggers including mouth, water, and swallowing, which corresponded to each detected 118 
time into the ECoG data. The number of each type of trigger was the same for a given participant (average: 33.5 119 
± 5.1 times, Supporting Table S1). 120 
 121 
Representative Spatiotemporal Oscillatory Changes 122 
The spatiotemporal oscillatory changes in a representative participant (Participant 1; P1) are shown in Figure 1. 123 
Averaged time-frequency maps around swallowing triggers from -4.5 to 2.0 s showed a high γ band (>50 Hz) 124 
power increase within about -3.5 to -2.0 s in the pre- and postcentral gyri (Fig. 1A, 1B). Simultaneously, the pre- 125 
and postcentral gyri also showed a decrease in the low-frequency band <50 Hz. Within -2.0 to 0 s, previous high γ 126 
activities disappeared and a new high γ power increase was observed in Channel (Ch) 9. After 0 s, the pre- and 127 
postcentral gyri showed power increase in the low-frequency band <50 Hz. 128 
 129 
 A series of power contour maps for the high γ band (75–150 Hz) and β band (13–30 Hz) were calculated using 130 
0.5 s time-window every 0.5 s intervals from -4.5 to 2.5 s (Fig. 1C), and the power of each time epoch were 131 
normalized using -5.0 s time epoch power. The location where the large high γ power increase appeared 132 
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produced sequential changes. First, the large high γ power increase was observed in the pericentral gyri, 133 
especially for the postcentral gyrus during -4.0 to -1.5 s. Subsequently, the subcentral area, that is the narrow 134 
gyrus between the caudolateral extreme of the central sulcus and the Sylvian fissure, (Ch9) was the site where 135 
the large high γ power appeared during -1.0 to -0.5 s. Conversely, before 0 s, the β contour maps showed a 136 
power decrease in a wide area, especially for the precentral gyrus. After 0 s, the previous high γ increase 137 
disappeared and the β power increase was observed over the same wide area. 138 
 139 
High γ and β band Contour Maps with Swallowing, Mouth, and Water Triggers 140 
 For each participant, an averaged power contour map of the high γ and β band was created with mouth, water, 141 
and swallowing triggers (Fig. 2). The time-window was 500 msec obtained from before and after 250 msec of the 142 
triggers. The power was normalized using the power calculated from the 500 msec mark during -1.0 to -0.5 s 143 
before the mouth triggers. The significant power increase was indicated as white filled circles and a significant 144 
power decrease was indicated as black filled circles (single-sided permutation test with Bonferroni correction, 145 
corrected p <0.05).  146 
 147 
 We could observe a different spatial pattern of power increase (burst) in the high γ band within the three triggers. 148 
With the mouth trigger, a high γ burst was mainly observed in the precentral gyrus, and with the water trigger, the 149 
high γ burst was observed in the pericentral gyri, especially in the postcentral gyrus. For the swallowing motion, 150 
the tendency for high γ bursts appeared in the region along the Sylvian fissure including the subcentral area and 151 
the pars opercularis. Conversely for the β band, it was difficult to identify a different spatial pattern. The power 152 
decrease (attenuation) in the β band were widely observed for all three triggers. 153 
 154 
Spatial Distribution of Electrodes showing Significant Power Changes related to Swallowing, Mouth, and 155 
Water Triggers 156 
 All electrodes that showed significant power burst or attenuation in each participant were plotted using the 157 
Montreal Neurological Institute (MNI) normalized brain for each trigger group (Fig. 3A). The electrodes attached to 158 
the right hemisphere were transposed to the left hemisphere. In the high γ band, the power increasing electrodes 159 
were plotted extensively in the water and swallowing group rather than the mouth group. In the β band, the power 160 
decreasing electrodes were plotted extensively across all groups. For all three groups, a significant high γ burst 161 
was observed, but the numbers of high γ burst electrodes were different within three groups. In the water and 162 
swallowing groups, the electrodes indicating high γ bursts were larger than those indicating no changes or high γ 163 
attenuation (Fig. 3B). In the swallowing group, the number of high γ bursts was significantly larger than other 164 
groups (the single-sided Wilcoxon signed-rank test with Bonferroni correction, corrected p = 0.023). In the β band, 165 
the number of attenuation electrodes was larger than that of the no change or burst electrodes. In the mouth and 166 
water groups, the number of β attenuation signals was significantly higher than the other two groups (single-sided 167 
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Wilcoxon signed-rank test with Bonferroni correction, p < 0.05) (Fig. 3B). This result showed that high γ burst and 168 
β attenuation were notably observed across all groups. 169 
 170 
 The number of high γ burst in the mouth group was significantly fewer than those in the water and swallowing 171 
group (single-sided Wilcoxon signed-rank test with Bonferroni correction, p = 0.012) (Fig. 3C). The number of β 172 
attenuation signals of the mouth group was largest but was not significant. The degree of high γ burst of the water 173 
group was largest but not significantly. In terms of the degree of β attenuation, the three groups were almost 174 
equivalent. These results indicated that a more extensive region showed swallowing-related high γ bursts, but the 175 
degree of high γ burst was larger when triggered by water injection, and the degree of β attenuation showed no 176 
changes within the three groups, although, mouth-associated β attenuation was observed in more extensive 177 
regions. 178 
 179 
 The top 25% of electrodes indicating a significant increase in high γ power or degree of β attenuation were 180 
plotted over the MNI brain (Fig. 3D). For the high γ burst, electrodes related to water injection were active in the 181 
lateral portion of the central sulcus, and electrodes related to swallowing were active in the regions along the 182 
Sylvian fissure. Electrodes related to mouth opening were found in the precentral gyrus and in the ventrolateral 183 
prefrontal cortex (VLPFC), but were no better localized than the other groups. In β attenuation, electrodes related 184 
to the mouth and water group were localized in the VLPFC, and the localization appeared to be less specific in 185 
the swallowing group. This result indicated that high γ activities were better localized rather than β activities, and 186 
the high γ localization might reflect differences in neural processing. The result seemed to show that the area 187 
indicating β attenuation corresponded to the area where mouth-related high γ bursts were observed. Then, we 188 
investigated the correlation between the β and high γ bands. 189 
 190 
Correlation between β and High γ bands 191 
 Within the three triggers, using electrodes indicating significant β power attenuation, we calculated correlation 192 
coefficients between β and high γ normalized power. The time-window was 500 msec and consisted of 250 msec 193 
before and after the onset time of each trigger. In both the mouth and water groups, the correlation coefficients 194 
showed negative values, and had positive values in the swallowing group (Fig. 4A). However, there were no 195 
significant changes. Using the 100 msec time-window which moved in 50 msec intervals from -250 msec to 250 196 
msec of each trigger, the correlation coefficients between β and high γ normalized power were calculated, and the 197 
electrodes indicating β power attenuation were sequentially plotted (Fig. 4B). In the swallowing group, the 198 
correlation coefficients were positive, and in the water group, about half of were negative. In the mouth group, 199 
only at the -50 msec interval, the correlation coefficient achieved significant negative values (p = 0.032) (Fig. 4C). 200 
These results indicated that electrodes showing lower β power achieved higher γ power immediately before the 201 
mouth opening time trigger. Next, we evaluated how dynamic power changed in related to each trigger. 202 
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 203 
Dynamic Oscillatory Changes related to Each Trigger 204 
The top 25% of electrodes showing significant power decreased in the β band signals and increased in the high γ 205 
bands shown in Figure 3D were used to calculate the averaged dynamic power changes in each β and high γ 206 
band as electrodes associated with each trigger (Mouth-related electrodes (Mouth E), Water E, and Swallowing 207 
E). For each band, we used three electrode groups and three trigger groups to derive nine different power plots 208 
(Fig. 5A). Participants first opened their mouths and the water bolus was injected into it, and finally, swallowing 209 
occurred. Therefore, data obtained from the mouth trigger (Mouth T), water triggers (Water T), and swallowing 210 
trigger (Swallow T) were arranged in chronological order.  211 
 212 
Around 0 s of the mouth trigger, only Mouth E showed a high γ burst. Around 0 s of the water trigger, Water E 213 
showed a notable high γ burst and this propagated to Mouth E and Swallow E. At 0 s of the swallow trigger, in 214 
Swallow E, the high γ burst reached the peak value. The 0 s of the swallowing trigger corresponded to the 215 
boundary between voluntary swallowing and involuntary swallowing. Therefore, our results showed that during 216 
voluntary swallowing, high γ activities were maintained up to the voluntary swallowing motion, and subsequently, 217 
the high γ activities decreased. In high γ activities, there were obvious differences in the types of high γ burst 218 
observed in combination of each trigger and each related-electrode. Conversely, β power showed similar patterns 219 
for each trigger. In the mouth trigger, all associated electrodes showed the same pattern, whereby β power was 220 
suppressed before 0 s. For water triggers, β power remained inhibited, and with swallowing triggers, β attenuation 221 
continued up to about 0.5 s, thereafter β power rebounded. 222 
 223 
 We compared the lead-time when β or high γ power began to change between each trigger with each related 224 
electrode (Fig. 5B). The lead-time of the high γ burst of the Swallow E was significantly earlier than that of the 225 
Mouth E (single-sided Wilcoxon signed-rank test with Bonferroni correction, p = 0.031). Even in the Water E, the 226 
beginning time of high γ burst preceded the 0 s of water triggers. For the mouth trigger, β attenuation preceded 227 
the high γ burst, but changes were not significant. We plotted sequential changes in correlation coefficients 228 
between β attenuation and high γ activities a few seconds before and after 0 s of swallowing or mouth triggers 229 
(Fig. 5C). The significant negative correlation coefficients (p < 0.05) were observed at -1.8 s of the swallowing 230 
trigger and at -1.25 s of the mouth trigger in each. These timings represented the time before each high γ burst 231 
appeared. In both the mouth and swallowing triggers, the results showed that a negative correlation appeared 232 
before the high γ burst. 233 
 234 
 To investigate β activities, we plotted the normalized β power changes from -1.5 s to 6 s of mouth triggers (Fig. 235 
5D). The β power started to decrease at about –0.5 s, and the β attenuation at 0 s of mouth triggers was 236 
maintained up to 4 s, after which the β power rebounded. As mentioned above, at -0.05 s, a significant negative 237 
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correlation between β and high γ power was observed (Fig. 4B, 4C, 5C). Therefore, we used the β power of all 238 
electrodes at -0.05 s to investigate the correlation between β–β powers. The sequential correlation coefficients 239 
between the β power at -0.05 s and the β power at a specific time was shown (Fig. 5D). After the 0 s of the mouth 240 
trigger, during the β attenuation, a significant positive correlation was observed (p < 0.05 with Bonferroni 241 
correction). The results indicated that the β attenuation was induced by mouth opening and the continuous β 242 
attenuation was correlated to the mouth-related β attenuation. 243 
 244 
 Here, varying types of high γ activities were observed for each associated electrode group corresponding to the 245 
swallowing, mouth, and water triggers. Next, we used the PAC method to investigate the correlation between 246 
these high γ activities and low frequency activities.  247 
 248 
PAC Features related to Mouth, Water, and Swallowing triggers 249 
We used PAC analysis with the synchronization index (SI) (Cohen, 2008). The SI is a complex number; thus, we 250 
calculated the magnitude of the SI values, SIm. To calculate the SIm, we used the electrodes that showed the top 251 
25% significant increases in high γ power changes (Fig. 3D). First, SIm values were calculated as a combination 252 
of lower frequency (2–30 Hz, 1 Hz bin) and higher frequency (76–150 Hz, 4 Hz bin) at a certain time (Fig. 6). For 253 
mouth T, at -1.2 s rather than 0 s, a significant SIm between θ (4–8 Hz) and high γ band were observed. For 254 
water T, at -0.6 s or 0 s, significant SIm between δ (2–4 Hz) and high γ band were observed. For swallow T, a 255 
high SIm between low β (13–20 Hz) and high γ band appeared at -1.4 s or -1.1 s. However, at 0 s, this high SIm 256 
disappeared and significant high SIm between δ and high γ band were observed at 0 s or 0.5 s. 257 
 258 
Next, temporal SIm changes were investigated fixing high frequency at 75–150 Hz (Fig. 7). From -1.4 s to -0.8 s 259 
of mouth T, the SIm of the θ band had higher values and at -1.2 s, the high SIm values were significant. From -1.0 260 
s to 0.4 s of water T, the SIm of the δ band had high values and at -0.6 s, the high SIm values were statistically 261 
significant. From -1.4 s to -0.7 s of the swallow T, high SIm values of the low β band were observed and at -1.4 s, 262 
-1.3 s and -1.1 s, higher SIm values were significant. From -0.2 s to 1.3 s of swallow T, the SIm of the δ band was 263 
high and at 0.3 s, a significant SIm was observed. 264 
 265 
High γ power conditioned by the θ phase in mouth T, the δ phase in water T, and a low β phase in swallow T were 266 
presented within each of the 6 phase-bins (60° width) (Fig. 7D). In mouth T and swallow T, the time at the high 267 
SIm corresponded to the time before the high γ burst. Conversely, in water T, the time of the high SIm 268 
corresponded to the time of high γ burst. At the time of the appearance of the high SIm, each phase-conditioned 269 
high γ power signal was well separated. 270 
 271 
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To identify the lower frequency phase to which the high γ power amplitude was coupled during the high SIm 272 
appearance, we calculated the average lower frequency oscillation and the average phase-coupled high γ 273 
normalized power, within each of the 6 bins of the lower frequency phase (60° width), θ phase in mouth T, δ 274 
phase in water T, and low β phase in swallow T (Fig. 8). All lower frequency oscillations peaked at 0° with the 275 
trough at 180°. In mouth T, the lowest high γ power was observed at the trough of the θ oscillation (180°) (Fig. 276 
8A), while, for the swallow T, the largest high γ power was observed at the trough of the lowest β oscillation (180°) 277 
(Fig. 8C). In water T, the largest high γ power was observed at the peak of the δ oscillation (0°) (Fig. 8B). Among 278 
the three triggers, the shapes of lower frequency oscillations were the same; however, the method by which the 279 
high γ power was conditioned by the lower frequency phase were different. 280 
 281 
In mouth T and swallow T, significant coupling between θ or low β and high γ bands were observed before the 282 
onset of the high γ burst. Finally, we investigated the correlation between SIm values when significant coupling 283 
was observed and high γ power at specific times using all electrodes (Fig. 9). In the mouth T, significant positive 284 
correlations between the θ–high γ SIm from -1.4 s to -0.8 s and the high γ power at -0.1 s were observed (p = 285 
0.046). In the swallow T, a significant positive correlation between the low β–high γ SIm from -1.4 s to -0.7 s and 286 
high γ power at -0.05 s was observed (p = 0.039) (Fig. 9A). Sequential correlation coefficients between SIm 287 
during above time and high γ power at certain times are presented simultaneously using high γ normalize power 288 
plotting (Fig. 9B). Within mouth T, at -1.0, -0.45, -0.1, 0.45 and 0.5 s, a significant positive correlation (p < 0.05) 289 
was observed, and especially at -0.1 s, the high γ burst was also observed. Within the swallow T, at -0.3, -0.25 290 
and -0.05 s, a significant positive correlation (p < 0.05) was observed, and simultaneously, a high γ burst was also 291 
observed. This result indicated that the higher SIm the electrodes recorded, then the larger the high γ burst the 292 
electrodes could achieve later. 293 
 294 
 295 
Discussion  296 
This human ECoGs study was the first to investigate orofacial cortical oscillatory changes up to the high γ band 297 
associated with motor and somatosensory neural processing invoked by a swallowing task. We analyzed the 298 
ECoG data with three triggers corresponding to the time when the participant’s mouth was opened, a water bolus 299 
was injected into the mouth, and when the bolus was swallowed. Mouth opening (Mouth T) and swallowing 300 
(Swallow T) represent motor output movement of efferent neural activities, and water injection (Water T) 301 
represents a somatosensory input of afferent neural activities. We demonstrated that different neural activities 302 
were observed between the high γ band and lower frequency bands, especially for the β band. High γ burst and β 303 
attenuation were observed to be associated with mouth opening, water injection and swallowing, however, the 304 
distribution of high γ burst activity was more focal than that of β attenuation. The distribution of β attenuation was 305 
diffuse and extensive. High γ activities generally show more focal spatiotemporal distributions than lower 306 
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frequency activities (Crone et al., 1998). Analyses based on mouth-related, water-related, and swallowing-related 307 
triggers showed distinct high γ burst activity. Mouth-related high γ bursts were observed in the precentral gyrus 308 
and the VLPFC, and water-related high γ bursts were observed in the lateral portion along the central sulcus. 309 
Swallowing-related high γ bursts were observed in regions along the Sylvian fissure, including the subcentral area 310 
(Brodmann’s areas; BA 43) and the frontal operculum (BA 44). The swallowing-related high γ bursts achieved the 311 
peak at the boundary time between voluntary and involuntary swallowing, therefore, we inferred that this power 312 
peak represented the switching of the swallowing driving force from the cortex to the brain stem. Next, to 313 
investigate the relationship between high- and low-frequency bands, we used the PAC method. The high γ bursts 314 
associated with somatosensory input were coupled with the δ band on increasing power. However, the high γ 315 
bursts associated with motor output were coupled with the lower frequency bands before increases in power (θ 316 
band with mouth-opening and low β band with swallowing). The motor-related coupling before the high γ burst 317 
showed a positive correlation with a subsequent high γ burst. Therefore, we inferred that this result reflected 318 
differences between somatosensory and motor neural processing, and motor-related coupling induces later 319 
motor-related high γ-activities. 320 
 321 
Swallowing-associated high γ bursts were observed in the region along the Sylvian fissure, including the 322 
subcentral area (BA 43) and the frontal operculum (BA 44). Previous studies have reported that swallowing 323 
activated the subcentral area (Martin et al., 2004; Toogood et al., 2017) and the frontal operculum (Dziewas et al., 324 
2003; Lowell et al., 2008). In our study, swallowing-associated high γ bursts achieved a peak at the onset time of 325 
swallowing triggers, and subsequently, the high γ power decreased. Swallowing is divided into three phases, 326 
namely, the oral, pharyngeal, and esophageal phases. The oral phase is voluntarily controlled, whereas the 327 
pharyngeal and esophageal phases are involuntarily controlled (Jean, 2001). We inserted the swallowing trigger 328 
at the boundary time between the oral and the pharyngeal phases (Kusuhara et al., 2004). Therefore, our 329 
swallowing triggers were inserted between the transition from voluntary to involuntary swallowing. In the present 330 
study, during the voluntary swallowing phase, the high γ bursts appeared; however, in conjunction with the 331 
completion of voluntary swallowing, the high γ activity also decreased. A previous ECoG study postulated that the 332 
cerebral cortex is involved in voluntary swallowing to a greater degree than in swallowing execution (Satow et al., 333 
2004). Our finding that the high γ burst related to swallowing achieved a peak at the transition between voluntary 334 
and involuntary swallowing indicates a neural mechanism: the main drive for swallowing switches from the 335 
cerebral cortex to the brain stem. During the high γ decrease, the CPG of the brain stem might be activated.  336 
 337 
β attenuation in the lateral pericentral gyri was induced by the tongue movement and by swallowing (Dziewas et 338 
al., 2003). In our study, β attenuation was invoked associated with mouth opening, and the β band attenuation 339 
remained until the completion of the swallowing movement. The negative correlation between β and high γ power 340 
bands were observed. This high γ burst with β attenuation was consistent with the ECoG findings (Crone et al., 341 
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1998; Miller et al., 2007). High γ activities with reductions in β power were also induced by hand movements 342 
(Yanagisawa et al., 2011). The negative correlation between β and high γ power was also observed at the 343 
moment before the swallowing-associated high γ burst, and so, we inferred that both mouth-opening and 344 
swallowing-associated cortical neural processing belong to the same motor cortical network. Moreover, this β 345 
attenuation was released after the completion of the swallowing movement and β power increased. This re-346 
activation is known as rebounded β (Salmelin et al., 1995). 347 
 348 
Coupling related to mouth opening and swallowing was observed before the motor-related high γ burst. High γ 349 
activities related to hand movements were coupled with the α phase before the high γ increase (Yanagisawa et 350 
al., 2012), and a hold-and-release model of high γ amplitude was proposed, which indicated that strong coupling 351 
restricted the high γ activities and attenuation of the coupling releases the high γ activities. The high PAC state 352 
may suppress cortical information processing before the onset of movement, and its cessation may induce a shift 353 
to an active processing state (de Hemptinne et al., 2015). Our results show that the low and high frequency 354 
couplings related to mouth opening and swallowing were observed before the high γ burst. The couplings 355 
disappeared and a high γ power increased. Moreover, a positive correlation between coupling and later high γ 356 
power increasing were observed. We inferred that the low and high frequency coupling might be necessary for 357 
endogenous high γ burst associated with motor output, efferent neural activities. However, mouth opening- and 358 
swallowing-related oscillatory changes showed that the lower frequency phase coupled with the high γ amplitude 359 
differed. Moreover, in the previous study, the maximum value of the high γ amplitude related to hand movement 360 
was locked up to the trough (180°) of the α oscillation (Yanagisawa et al., 2012), and in our study, the high γ 361 
amplitude was locked up to the trough of the lower frequency oscillations, which was the minimum value related 362 
to mouth opening and the maximum value related to swallowing. These differences may indicate that mouth and 363 
swallowing-related cortical networks belong to different divisions belonging to a same motor cortical network. 364 
 365 
In this study, the δ-high γ coupling associated with the water injection obtained high values at the same time as 366 
the high γ burst, but not before high γ burst. The somatosensory input-related high γ activities were exogenous 367 
neural activities, and the high γ activities increased simultaneously by coupling with the δ phase. This difference 368 
in the time when coupling occurs between motor output and somatosensory input may indicate that different 369 
neural processing mechanisms occur for efferent and afferent neural activities. 370 
 371 
We found that a high γ burst was observed in the lateral pre- and postcentral gyri associated with the water 372 
injection stimulus. Tactile stimulation of the buccal mucosa activates the caudolateral primary somatosensory 373 
area (Miyaji et al., 2014). We expected that water-associated high γ bursts would appear after the water triggers, 374 
however, contrary to our expectation, the beginning of the water-related high γ burst was 0.9 s earlier than the 375 
onset time of the water trigger. The onset time of the water trigger corresponded to the time when water bolus 376 
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was injected by a syringe, which as fixed onto the lip. We inferred that the time lag was a result of the 377 
somatosensory input from the lip on which a syringe was placed.  378 
 379 
Our study has several limitations. First, we focused only the orofacial cortex. Multiple cortices are activated during 380 
swallowing (Ertekin & Aydogdu, 2003), however our study could not demonstrate cortical activities other than in 381 
orofacial region. Second, in this study, we divided swallowing events into three parts (mouth opening, water 382 
injection, and swallowing), and discussed motor and somatosensory neural processing. For more precise 383 
analysis, we may need to treat these as separate events, i.e., mouth movement only, water injection into the 384 
mouth only, and swallowing only. Third, we inferred the switching mechanism of the swallowing-related main 385 
driving force from the cortex to the brain stem. In the future, we think that simultaneous recording of the cortex 386 
and the brain stem may be needed to reveal how the swallowing-related interaction between them works. Finally, 387 
the correlation between motor-related high γ power and PAC were demonstrated, however, the causation 388 
between them remain unclear. 389 
 390 
In the conclusion, we demonstrated that swallowing-related high γ activities that achieved the peak at the 391 
boundary time between voluntary and involuntary swallowing might represent the switching process from the 392 
cortex to the brain stem for swallowing execution.  Both motor output and somatosensory input evoked a high γ 393 
burst. The sensory- associated high γ burst were coupled with the δ phase at simultaneously with the high γ burst. 394 
Conversely, the motor-associated high γ bursts were coupled with a lower frequency phase before the high γ 395 
burst, and motor related-coupling were positively correlated with subsequent increases in high γ power. The PAC 396 
findings suggest that motor-related coupling induces later motor-related high γ-activities. 397 
 398 
 399 
Materials and Methods 400 
 401 
Materials and Methods 402 
Participants. Eight patients with intractable epilepsy participated in this study (four males and four females, 15–403 
51 years of age; mean age: 27.8 ± 11.6 y) (Supporting Table S1). All participants or their guardians were informed 404 
of the purpose and possible consequences of this study, and written informed consent was obtained. The present 405 
study was approved by the Ethics Committee of Osaka University Hospital (Nos. 08061, 16469). 406 
 407 
Task. The experiments were performed approximately 1 week after surgical electrode placement when all 408 
participants fully recovered from surgery. The participants were asked to sit on a chair and to remain still, 409 
especially without moving their mouth. The participants then opened their mouths, and the examiner injected 2 410 
mL of water into their mouths with a syringe. We requested that the participants keep the water bolus in their 411 
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mouths for approximately 1 s and then swallow it at their own pace without external cueing to prevent erroneous 412 
volitional water swallowing (aspiration). After we confirmed that the participants had completed one swallowing 413 
movement, the next water bolus was injected.  414 
 415 
Swallowing monitoring. For noninvasive swallowing detection, we used an EGG, a microphone, and a motion-416 
tracking system. A laryngograph (Laryngograph Ltd, London, UK) was used as an EGG and recorded the neck 417 
impedance changes associated with swallowing (Firmin et al., 1997). A pair of electrodes was placed on the neck 418 
skin below the thyroid cartilage of the participants at an interelectrode center-to-center distance of 25 mm and 419 
was held in place by an elastic band. Sounds of swallowing due to the bolus passing through the pharynx were 420 
detected by a throat microphone (Kusuhara et al., 2004). We connected the throat microphone (Inkou mike; SH-421 
12iK, NANZU, Shizuoka, Japan) to the laryngograph to record the swallowing sounds. The shape of the 422 
microphone was arched to fit around the participant’s neck. The sampling rate of a laryngograph and a throat 423 
microphone was 24,000 Hz. We captured the motion of the participants at 30 frames per second (fps) with the 424 
motion-tracking system, which was newly developed by us using Kinect v2 (Microsoft, Redmond, Washington, 425 
USA )(Hashimoto et al., 2018). The participants were seated facing Kinect v2, which was placed on a tripod at a 426 
distance of one meter, and their mouth and throat movements were captured. An electric stimulator (NS-101; 427 
Unique Medical, Tokyo, Japan) supplied digital synchronizing signals to the laryngograph and a 128-channel 428 
digital EEG system. The signals made an LED light flash, which was captured by the RGB camera of Kinect v2. 429 
The digital triggers and LED light flash enabled us to synchronize the multimodal data of an EGG, a microphone, 430 
the video captured by our motion-tracking system, and an intracranial EEG (Supporting Fig. S1C). The 431 
simultaneous recording of the EGG, microphone, and motion-tracking system enabled us to noninvasively monitor 432 
the swallowing movements (Hashimoto et al., 2018). The RGB camera of the Kinect v2 device enabled us to the 433 
detect time when the participants opened their mouths and when the water bolus was injected into the mouth.  434 
 435 
Signal segmentation based on swallowing-related events. Swallowing activities caused swallowing-436 
associated impedance changes in the neck, and this impedance waveform was clearly associated with the 437 
swallowing activities (Kusuhara et al., 2004). The laryngograph was used to identify reliable signals that relate to 438 
swallowing (Firmin et al., 1997). The swallowing onset time was determined at the time when the impedance 439 
waveform reached the peak. Swallowing sounds occurred frequently as the bolus of water passed through the 440 
pharynx (Kusuhara et al., 2004), and their evaluation in conjunction with the EGG helped us to judge whether the 441 
impedance change was caused by swallowing (Supporting Fig. S1A, S1B). Additionally, we confirmed that the 442 
changes in impedance and sounds corresponded to water swallowing by using the video captured by our simple 443 
swallow-tracking system (SSTS) (Hashimoto et al., 2018). We inserted swallowing triggers, which corresponded 444 
to the swallowing onset time, into the ECoG data. 445 
 446 
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A previous study associated the neck impedance changes with the following swallowing stages: stage I (the oral 447 
stage), stage II (the pharyngeal stage), and stage III (the esophageal stage). The time of the EGG peak 448 
corresponded to the beginning of the pharyngeal stage (Kusuhara et al., 2004). Since the oral phase is voluntarily 449 
controlled and the pharyngeal and esophageal phases are involuntarily controlled (Jean, 2001), the swallowing 450 
onset time in this study corresponded to the transition time from voluntary swallowing to involuntary swallowing. 451 
 452 
We could also detect the time when the participant opened his/her mouth and when the examiner injected water 453 
into the participants’ mouth using the video captured by RGB camera of the SSTS (Supporting Fig. S1C). Mouth 454 
triggers and water triggers, which corresponded to different times, were also inserted into ECoG data (the number 455 
of each trigger is shown in Supporting Table S1). 456 
 457 
ECoG electrodes. Different types of electrodes (Unique Medical Co. Ltd., Tokyo, Japan), including grid, strip, and 458 
depth types, were implanted in the subdural space during conventional craniotomy as a clinical epileptic surgery. 459 
For analysis, we chose planar-surface platinum grid electrodes (4×5 array) that were placed overt the lateral 460 
portion of the central sulcus (in all participants) (Fig. 2A). The number of total electrodes and selected grid 461 
electrodes in each participant are shown in Supporting Table S1. The diameter of the electrodes was 3 or 5 mm, 462 
and the interelectrode center-to-center distance was 5, 7, or 10 mm.  463 
 464 
Electrode location. Preoperative structural magnetic resonance imaging (MRI) was obtained with a 1.5-T or 3.0-465 
T MRI scanner, and postoperative computed tomography (CT) scans were acquired with the subdural electrodes 466 
in place. The CT images clearly showed the position of the electrodes with respect to the skull geometry. The 467 
implanted electrodes that were obtained from the CT images were overlaid onto the 3-dimensional brain 468 
renderings from the MRI volume that was created by FreeSurfer software (https://surfer.nmr.mgh.harvard.edu). 469 
We obtained the Montreal Neurological Institute (MNI) coordinates of the implanted electrodes with Brainstorm 470 
software (http://neuroimage.usc.edu/brainstorm/), which merged the preoperative MRI scans and postoperative 471 
CT scans. The location of the implanted electrodes that was visualized by Brainstorm was then confirmed by 472 
intraoperative photographs.  473 
 474 
Data acquisition and preprocessing. The ECoG signals were measured with a 128-channel digital EEG system 475 
(EEG 2000; Nihon Kohden Corporation, Tokyo, Japan) and digitized at a sampling rate of 1000 Hz with a 0.3 to 476 
333 Hz bandpass filter to prevent aliasing, and a 60-Hz notch filter to eliminate the AC line noise. Before any 477 
further processing, noisy electrodes were excluded from further analyses. In P1 and P3, two electrodes were 478 
excluded because of external noise contamination. Electrodes containing epileptic discharge were also excluded 479 
in P5 (5 electrodes). The ECoG signals were digitally re-referenced to a common average of implanted total 480 
electrodes in each participant. We analyzed the ECoG signals that were time-locked to the triggers. 481 
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Throughout the following analyses, a bandpass filter using a two-way least-squares finite impulse response (FIR) 482 
filter was applied to the ECoG signals. To prevent edge-effect artifacts, additional 250 msec data were attached to 483 
the initial and end points of the averaged signals. After band-passed filtering, the 250 msec extra data were 484 
excluded. 485 
 486 
Spectral analyses. The ECoG signals were time-locked to each trigger and extracted. In Figure 1, a time-487 
frequency analysis of the time-locked ECoG signals was performed using free EEG analysis software (EEGLAB 488 
version 14.1.2b, http://sccn.ucsd.edu/eeglab/) with a frequency range from 1–330 Hz and spectral power (in dB) 489 
calculated in 0.5-Hz bins with 200 data-points (from -5.0 to 2.5 s in every 33-msec window). The baseline for the 490 
time-frequency analysis was initially 0.5 s. 491 
To create power contour maps, we divided the time-locked ECoG signals from -4.5 to 2.5 s into 15 intervals every 492 
0.5 s. The power of each interval was calculated for each electrode with Hilbert transformation applied to band-493 
passed waveforms including high γ band (75–150 Hz) and β band (13–30 Hz). A bandpass filter using a two-way 494 
least-squares finite impulse response (FIR) filter (pop_eegfiltnew.m from the EEGLAB toolbox) was applied to the 495 
time-locked ECoG signals. To prevent edge-effect artifacts, extra 250 msec of data collection were attached to 496 
the initial and end points of the time-locked ECoG signals. After band-passed filtering, the 250 msec extra data 497 
were excluded. We calculated the averaged power during 0.5 s time epoch in these two bands, and the averaged 498 
power was normalized with the mean and standard deviation (SD) of the power of the corresponding electrodes 499 
during -5.0 to -4.5 s of the swallowing triggers. 500 
 501 
In Figure 2, the power contour maps were created from 0.5 s time-window consisting of before and after 250 502 
msec of each trigger. The power of high γ band and β band were z-normalized with the mean and SD of the 503 
power during -1.0 to -0.5 s of the mouth triggers as baseline. Single-sided permutation tests were performed 504 
between trigger data and baseline data for each electrode in two frequency bands. Multiple comparisons were 505 
resolved by Bonferroni correction, and significant corrected p-values were <0.05.  506 
 507 
Extraction of electrodes. Significant power increasing or decreasing electrodes (single-sided permutation tests 508 
with Bonferroni correction) are indicated as filled white or black circles in Fig. 2B. These electrodes were plotted 509 
over the MNI normalized brain using Brainstorm software (Fig. 3A). Significant electrode numbers or frequency 510 
power were compared by single-sided Wilcoxon signed-rank test with Bonferroni correction (Fig. 3B, 3C, 5B). The 511 
top 25% of electrodes indicating a significant high γ power increase (burst) or a significant β power decrease 512 
(attenuation) were extracted and plotted on the MNI normalized brain (Fig. 3D).  513 
 514 
Correlation analysis of frequency power. We investigated the correlation between β and high γ band power 515 
using a linear regression model. We used MATLAB 2019b (MathWorks, Natick, MA, USA) for analysis described 516 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 21, 2020. ; https://doi.org/10.1101/2020.07.21.213868doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.213868


  H. Hashimoto. et al. 

17 

 

 

herein and for the analysis described below. The power of two frequency bands were calculated by the Hilbert 517 
transformation and were applied to the band-passed waveforms obtained by 500-msec data-points consisting of 518 
before and after 250 msec of each trigger. Power was normalized by the power calculated using the data 519 
obtained from -1.0 to -0.5 s of mouth triggers. The correlation between β and high γ band of the electrodes which 520 
indicated significant reductions in β power were analyzed (Fig. 4A). Next, sequential correlation changes were 521 
investigated using 100 msec data-points at 50-msec intervals with each trigger. The correlation was analyzed 522 
using electrodes that indicated a decrease in β power (Fig. 4B, 4C, 5C). Sequential correlation changes between 523 
fixed β power at -0.05 s of mouth triggers and varying β power at specific time points from -1.5 s to 6.0 s of mouth 524 
triggers were investigated using all 151 electrodes (Fig. 5D).  525 
 526 
Dynamic frequency power changes. The top 25% of electrodes indicating significant high γ power increases 527 
(burst) or significant β power reductions (attenuation) were defined as mouth-related electrodes (Mouth E), water-528 
related electrodes (Water E) and swallowing-related electrodes (Swallow E) in each frequency band. From these 529 
electrodes, we obtained averaged waveforms relative to each trigger (mouth triggers: Mouth T, water triggers: 530 
Water T, swallowing triggers: Swallow T). For the acquisition of a power time series, the averaged time series 531 
were band-pass filtered, and the band-passed time series were subjected to Hilbert transformation. The power 532 
time series were normalized by the power from -1.0 s to -0.9 s of Mouth T. Averaged frequency power values 533 
were calculated from a 100 msec time-window which was shifted every 10 msec. The shifted 100 msec data-534 
points were compared with 100 msec data-points from -1.0 s to -0.9 s of Mouth T using the permutation test. 535 
Multiple comparisons were resolved by a family-wise error (FWE)-corrected threshold (see below). The FWE-536 
threshold is indicated as a red dashed line in Fig. 5A. In Fig.5A, power time series from -1.5 s to 0.5 s of Mouth T, 537 
from -1.5 s to 1.5 s of Water T and from -2.5 s to 2.5 s of Swallow T were calculated from each related-electrode. 538 
In Fig. 5D, the power time series from -1.5 s to 6.0 s of Mouth T were calculated from all electrodes.  539 
 540 
PAC analyses. Trigger-related time-locked ECoG signal from high γ burst-associated electrodes were averaged. 541 
In low frequency band, the center of a bandpass filter were shifted every 1 Hz from 2 to 30 Hz, and the width of 542 
bandpass filter were ± 1 Hz. In the high frequency band, the center of a bandpass filter was shifted every 4 Hz 543 
from 76 to 150 Hz, and the width of bandpass filter were ± 35 Hz (Fig. 6). When the high frequency band was 544 
fixed as high γ band, 75–150 Hz bandpass filter was used (Fig. 7). Hilbert transformation was performed on the 545 
filtered signals to obtain the complex-valued analytic signals of each frequency band, Zω(t) (ω means the 546 
frequency band). The amplitude of each frequency band, Aω(t), and the phase of each frequency band, φω(t), was 547 
calculated from the complex-valued signals using Equation 1. 548 

(1) Z!	(t) = 	A!		(t)	・ exp+i	ϕ!	(t).. 549 

  550 
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The synchronization index (SI) was used to measure the strength of PAC between the high frequency power 551 
amplitude and the low-frequency phases (Cohen, 2008). The power amplitude of the high frequency band was 552 
extracted as the squared magnitude of Zγ(t), the analytic signal calculated by the Hilbert transformation (Pγ(t) = 553 
real [Zγ (t)]2 + image [Zγ (t)]2). For the main analysis, the power amplitude was averaged over a 1 s time-window 554 
(Fig. 6, 7), and the center of the time-window was shifted by 100 msec from -1.5 s to 0.5 s of Mouth T, from -1.0 s 555 
to 0.5 s of Water T and from -2.5 s to 1.5 s of Swallow T (Fig. 7). Phases of the high frequency power amplitude 556 
were also extracted from the Hilbert transformation (φγ(t) = arctan (imag [Z (Pγ(t))]/real[Z(Pγ(t))])). The phase time 557 
series, φl(t), was obtained from the angle of the Hilbert transform of the bandpass filtered signal. SI was 558 
calculated using Equation 2. 559 
 560 
 561 

(2)  SI = 	 #
$
	× 	∑ e%[	ϕ&(t) 	−	ϕ'(t)]$

()#  562 

 563 
n is the number of time points during each 1 s time window. SI is a complex number; therefore, we used the 564 
magnitude of SI, referred to as SIm. SIm varies between 0 and 1, with 0 indicating that phases are completely 565 
desynchronized and 1 indicating that phase values are perfectly synchronized. For the phase-conditioned 566 
analysis, the lower frequency phase, consisting of θ band (4–8 Hz) with Mouth T, δ band (1–4 Hz) with Water T 567 
and low β band (13–20 Hz) with Swallow T, was divided into 6 intervals of 60° without overlaps: 0° ± 30°, 60° ± 568 
30°, 120° ± 30°, 180° ± 30°, 240° ± 30°, and 300° ± 30°. High γ power was normalized by the high γ power from -569 
1.0 s to -0.5 s of Mouth T. In a 1 s time window, high γ power amplitudes were averaged within each phase 570 
interval (Fig. 7D) (Yanagisawa et al., 2012). In the time when high SIm values were observed during from -1.4 s to 571 
-0.8 s of Mouth T, from -1.0 s to 0.4 s of Water T and from -1.4 s to -0.7 s of Swallow T, lower frequency 572 
oscillation and normalized high γ power amplitudes were averaged within each phase interval (Fig. 8).  573 
 574 
Correlation analysis related to PAC. We investigated the correlation between SIm and high γ band power using 575 
linear regression model with all electrodes (total 151 electrodes). We used fixed SIm values, which were 576 
calculated from the duration when high SIm values were observed from -1.4 s to -0.8 s of Mouth T and from -1.4 s 577 
to -0.7 s of Swallow T. The lower frequency were θ band in the Mouth T and low β band in the Swallow T. High γ 578 
power was normalized by the high γ power from -1.0 s to -0.5 s of Mouth T, and 100 msec time-window centered 579 
at -0.1 s of Mouth T and at -0.05 s of Swallow T were used for calculation of high γ power (Fig. 9A). Next, 580 
sequential correlation and power changes were investigated using 100 msec data-points shifted every 50 msec 581 
from -1.4 s to 0.5 s of Mouth T or Swallow T (Fig. 9B).  582 
 583 
Statistics. For statistical evaluation, we used single-sided Wilcoxon signed-rank test with Bonferroni correction 584 
(Fig. 3B, 3C, 5B). For the statistical evaluation of the power changes displayed as contour maps (Fig. 2B) or time-585 
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series (Fig. 5A), we used a permutation test for the comparison between the active and baseline states (Maris & 586 
Oostenveld, 2007). In Fig. 2B, we applied a conservative Bonferroni correction to correct for multiple comparisons 587 
and used a corrected threshold of p < 0.05. In Fig. 5A, to correct for multiple comparisons, we used a familywise 588 
error (FWE)-corrected threshold. If one permutation test was done, we could obtain one distribution of differences. 589 
The maximum or minimum values of the distribution were stored, and the values at 95% of these distributions 590 
were taken as the FWE-corrected threshold, which is applied to the observed power time series. 591 
For statistical assessment of SIm, the boot-strapping technique was used (Cohen, 2008). The phase time series 592 
of high frequency power amplitude is shifted in time by some random amount, and boot-strapping SIm (SImb) is 593 
calculated with the lower frequency phase. This procedure was repeated 1,000 times to create a distribution of 594 
SImb. The normalized SIm was calculated using the mean and SD of the distribution of SImb. Permutation p 595 
values were calculated by counting the number of SImbs above the observed SIm and dividing by 1,000. If the 596 
observed SIm exceeded 99% of the distribution of SImb, p values were less than 0.01, and it was deemed 597 
statistically significant. To correct for multiple comparisons, we used an FWE-corrected threshold. At each 598 
iteration in the distribution of SImb, the maximum values of SImb were stored, and the values at 95% of these 599 
distributions were taken as the FWE-corrected threshold, which is applied to the observed SIm(Cohen, 2014). 600 
 601 
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Figures   761 

 762 
Figure 1. Temporal profiles of oscillatory changes associated with swallowing in P1. (A) The reconstructed MR 763 
images. The numbers correspond to the electrode numbers. (B) Averaged time-frequency maps are shown from -764 
4.5 to 2.0 s around the swallowing trigger. These baselines of 0.5 s duration range from -5.0 to -4.5 s. High γ 765 
band power (>50 Hz) increases specific to swallowing appeared in Ch 9 attached to the subcentral area from -2.0 766 
to 0 s. Within -3.5 to -2.0 s, the time-frequency plots from the pre and postcentral gyri showed high γ increases 767 
along with decreases in lower frequency band (< 50 Hz) power. After 0 s, the pre- and postcentral gyri showed the 768 
lower frequency power increase. (C) Contour maps of normalized power in high γ (75–150 Hz) and β (13–30 Hz) 769 
bands are shown from -4.5 to 2.5 s every 0.5 s interval around the swallowing trigger. The cortical areas in which 770 
the large power increased in the high γ band showed sequential changes. The electrode that showed the largest 771 
high γ power increases immediately before swallowing onset time (0 s) was Ch9, attached to the subcentral area. 772 
The two black electrodes were excluded because of severe noise contamination. The central sulcus (CS) and the 773 
Sylvian fissure (SF) are indicated by the white and black dashed lines in each. 774 
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 776 
Figure 2. Power contour maps at mouth, water, and swallowing triggers in high γ and β band. (A) The 777 
reconstructed MR images for all participants. (B) The upper columns indicate high γ contour maps and the lower 778 
columns indicate β contour maps. Significant power burst was indicated as white filled circles, and significant 779 
power attenuation was indicated as black filled circles (Single-sided permutation test with Bonferroni correction, 780 
corrected p < 0.05). Excluded electrodes were indicated as small black filled circles. The central sulcus and the 781 
Sylvian fissure are indicated by white and black dashed lines, respectively. Within the mouth, water, and 782 
swallowing, the mainly region where high γ burst was observed were the precentral gyrus, the postcentral gyrus, 783 
and the cortex along the Sylvian fissure in each. The β attenuation were observed in wide area related to all three 784 
triggers. 785 
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 787 
Figure 3. Spatial profile related to mouth, water, and swallowing trigger groups. (A) For each trigger group, 788 
electrodes indicating significant power increases or decreases in high γ or β band were plotted over the MNI 789 
brain. In the high γ band, a power increase was notable, and in the β band, power decreasing was notable and 790 
extensive. (B) Within the mouth, water, and swallowing group, the numbers of electrodes were compared 791 
between the three groups including power increasing or power decreasing or no changes (N.C.) (single-sided 792 
Wilcoxon signed-rank test). P values were corrected with Bonferroni correction and significant p values (< 0.05) 793 
are shown indicated by an asterisk (corrected p: c.p). In the high γ band, the number of increasing electrodes was 794 
largest in the swallowing and water groups. In the β band, the number of decreasing electrodes was largest in all 795 
groups. (C) In high γ power increasing electrodes or β power decreasing electrodes, the numbers of electrodes 796 
and the degree of power changing were compared between the mouth, water, and swallowing group (single-sided 797 
Wilcoxon signed-rank test with Bonferroni correction, significant p values (< 0.05) are indicated by with an 798 
asterisk). The numbers of electrodes with high γ increases associated with mouth were significantly fewer than 799 
other groups, but those with β decreased related to mouth were larger than other groups. (D) The top 25% 800 
electrodes indicating significant high γ power increases or β decreases were plotted over the MNI brain. In high γ 801 
increases, mouth-related electrodes were observed in the precentral gyrus and the ventrolateral prefrontal cortex 802 
(VLPFC). Water-related electrodes were observed in the lateral portion of the central sulcus, and swallowing-803 
related electrodes were observed on the regions along the Sylvian fissure. In β decreasing, mouth- and water-804 
related electrodes were localized in the VLPFC, and the localization loosen in the swallowing group. The error 805 
bars indicate standard deviation (B, C). 806 
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 808 
Figure 4. Correlation between β and high γ normalized power within each trigger. (A) Correlation at each trigger 809 
of 500 msec time-window are shown. The correlation coefficients (C. C.) were negative in the mouth and water 810 
group, and positive in the swallowing group, accompanied with no significant changes. (B) Correlation coefficients 811 
between β and high γ normalized power were sequentially plotted from -250 to 250 msec of each trigger. In the 812 
mouth group, the significant negative values were observed only at -50 msec indicated as a red circle. (C) 813 
Significant negative correlation between β and high γ normalized power at -50 msec were observed (p = 0.032). 814 
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Figure 5. Temporal profile related to swallowing, 816 
mouth and water trigger groups. (A) Averaged power 817 
of high γ (upper column) and β band (lower column) 818 
calculated from top 25% electrodes, which showed 819 
significant power changes. The electrodes group 820 
which showed top 25% power changes were 821 
indicated as Mouth E, Water E, and Swallow E, 822 
colored by green, blue, and red in each. At 0 s of 823 
mouth triggers (Mouth T), only Mouth E showed a 824 
high γ burst not Water E and Swallow E. At 0 s of 825 
Water T, Water E showed notably high γ bursts. 826 
With Swallow T, Swallow E, showed high γ power 827 
increasing and achieved a peak at 0 s. After that, the 828 
power decreased. In the β band, three electrodes 829 
groups showed the same pattern as the β power 830 
decrease from Mouth T, and the attenuation was 831 
maintained until about 1.0 s of Swallow T. Red dot 832 
lines are FWE-threshold. (B) The beginning time of 833 
power changes for each band with each trigger was 834 
compared using single-sided Wilcoxon signed-rank 835 
test. P values were corrected by Bonferroni 836 
correction. The time of the β attenuation and the 837 
time of the high γ burst were very similar. The error 838 
bars indicate standard deviation. (C) The correlation 839 
coefficients between negative β power and high γ 840 
power at certain time were plotted with swallowing 841 
triggers colored red (upper line) or with mouth 842 
triggers colored green (lower line). Significant 843 
correlation coefficients (p < 0.05) were indicated as 844 
red circles. Significant negative correlations were 845 
observed at -1.8 s of swallowing triggers and at -1.2 846 
s of mouth triggers. (D) Power changes of β band 847 
with mouth triggers from -1.5 s to 6.0 s were 848 
presented in upper line, and correlation between β 849 
power at -0.05 s and β power at certain time were 850 
shown in lower line. During β attenuation, significant 851 
positive correlation were observed (corrected p < 852 
0.05 with Bonferroni correction, red crossbar 853 
indicating significant time). 854 
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 856 
Figure 6. Coupling between the lower frequency phase and the higher frequency amplitude. SIm values were 857 
presented in the upper line, permutation p values (boot-strapping technique) less than 0.01 in middle line, 858 
significant SIm (FWE-threshold) in bottom line. Vertical axes indicate higher frequency bands (76–150 Hz, 4 Hz 859 
bin) from which amplitude were calculated. Horizontal axes indicated lower frequency band (2 – 30 Hz, 1 Hz bin) 860 
from which phase were calculated. (A) Coupling between θ (4–8 Hz) and high γ band were observed at -1.2 s of 861 
mouth triggers (Mouth T). (B) Related to water T, coupling between δ (2–4 Hz) and high γ band were observed. 862 
(C) Coupling between low β (13–20 Hz) and high γ band were observed before 0 s of swallow T, and after 0 s, 863 
coupling between δ and high γ band were observed. 864 
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 866 
Figure 7. Coupling between lower frequency (2–30 Hz, 1 Hz bin) phase and fixed high γ (75–150 Hz) amplitude. 867 
Vertical axes indicated lower frequency band whose phase coupled to high γ amplitude. Horizontal axes indicated 868 
the time around each trigger. Values were calculated using 1 s time-window shifted every 100 ms. (A) SIm. (B) 869 
Permutation p values (boot-strapping technique) was less than 0.01. (C) Significantly high SIm (FWE-threshold). 870 
(D) Phase-condition normalize high γ power were plotted sequentially. From -1.4 s to -0.8 s of mouth T, high SIm 871 
between θ (4–8 Hz) and high γ band were observed. From -1.0 s to 0.4 s of water T, high SIm between δ (2–4 872 
Hz) and high γ band were observed. From -1.4 s to -0.7 s of mouth T, high SIm between low β (13–20 Hz) and 873 
high γ band were observed. In mouth T and swallow T, the time of high SIm correspond to the time before high γ 874 
burst. In water T, the time of high SIm were the time of high γ burst. During observation of high SIm, the phase-875 
conditioned high γ power well separated. The error bars indicate 95% confidence intervals. 876 
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 878 
Figure 8. Low-frequency oscillation and high γ (75–150 Hz) power amplitude averaged over each of the 6 phase 879 
intervals of low-frequency. In the upper line, specific low-frequency oscillation, θ band (4–8 Hz) with mouth T, δ 880 
band (1–4 Hz) with water T and low β band (13–20 Hz) with swallow T, was averaged over each of the 6 phase 881 
intervals of the low-frequency oscillation at a specific time when high SIm values were observed. In the lower line, 882 
the high-frequency power amplitude, which was conditioned by the low-frequency phases, was averaged over 883 
each of the 6 phase intervals of the low-frequency oscillation. (A) During -1.4 s to -0.8 s of mouth T, the lowest 884 
power of the high γ was observed at the trough of θ oscillation (180° bin). (B) During -1.0 s to 0.4 s of water T, the 885 
largest power of high γ was observed at the peak of δ oscillation (0° bin). (C) During -1.4 s to -0.7 s of swallow T, 886 
the largest power of high γ was observed at the trough of low β oscillation (180° bin). The error bars indicate 887 
standard deviation. 888 
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 890 
Figure 9. Correlation between fixed SIm and varying high γ normalized power. SIm were calculated from the 891 
combination of θ and high γ during -1.4 to -0.8 s of mouth T, low β and high γ during -1.4 to -0.7 s of swallow T. At 892 
these time, high SIm values were observed in Fig. 7, and these times are indicated as blue crossbars in Fig. 9B. 893 
(A) A significant positive correlation was observed with high γ power at -0.1 s of mouth T (p = 0.046) and with high 894 
γ power at -0.05 s of swallow T (p = 0.039). (B) In the upper line, correlation coefficients were sequentially plotted, 895 
and in the bottom line, sequential high γ power changes are shown. Significant correlation coefficients are 896 
indicated as red circles. Regarding both of mouth T and swallow T, at the time of high γ burst, showed a 897 
significant positive correlation. 898 
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 918 

Supporting Figure S1 Across-trials averaged impedance waveforms of an electroglottograph (EGG) (A) and a 919 
throat microphone (sound) (B), from one participant (P1) are shown. For analysis, the onset of swallowing was 920 
defined as the peak time of an impedance waveform that had been marked as a swallow. (C) The graphical user 921 
interface (GUI) we used for synchronizing multimodal data. The GUI, which was originally developed by us as a 922 
part of a simple swallow-tracking system (SSTS), shows synchronized multimodal data including the video 923 
images, EGG, sound, ECoG waveforms and electrodes brain map. 924 
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Supporting Table S1 Clinical profiles, number of orofacial and total electrodes, and the number of three different 926 
triggers for each participant are shown in the table.  927 
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