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Abstract

Pharyngeal electrical stimulation (PEStim) has been found to facilitate voluntary swallowing.
This study investigated how PEStim contributed to modulation of swallowing function in 15
healthy humans. In the involuntary swallowing test, water was injected onto the pharynx at
0.05 ml/s and the onset latency of the first swallow was measured. In the voluntary swallow-
ing test, subjects swallowed their own saliva as quickly as possible for 30 s and the number
of swallows was counted. Voluntary and involuntary swallowing was evaluated before
(baseline), immediately after, and every 10 min after 10-min PEStim for 60 min. A voluntary
swallowing test with simultaneous 30-s PEStim was also conducted before and 60 min after
10-min PEStim. The number of voluntary swallows with simultaneous PEStim significantly
increased over 60 min after 10-min PEStim compared with the baseline. The onset latency
of the first swallow in the involuntary swallowing test was not affected by 10-min PEStim.
The results suggest that PEStim may have a long-term facilitatory effect on the initiation of
voluntary swallowing in healthy humans, but not on peripherally-evoked swallowing. The
physiological implications of this modulation are discussed.

Introduction

The mechanism of swallowing involves complex sensorimotor neural components. The com-
plexity of swallowing may be explained by the fact that swallowing has several functions,
including propelling the food bolus from the oral cavity into the stomach through the pharynx
and the esophagus, and protecting the upper respiratory tract by cleaning the larynx and phar-
ynx; hence preventing choking or aspiration of secretions or food [1-4]. In addition, to com-
plete normal swallowing movements, more than 25 pairs of related muscles in the orofacial,
pharyngeal, laryngeal, and esophageal regions must be activated bilaterally and in coordination
[1-3].

Underlying motor patterns of swallowing are programmed by the so-called central pattern
generator (CPG) in the medulla oblongata, and both the peripheral and central inputs into the
CPG can trigger swallowing [2, 3]. In other words, swallowing can be initiated either involun-
tarily or voluntarily. Peripherally-evoked swallowing can be initiated by mechanical or chemical

PLOS ONE | https://doi.org/10.1371/journal.pone.0190608 January 2, 2018

1/13


https://doi.org/10.1371/journal.pone.0190608
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0190608&domain=pdf&date_stamp=2018-01-02
https://doi.org/10.1371/journal.pone.0190608
https://doi.org/10.1371/journal.pone.0190608
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Effects of pharyngeal electrical stimulation on swallowing

data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

stimulation in the oropharynx or larynx. Sensory regions that elicit pharyngeal swallowing
include the soft palate, uvula, dorsal tongue surface, faucial pillars, dorsal pharyngeal wall, pha-
ryngeal surface of the epiglottis, and the glossoepiglottic sinus [5-9]. Stimulation of the superior
laryngeal nerve (SLN) and the pharyngeal branch of the glossopharyngeal nerve innervating the
hypopharyngeal and laryngeal regions are known to be effective in triggering repetitive pharyn-
geal swallowing, even in anesthetized animals [10-12]. Because initiation of the swallowing
reflex is not interrupted after ablation of the cortex, peripheral inputs may be effective enough
to initiate swallowing [11]. One can therefore hypothesize that, as in animals, certain patterns of
electrical stimulation applied to these nerves or regions can activate and/or facilitate the activa-
tion of the swallowing CPG in humans.

Our previous studies showed that repetitive pharyngeal electrical stimulation (PEStim)
facilitated initiation of voluntary rapid swallowing in conscious humans [13, 14]. This result
was expected because the stimulated areas were innervated by the SLN or the pharyngeal
branch of the glossopharyngeal nerve, and therefore the swallowing CPG was activated by
PEStim. However, facilitation of voluntary swallowing by this method may not be comparable
to that of involuntary or reflexively evoked swallowing. Takatsuji et al. [15] reported that con-
tinuous PEStim failed to elicit repetitive involuntary swallowing, although the first swallow
was successfully evoked following stimulation. Contrary to this report, it is known that contin-
uous SLN electrical stimulation can readily evoke a repetitive swallowing reflex [2]. Possible
reasons for the discrepancy between the animal and human studies described above are: (1) a
species difference; (2) a difference in the stimulus conditions, in that surface stimulation is not
effective in fully activating the neural network in humans; or (3) a difference in the experimen-
tal condition, in that cortical activity might inhibit the neural circuit of swallowing in either
the cortical/subcortical areas or the brainstem in the conscious condition.

Previous studies, some of which used subthreshold electrical stimulation applied to the
peripheral regions, demonstrated that the stimulation produced long-lasting changes in swal-
lowing-associated motor cortical excitability. Power et al. [16] showed that after 10-min palatal
electrical stimulation, all swallowing measures, including oral transit time, swallowing
response time (defined as the time interval between the presentation of the bolus at the hypo-
pharynx and laryngeal elevation), airway closure duration, and cricopharyngeal opening time,
remained unaffected. Contrary to this, Fraser et al. [17] and Jayansekeran et al. [18] showed
that, after 10-min PEStim, pharyngeal transit time, swallowing response time, and aspiration
were significantly improved in acute stroke patients. These conflicting results suggest that it
has not been fully clarified how PEStim contributes to changes in swallowing behavior, partic-
ularly the initiation of the swallowing movement.

Transcranial magnetic stimulation (TMS) of the brain causes the peripheral muscles to pro-
duce neuroelectrical signals known as motor-evoked potentials (MEPs). Fraser et al. and
Power et al. showed that a 10-min session of pharyngeal and palatal electrical stimulation
increased corticobulbar excitability 60 min after the stimulation ended, as measured using
TMS [16, 17, 19]. The long-term effect was also observed in brain imaging data; Fraser et al.
[17] reported that the cortical blood oxygenation level-dependent fMRI signal showed greater
bilateral functional activation within the sensorimotor cortex (BA 3/4) 60 min after 10-min
PEStim compared with no PEStim. Interestingly, the ideal stimulation frequency for facilita-
tion of MEPs differed between pharyngeal and palatal stimulation. For pharyngeal stimulation,
the facilitatory effect was noted at 5 Hz and 75% of the maximum tolerated stimulation ampli-
tude [17, 19], and at 0.2 Hz and 75% of maximum tolerated sensation for palatal stimulation
[16]. The difference in the stimulus frequency may be explained by that in the stimulus site.
The oral mucosa is innervated by the glossopharyngeal and trigeminal nerves. The trigeminal
nerve includes rich mechano-sensory fibers conducting not only innocuous, but also noxious,
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sensations. Electrical stimulation at high frequency may activate these fibers, resulting in inhi-
bition of the swallowing neural network, i.e., swallowing initiation [20, 21].

In any case, changes in the neural network involved in swallowing may affect related behav-
ior. Because swallowing can be initiated either involuntarily or voluntarily, we should consider
how experimental interventions such as electrical stimulation changes swallowing function.
The onset latency of swallowing evoked by peripheral stimulation seems to be an appropriate
way to evaluate involuntary swallowing function, because most swallowing reflexes can be
evoked involuntarily by pharyngeal or laryngeal stimulation. However, because initiation of
voluntary swallowing essentially needs activation of higher centers including the sensorimotor
cortex, the number of swallowing events evoked voluntarily can be one of the methods that
evaluates voluntary swallowing function. Thus, to investigate the mechanism of action of PES-
tim further, we studied the effect of 10-min PEStim on swallowing function by: (1) measuring
the onset latency of the first involuntary swallow during water infusion at a very slow rate,
which represents the excitability of the swallowing reflex arc; and (2) measuring the number of
voluntary swallows for 30 s, which represents the corticobulbar excitability for the initiation of
voluntary swallowing.

Materials and methods
Participants and ethical approval

Fifteen healthy male adults (mean age + SD: 26.7 + 5.7 years; age range: 22-37 years) partici-
pated in the study. Informed consent was obtained from all participants, and no subject had a
history of alimentary disease, pulmonary disease, neurological disease, musculoskeletal disor-
ders, speech disorders, voice problems, or masticating or swallowing problems. The experi-
ments were approved by the Ethics Committee of the Faculty of Dentistry, Niigata University
(25-R33-11-25).

Experimental conditions

To reduce a possible effect of circadian variations or the environment on swallowing perfor-
mance, experiments were performed at the same time of day in an air-conditioned room,
where room temperature was maintained at 20-24°C and humidity at 40-70%. Subjects were
asked to refrain from eating, drinking, smoking, and brushing their teeth for at least 60 min
before the experiment. The subjects were seated comfortably and remained upright through-
out the study.

To monitor swallowing events, electromyographic (EMG) and electroglottographic (EGG)
activity was recorded as performed in previous studies [22-26]. Bipolar surface EMG elec-
trodes (WEB-1000; Nihon Kohden, Tokyo, Japan) were attached to the skin over the anterior
surface of the digastric muscle on the left side, and EMG signals were detected in the supra-
hyoid muscle group. The signals were filtered and amplified (low cut, 30 Hz and high cut, 2
kHz) (WEB-1000; Nihon Kohden). Bipolar surface EGG electrodes were positioned on either
side of the thyroid cartilage and the signals were amplified (EGG-D200; Laryngograph, Lon-
don, UK). Amplified EMG and EGG signals were stored through an interface board (Power-
Lab; ADInstruments, Colorado Springs, CO, USA) on a personal computer. The sampling rate
was 10 kHz. Data were analyzed using the PowerLab software package (LabChart6;
ADInstruments).

For PEStim, catheter electrodes (TK210-107b; Unique Medical Co., Ltd, Tokyo, Japan)
were developed. The catheter had two platinum ring electrodes for electrical stimulation, and
was inserted transnasally. The distal electrode was 3 mm from the tip of the catheter, with a
distance of 13 mm between the electrodes. The stimulation site was on the lateral wall of the
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Fig 1. Measurement of onset latency of the first swallow in the involuntary swallowing test. A
suprahyoid EMG and EGG were recorded with an infusion of distilled water at 0.05 ml/s into the pharynx. The
time duration between the start of the infusion and the peak of the filtered EMG waveform during involuntary
swallowing was measured. A swallowing event was also identified by EGG signals. EMG, electromyography;
fEMG, filtered (rectified and smoothed) EMG; EGG, electroglottography.

https://doi.org/10.1371/journal.pone.0190608.9001

laryngopharynx, at the level of the pyriform sinus, and was confirmed by videoendoscopy. The
portion of the catheter electrode for PEStim outside the naris was taped. A minimum of 5 min
was allowed for the subjects to become accustomed to the catheter. Bipolar surface electrical
stimulation (1 ms pulse duration; 5 Hz) was delivered through cables connected to an electrical
stimulator (SEN3401, Nihon Kohden). To determine the intensity of the stimulus, the current
was increased by 0.1 mA every 5 s. Once stimulus thresholds for perception (STper) and toler-
ability (STtol) were determined by the subjects’ cues, the stimulus modality was determined as
75% of the maximum tolerated intensity, calculated as STper + 0.75 (STtol — STper), at a fre-
quency of 5 Hz and a pulse duration of 1 ms, according to the method of a previous study [17].

Involuntary and voluntary swallowing tests were introduced in our previous studies [13,
14]. For the involuntary swallowing test, thickened water (Oishi-mizu; Asahi Soft Drinks, Ibar-
aki, Japan) was prepared with 1% thickening agent (Toromi Up Perfect; The Nissin Oilio
Group, Ltd., Tokyo, Japan). Following setup of the recording and stimulating devices, a thin
tube (2.7 mm outer diameter; NIPRO, Osaka, Japan) was inserted into the pharynx transna-
sally. The tip of the tube was positioned at the posterior wall of the midpharynx and was con-
firmed by videoendoscopy. The portion of the tube outside the naris was taped. The subject
was asked to swallow his own saliva prior to recording to clear the saliva from the oral and/or
pharyngeal cavity. The liquid was then delivered through the tube using an infusion pump
(KDS-100; Muromachi, Tokyo, Japan). The infusion was started at the end of the expiratory
phase. To minimize the mechanical effect of the infused solution, it was infused at a very slow
rate (0.05 ml/s) until the first involuntary swallow was evoked. The subjects were blinded to
the start of water infusion. The onset latency of the first involuntary swallow was measured
(Fig 1).

In the voluntary swallowing test, subjects were instructed to engage in repetitive swallowing
behavior as quickly as possible for 30 s and the number of swallows was counted (Fig 2). In our
previous studies, we confirmed the high reproducibility of these values in each individual [13,
14].
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Fig 2. Example of EGG and suprahyoid EMG recordings in the voluntary swallowing test with and without simultaneous PEStim. A
swallowing event was identified by EGG and EMG bursts and indicated by a closed triangle. In this case, the number of swallows over 30 s increased
with PEStim from 10 to 12. EMG, electromyography; EGG, electroglottography; PEStim, pharyngeal electrical stimulation.

https://doi.org/10.1371/journal.pone.0190608.9002

Data collection

The participants were randomly divided into two groups so that each subject participated in
the experiment on one day only. One group was provided with 10-min PEStim (stimulation
group, n = 9) and the other was not (sham group, n = 6). The experimental protocol is shown
in Fig 3. Firstly, baseline data were obtained from an involuntary swallowing test, voluntary
swallowing test and voluntary swallowing test with PEStim. The time interval between the tests
was set at 2 min. Following this, in the stimulation group, 10-min PEStim was applied with the
same stimulus modality as before. During the 10-min PEStim, subjects were instructed to keep
quiet, but there was no limit on spontaneous saliva swallowing. In the sham group, all the pro-
cedures were the same as for the stimulation group but the 10-min PEStim was not delivered.
The involuntary swallowing test and voluntary swallowing test were performed immediately
after the 10-min PEStim (or no stimulation in the sham group) and at 10-min intervals for 60
min (Fig 3). Finally, the voluntary swallowing test with simultaneous PEStim was performed.
The voluntary swallowing test with simultaneous PEStim was performed only twice: before
(baseline) and 60 min after the 10-min PEStim.

Data analysis

Baseline data were compared between the groups with and without simultaneous PEStim in
the voluntary swallowing test and between the stimulation and sham groups using a paired t-
test.

In each group, the mean values of the onset latency of the first swallow in the involuntary
swallowing test and the number of swallows in the voluntary swallowing test without simulta-
neous PEStim were compared at different times using one-way repeated-measures analysis of
variance (ANOVA) and Dunnett’s test as post hoc analysis.

In the analysis of the number of swallows to evaluate the effect of 10-min PEStim on volun-
tary swallowing behaviors, data obtained from the voluntary swallowing test with and without
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Fig 3. Experimental protocol of the study. Baseline, involuntary and voluntary swallowing tests were
conducted followed by a voluntary swallowing test with simultaneous PEStim. Then 10-min PEStim was
delivered to one group, but not the other group. Immediately afterwards and every 10 min up to 60 min, both
involuntary and voluntary swallowing tests were performed in both groups. Finally, a voluntary swallowing test
with simultaneous PEStim was performed. PEStim, pharyngeal electrical stimulation.

https://doi.org/10.1371/journal.pone.0190608.9003

simultaneous PEStim were compared using two-way repeated-measures ANOVA with two
factors: time-point (baseline vs 60 min after 10-min PEStim) and intervention (with vs without
simultaneous PEStim). Post hoc analysis using the Tukey test was performed if significant
interactions between the factors were observed. The analysis was performed not only for the
stimulation group, but also for the sham group.

Because there was no limit on spontaneous saliva swallowing during the 10-min PEStim in
the stimulation group, it is possible that the number of spontaneous swallows varied among
the subjects and may have affected the subsequent responses, such as the number of voluntary
swallows and the onset latency of the first involuntary swallow after the 10-min PEStim. We
therefore evaluated the relationship between the number of swallows evoked during the
10-min PEStim and changes in the number of swallows or the onset latency of the first invol-
untary swallow using linear regression analysis at two time points: immediately after and 60
min after the 10-min PEStim.

Tests for statistical differences and comparison tests were performed using statistical soft-
ware (SigmaPlot 12; Systat Software Inc., San Jose, CA, USA). Statistical significance was set at
P < 0.05. All values were expressed as mean + SD.

Results
Baseline data

The threshold of the stimulus current for perceived and tolerated sensations varied among the
15 subjects at 1.1 + 1.3 mA and 3.2 + 2.5 mA, respectively. No subjects reported discomfort
related to simultaneous or 10-min PEStim.

The mean onset latency of the first involuntary swallow was 6.58 £ 2.89 s (n = 15);
6.54 +2.26 s (n = 9) in the stimulation group and 6.64 £ 3.90 s (n = 6) in the sham group.
There was no difference between the stimulation and sham groups.
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Fig 4. Effect of 10-min PEStim in the stimulation group. The onset latency of the first swallow in the
involuntary swallowing test (A) and the number of swallows without simultaneous PEStim in the voluntary
swallowing test (B) did not exhibit any significant changes, although the former was slightly longer
immediately after 10-min PEStim, and the latter slightly decreased immediately after 10-min PEStim and
gradually increased over 60 min. Base, baseline; PEStim, pharyngeal electrical stimulation.

https://doi.org/10.1371/journal.pone.0190608.9004

The mean number of voluntary swallows was 7.3 + 2.3 (n = 15) without simultaneous PES-
tim and 10.0 + 3.2 (n = 15) with simultaneous PEStim; 7.8 + 2.4 and 9.3 * 2.6, respectively, in
the stimulation group (n =9) and 6.5 + 2.2 and 11.0 + 4.0, respectively, in the sham group
(n =6). As expected, there was a significant difference in the number of voluntary swallows
between with and without simultaneous PEStim in all the groups (P < 0.05) while there was
no difference between the stimulation and sham groups.

Effects of 10-min PEStim on involuntary and voluntary swallows

Immediately after 10-min PEStim, the onset latency of the first involuntary swallow tended to
be longer compared with the baseline and gradually decreased (Fig 4A). The number of volun-
tary swallows tended to decrease immediately after 10-min PEStim compared with the baseline
(Fig 4B), although there was no significant difference in those values among the time points.

In the sham group, there was no significant difference in the onset latency of the first swallow
and the number of swallows without simultaneous PEStim over time (Fig 5A and 5B).

We suspected that 10-min PEStim was not strong enough to cause a change in the subse-
quent swallowing function, at least in healthy subjects. Therefore, this analysis was also per-
formed for subjects (n = 6) for whom the onset latency of the first involuntary swallow was
higher than the mean value (6.58 s) or the number of voluntary swallows was lower than the
mean value (7.3 swallows) in the stimulation group. There was a significant difference in the
number of voluntary swallows without simultaneous PEStim among the time points
(P = 0.002) without any significant difference between the two mean values while there was no
significant difference in the onset latency of the first swallow (Fig 6).

Effects of 10-min PEStim on voluntary swallows with and without
simultaneous PEStim

The mean values of the number of voluntary swallows with and without simultaneous PEStim
at baseline and 60 min after 10-min PEStim in the stimulation group are shown in Fig 7A.
Two-way repeated-measures ANOVA comparing the number of voluntary swallows for time
points with or without simultaneous PEStim revealed no significant interaction (degree of
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Fig 5. Effect of PEStim in the sham group. The onset latency of the first swallow in the involuntary
swallowing test (A) and the number of swallows without simultaneous PEStim in the voluntary swallowing test
(B) did not exhibit any significant changes. Base, baseline; PEStim, pharyngeal electrical stimulation.

https://doi.org/10.1371/journal.pone.0190608.9005

freedom (DF) = 1, sum of squares (SS) = 1.361, P = 0.357). Further analysis showed a signifi-
cant difference between with and without simultaneous PEStim (DF = 1, SS = 34.028,

P =0.004) and between the two time-points (DF = 1, SS = 10.028, P = 0.016) at baseline and 60
min after 10-min PEStim. These results show that simultaneous PEStim may facilitate volun-
tary swallowing initiation and that 10-min PEStim may have a long-term facilitatory effect on
subsequent voluntary swallowing initiation. This was not the case in the sham group (Fig 7B).
Two-way repeated-measures ANOVA comparing the number of voluntary swallows at time
points with or without simultaneous PEStim revealed no significant interaction (DF = 1,

SS =1.042, P = 0.601). Further analysis showed a significant difference between with and with-
out simultaneous PEStim (DF = 1, SS = 100.042, P = 0.020) but not between the two time-
points (DF = 1, SS = 3.375, P = 0.215) at baseline and 60 min after 10-min PEStim.

Low capacity group

Involuntary swallowing test Voluntary swallowing test
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-
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Fig 6. Effect of 10-min PEStim in the subject group whose swallowing capacity was low. The number
of swallows without simultaneous PEStim in the voluntary swallowing test exhibited significant changes
without any significant difference between the two mean values. Base, baseline; PEStim, pharyngeal
electrical stimulation.

https://doi.org/10.1371/journal.pone.0190608.g006
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Fig 7. Effect of 10-min PEStim on voluntary swallowing. In the stimulation group (A), the mean number of
swallows in the voluntary swallowing test with and without simultaneous PEStim was 9.3 + 2.6 (n=9) and
7.8+2.4 (n=9), respectively, at baseline and 10.8 + 2.0 (n =9) and 8.4 + 3.0 (n = 9), respectively, 60 min after
10-min PEStim. Overall, these results show that 10-min PEStim had long-term facilitatory effects on subsequent
voluntary swallowing initiation. In the sham group (B), the mean number of swallows in the voluntary swallowing
test with and without simultaneous PEStim was 11.0 £ 4.0 (n =6) and 6.5 + 2.2 (n = 6) respectively at baseline,
and 9.8 £ 3.0 (n = 6) and 6.2 + 2.0 (n = 6) respectively at 60 min after 10-min PEStim. There was no difference in
the number of voluntary swallows with and without simultaneous PEStim between the time points (baseline vs
60 min after 10-min PEStim). Base, baseline; PEStim, pharyngeal electrical stimulation. *P < 0.05 vs without
simultaneous PEStim, 1P < 0.01 vs baseline.

https://doi.org/10.1371/journal.pone.0190608.9007

Relationship between the number of swallows in 10-min PEStim and
after-effects

The number of evoked swallows during 10-min PEStim varied widely, and the mean number
of swallows was 33.4 £ 14.1 (n = 9), ranging from 12 to 55. Because it was possible that the
number of evoked swallows during 10-min PEStim affected the subsequent changes in the ini-
tiation of involuntary and voluntary swallows, we evaluated the relationship between evoked
swallows in 10-min PEStim. There was no significant correlation between the number of swal-
lows and all the parameters analyzed (Table 1). The results suggest that facilitation of voluntary
swallowing after 10-min PEStim was not directly related to the number of swallows evoked
during 10-min PEStim.

Table 1. Relationship between the number of swallows evoked during 10-min PEStim and changes in swallowing function.

Onset latency of the first involuntary swallow

Number of voluntary swallows

DF SS F P
0 min 1 448.128 2.721 0.143
60 min 1 307.447 1.664 0.238
0 min 1 33.335 0.149 0.711
60 min 1 70.127 0.321 0.589

0 min data represent the difference in the values between the baseline and immediately after 10-min PEStim, and 60 min data represent the difference in
the values between the baseline and 60 min after 10-min PEStim.

https://doi.org/10.1371/journal.pone.0190608.t001
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Discussion
Long-term effect of PEStim

One of the aims of the present study was to evaluate the long-term (60 min after 10-min PES-
tim) effect of PEStim on swallowing performance, including involuntary and voluntary swal-
lowing. Changes in sensory inputs can produce persistent changes in the organization of
sensory and motor areas of the cerebral cortex [27, 28]. Previous human and animal studies
reported that a reduction in sensory feedback can induce changes in motor representation in
the cerebral cortex [29-32]. Fraser et al. [17] demonstrated that changes in peripheral input
can remodel human cortical motor organization in humans. They showed that cortical TMS-
evoked motor potentials in the pharyngeal and esophageal muscles were highly dependent
upon the frequency, intensity, and duration of PEStim, with 5 Hz for 10 min inducing stronger
cortical activation. It can be assumed that the stimulus modality employed in the present study
was appropriate for evaluation of long-term effects on swallowing performance.

We found that 10-min PEStim exerted a facilitatory effect on the voluntary swallowing
function only with the assistance of simultaneous PEStim, suggesting that the normal swallow-
ing function in healthy subjects was rarely changed just by the PEStim employed in our study.
Numerous studies have reported long-term effects of PEStim in healthy subjects and dysphagic
patients. In healthy subjects receiving PEStim, TMS-evoked potentials in the pharyngeal and
esophageal muscles increased over time [17-19, 33, 34]. Additionally, at the same time, the
number of brain sites evoking a response in the pharyngeal and esophageal muscles by TMS
increased bilaterally in the cortex, and an increase in the areas of voxel activation was observed
in the lateral sensorimotor cortex by fMRI [17]. Suntrup et al. [35] performed whole-head
magnetoencephalography and observed a marked reduction in event-related desynchroniza-
tion during voluntary swallowing in sensorimotor brain areas 45 min after PEStim. As with
the brain imaging data, their study showed that volume per swallow and swallowing capacity
significantly increased following PEStim. In dysphagic patients, electrophysiological data
showed a marked increase in pharyngeal corticobulbar excitability and topographic represen-
tation in the undamaged hemisphere, and there was also an improvement in swallowing func-
tion, including shorter pharyngeal transit time, shorter onset latency of pharyngeal swallowing
during voluntary swallowing, and decreased frequency of aspiration [17]. These results partly
support the findings of the current study, in that the number of voluntary swallows with simul-
taneous PEStim increased at 60 min after 10-min PEStim, and the number of voluntary swal-
lows without simultaneous PEStim was affected in subjects who had a relatively low capacity
of swallowing function.

Although the current experiments did not address the mechanism of the sensory driven
effects and why they were able to facilitate voluntary swallowing even in healthy subjects, it
can be suggested that the effects on swallowing-related cortical excitability may be related to
such phenomena as long-term potentiation. In fact, the time course of the facilitatory effect
was similar to that seen in another study on the human motor cortex [36]. Nevertheless, the
precise mechanisms for the modulation of the swallowing function obtained in the present
study cannot be addressed in experiments on the human cortex, and should be addressed in
further studies.

Limitations

Several limitations affected the interpretation of the present findings. First, we recruited only
15 healthy male participants. Because the samples were small and the values varied widely
among the subjects, we obtained the effect size and the required sample size of each parameter.
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The level of significance was set at P < 0.05, and the desired statistical power of the trial was
set at 0.8. With the sample sizes of the groups set to be equal, the effect size was 0.47 for one-
way ANOVA, and 0.47 for two-way ANOVA, both of which were considered medium effect.
In future studies, we should evaluate the effect of PEStim on swallowing performance in young
females as well as males to clarify the sex difference. Because subjects who exhibited a low
capacity swallowing function tended to increase the number of voluntary swallows over time,
future studies should include older participants or patients whose swallowing function is
impaired. Finally, our findings that the voluntary swallowing function was affected by PEStim
were determined only by counting the number of swallows. In our next study, we will combine
the use of TMS to measure MEPs in the related muscles with our current methods to explain
how MEDPs are related to swallowing behavior.
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