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Abstract

Objective: Swallowing is a unique movement due to the indispensable orches-
tration of voluntary and involuntary movements. The transition from voluntary
to involuntary swallowing is executed within milliseconds. We hypothesized
that the underlying neural mechanism of swallowing would be revealed by
high-frequency cortical activities. Methods: Eight epileptic participants fitted
with intracranial electrodes over the orofacial cortex were asked to swallow a
water bolus and cortical oscillatory changes, including the high y band (75—
150 Hz) and f band (13-30 Hz), were investigated at the time of mouth open-
ing, water injection, and swallowing. Results: Increases in high y power associ-
ated with mouth opening were observed in the ventrolateral prefrontal cortex
(VLPFC) with water injection in the lateral central sulcus and with swallowing
in the region along the Sylvian fissure. Mouth opening induced a decrease in f§
power, which continued until the completion of swallowing. The high y burst
of activity was focal and specific to swallowing; however, the f§ activities were
extensive and not specific to swallowing. In the interim between voluntary and
involuntary swallowing, swallowing-related high y power achieved its peak, and
subsequently, the power decreased. Interpretation: We demonstrated three dis-
tinct activities related to mouth opening, water injection, and swallowing
induced at different timings using high y activities. The peak of high y power
related to swallowing suggests that during voluntary swallowing phases, the cor-
tex is the main driving force for swallowing as opposed to the brain stem.
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Introduction

Swallowing is a primitive and fundamental function, as
well as a unique movement because the cooperation
between voluntary and involuntary movements is neces-
sary for normal swallowing. Thus, the swallowing move-
ment is divided into two components: voluntary
movement and involuntary movement.' The cerebral cor-
tex is assumed to play a crucial role in swallowing move-
ments along with the brain stem. The cerebral cortex
triggers swallowing and modulates the brain stem, where
the central pattern generator (CPG) for swallowing is
assumed to be located in humans.” Therefore, cerebral
cortex damage due to stroke’ or neurodegenerative dis-
ease” promotes swallowing disturbance (dysphagia).

The adoption of different postures and modification of
the bolus consistency are widely accepted in clinical prac-
tice as treatments for dysphagia.” Peripheral electrical
stimulation, such as pharyngeal electrical stimulation® or
transcutaneous neuromuscular stimulation,” and noninva-
sive brain stimulation using repetitive transcranial mag-
netic stimulation (rTMS)® or transcranial direct current
stimulation (tDCS)® are also being studied as emerging
therapeutic strategies. Positive effects have been reported
for these neuromodulation strategies for dysphagia; how-
ever, various intensities and durations have been used for
stimulation,'” and the best conditions for stimulation
remain unclear. Therefore, the treatment effects of these
neuromodulation therapies remain limited, and further
studies are required to provide evidence for overcoming
dysphagia.

We have continued to research and contribute to the
field of neuromodulation for dysphagia using our brain-
machine interface (BMI) technology. First, we developed
a novel swallow-tracking system that enabled us to nonin-
vasively monitor swallowing in real time.'' Next, we
demonstrated that deep transfer learning applied to
intracranial electroencephalogram (EEG) signals was able
to classify swallowing intention well.'> Current neuro-
modulation strategies for dysphagia stimulate brain areas
or peripheral organs regardless of patients’ swallowing
intention. We hypothesized that if the stimulation was
executed by the patients’ swallowing intention, a higher
degree of recovery would be obtained by sensory neuro-
feedback. BMI technology is useful for the realization of
stimulation triggered by patients’ intention.

The elucidation of swallowing-related neural processing
is essential for the realization of such a swallow-assisting
BMI. Noninvasive methods, such as scalp EEG," positron
emission tomography (PET),'* near-infrared spectroscopy
(NIRS),"” TMS,'® functional magnetic resonance imaging
(fMRI),'”'® and magnetoencephalography (MEG),'**°
implicate multiple cortical sites involved in swallowing.

Swallowing-Related Neural Oscillation

fMRI has high spatial resolution, in the order of millime-
ters; however, it has poor temporal resolution.’! The tem-
poral resolution of MEG is high, in the order of
milliseconds'®; however, its spatial resolution is limited.
Noninvasive methods have either weak temporal or spa-
tial resolution; therefore, we inferred that such methods
had a potential limitation for the investigation of neural
processing related to swallowing that transitions from the
voluntary to involuntary phase in the order of millisec-
onds.>*

Intracranial EEGs (iEEGs), such as electrocorticograms
(ECoGs), that record neural activities directly from the
cortical surface of the brain enable us to measure neural
activities with high spatiotemporal resolution. Moreover,
using ECoG, we can measure high-frequency neural oscil-
lations, including high y bands (>50 Hz). High y activity
is a key oscillation that reflects the neural processing of
sensory, motor, and cognitive events.”> >> High y activities
also show better functional localization than that in lower
frequency bands*® and have come to be known as useful
features for decoding neural signals.'” Here, we hypothe-
sized that the analysis of high y activities acquired by
ECoG measurements would be able to reveal swallowing-
related cerebral oscillation changes in the order of mil-
liseconds that have remained unclear. Novel findings may
provide neuromodulation strategies for dysphagia with
beneficial information, such as brain areas and timing for
stimulation, that will enable us to achieve better results.

Methods

Participants

Eight patients with intractable temporal lobe epilepsy par-
ticipated in this study (four females, 15-51 years of age;
mean and standard deviation of age 27.8 £ 11.6 years)
(Table 1). They were admitted to Osaka University
Hospital from April 2015 to July 2019 and underwent
intracranial electrode placement for an invasive EEG
study. They had no swallowing disturbances, which was
confirmed through a medical interview. All participants
or their guardians were informed of the purpose and pos-
sible consequences of this study and written informed
consent was obtained. The present study was approved by
the Ethics Committee of Osaka University Hospital (Nos.
08061, 16469).

Intracranial electrodes

For analysis, we chose planar-surface platinum grid elec-
trodes (4 x 5 contacts array) that were placed over the
lateral portion of the central sulcus corresponding to the
orofacial cortex. The implanted electrodes that were
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Table 1. Clinical profiles.

H. Hashimoto et al.

Number of orofacial contacts

Number of swallowing

Number of mouth opening Number of water

Participant Sex Age Side (total contacts) instances instances injections
P1 F 36 L 18 (68) 31 31 31
P2 Fo30 L 20 (84) 41 41 41
P3 F 18 R 18 (55) 27 27 27
P4 M 24 L 15 (69) 34 34 34
P5 M 51 L 20 (72) 38 38 38
P6 M 28 R 20 (96) 27 27 27
P7 M 20 L 20 (94) 33 33 33
P8 F 15 L 20 (68) 37 37 37

M, Male; F, Female; R, Right; L, Left.

obtained from the CT images were overlaid onto the 3-
dimensional brain renderings from the MRI volume that
was created by FreeSurfer software (https://surfer.nmr.
mgh.harvard.edu). We obtained the Montreal Neurologi-
cal Institute (MNI) coordinates of the implanted contacts
with Brainstorm software (http://neuroimage.usc.edu/bra
instorm/). Details are provided in the Data S1.

Task and swallowing monitoring

The participants were asked to sit on a chair and then
open their mouths, and the examiner injected 2 mL of
water into their mouths using a syringe.

For noninvasive swallowing detection, we used an elec-
troglottograph (EGG), a microphone, and a motion-
tracking system (Fig. 1A). A laryngograph (Laryngograph
Ltd, London, UK) was used as an EGG and recorded the
neck impedance changes associated with swallowing®®
(Fig. 1B). Sounds of swallowing due to the bolus passing
through the pharynx were detected by a throat micro-
phone” (Fig. 1C). We connected the throat microphone
(Inkou mike; SH-12iK, NANZU, Shizuoka, Japan) to the
laryngograph to record the swallowing sounds.

We captured the motion of the participants at 30
frames per second with the motion-tracking system,
which was newly developed by us using Kinect v2 (Micro-
soft, Redmond, Washington, USA).""

An electric stimulator (NS-101; Unique Medical,
Tokyo, Japan) supplied digital synchronizing signals to
the laryngograph and a 128-channel digital EEG system.
The multimodal data were synchronized and enabled us
to noninvasively monitor the swallowing movements.
Details are provided in the Data S1.

Signal segmentation based on swallowing-
related events

The swallowing onset time was determined at the time
when the impedance waveform reached its peak (Fig. 1B).
A previous study associated the neck impedance changes

1226

with the following swallowing stages: stage I (the oral
stage), stage II (the pharyngeal stage), and stage III (the
esophageal stage). The time of the EGG peak corre-
sponded to the beginning of the pharyngeal stage.”” Since
the oral phase is voluntarily controlled and the pharyn-
geal and esophageal phases are involuntarily controlled,'
the swallowing onset time in this study corresponded to
the transition time from voluntary swallowing to involun-
tary swallowing (Fig. 1B). We could also detect the time
when the participant opened his/her mouth and when the
examiner injected water into the participants’ mouth
using the video captured by the RGB camera of Kinect
v2. Mouth triggers and water triggers, which corre-
sponded to different times, were also inserted into iEEG
data (the number of each trigger is shown in Table 1).
Details are provided in the Data S1.

Data acquisition and preprocessing

The iEEG signals were measured with a 128-channel digital
EEG system (EEG 2000; Nihon Kohden Corporation,
Tokyo, Japan). Before any further processing, contacts con-
taining external noise or epileptic discharge were excluded.
Throughout the following analyses, a band-pass filter using
a two-way least-squares finite impulse response filter
(pop_eegfiltnew.m from the EEGLAB version 14.1.2b,
https://sccn.ucsd.edu/eeglab/index.php) was applied to the
iEEG signals. Details are provided in the Data S1.

Spectral analyses

A time-frequency analysis of the time-locked iEEG signals
to each trigger was performed using EEGLAB with a fre-
quency range from 1 to 330 Hz and spectral power (in
dB) calculated in 0.5-Hz bins with 200 data points (from
—5.0 to 2.5 sec in every 33-msec window). The baseline
for the time-frequency analysis was initially 0.5 sec.

To create power contour maps, the power of each con-
tact was constructed from the preprocessed iEEG signals
using a band-pass filter in combination with the Hilbert

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Figure 1. Multimodal data related to swallowing. (A) Intracranial electroencephalograms (EEGs) were recorded as participants swallowed. The
swallowing was monitored by an RGB camera of Kinect v2, an electroglottograph (EGG), and a microphone of the laryngograph. Across-trials
averaged impedance waveforms of an EGG (B) and a throat microphone (sound) (C) from one participant (P1) are shown. For analysis, the onset
of swallowing was defined as the peak time of an impedance waveform. The onset time corresponds to the boundary time between voluntary

and involuntary swallowing.

transformation.”® We calculated the averaged power dur-
ing a 0.5 sec time window, and the averaged power was
normalized with the mean and standard deviation of the
power during —5.0 to —4.5 sec of the swallowing triggers
(Fig. 2 and Fig. S1B) or during —1.0 to —0.5 sec of the
mouth triggers (Fig. 3).

Extraction of contacts

Significant power increasing or decreasing contacts are
indicated as filled white or black circles in Figure 3B.
These contacts were plotted over the left hemisphere of
the MNI normalized brain (Fig. 4A). The contacts
attached to the right hemisphere were transposed to the
left hemisphere.

The top 25% of contacts indicating a significant high y
power increase or a significant f power decrease were
extracted and plotted on the left hemisphere of the MNI
normalized brain (Fig. 5). These groups of contacts asso-
ciated with each trigger were defined as mouth-related
contacts (Mouth-C), water-related contacts (Water-C),
and swallowing-related contacts (Swallow-C).

Dynamic frequency power changes

We obtained averaged power waveforms of Mouth-C,
Water-C, and Swallow-C relative to each trigger (mouth
triggers, Mouth T; water triggers, Water T; swallowing
triggers, Swallow T) in high y (75-150 Hz) and f (13—
30 Hz) bands. The power time series were normalized by

the power from base time (—1.0 to —0.9 sec of Mouth
T). Details are provided in the Data S1.

Correlation analysis

We calculated Pearson correlation coefficients between
normalized f power at 0 sec of mouth triggers and
sequential normalized f power from —1.5 to 6 sec of
mouth triggers. Correlation coefficients were calculated in
each participant and then averaged. Using the Monte
Carlo method, we set the threshold of correlation coeffi-
cients that achieved 80% statistical power.

Statistics

For the statistical evaluation of neural oscillations, we
used a permutation test.” For the comparison of the two
groups, the Wilcoxon signed-rank test was used. For the
correction of multiple comparisons, we used the Bonfer-
roni correction or a family-wise error (FWE)-corrected
threshold. For the comparison of three groups, we used a
one-way analysis of variance (ANOVA). Details are pro-
vided in the Data S1.

Data availability

All data that were generated or analyzed in this study are
available from the corresponding authors upon reasonable
request and after additional ethics approvals regarding
data provision to individual institutions.
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Results

Representative spatiotemporal oscillatory
changes

The spatiotemporal oscillatory changes in a representative
participant (Participant 1; P1) are shown in Figure 2.
Averaged time-frequency maps around swallowing triggers
from —4.5 to 2.0 sec showed a high y band (>50 Hz)
power increase within about —3.5 to —2.0 sec in the pre-
and postcentral gyri (Fig. 2A and B). Simultaneously, the
pre- and postcentral gyri also showed a decrease in the

H. Hashimoto et al.

high y power increase was observed in Channel (Ch) 9.
After 0 sec, the pre- and postcentral gyri showed power
increases in the low-frequency band <50 Hz. Time-fre-
quency maps showed that the lower frequency bands
indicating obvious changes were f bands (13-30 Hz)
(Fig. S1A).

A series of normalized power contour maps for the
high y band (75-150 Hz) and f band (13-30 Hz) were
calculated from —4.5 to 2.5 sec around swallowing trig-
gers (Fig. 2C, Video S1). The location where the large
high y power increase appeared produced sequential
changes. First, the large high y power increase was

low-frequency band <50 Hz. Within —2.0 to 0 sec, a new  observed in the pericentral gyri, especially for the

A
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e
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Figure 2. Temporal profiles of oscillatory changes associated with swallowing in Participant 1. (A) The reconstructed MR images. The numbers
correspond to the contact numbers. (B) Averaged time-frequency maps are shown from —4.5 to 2.0 sec around the swallowing trigger. These
baselines of 0.5 sec duration range from —5.0 to —4.5 sec. High y band power (>50 Hz) increases specific to swallowing appeared in Channel
(Ch) 9 attached to the subcentral area from —2.0 to 0 sec. Within —3.5 to —2.0 sec, the time-frequency plots from the pre- and postcentral gyri
showed high y increases along with decreases in lower frequency band (< 50 Hz) power (Ch 1, 2, 3, 4, 7, and 8). After O sec, the pre- and
postcentral gyri showed the lower frequency power increase (Ch 1, 2, 3, 4, 6, 7, 8, 9, and 12). (C) Contour maps of normalized power in high y
(75-150 Hz) and B (13-30 Hz) bands are shown from —4.5 to 2.5 sec every 0.5 sec interval around the swallowing trigger. The cortical areas in
which the large power increased in the high y band showed sequential changes. The contact that showed the largest high y power increases
immediately before swallowing onset time (—0.5 sec) was Ch 9, attached to the subcentral area. The two black contacts were excluded because
of severe noise contamination. The central sulcus (CS) and the Sylvian fissure (SF) are indicated by the white and black dotted lines, respectively.
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Figure 3. Power contour maps at the mouth, water, and swallowing triggers in high y and p bands. (A) Reconstructed MR images for all
participants. (B) The upper columns indicate high y contour maps and the lower columns indicate f contour maps. Significant power increasing
was indicated as white filled circles, and significant power decreasing was indicated as black-filled circles (corrected p < 0.05, single-sided
permutation test with Bonferroni correction). Excluded contacts are indicated as small black-filled circles. The central sulcus and the Sylvian fissure
are indicated by white and black dotted lines, respectively. Within the mouth, water, and swallowing, the main regions where high 7y burst was
observed were the precentral gyrus, the postcentral gyrus, and the cortex along the Sylvian fissure, respectively. B attenuation was observed in a

wide area related to all three triggers.

postcentral gyrus during —4.0 to —1.5 sec. Subsequently,
the subcentral area (the narrow gyrus between the cau-
dolateral extreme of the central sulcus and the Sylvian fis-
sure; Ch9) was the site where the large high y power
appeared within —1.0 to —0.5 sec. Conversely, before
0 sec, the f§ contour maps showed a power decrease in a
wide area, especially for the precentral gyrus. After 0 sec,
the previous high y increase disappeared and the f§ power
increase was observed over the same wide area.

Other lower frequency bands, including & (1-4 Hz), 0
(4-8 Hz), and o (8—-13 Hz) bands were also investigated;
however, the spatial distribution patterns of lower fre-
quency normalized power of these bands were obscure
than that of the f band that showed different patterns
between before and after swallowing (Fig. S1B). We

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

observed similar results among all participants; therefore,
we focused on high y and f§ bands for further analyses.

High y and g band contour maps with
mouth, water, and swallowing triggers

For each participant, an averaged normalized power con-
tour map of the high y and f bands was created with
mouth, water, and swallowing triggers (Fig. 3). We could
observe a different spatial pattern of power increase
(white filled circles; corrected p < 0.05, the single-sided
permutation test with Bonferroni correction) in the high
y band within the three triggers. With the mouth trigger,
a high y burst was mainly observed in the precentral
gyrus, and with the water trigger, the high 7 burst was
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observed in the pericentral gyri, especially in the postcen-
tral gyrus. For the swallowing, high y bursts appeared in
the region along the Sylvian fissure.

Conversely, for the f band, it was difficult to identify a
different spatial pattern. The power decrease (corrected
p < 0.05, black-filled circles; the single-sided permutation
test with Bonferroni correction) in the f# band was widely
observed for all three triggers.

Profiles of high y and g bands related to
mouth, water, and swallowing triggers

Power increasing versus power decreasing

All contacts showing power increase or decrease in Fig-
ure 3 were plotted on the left hemisphere of the MNI
normalized brain (Fig. 4A). In the high y band, the con-
tacts of power increasing were plotted extensively in the
water and swallowing groups rather than the mouth
group. In the f band, the contacts of power decreasing
were plotted extensively across all groups.

In the high y band, the numbers of contacts indicating
power increasing were significantly larger than those indi-
cating power decreasing in water and swallowing groups
(Fig. 4B) (corrected p = 0.012 and 0.023, the single-sided
Wilcoxon signed-rank test with Bonferroni correction). In
the f band, the numbers of contacts indicating power
decreasing were significantly larger than those indicating
power increasing in all three groups (corrected p = 0.023,
0.012, and 0.035, the single-sided Wilcoxon signed-rank
test with Bonferroni correction) (Fig. 4C).

We evaluated the differences across the three groups.
The numbers of contacts indicating high y burst were sig-
nificantly different across the three groups (p = 0.001,
one-way ANOVA) (Fig. 4D). However, the normalized
power of high y burst (Fig. 4E), the numbers of contacts
indicating f attenuation (Fig. 4F), and the normalized
power of f attenuation (Fig. 4G) showed no differences
across groups (one-way ANOVA). These results indicated
that high 7 increasing and [ decreasing were notably
observed in all three groups, and different activities speci-
fic to mouth, water, and swallowing triggers appeared in
high 7 increasing rather than f decreasing.

Spatial distribution

The top 25% of contacts indicating a significant increase
in high y power or degree of f attenuation were plotted
over the MNI brain (Fig. 5). For the high y power
increasing, contacts related to water injection were active
in the lateral portion of the central sulcus, and contacts
related to swallowing were active in the regions along the
Sylvian fissure. Contacts related to mouth opening were

H. Hashimoto et al.

found in the precentral gyrus and the ventrolateral pre-
frontal cortex (VLPFC) but were no better localized than
the other groups.

In B power decreasing, contacts related to the mouth
and water groups were mainly localized in the VLPFC,
and the localization appeared to be less specific in the
swallowing group. This result indicated that high 7y activi-
ties were better localized rather than f activities, and the
high 7y localization might reflect differences in neural pro-
cessing.

Dynamic power changes

For high y and f bands, we used three groups (Mouth-C,
Water-C, and Swallow-C) and three trigger groups to
derive nine different power plots (Fig. 6). Data obtained
from Mouth T, Water T, and Swallow T were arranged in
chronological order.

Around 0 sec of Mouth T, only Mouth-C showed a
high y burst. Around 0 sec of Water T, Water-C showed
a notable high y burst. At 0 sec of Swallow T, in Swal-
low-C, the high y burst reached the peak value. In high y
activities, at 0 sec of all triggers, there were significant dif-
ferences across Mouth-C, Water-C, and Swallow-C (cor-
rected p =0.040 in Mouth T, corrected p < 0.001 in
Water T, and corrected p = 0.001 in Swallow T, one-way
ANOVA with Bonferroni correction). The high y burst
showed statistical significance because they were bigger
than the FWE-corrected threshold (Fig. 6A).

Moreover, the 0 sec of the Swallow T corresponded to
the boundary between voluntary swallowing and involun-
tary swallowing (red wedge arrow in Fig. 6A). Therefore,
our results showed that during the voluntary phase, high
y activities were increasing until completion of the volun-
tary swallowing, and subsequently, the high y activities
decreased. Furthermore, we plotted the dynamic change
of swallowing-related high y normalized power calculated
from both the left and right hemispheres. A similar pat-
tern was observed in both hemispheres (Fig. S2A). The
normalized power of high y band related to swallowing
was larger in the right hemisphere than that in the left
hemisphere (Fig. S2B).

Conversely,  power showed similar patterns for each
trigger (Fig. 6B). Except for Mouth T (corrected
p = 0.004, one-way ANOVA with Bonferroni correction),
there were no significant changes at 0 sec of Water T and
Swallow T across contact groups (one-way ANOVA with
Bonferroni correction). In Mouth T, f power was sup-
pressed before 0 sec. For Water T, § power remained
inhibited, and with Swallowing T, f attenuation contin-
ued up to about 0.5 sec, thereafter § power rebounded.
The f attenuation showed statistical significance because
they were lesser than the FWE-corrected threshold.

1230 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Figure 4. Profiles of high 7 and B bands related to mouth, water, and swallowing triggers. (A) For each trigger group, contacts indicating
significant power increases or decreases in high y or 8 band were plotted over the left hemisphere of the MNI brain. In the high 7 band, a power
increase was notable, and in the § band, power decreasing was notable and extensive. (B) Within the mouth, water, and swallowing groups, the
numbers of contacts were compared between the two groups including power increasing or power decreasing (single-sided Wilcoxon signed-rank
test). p values were corrected with Bonferroni correction and significant p values (< 0.05) are indicated by an asterisk (corrected p: c.p). In the
high y band, the number of increasing contacts was significantly larger than that of decreasing contacts in the water and swallowing groups. (C)
In the f band, the numbers of decreasing contacts were significantly larger in all groups. In high 7 power increasing contacts or 8 power
decreasing contacts, the numbers of contacts and the degree of normalized power changing were compared across the mouth, water, and
swallowing groups (significant p values (< 0.05) are indicated with an asterisk, one-way ANOVA) (high y band in D and E, 8 band in F and G; the
numbers of contacts in D and F, the degree of power changing in E and G). In the numbers of contacts with high y increases, there were
significant differences. There were no statistical differences in the normalized power changes in high y band (E) and g band (G), and in the
numbers of contacts in 8 band (F). The error bars indicate standard deviation (B-G).

rebounded. We investigated the correlation between f

Time to change normalized power at 0 sec of the mouth triggers (gray

We compared the lead time when f or high y power
began to change between each trigger with each related
contact. For the mouth trigger, f decreasing preceded the
high y increasing, but changes were not significant (the
single-sided Wilcoxon signed-rank test) (Fig. 7A). The
lead time of the high 7y increasing showed significant dif-
ferences across mouth, water, and swallowing groups
(p = 0.004, one-way ANOVA) (Fig. 7B). The time of the
swallow was the earliest between the three groups. Even
in the water, the beginning time of high y burst preceded
the 0 sec of water triggers.

p attenuation

To investigate f§ activities, we plotted the normalized f8
power from —1.5 to 6 sec of mouth triggers (Fig. 8A).
The f attenuation at 0 sec of mouth triggers was main-
tained up to about 4 sec, after which the [ power

mesh area in Fig. 8)—sequential f normalized power.
The sequential correlation coefficients (r) were shown
(Fig. 8B). Significant positive correlation above the
threshold (red dashed line in Fig. 8B) that meant 80%
statistical power was observed until rebound f appear-
ance. The results indicated that the f attenuation was
induced by mouth opening, and the continuous f attenu-
ation was correlated to the mouth-related f attenuation.

Discussion

The swallowing-oral phase is voluntarily controlled,
whereas the swallowing-pharyngeal and esophageal phases
are involuntarily controlled." We inserted the swallowing
trigger at the boundary time between the oral and the
pharyngeal phases.”” Therefore, our swallowing triggers
were inserted between the transition from voluntary to
involuntary swallowing. In the present study, during the
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Figure 5. Spatial profile related to mouth, water, and swallowing trigger groups. The top 25% contacts indicating significant high y power
increases or f decreases were plotted over the left hemisphere of the MNI brain. In high y increases, mouth-related contacts were observed in the
precentral gyrus and the ventrolateral prefrontal cortex (VLPFC). Water-related contacts were observed in the lateral portion of the central sulcus,
and swallowing-related contacts were observed on the regions along the Sylvian fissure. In  decreasing, mouth- and water-related contacts were
mainly localized in the VLPFC, and the localization loosened in the swallowing group.

voluntary swallowing phase, the high y bursts appeared;
however, in conjunction with the completion of voluntary
swallowing, the high 7y activity decreased. A previous
ECoG study reported that the cerebral cortex is involved
in voluntary swallowing to a greater degree than in swal-
lowing execution.”® Our finding that the high y burst
related to swallowing achieved a peak at the transition
between voluntary and involuntary swallowing might
indicate a neural mechanism: the main drive for swallow-
ing switched from the cerebral cortex to the brainstem.
Moreover, damage to cortical areas, such as the Brod-
mann’s areas (BA) 43 and 44, is clinically known to cause
dysphagia,”* and the opercular syndrome (Foix-Cha-
vany—Marie syndrome) reveals that the voluntary phase of
swallowing is severely affected, while reflex swallowing is
preserved.’® Taken together, these findings imply that the
cortex plays a crucial role in execution of voluntary swal-
lowing rather than involuntary swallowing.

Previous studies have reported a hemispheric domi-
nance for swallowing.'”?*?*° Teismann et al. demon-
strated that there was a shift in hemispheric dominance
during volitional swallowing in which the early (oral)
stage of swallowing is driven by the left hemisphere and
cortical activation shifts to bilateral then eventually to the
right hemisphere at later (pharyngeal and esophageal)
stages of swallowing.> However, in this study, high y
normalized power achieved higher values in the right
hemisphere rather than the left hemisphere. We thought
that this different result might be due to our low sample

size (two right sides and six left sides) and therefore, we
cannot comment on the hemispheric dominance for swal-
lowing. [Correction added on May 25, 2021 after first
online publication: The preceding sentence was revised
from “... (two right sides and two left sides)...”].

We could demonstrate that using high y activities, dif-
ferent cortical areas associated with swallowing were acti-
vated. Mouth opening-associated high y burst appeared
mainly in the lateral precentral gyrus and in the VLPEC,
and these regions have been reported to be actively
involved in orofacial motor action.’®”” Water-related high
7 bursts were observed in the lateral portion along the
central sulcus, which are known to be activated by tactile
stimulation of the buccal mucosa.’® Swallowing-related
high y bursts were observed in regions along the Sylvian
fissure, including the subcentral area (BA 43) and the
(BA 44). Previous studies have
activates the subcentral

frontal operculum
reported that swallowing

area'®?%* and the frontal operculum.'”?**® The cortical
areas along the Sylvian fissure, including BA 43 and BA
44, may have the potential for novel targets of neuromod-
ulation that aim at recovery from dysphagia.

The subcentral area was also activated by a commu-
nication function, such as vocal productions in response
to acoustic perturbations*' and eye-to-eye contact.*?
The frontal operculum (BA 44) is generally known as a
key component of language production.’”” Monkeys pos-
sess an area comparable to human BA 44, and it has
been hypothesized that BA 44 might have evolved as
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Figure 6. Temporal profile related to swallowing, mouth, and water trigger groups. Averaged normalized power of high y band (A) and $ band
(B) calculated from top 25% contacts, which showed significant power changes (Fig. 5). The contact groups were indicated as Mouth-C, Water-
C, and Swallow-C, colored by green, blue, and red, respectively. At 0 sec of mouth triggers (Mouth T), only Mouth-C showed a high y burst not
Water-C and Swallow-C. At 0 sec of Water T, Water-C showed notably high y bursts. With Swallow T, Swallow-C showed high 7 power
increasing and achieved a peak at O sec (red wedge arrow). After that, the power decreased. The 0 sec of Swallow T corresponded to the
transition time from voluntary swallowing to involuntary swallowing. In the B band, three contact groups showed the same pattern as the
power decreases from Mouth T, and the attenuation was maintained until about 1.0 sec of Swallow T. Red dotted lines are FWE-corrected
threshold. We evaluated the normalized power at 0 sec of each trigger across Mouth-C, Water-C, and Swallow-C using one-way ANOVA. There
were significant differences in all triggers with high y band and in Mouth T with 8 band.

an area exercising high-level controls over orofacial
activities including those related to communicative acts,
and that, in the human brain, the BA 44 evolved to
control the motor aspects of speech.*” Therefore, it is
feasible that both BA 43 and 44 are involved in com-
munication.

In the process of evolution, the early jawless vertebrates
were able to swallow,* and next, jawed vertebrates came
to be able to masticate before swallowing. The orofacial
muscular movements associated with mastication were
eventually diverted to other functions, such as facial
expressions for communication. Finally, in humans,
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Figure 7. The beginning time of power changes. The beginning time of power changes for each band with each trigger was compared. In
mouth triggers, there were no statistically significant differences between f decreasing and high y increasing (single-sided Wilcoxon signed-rank
test) (A). The time when swallowing-related high y started to increase was the earliest, and statistically significant differences were observed
across the mouth, water, and swallowing triggers (one-way ANOVA) (B). The error bars indicate standard deviation.

orofacial muscular movements were used for motor lan-
guage. Therefore, we think that the cortex associated with
swallowing is quite extensive given the early acquisition
in the evolutional process, and now overlaps areas that
relate to mastication, facial expression, and speech which
were originally involved in orofacial muscular movement.

The area of f attenuation was extensive, and f§ attenua-
tion was similar for the mouth, water, and swallowing
events. In a previous study, S event-related desynchro-
nizations (ERDs) in the lateral pericentral gyri were
induced by tongue movement and swallowing.?® In our
study, f attenuation was invoked associated with mouth
opening, and the f band attenuation remained until the
completion of the swallowing movement. Furthermore,
continuous f band attenuation positively correlated with
the mouth movement-associated f§ attenuation; therefore,
we inferred that f attenuation observed in both water
and swallowing events was induced by mouth

1234

movements. Mouth movement induced [ attenuation
simultaneously with high y burst, which was consistent
with the ECoG findings demonstrating that motor behav-
ior induces high y activities along with decreases in f
power.??%>4¢ Moreover, this f§ attenuation was released
after the completion of the swallowing, and f power
increased. This re-activation is known as rebounded f.*’
The f attenuation and subsequent rebound observed in
this study agree with previous findings.

The MEG study by Dziewas et al. showed that both
reflexive and volitional swallowing induced f ERD in
the mid-lateral primary sensorimotor cortex, and § ERD
occurred in more medial parts of the primary sensori-
motor cortex during reflexive swallowing rather than
during volitional swallowing.”® In this study, the 8 atten-
uation was also observed in the lateral region of the cen-
tral sulcus during swallowing; however, we inferred that
the f§ attenuation was related to mouth movement. We
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Figure 8. Mouth-related g band activities. Normalized power changes of 8 band with mouth triggers from —1.5 to 6.0 sec were presented (A).
B normalized power was suppressed before 0 sec, and remained inhibited, and, thereafter rebounded. Correlation coefficients (r) between g
normalized power at O sec (gray mesh area) and B normalized power at a certain time during the period from —1.5 to 6 sec were shown (B). The
dotted red line is the threshold that showed 80% statistical power. During B attenuation, positive correlations that were above the threshold
were observed. During B rebound, the positive correlations became weak. The error bars indicate 95% confidence intervals.

-1.5

o

figured that the differences were due to the brain regions our study, focus only on a narrow area where intracra-
to be investigated. MEG studies enabled us to investigate nial electrodes are placed. Therefore, we cannot com-
the whole brain; however, studies using ECoG, such as ment on the f activities in the mid-lateral primary
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sensorimotor cortex where intracranial electrodes were
not placed.

Somatosensory stimulation evokes high y activities in
the sensory-motor cortex,*® and we expected that water-as-
sociated high y bursts would appear after the water triggers;
however, contrary to our expectation, the beginning of the
water-related high y burst was 0.9 sec earlier than the onset
time of the water trigger. The onset time of the water trig-
ger corresponded to the time when the water bolus was
injected by a syringe, which was fixed onto the lip. We
inferred that the time lag was a result of the somatosensory
input from the lip on which a syringe was placed. The high
7 burst of the Water-C was observed notably only with
Water T, and not at Mouth T and Swallow T. We con-
cluded that the notably high 7 bursts were evoked by
somatosensory input from lip or mouth mucosa.

Our study has several limitations. First, we focused
only on the orofacial cortex, which is where the lateral
region of the central sulcus is located. Multiple cortices
are activated during swallowing®; however, our study
could not demonstrate cortical activities other than in the
orofacial region. Second, in this study, we divided swal-
lowing events into three parts (mouth opening, water
injection, and swallowing), and discussed motor and
somatosensory neural processing. For more precise analy-
sis, we may need to treat these as separate events, that is,
mouth movement only, water injection into the mouth
only, and swallowing only. Third, we inferred the switch-
ing mechanism of the swallowing-related main driving
force from the cortex to the brain stem. In the future,
simultaneous recording of the cortex and the brain stem
may be needed to reveal how the swallowing-related
interaction between them works.

Conclusion

With high 7 activities, we distinguished the discrete corti-
cal activities that are involved in swallowing and demon-
strated that the cortical areas that are specific to
swallowing are the regions along the Sylvian fissure
including the subcentral area and the frontal operculum.
Swallowing-related high y activities that achieved the peak
at the boundary time between voluntary and involuntary
swallowing may represent the neural processing of switch-
ing from the cortex to the brainstem involved in swallow-
ing execution.
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