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Abstract

Purpose: This study aimed to investigate the potential of a newly developed small electrode to accurately
record muscle activity during swallowing.

Material and methods: This study included 31 healthy participants. The participants underwent swallowing
trials with three types of material. The recordings involved the following conditions: 1) swallowing saliva, 2)
swallowing 3 mL water, and 3) swallowing 5 mL water. Two types of electrodes, a conventional electrode
(CE) and a newly developed small electrode (NE), were symmetrically positioned on the skin over the
suprahyoid muscle group, starting from the center. From the surface electromyography data, the swallowing
duration (s), peak amplitude, and rising time (duration from swallowing onset to peak amplitude: s) were
measured. Additionally, the equivalence of characteristics of the waveform of muscle activities was
calculated by using the variance in both the upper and lower confidence limits in duration and rising time.

Results: No significant differences in baseline, swallowing duration or rising time between the CE and NE
were observed for any swallowing material. The peak amplitude was significantly higher for the NE than for
the CE for all swallowing materials. The CE and NE displayed no significant difference in the equivalence of
characteristics of the waveform of muscle activities for any swallowing material.

Conclusions: The gold-plated small electrodes utilized in this study indicated the ability to record the same
characteristics of muscle activity as conventional electrodes. Moreover, it was able to capture the muscle
activity of each muscle group with improved sensitivity in a narrow area, such as under the submandibular
region, with more precision than that of conventional electrodes.

Categories: Dentistry, Oral Medicine, Otolaryngology
Keywords: waveform analysis, swallowing, submandibular, surface electromyographic, rising time

Introduction

Swallowing is a complex sensorimotor phenomenon that involves several muscles. It comprises voluntary
and involuntary contractions of up to 26 muscles [1,2]. Among the muscles related to swallowing, the
suprahyoid muscles play an important role [3]. Dysphagia, a swallowing dysfunction, is associated with
various diseases, such as head and neck cancer, stroke, and neuromuscular disorders [4]. The occurrence of
dysphagia is high among patients with neuromuscular diseases, such as amyotrophic lateral sclerosis (35%)
[5], stroke (11%-50%) [6-7], Parkinson’s disease (over 80%) [8], head and neck cancer (60%-75%) [9], trauma
[10] and some modalities of treatment on head and neck region [11].

Videofluoroscopic swallowing study (VFSS) and fiberoptic endoscopic evaluation of swallowing (FEES) are
widely used as gold standards for dysphagia management. Both examinations are effective in diagnosing
dysphagia. However, VFSS exposes patients to radiation through fluoroscopic procedures, and FEES is
invasive, causing patients to experience discomfort during nasal endoscopic procedures [12,13]. In contrast,
surface electromyography (SEMG) is relatively noninvasive and provides valuable information about the
muscles involved in the swallowing process, therefore, evaluating swallowing function [14,15].

A previous study reported by Hara et al. indicated that patients with dysphagia exhibited lower muscle
activity in the suprahyoid muscle group, compared with healthy individuals in Japan [16]. That SEMG study
on swallowing used two types of electrodes. The first type was a disk electrode in a bipolar configuration,
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which has been reported to effectively remove common noise and exhibit spatial filtering effects in addition
to the tissue volume conductor’s low-pass filtering effect [17]. The second type was a concentric ring
electrode (CRE), which is proposed to enhance surface bipolar recordings of bioelectric signals [17]. Recent
studies on SEMG signals obtained during swallowing from the submental area, aiming for portable and
remote monitoring of the swallowing movement, have focused on materials and fabrication procedures
[18,19].

In swallowing rehabilitation, numerous studies have employed sEMG [20-22], including reports on tongue
movement and neck muscle fatigue [23]. However, most previous studies used EMG recordings from
individual muscles or muscle pairs to investigate muscle activity during swallowing. Considering that
swallowing involves multiple muscles and cranial nerves, sSEMG signals from only a few sparse sensors may
not physiologically provide sufficient dynamic properties of the entire swallowing procedure. The electrodes
used in these studies were too large for a detailed evaluation of muscle activity in the submandibular area,
and they did not allow for the assessment of overlapping muscles such as the digastric, geniohyoid, and
mylohyoid muscles.

Therefore, we hypothesized that the use of smaller electrodes would enable more detailed analyses of
complex swallowing movements by analyzing detailed muscle activity in each submandibular region. This
study aimed to investigate whether a newly developed 2-mm electrode could effectively record muscle
activities similar to those recorded by existing electrodes during submandibular swallowing movement.

Materials And Methods
Participants

In this study, we did not perform a power analysis. Previous reports have shown no sex-related differences
when measuring muscle activity in healthy adults [24]. Thus, in this study, 31 healthy volunteers (16 men
and 15 women) with a mean age of 28.77 + 2.49 years (average age * standard deviation; SD) participated.
Before data collection, participants were confirmed to have no temporomandibular, occlusal, swallowing, or
mastication abnormalities. All participants were aged > 18 years. No other inclusion criteria were applied in
this study. All participants provided written informed consent. This study was approved by Showa University
Research Ethics Review Board (approval 21-088-A) and was conducted according to the Declaration of
Helsinki.

Recordings

Two types of electrodes were used to assess muscle activity. The first electrode was a conventional electrode
(CE) (G210C; Nihon Kohden, Tokyo, Japan). The second device was a newly developed small electrode (NE)
(Okuchy, Tokyo, Japan). This NE featured a spherical contact surface with the body and was gold-plated. The
NE used in this study was made of a sulfur composite steel material with gold plating. Both electrodes had a
2-mm diameter and were fixed to a 0.1-mm thick silicone rubbery sheet using a male thread as a mooring
structure, secured with a corresponding nut.

The two types of electrodes were symmetrically positioned on the skin over the suprahyoid muscle group,
starting from the center (Figure /A).
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FIGURE 1: Position of electrode attachment

A: Positions of the conventional type of electrode: L-A and R-P. Positions of newly developed small electrodes: L-
P and R-A.

B: X indicates the placement of the tips of electrodes.

L: left, R: right, A: anterior, P: posterior, CE: conventional type of electrode, NE: newly developed small electrode

Additionally, the tips of electrodes were also placed in symmetrical positions over the suprahyoid muscle
group (Figure 1B). All measurements were conducted by the same investigator (dentist). For the analysis, the
average of the values obtained from the corresponding electrodes on both sides was used. The recordings
were conducted with the same participants in the same resting sitting position. Moreover, the recording was
conducted to eliminate SEMG artifacts as much as possible.

Data recordings

The participants underwent swallowing trials with three types of materials, and the swallowing movements
were recorded about each material three times. With reference to previous studies using SEMG to study
swallowing, the recordings involved the following conditions in this study: 1) swallowing saliva, 2)
swallowing 3 mL water, and 3) swallowing 5 mL water. The obtained sSEMG muscle activity waveforms were
integrated to analyze swallowing motion. For the SEMG analysis, the data were sampled at 500 Hz, and the
raw signals underwent bandpass filtering (50-250 Hz), rectification, and integration (time constant = 50 ms).
The data acquisition system used for the SEMG analysis was BIMUTAS-Video, developed by KISSEI COMTEC,
Nagano, Japan.

From the SEMG data, several parameters were measured, including baseline (uV), swallowing duration
(“duration,” measured in seconds: s), peak amplitude (“peak,” measured in pV), and rising time (the
duration from swallowing onset to peak amplitude, measured in seconds: s). Additionally, the SEMG traces
were evaluated to identify the onset and cessation of activity during swallowing (Figure 2).
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FIGURE 2: Measurements of surface electromyography (SEMG) data

L: left, R: right, A: anterior, P: posterior.

L-A, R-P: sEMG data from the conventional electrode.

R-A, L-P: sSEMG data from the newly developed small electrode.

Onset of swallowing: point at which the sEMG signals increased abruptly from baseline.
Offset of swallowing: point at which the SEMG signals returned to baseline.

Peak amplitude of swallowing: highest amplitude reached during the action (mV).
Swallowing duration: time between the onset and offset points for each measure (s).

Rising time: duration between the onset of swallowing and time at peak amplitude.

Consistent with previous studies, the onset of swallowing was identified as the point where the sEMG signals
exhibited a sudden increase from the baseline. The offset of swallowing was determined as the point where
the sEMG signals returned to baseline [25]. The duration of swallowing represented the time between the
onset and cessation points for each measure, whereas the peak represented the highest amplitude (activity)
reached during the action potential’s duration. The rising time was the duration from the onset of
swallowing to the time at peak amplitude, encompassing the interval between the onset and peak amplitude.
In addition, the equivalence of waveform characteristics related to muscle activities was determined by
assessing the variance in both upper and lower confidence limits within the duration and rising time of
swallowing.

Procedures

Participants were instructed to sit comfortably in an upright position. The two types of electrodes (CE and
NE) were placed on the skin over the suprahyoid muscle group. Subsequently, the participants were
instructed to perform three types of swallowing: 1) swallowing saliva, 2) swallowing 3 mL of water, and 3)
swallowing 5 mL of water. The water was administered orally using a syringe. Participants were instructed to
hold the water in a supralingual position and then swallow it in a single motion to minimize SEMG
variations caused by tongue movements during swallowing.

Data analyses

The sEMG data were statistically analyzed by averaging the values obtained from the left and right
electrodes of the CE and NE in the three recordings. The SEMG results indicated a normal distribution and
were subjected to a t-test. Additionally, the equivalence of the SEMG waveform between the CE and NE was
determined based on the variance of the difference, using a 95% confidence interval for the duration and
rising time of each swallowed material. In this study, we considered a p-value of < 0.05 as statistically
significant.
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Results
Baseline sEMG activity

There were no significant differences in baseline SEMG activities between the CE and NE (CE; 0.09, SD =
0.08 mv, NE; 0.08, SD = 0.08 mv, p = 0.341).

Saliva Swallowing

The mean duration of saliva swallowing was 0.685 (SD = 0.166) s for the CE and 0.680 (SD = 0.176) s for the
NE. No significant difference was observed between the CE and NE groups (p = 0.758). Similarly, the mean
rising time of saliva swallowing for the CE was 0.256 (SD = 0.144) s and 0.246 (SD = 0.143) s for the NE. No
significant difference was observed between the CE and NE groups (p = 0.395). However, the mean peak
amplitude of saliva swallowing was 0.363 (SD = 0.229) mV for the CE and 0.436 (SD = 0.318) mV for the NE.
The mean peak amplitude of the NE was significantly higher than that of the CE (p = 0.0002) (Table I).

CE NE p-value
Duration (s) 0.685 (SD = 0.166) 0.680 (SD = 0.176) 0.758
Rising time (s) 0.256 (SD = 0.144) 0.246 (SD = 0.143) 0.395
Peak amplitude (mv) 0.363 (SD = 0.229) 0.436 (SD = 0.318) 0.0002""

TABLE 1: Results of saliva swallowing

Results of saliva swallowing, where CE stands for the conventional type of electrode, and NE represents the newly developed type of electrode. (**p <

0.01)
3-mL Water Swallowing
The mean duration of 3-mL water swallowing was 0.883 (SD = 0.204) s for the CE and 0.875 (SD = 0.209) s for
the NE. No significant difference was observed between the CE and NE groups (p = 0.692). Similarly, the
mean rising time of 3-mL water swallowing was 0.382 (SD = 0.196) s for the CE and 0.361 (SD = 0.198) s for
the NE. Again, there was no significant difference between the CE and NE groups (p = 0.112). However, the
mean peak amplitude of 3-mL water swallowing was 0.329 (SD = 0.229) mV for the CE and 0.436 (SD = 0.318)
mV for the NE. The mean peak amplitude of the NE was significantly higher than that of the CE (p < 0.0001)
(Table 2).
CE NE p-value

Duration (s) 0.883 (SD = 0.204) 0.875 (SD = 0.209) 0.692

Rising time (s) 0.382 (SD = 0.196) 0.361 (SD = 0.198) 0.112

Peak amplitude (mv) 0.329 (SD = 0.229) 0.436 (SD =0.318) <0.0001™

TABLE 2: Results of 3-mL water swallowing

Results of 3-mL water swallowing, where CE stands for the conventional type of electrode, and NE represents the newly developed electrode type. (**p <
0.01)

5-mL Water Swallowing

The mean duration of 5-mL water swallowing was 0.902 (SD = 0.175) s for the CE and 0.887 (SD =0.171) s for
the NE. There was no significant difference between the CE and NE groups (p = 0.118). Similarly, the mean
rising time of 5-mL water swallowing was 0.338 (SD = 0.163) s for the CE and 0.336 (SD = 0.178) s for the NE.
Again, there was no significant difference between the CE and NE groups (p = 0.928). However, the mean
peak amplitude of 5-mL water swallowing was 0.352 (SD = 0.152) mV for the CE and 0.407 (SD = 0.181) mV
for the NE. The mean peak amplitude of the NE was significantly higher than that of the CE (p < 0.0001)
(Table 3)
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CE NE p-value
Duration (s) 0.902 (SD = 0.175) 0.887 (SD = 0.171) 0.118
Rising time (s) 0.338 (SD = 0.163) 0.336 (SD = 0.178) 0.928
Peak amplitude (mv) 0.352 (SD =0.152) 0.407 (SD =0.181) <0.0001"™

TABLE 3: Results of 5-mL water swallowing

Results of 5-mL water swallowing, where CE stands for the conventional type of electrode, and NE represents the newly developed type of electrode. (**p
<0.01)

Equivalence of the sEMG waveform

Saliva Swallowing

No significant difference in the duration of saliva swallowing was indicated by the variance in both the upper
and lower confidence limits (upper: p = 0.379; lower: p = 0.620). Similarly, for the rising time of saliva
swallowing, no significant difference was indicated by the variance of difference in either the upper or lower
confidence limit (upper: p = 0.198, lower: p = 0.802).

3-mL Water Swallowing

No significant difference in the duration of 3-mL water swallowing was indicated by the variance in both the
upper (p = 0.346) and lower (p = 0.654) confidence limits. Similarly, for the rising time of 3-mL water
swallowing, the variance of the difference indicated no significant difference in either the upper (p = 0.060)
or lower (p = 0.944) confidence limit.

5-mL Water Swallowing

The variance of the difference in the duration of 5-mL water swallowing indicated no significant difference
in either the upper (p = 0.069) and lower (p = 0.941) confidence limits. Similarly, for the rising time, the
variance of the difference in 5-mL water swallowing also showed no significant difference in both the upper
(p = 0.464) and lower (p = 0.536) confidence limits.

Discussion

This study aimed to investigate whether a newly developed 2-mm electrode could effectively record muscle
activities similar to those recorded by existing electrodes during submandibular swallowing movement. The
results of this study indicate that the CE and NE were able to record the same muscle activities. There was
no significant difference between the CE and NE in terms of the duration and rising time for any swallowed
materials. However, the peak amplitude of each NE material was significantly higher than that of the CE.
Therefore, the study’s findings suggest that the CE and NE could record the same waveform characteristics
of swallowing, regardless of the material being swallowed.

Swallowing muscle activities, as measured by SEMG, can be influenced by surrounding muscles, with the
impact being more significant in muscles closer to the surface [25]. In this study, the CE and NE electrodes
were positioned in contrasting locations with different anteroposterior and posterior positions on the left
and right sides. This variability might lead to differences in muscle activity recorded on the left and right
sides. However, a previous report indicated that muscle activity values demonstrated good swallowing
synchronization on both sides, as expected in healthy individuals [25]. Therefore, the results of the study,
using the average of the values obtained from the left and right electrodes, suggest that there is minimal
difference in muscle activity between the CE and NE on the left and right sides.

A previous study suggested that the swallowing duration varies depending on the bolus volume and
consistency of the swallowed material [26]. This study observed a similar tendency, with the swallowing
duration differing among the materials swallowed. Specifically, the swallowing duration of saliva was shorter
than that of 3- and 5-mL water for both the CE and NE. However, no significant difference in swallowing
duration was observed between the CE and NE for any swallowed material. This suggests that the CE and NE
could record the same duration of swallowing movement for all materials, regardless of the properties of the
electrode material.

The rising time of swallowing has been examined in numerous studies using SEMG. Previous studies have
shown that the duration of swallowing varies depending on the amount and viscosity of the material
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swallowed [27-29]. In this study, the rising time varied depending on the swallowed material. Specifically, the
rising time of saliva swallowing was shorter than that of 3- and 5-mL water swallowing; however, there was
no significant difference in the rising time between 3- and 5-mL water swallowing. As the participants in
this study were healthy, young adults who did not require additional effort to swallow, potential influences
on swallowing duration were minimized. Oral and pharyngeal swallowing duration typically increases in
older individuals [30]. Consequently, no significant difference was observed in the amount of water used.

The peak amplitude of the NE was significantly higher than that of the CE under all conditions. This
difference is likely due to variations in the electrode material.

The surface material yielded one of the most significant differences between the CE and NE. The surface
material of the CE was silver chloride, whereas the NE’s surface material was gold. Gold and platinum are
polarizable electrodes that exhibit strong polarization properties because charge transfer on their surfaces is
less likely to occur. In contrast, silver chloride electrodes are considered non-polarizable electrodes because
of their low electrical resistance, resulting in low electrode resistance and polarization. A previous study
found that electromyographic activity was influenced by the electrode materials because of the difference in
conductivity and skin preparation for the monitoring of the masseter muscle [31]. Consequently, although
there were differences in the recording region, the NE, using gold, recorded larger signals for the same
muscle activity.

Moreover, previous reports have demonstrated that the electromyogram obtained is influenced by electrode
shape, leading to noise interference [32]. Another study reported that signal amplification increased with
greater distance between the ends of the electrodes [33]. The CE electrode dimensions were 18 mm x 36 mm.
In contrast, the NE was much smaller, at 2 mm. In this study, the electrodes were positioned in relation to
the center, potentially resulting in increased distance between the electrodes in the NE, which is smaller in
size than the CE. In previous study, it was reported that the inter-electrode distance had significant effects
on sEMG activities [34]. Thus, the difference of the inter-electrode distance between NE and CE might be
one of the reasons for the larger maximum amplitude recorded using the NE compared with that recorded
using the CE.

A previous study compared the waveforms obtained from different muscles during the same task [35].
However, no study has reported waveforms recorded during the same task using electrodes made of different
materials or examined the similarity of the waveforms. In this study, there were no significant differences in
the duration and rising time between the CE and NE; however, a significant difference was observed in the
mean peak amplitude of the waveform. In a previous report, the duration, rising time, and peak amplitude
were compared for posture-induced changes in swallowing function in healthy individuals, and the
swallowing function was analyzed using electromyography [36]. The results of this study show that although
there were differences in the peak amplitude depending on the electrode material, there were no significant
differences in other parameters in any of the recordings. This suggests that it is possible to record waveform
changes during the same muscle activity. The results of this study indicate that there was no significant
difference in the baseline between the CE and NE. This may suggest that the use of an NE will allow for a
more sensitive recording of muscle activity. Additionally, the CE and NE were capable of capturing
comparable waveforms of muscle activities during swallowing. Nevertheless, the NE displayed the potential
for higher sensitivity, compared with the CE. Additionally, with its mere 2-mm diameter, the NE holds
promise for precise recording of localized movements, particularly in the submandibular region where
multiple muscles are present. This underscores the potential of utilizing NE-based sEMG to investigate the
detailed movements of individual swallowing-related muscles in a non-invasive manner, distinguishing it
from the VFSS and FEES approaches.

Although VFSS provides a comprehensive view of swallowing motion and FEES is particularly adept at
observing the pharyngeal phase, NE-based sEMG holds the promise of comprehensively examining muscle
activities from mastication to swallowing, encompassing insights into muscle coordination. With further
research advancements, the prospective applications in clinical contexts may extend beyond biofeedback.

A CE is disposable and inexpensive in terms of cost, whereas an NE, although expensive, can be used
repeatedly. In biofeedback using electromyographs, electrodes are used frequently; the advantage of
repeated use of NEs is considered to be significant. In addition, the use of gold, a metal with stable surface
properties, ensures stable measurements, even after repeated use.

Limitations

In this study, the identity of the waveforms was examined using the duration and rising time but only in a
preliminary manner. Therefore, further investigations using waveform analysis methods, such as fast Fourier
transform, are necessary to explore this aspect thoroughly in the future. Additionally, the electromyogram
obtained was not compared with the actual tongue movements or other movements. Thus, recording actual
movements using the VFSS and examining the relationship between recorded muscle activities and real
movements is essential for future research. Additionally, we did not perform a sample size calculation or
power analysis; the low sample size may be a potential limitation. Moreover, there were only a few young
healthy participants. To enhance the generalizability of the present study's findings, future research should

2024 Ihara et al. Cureus 16(5): €59726. DOI 10.7759/cureus.59726 7 of 10


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

Part of SPRINGER NATURE

encompass a broader population by expanding the sample size and including participants across different
age ranges. Impedance characteristics at each electrode were not examined in this study. Impedance
characteristics have a significant impact on the results of this study and should be examined in the future. In
this study, we did not investigate about occlusal vertical dimension of participants. All participants in this
study were healthy adults, and they did not have any mastication abnormalities. However, it was reported
that occlusal vertical dimension had significant effect on SEMG activities on swallowing [37]. Thus, it would
be necessary to consider about occlusal vertical dimension of participants in future study.

Conclusions

The gold-plated small electrodes utilized in this study indicated to be able to record same characteristic of
muscle activity to conventional electrode. Moreover, it was able to capture the muscle activity of each
muscle group with improved sensitivity in a narrow area, such as under the submandibular region, with
more precision than that with conventional electrodes. Therefore, they are considered valuable for recording
muscle activity in this specific region.
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