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Electromyographic activation
patterns during swallowing in older
adults

JinYoung Ko, Hayoung Kim, Joonyoung Jang, Jun Chang Lee & Ju Seok Ryu™

Age-related weakness due to atrophy and fatty infiltration in oropharyngeal muscles may be related
to dysphagia in older adults. However, little is known about changes in the oropharyngeal muscle
activation pattern in older adults. This was a prospective and experimental study. Forty healthy
participants (20 older [> 60 years] and 20 young [< 60 years] adults) were enrolled. Six channel surface
electrodes were placed over the bilateral suprahyoid (SH), bilateral retrohyoid (RH), thyrohyoid
(TH), and sternothyroid (StH) muscles. Electromyography signals were then recorded twice for each
patient during swallowing of 2 cc of water, 5 cc of water, and 5 cc of a highly viscous fluid. Latency,
duration, and peak amplitude were measured. The activation patterns were the same, in the order
of SH, TH, and StH, in both groups. The muscle activation patterns were classified as type I and Il;
the type | pattern was characterized by a monophasic shape, and the type Il comprised a pre-reflex
phase and a main phase. The oropharyngeal muscles and SH muscles were found to develop a pre-
reflex phase specifically with increasing volume and viscosity of the swallowed fluid. Type | showed

a different response to the highly viscous fluid in the older group compared to that in the younger
group. However, type Il showed concordant changes in the groups. Therefore, healthy older people
were found to compensate for swallowing with a pre-reflex phase of muscle activation in response to
increased liquid volume and viscosity, to adjust for age-related muscle weakness.

The incidence of dysphagia has been known to increase with age'. Dysphagia increases the risk of aspiration
and is known to induce pneumonia, which increases morbidity and mortality among older adults**. Anatomi-
cally, sarcopenia occurs due to the aging process, which causes atrophy and fatty changes in the striated mus-
cles, including the lingual muscles*®. In addition, sensory-motor function is reported to be decreased due to
changes in peripheral and central nerve conduction in old age®. This neurological change was reported to slow
the swallowing movement and increase cortical activation due to effortful swallowing”®. Functionally, these
neuroanatomical changes lead to a decrease in pharyngeal and tongue strength, which is directly related to the
aspiration status in healthy older adults>°.

Recently, coordinated movement of the oropharyngeal muscles and the opening mechanism of the upper
esophageal sphincter (UES) have been actively studied in the kinematic analysis of a videofluoroscopic swal-
lowing study (VFSS) and high-resolution manometry (HRM)!!-1%. Several studies have also been conducted to
reveal the electrophysiological changes in the swallowing process in older adults using surface electromyogra-
phy (S-EMG). These studies showed that the activation duration of the oropharyngeal muscles increases with
aging!'>1*1% however, despite this increase in the duration of activation of the muscles, kinematic analysis did
not show an increase in duration'®. Thus, it can be inferred that muscle activation is a protective mechanism so
that neuromuscular degeneration does not lead to kinematic and functional loss. However, little is known about
these protective mechanisms in the individual swallowing-related muscles of older adults. If we can systemati-
cally analyze and understand the activation pattern of each swallowing-related muscle, we will be able to identify
changes in the swallowing process due to aging. Furthermore, this could lead to the development of a method
to prevent and treat age-related dysphagia.

Firstly, we hypothesized that there is a protective mechanism that helps to adjust the anatomical and func-
tional loss in older adults. This is thought to be the result of enhanced activity of swallowing-related muscles,
which is a mechanism for neuromuscular adaptation. We assumed that this increase in muscle activity would be
observed with S-EMG findings such as an increase in the amplitude and a prolongation in duration. Secondly, we
also hypothesized that age-related changes in muscle activation patterns will differ depending on the volume and
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viscosity of the swallowed liquid. We assumed that the duration and amplitude of muscle activation are increased
further when a large volume of liquid and/or a highly viscous liquid is swallowed.

Therefore, the purpose of this study was to find out the age-related differences in muscle activation patterns
regarding the bolus volume and viscosity, and the possible protective mechanisms required to adjust the aging
process.

Materials and methods
Participants. This study was a prospective, experimental study conducted from July 4, 2016, to November
21, 2017. It was performed at the rehabilitation unit of tertiary hospitals.

The inclusion criteria were age greater than 19 years, having no underlying diseases, having stable vital
signs, willing to participate in the present study, and provision of informed consent. To screen for symptoms of
dysphagia, each participant completed a 3-oz water swallow test'”. During two trials of cup drinking, a trained
research assistant observed the participants to determine if the following symptoms were present: choking,
coughing, throat clearing, or wet voice. Patients with the following were excluded: (a) symptoms of dysphagia
such as difficulty chewing, coughing, and hoarseness related with swallowing, food residues, and past history
of pneumonia, (b) history of previous neck surgery, (c) presence of a neuromuscular disorder, (d) presence of
a peripheral neuropathy and cranial neuropathy, and (e) history of brain disorders such as stroke, brain tumor,
and cerebral palsy. Adults aged over 60 years were classified into the older group.

The study protocol was approved by the Seoul National University Bundang Hospital institutional review
board (IRB No.: B-1604/344-003) and was registered at clinicaltrial.gov (Registration number: NCT03494361,
Initial release: 2/04/2018, Last release: 10/04/2018, Actual study start date: 7/04/2016, Actual study completion
date: 11/21/2017). Furthermore, all methods were performed in accordance with the relevant guidelines and
regulations.

Experimental procedures. All subjects were seated on a comfortable chair and instructed to complete
the swallowing tasks. Firstly, S-EMG was recorded in a resting state, which was used as the baseline for nor-
malization. During the test, the participants were required to keep their heads in a neutral position and avoid
any movement. Then, the participants were instructed to swallow three types of boluses, twice for each type, in
the following order: water 2cc, water 5cc (International dysphagia diet standardization initiative (IDDSI; level
0), and yogurt 5cc (IDDSL, level 4)'8. Each bolus was given in an identical syringe. During the measurements,
the participants held the liquid in their mouths and then swallowed when the examiner instructed them to do
so. There was a 3-minute interval between each swallowing task. All liquids were administered by one therapist.
S-EMG was recorded during the swallowing of each liquid. All measured data were analyzed, except data with
severe artifacts.

S-EMG signal acquisition. To maintain consistency, one experienced therapist (HY Kim) conducted the
tests. In order to reduce the skin resistance, we wiped the skin with alcohol before attaching the electrodes. The
six-channel surface electrodes were placed over the bilateral SH, bilateral retrohyoid (RH), thyrohyoid (TH),
and sternothyroid (StH) muscles (Fig. 1). Electrode positions were determined using anatomical landmarks and
manual palpation. To confirm proper placement of the electrodes, ultrasound examination was used to mini-
mize muscle overlap, which can cause the crosstalk effect during S-EMG. Channel 1 (right) and channel 2 (left)
electrodes were placed superior to the hyoid bone and posterior to the mandible with a 1-cm interval from the
midline to target the digastric (anterior belly) and mylohyoid muscles. Channel 3 electrodes were placed on the
bilateral superior pole of the thyroid cartilage to target the TH muscles, and channel 4 electrodes were placed
medial to the sternocleidomastoid muscle and inferior to the thyroid cartilage to target the sternohyoid, omo-
hyoid, and StH muscles. Channel 5 (right) and 6 (left) electrodes were attached just behind the mandible and
in front of the sternocleidomastoid muscle to target the posterior belly of the diagastric and stylohyoid muscles
(RH muscles)®.

To evaluate the degree of muscle contraction during swallowing, a wireless S-EMG analysis system (BTS
FREEEMG 1000 with EMG-BTS EMG-Analyzer, BTS Bioengineering Co.) was used for the electrophysiologi-
cal quantitative analysis. S-EMG signals were received from the six channels simultaneously, converted into a
digital signal, and transmitted to a personal computer wirelessly. The acquisition frequency of the S-EMG signal
was 1024 Hz and we used a band pass filter between 20 and 500 Hz. We quantitatively assessed the onset latency,
duration, and peak amplitude of the contraction of the SH, RH, TH, and StH muscles.

S-EMG analysis of the activation patterns and sequence. Because we predicted an increase in mus-
cle activation, we analyzed the duration and amplitude of activation in each swallowing muscle. While analyzing
the S-EMG data, we could identify unpredicted and important points in every recorded muscle; the activation
pattern was largely divided into two types in both the young and older groups. The entire S-EMG signal was re-
analyzed by a physician and another researcher. They agreed on how to divide the S-EMG graph pattern before
analyzing the S-EMG signal. Since the S-EMG signal analyzer automatically analyzed the raw data values of the
S-EMG signal as a two-dimensional curve, it was not difficult to divide the curve pattern. If there was any disa-
greement on this, we increased the degree of agreement through discussion.

The first type (type I) of muscle activation pattern was characterized by a monophasic shape consisting of
only one peak during swallowing (Fig. 2A). The second type (type II) was a biphasic or triphasic pattern that
consisted of several peaks. A common feature of muscle activation patterns with these multiple peaks is that the
small peak develops and does not return to the resting state but continues to rise towards the maximum peak
(Fig. 2B). These small peaks occur in swallowing-related muscles'>?, and were defined as pre-reflex peaks. Small

Scientific Reports |

(2021) 12:5795 | https://doi.org/10.1038/s41598-021-84972-6 nature portfolio



www.nature.com/scientificreports/

m Suprahyoid

muscles:
Geniohyoid
Digastric
Inferior edge )
of mandible Mylohyoid
Styloglossus Stylohyoid
Hyoid bone
Infrahyoid
muscles:
Thyroid cartilage )
of larynx Thyrohyoid
Omohyoid
Thyroid gland _______ Sternohyoid
Sternothyroid
Trachea
Right and left
clavicles

Sternum

Scapula Y

Figure 1. Locations of S-EMG electrodes (channel 1, 2: bilateral right suprahyoid muscles, channel 3:
thyrohyoid muscle, channel 4: sternohyoid muscle, channel 5, 6: bilateral retrohyoid muscles). The copyright
owner is OpenStax (Source: https://cnx.org/contents/FPtK1zmh@8.25:fEI3C80t@10/Preface). JS Ryu recreated
the drawing by adding electrodes to the original drawing).

peaks in the TH and StH muscles appeared only when peaks were already observed in the SH and RH muscles.
Based on this, the type II patterns that had multiple peaks were further subdivided into three subgroups. Type II
(a) was defined as a biphasic pattern only in the SH muscle, type II (b) was defined as the biphasic wave observed
in the SH, RH, and TH muscles, and type II (c) was defined as the biphasic wave observed in all of the SH, RH,
TH and StH muscles (Table 1).

To further analyze the patterns of the two types found in this study, the S-EMG signal was divided into the
pre-reflex phase and the main phase, and each onset latency, duration, and peak amplitude values of each muscle
were reanalyzed. To analyze the sequence of swallowing-related muscle contraction from swallowing initiation
orders, the onset latency of the SH, which is the first activated muscle, was set to 0 as a reference point. Because
the main phases of type I and type II were regarded as the same activation pattern, the pre-reflex phase of type II
was defined as an activation that preceded the reference point and the onset latency was expressed as a negative
value. Since there was no statistically significant difference between the SH and RH muscles, the mean values
on both sides were used.

Statistical analysis. Muscular activation sequences upon the swallowing of each liquid were compared
between the older group and the younger group using the Mann Whitney U test. The Chi-square test was used
to determine the cause of expression of the S-EMG activation patterns (type I or II), in relation to age and liquid
characteristics. The Kruskal Wallis test was used to compare liquid characteristics within the same group. The
Mann Whitney U test was used for post-hoc analysis. All statistical analyses were carried out using SPSS 22.0
software (SPSS Inc.; Chicago, IL, USA). A p-value of less than 0.05 was considered statistically significant.
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Figure 2. The two types of S-EMG activation patterns in the young and older groups. Type I pattern was
characterized by a monophasic activation peak (A). Type II pattern was biphasic or triphasic, consisting of a pre-
reflex peak and main peak (B).

Monophasic Biphasic
Typel SH, RH, TH, StH None
Type II(a) TH, StH SH, RH
Type I1(b) StH SH, RH, TH
Type II(c) None SH, RH, TH, StH

Table 1. The classification the muscle activation patterns observed in oropharyngeal muscles during
swallowing test. SH, suprahyoid muscle; RH, retrohyoid muscle; TH, thyrohyoid muscle; StH, sternothyroid

muscle.
Young group (< 60yrs) Elderly group (>60yrs)
Age 43 +14 years 64 +4 years
12:8 10:10
Gender Water 2 cc | Water 5 cc | Yoplait 5 cc | Water 2 cc | Water 5 cc | Yoplait 5 cc
Type I 12 19 6 13 14 4
Type II(a) 3 1 1 1 2 0
Type I1(b) 9 4 6 5 4 1
Typell(c) |10 12 25 17 15 30
Total 34 36 38 36 35 35

Table 2. The classification and frequency of the muscle activation patterns observed in oropharyngeal muscles
during swallowing test.

Results

General observations. A total of 20 non-dysphagic older participants (>60 years) and 20 young partici-
pants (<60 years) were recruited. Their demographic data are presented in Table 2. There was no significant
difference in the gender ratio between the two groups (p >0.05).

Since 20 participants in each group performed swallowing twice for each liquid, a total of 40 rounds were
performed for each liquid. However, some baseline data were excluded due to the presence of considerable arti-
facts during the analysis. Therefore, the total number of analyzed trials for each liquid ranged between 34 and 40.
However, the difference in the number of swallowing trials did not show a significant difference in both groups.
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Figure 3. The distribution of S-EMG activation patterns according to the liquid characteristics in young and
older groups. Trend lines in both groups show that the type II (c) pattern, which is defined as the biphasic wave,
was observed in all of the SH, TH, and StH muscles and was more frequently observed when swallowing the
5 cc of yogurt in both groups.
Young group (< 60yrs) Elderly group (>60yrs)
Water 2 cc Water 5 cc Yoplait 5 cc ‘ P’ ‘ Pt Water 2 cc Water 5 cc Yoplait 5 cc ‘ p' ‘ Pt
SH
Duration 1.439+0.259 1.420+0.247 1.934+0.548 0.563 0.001 1.364+0.186 1.473+0.290 1.506 +0.054 0243 | 0.070
Peak Amp 45.001+27.237 | 41.310£21235 | 40.845+9.262 0.828 0.212 46.375£19.640 | 47.500£19.682 | 61.079£36.247 | 0.808 | 0.358
RH
Duration 1.378+0.172 1.447 £0.243 1.926+0.588 0.193 0.002 1.407 £0.180 1.510+0.343 1.586+0.076 0585 | 0.083
Peak Amp 22.784+9.406 22.224+7.083 30.978 £7.641 0.919 0.001 25.535+14.454 | 25.189£13.076 | 22.165+2.769* | 0.775 | 0.896
TH
Duration 1.417£0.362 1.347+0.223 1.847 +0.457 0.735 0.001 1.255£0.101 1.392+0.328 1.477£0.133 0.756 | 0.233
Peak Amp 28.537+£10.602 | 29.892£13.293 | 33.517+11.315 | 0.952 0.400 27.764+8.640 31.628+18.047 | 35560£16.579 |0943  |0.505
StH
Duration 1.356:£0.338 1.235+0.326 1.763£0.493 0.269 0.014 1.108+0.197* 1.292+0.334 1.461+0.166 0.169 | 0.158
Peak Amp 15.668 +5.116 14.827£6.413 15.230+6.939 0.484 0.733 15.526 +5.044 16.78 +8.776 21.413+5.496 0943 |0.233

Table 3. Muscle activation duration and RMS values on type I pattern. SH; suprahyoid, RH; retrohyoid, TH;
thyrohyoid, StH; sternothyroid, Amp; Amplitude. p'; p-value between water 2 cc and 5 cc swallowing in same
group, p*; p-value between water 5 cc and yogurt 5 cc swallowing in same group. *: The p-value <0.05 between
young group and elderly group in each food types.

Types of S-EMG activation patterns. There was no significant difference in the amplitude of the main
peak between the two types. The frequency of the patterns observed when swallowing each liquid in the older
and younger group are described in Table 2. The analysis between the S-EMG activation patterns (type I or II)
and age showed no significant findings. However, the analysis between S-EMG activation pattern and liquid
characteristics showed significant changes in the distribution pattern of liquid characteristics (p <0.05). The
type II pattern was more frequently observed in the swallowing of the highly viscous liquid (yogurt) compared
to water, and when a larger volume (5 cc) of water was swallowed compared to a smaller volume (2 cc) (Fig. 3).

Effects of fluid volume and viscosity on swallowing muscle activity. Quantitative results of muscle
activation patterns according to volume and viscosity in type I are presented in Table 3. In type I, no significant
difference was observed between swallowing 2 cc and 5 cc of water in the two groups. However, swallowing of
a highly viscous liquid significantly prolonged the duration of activation of the SH, RH, TH, and StH muscles
and increased the amplitude of the main peak of the RH muscle in the younger group. These changes were not
observed in the older group (Table 3).
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Young group (< 60yrs) Elderly group (>60yrs)
Water 2 cc Water 5 cc Yoplait 5 cc ‘ P ‘ P Water 2 cc Water 5 cc Yoplait 5 cc ‘ p' ‘ Pt

SH

Pre_Dur 0.456+0.183 0.412£0.098 0.645+0.290 0.506 0.000 0.590£0.326* 0.646+0.313* 0.735+0.406 0.267 0.131
M_Dur 1.206 £0.205 1.178+£0.224 1.341+0.247 0.506 0.001 1.028 +0.280* 1.135+£0.3334 1.343+£0.517 0.064 0.001
Tot_Dur 1.662+0.241 1.590+0.194 1.987+0.328 0.249 0.000 1.617+0.411 1.781+0.511 2.078+0.787 0.116 0.001
Pre_Pk_Amp 13.248 £5.754 11.557 +£3.800 20.874+16.359 0.292 0.000 23.618+20.779* | 26.645+28.491* | 36.375+27.543* | 0.581 0.007
M_Pk_Amp 34.466 +14.539 31.689+11.197 42.933+19.924 0.569 0.002 47.772+33.483 46.546+35.100* | 54.230+30.048* | 0.993 0.062
RH

Pre_Dur 0.352+0.373 0.408 £0.093 0.584+0.261 0.583 0.001 0.520£0.242* 0.581+0.273* 0.68£0.398* 0.268 0.282
M_Dur 1.168 +£0.423 1.157+0.214 1.305+0.241 0.672 0.003 1.070+0.288* 1.176 £0.369 1.332+0.519 0.156 0.003
Tot_Dur 1.520£0.400 1.565+0.201 1.944+0.361 0.632 0.000 1.590+0.332 1.757 £0.502 2.083+0.783 0.116 0.000
Pre_Pk_Amp 9.678 £4.634 7.328+2.983 11.455+5.828 0.024 0.000 11.171+8.829 11.953 £8.030* 20.139+15.593 0.380 0.005
M_Pk_Amp 21.722+12.686 18.600 +8.832 24.346+14.987 0.323 0.035 21.599+11.286 19.516£9.790 28.061+£14.218 0.425 0.002
TH

Pre_Dur 0.400+0.172 0.428+£0.078 0.451+0.244 0.125 0.840 0.562+0.293* 0.541+0.224 0.521+0.336 0.748 0.697
M_Dur 1.186+0.186 1.156 +£0.204 1.320+0.228 0.756 0.016 0.945+0.211* 1.188+0.360 1.343+0.514 0.015 0.039
Tot_Dur 1.586+0.236 1.584+0.203 1.488+0.316 0.857 0.318 1.507+0.379 1.728 +£0.484 1.537+0.617 0.215 0.497
Pre_Pk_Amp 10.168 +£4.296 8.414+2.338 12.282+6.214 0.317 0.015 12.173+£10.409 11.080+4.176* 19.487 +13.928* | 0.469 0.017
M_Pk_Amp 30.652+12.668 28.993+10.380 28.899+10.629 0.961 1.000 25.988+7.573 28.970+8.679 33.440+11.853 0.347 0.219
StH

Pre_Dur 0.349+0.187 0.382+0.081 0.397 £0.296 0.456 0.109 0.535+0.214* 0.428 £0.305 0.429+0.358 0.123 0.838
M_Dur 1.244+0.164 1.067£0.237 1.314+0.245 0.093 0.013 0.876+£0.146* 1.160+0.384 1.281+0.507 0.009 0.123
Tot_Dur 1.592+0.253 1.448+0.236 1.837+0.355 0.159 0.001 1.412+0.279 1.587+0.511 1.969+0.711 0.433 0.007
Pre_Pk_Amp 8.869+6.197 5.779+1.447 9.278+£4.921 0.346 0.008 7.587 £3.939 6.965+3.229 11.155+7.875 0.882 0.087
M_Pk_Amp 16.005+5.218 15.037 £4.861 16.778 £6.249 0.771 0.491 14.262+6.450 14.589+6.182 16.356£8.049 0.794 0.613

Table 4. Difference of S-EMG variables of type II pattern depending on liquid characteristics in same group.
SH; suprahyoid, RH; retrohyoid, TH; thyrohyoid, StH; sternothyroid, Amp; Amplitude, Pre_Dur; pre-reflex
duration, M_Dur; main reflex duration, Tot_Dur; total duration, Pre_Pk_RMS; pre-reflex peak amplitude by
root mean square, M_Pk_RMS; main-reflex peak amplitude by root mean square, p'; p-value between water
2 cc and 5 cc swallowing in same group, p*; p-value between water 5 cc and yogurt 5 cc swallowing in same
group. *: The p-value < 0.05 between young group and elderly group in each food types.

There were significant differences in type II between the young and older groups. Type II results are pre-
sented in Table 4. In the younger group, the type II findings were concordant with those of type I. There was no
significant difference in swallowing between 2 and 5 cc of water; however, the highly viscous fluid significantly
prolonged the activation duration of the SH, RH, TH, and StH muscles, and significantly increased the ampli-
tude of the pre-reflex peak and main peak of the SH and RH muscles, and the pre-reflex peak of the TH and
StH muscles in the younger group (Table 4). A type II pattern during the swallowing of the highly viscous fluid
among the older group also significantly prolonged the activation duration of the SH, RH, TH, and StH muscles
and significantly increased the amplitude of the pre-reflex peak of the SH, RH, and TH muscles (Table 4).

In the younger group, the amplitude of the pre-reflex peak of the SH, TH, and StH muscles decreased as the
amount of fluid increased from 2 to 5 cc, with a significant difference observed in the RH muscles (p <0.05).
In the older group, however, the amplitude of the pre-reflex peak of the SH and RH muscles increased as the
amount increased from 2 to 5 cc (Table 4).

Effect of age on swallowing muscle activity. From the perspective of sequential activation of the phar-
yngeal muscles, activation sequences were generally in the order of the SH, RH, TH, and StH muscles (Fig. 4).

Comparison of age-related changes in each type of pattern was performed. In type I, only the amplitude of
the main peak of the RH muscle during the swallowing of highly viscous fluids and the activation duration of
the StH muscle during the swallowing of 2 cc of water were significantly different between the two groups. All
other parameters related to the swallowing of all liquid types were not significantly different between the two
groups (Table 3, *p <0.05, bold characters).

On the other hand, statistically significant differences were observed with a constant pattern in type II. In
the 2 cc water swallowing task, the older group showed a significant increase in the duration of the pre-reflex
phase of the SH, RH, TH, and StH muscles and the amplitude of the pre-reflex peak of the SH muscle, com-
pared to those in the younger group. Swallowing of 5 cc of water showed similar results regarding the duration
of the pre-reflex phase of the SH and RH muscles and the amplitude of the pre-reflex peak of the SH, RH, and
TH muscles. Swallowing of 5 cc of the highly viscous fluid showed similar results regarding the duration of the
pre-reflex phase of the RH muscle and the amplitude of the pre-reflex peak of the SH and TH muscles (Table 4,
*p <0.05, bold characters).
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Figure 4. The activation sequence of oropharyngeal muscles during 5 cc water swallowing. S-EMG revealed
that the activation sequence was in the order of the suprahyoid (SH), retrohyoid (RH), thyrohyoid (TH), and
sternothyroid (StH) muscles in both the young and older groups.

Discussion

The purpose of this study was to understand changes in the activation pattern of the oropharyngeal muscle that
are associated with aging. In this study, we observed changes in the activation patterns of the oropharyngeal
muscles according to the aging process. The findings indicate that the oropharyngeal muscles are activated from
the SH muscles to the infrahyoid muscles, regardless of age and the type of liquid being swallowed (Fig. 4). The
oropharyngeal muscle, particularly the SH muscles, was found to develop a pre-reflex phase with increasing
volume and viscosity of the swallowed fluid. In addition, a significant increase in the duration and amplitude of
the pre-reflex phase was observed in the older group compared to those in the younger group.

The physiological swallowing reaction is controlled by the modulation of the swallowing motor response
according to sensory input from the oropharyngeal sensory receptors®?2. Previous studies have revealed a
sequence of oropharyngeal motor responses in which the infrahyoid muscle is activated after initial SH muscle
activation. Matched with this activation sequence, the hyoid bone begins with an upward movement, performs
circular rhythmic movements, and correlates with the UES opening time'>?. The results of this study also con-
firmed that oropharyngeal muscles are activated from the SH muscles to the infrahyoid muscles, regardless of
the aging process.

In addition, the present study selectively distinguished the pre-reflex phase of the oropharyngeal muscles
via the shape of the S-EMG. We also reported the frequency and propensity of the pre-reflex activation pattern
(Table 1). All 214 swallowing tasks from the 40 participants appeared to have a consistent muscle activation
pattern, with no exceptions (Table 2). Because the duration and amplitude of the main phases of type I and
type II patterns are similar, the small-sized peaks that appear before the main phase of type II are considered to
constitute the pre-reflex phase.

In this study, the duration of the main phase in type II was slightly shorter compared to that in type I; the
reason could be that we could not identify the initiation point of the main phase in type II. We estimated that
the time of oropharyngeal muscle contraction and hyoid bone movement occurred simultaneously, which was
referred to as the "main-reflex" phase. Furthermore, the preparatory stage just before the “main-reflex” phase
was referred to as the “pre-reflex” phase. In particular, referring to a previous study, the onset latency of the
SH and infrahyoid muscles occurs faster than hyoid bone motion and continues until hyoid bone motion is
terminated'>?. Several previous studies have been reported to support this. Zhu et al. reported that multiple
peaks occur upon intake of highly viscous fluids in a high-density S-EMG study; however, they estimated this
to be due to multiple retries®®. However, a review by Vaiman et al. reported that despite multiple peaks of muscle
activation and increased muscle effort, the duration of swallowing responses did not change'®. Based on these
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studies and our findings, we can hypothesize that the small peaks reflect effortful muscle activation prior to the
main-reflex phase of swallowing. We further hypothesized that this activation may be related with the isometric
contraction of oropharyngeal muscles. However, this hypothesis was not specifically addressed in this study.
The exact mechanism of the pre-reflex phase is uncertain; however, it is suspected to be related to the protective
mechanism of swallowing?. To the best of our knowledge, this is the first report on the pre-reflex phase of the
oropharyngeal muscles and their respective patterns. Classification of the muscle activation patterns, including
the pre-reflex phase, can be used to investigate the physiology, contractile interval, and protective mechanisms
of swallowing in future studies.

Aging is accompanied with anatomical changes, such as atrophy of the oropharyngeal muscles, including the
geniohyoid muscles, decreased elasticity of the hypoepiglottic ligaments, and decreased UES compliance®**. Due
to these anatomical changes, the range of motion and velocity of the hyoid bone are kinematically reduced, which
is closely related to the decrease in the UES opening time'"*". A reduction in the UES opening time results in
increased penetration, aspiration, and pharyngeal residue of the food material during a bolus transit®®. However,
little is known about the neurological and adaptational changes related to the aging process. In previous studies
using kinematic analysis, besides the delay in the swallow reaction time (bolus entering the pharynx to onset of
hyoid excursion) and the decrease in hyoid bone movement velocity, other parameters such as transit time are
preserved in normal older people'>'s. However, these studies used a VFSS, which evaluates the motion of the
hyolaryngeal structure in a functional manner, and therefore has a limitation in directly evaluating individual
oropharyngeal muscles. In addition, needle or S-EMG analyses were performed in previous studies in limited
oropharyngeal muscles related to swallowing?-2.

In the present study, the older group responded differently to bolus volume and viscosity changes in type
I and II patterns. For example, the swallowing of more a viscous liquid significantly prolonged the activation
duration of the SH (p=0.001), RH (p=0.002), TH (p =0.001), and StH muscles (p =0.014) and increased the
peak amplitude of the RH muscle (p =0.001) in the type I pattern in the younger group, but not in the older
group (p >0.05). Furthermore, the amplitude of the pre-reflex peak value of all the SH, RH, TH and StH muscles
decreased as the amount of fluid increased from 2 to 5 cc in the type II pattern in the younger group. However,
statistical significance was found only in the RH muscle (p =0.024). On the contrary, the amplitude of the pre-
reflex peak values of the SH and RH muscles increased as the amount of fluid increased from 2 to 5 cc in the older
group (p >0.05). The possible reason for the observed significance in the younger group might be the sufficient
generation of pressure and a functionally normal control system. It has been established that swallowing process
in a healthy population can be adapted by varying the pressure and timing to change the viscosity of the liquid.,
which was proven by several studies with kinematic and pressure analyses®**. The s-EMG pattern in the older
group could be associated with difficulty in generating forces or reduced oral sensory perception®>*. It is known
that a four-fold increase in liquid volume is required by older participants to perceive an approximate two-fold
increase in the perception of volume compared with that in younger healthy adults?’. The further research is
needed in this aspect.

From a different perspective, the present study showed the different responses between type I and II patterns
in the older group. Though the type I pattern in the older group did not show any changes in response to changes
in the bolus volume and viscosity, the type II pattern in the older group had a significantly prolonged the main
duration of the SH, RH, TH, and StH muscles, and a significantly increased amplitude of the pre-reflex peak of
the SH, RH, and TH muscles. These responses in the type II pattern among the older group are concordant with
those observed in the younger group. What is certain is that in the type II pattern, the older participants reacted
in a manner that was more similar to the younger group than in the type I pattern. In other words, the pre-reflex
phase assists the swallowing process of the older group in order for it to function like that of the younger group,
or the pre-reflex phase may be an adaptation process to compensate for the aging process to prevent aspiration.

This study has a limitation in relation to the crosstalk phenomenon. The summation of activation signals of
muscles around the electrode attachment site cannot be excluded due to the characteristics of S-EMG. However,
we considered that no significant error occurred because the researchers cited and used the ultrasound-guided
electrode positioning method used in a previous study'. When we planned this study, we were concerned about
the accuracy of S-EMG in evaluating the oropharyngeal muscles, which are small and closely positioned, increas-
ing the crosstalk phenomena. However, a previous study showed that the graphic record for S-EMG is a valid and
reliable tool for identifying normal physiological swallowing and has a good inter-judge agreement®. Our results
regarding the order of the activation sequence being the SH, RH, TH, and StH muscles were concordant with
those of a previous study, which used needle EMGY. Therefore, an S-EMG study performed with an anatomical
basis maybe as reliable as a needle EMG study when detecting the latency, amplitude, and activation duration
of the oropharyngeal muscles. Second, we performed only S-EMG analysis without VESS ; thus, this study is
solely focused on muscle activation without taking into account the location of the bolus or the movement of
structures in the oral cavity or pharynx in relation to one another. Third limitation is that the study used only a
small amount of liquid. Therefore, a further study with larger volumes will be needed in the future.

Conclusion

In the present study, the S-EMG activation patterns of the oropharyngeal muscles were classified as type I and
type II (a), (b), and (c) according to the pre-reflex phase and its occurrence pattern. The activation sequences
measured with S-EMG were in the order of the SH, RH, TH, and StH muscles, which were concordant with
previously reported needle EMG results. The oropharyngeal muscles, particularly the SH muscles, were found
to develop a pre-reflex phase specifically with increasing volume and viscosity of the swallowed fluid. In addi-
tion, a significant increase in the duration and amplitude of the pre-reflex phase was observed in the older group
compared to that in the younger group.
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The present study showed the changes in the activation patterns of oropharyngeal muscles in accordance

with the aging process. Specifically, the type I pattern in the older group showed a different response to highly
viscous fluid compared to that in the younger group; however, the type II pattern in the older group responded
concordantly to that in the younger group. Therefore, healthy older people were found to compensate swallow-
ing with a pre-reflex phase of muscle activation in response to increased liquid volume and viscosity to adjust
for age-related muscle weakness.

Received: 15 July 2020; Accepted: 13 January 2021
Published online: 11 March 2021

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Morris, H. Dysphagia in the elderly—a management challenge for nurses. Br. J. Nurs. (Mark Allen Publishing) 15, 558-562. https
://doi.org/10.12968/bjon.2006.15.10.21132 (2006).

Rofes, L. et al. Pathophysiology of oropharyngeal dysphagia in the frail elderly. Neurogastroenterol. Motil. Off. J. Eur. Gastrointestinal
Motil. Soc. 22, 851-858. https://doi.org/10.1111/§.1365-2982.2010.01521.x (2010).

Vergis, E. N., Brennen, C., Wagener, M. & Muder, R. R. Pneumonia in long-term care: a prospective case—control study of risk
factors and impact on survival. Arch. Intern. Med. 161, 2378-2381 (2001).

. Fujishima, L. et al. Sarcopenia and dysphagia: position paper by four professional organizations. Geriatr. Gerontol. Int. 19, 91-97.

https://doi.org/10.1111/ggi.13591 (2019).

. Wakabayashi, H. Presbyphagia and sarcopenic dysphagia: association between aging, sarcopenia, and deglutition disorders. J.

Frailty Aging 3, 97-103. https://doi.org/10.14283/jfa.2014.8 (2014).

. Dorfman, L. J. & Bosley, T. M. Age-related changes in peripheral and central nerve conduction in man. Neurology 29, 38-44. https

://doi.org/10.1212/wnl.29.1.38 (1979).

. Kern, M. K,, Jaradeh, S., Arndorfer, R. C. & Shaker, R. Cerebral cortical representation of reflexive and volitional swallowing in

humans. Am. J. Physiol. Gastrointest Liver Physiol. 280, G354-360. https://doi.org/10.1152/ajpgi.2001.280.3.G354 (2001).

. Robbins, J., Hamilton, J. W,, Lof, G. L. & Kempster, G. B. Oropharyngeal swallowing in normal adults of different ages. Gastroen-

terology 103, 823-829. https://doi.org/10.1016/0016-5085(92)90013-0 (1992).

. Butler, S. G. et al. The relationship of aspiration status with tongue and handgrip strength in healthy older adults. J. Gerontol. Ser.

A Biol. Sci. Med. Sci. 66, 452-458. https://doi.org/10.1093/gerona/glq234 (2011).

Robbins, J., Humpal, N. S., Banaszynski, K., Hind, J. & Rogus-Pulia, N. Age-related differences in pressures generated during
isometric presses and swallows by healthy adults. Dysphagia 31, 90-96. https://doi.org/10.1007/500455-015-9662-x (2016).
Kang, B. S. et al. Influence of aging on movement of the hyoid bone and epiglottis during normal swallowing: a motion analysis.
Gerontology 56, 474-482. https://doi.org/10.1159/000274517 (2010).

Wang, C. M. et al. Aging-related changes in swallowing, and in the coordination of swallowing and respiration determined by
novel non-invasive measurement techniques. Geriatr. Gerontol. Int. 15, 736-744. https://doi.org/10.1111/ggi.12343 (2015).

Ryu, J. S., Park, D., Oh, Y, Lee, S. T. & Kang, J. Y. The effects of bolus volume and texture on pharyngeal pressure events using
high-resolution manometry and its comparison with videofluoroscopic swallowing study. J. Neurogastroenterol. Motil. 22, 231-239.
https://doi.org/10.5056/jnm 15095 (2016).

Sogawa, Y. et al. New swallowing evaluation using piezoelectricity in normal individuals. Dysphagia 30, 759-767. https://doi.
0rg/10.1007/s00455-015-9654-x (2015).

Vaiman, M., Eviatar, E. & Segal, S. Surface electromyographic studies of swallowing in normal subjects: a review of 440 adults.
Report 1. Quantitative data: timing measures. Otolaryngol. Head Neck Surg. 131, 548-555. https://doi.org/10.1016/j.0tohn
5.2004.03.013 (2004).

Namasivayam-MacDonald, A. M., Barbon, C. E. A. & Steele, C. M. A review of swallow timing in the elderly. Physiol. Behav. 184,
12-26. https://doi.org/10.1016/j.physbeh.2017.10.023 (2018).

Suiter, D. M. & Leder, S. B. Clinical utility of the 3-ounce water swallow test. Dysphagia 23, 244-250. https://doi.org/10.1007/s0045
5-007-9127-y (2008).

Cichero, J. A. et al. Development of international terminology and definitions for texture-modified foods and thickened fluids used
in dysphagia management: the IDDSI framework. Dysphagia 32, 293-314. https://doi.org/10.1007/s00455-016-9758-y (2017).
Park, D. et al. Normal contractile algorithm of swallowing related muscles revealed by needle EMG and its comparison to vide-
ofluoroscopic swallowing study and high resolution manometry studies: a preliminary study. J. Electromyogr. Kinesiol. Off. ]. Int.
Soc. Electrophysiol. Kinesiol. 36, 81-89. https://doi.org/10.1016/j.jelekin.2017.07.007 (2017).

Zhu, M. et al. Evaluation of normal swallowing functions by using dynamic high-density surface electromyography maps. Biomed.
Eng. 16, 133. https://doi.org/10.1186/s12938-017-0424-x (2017).

Humbert, I. A., Lokhande, A., Christopherson, H., German, R. & Stone, A. Adaptation of swallowing hyo-laryngeal kinematics
is distinct in oral vs pharyngeal sensory processing. J. Appl. Physiol. 112, 1698-1705. https://doi.org/10.1152/japplphysiol.01534
2011 (2012).

Kamarunas, E., McCullough, G. H., Mennemeier, M. & Munn, T. Oral perception of liquid volume changes with age. J. Oral Rehabil.
42, 657-662. https://doi.org/10.1111/joor.12305 (2015).

Li, Q. et al. The biomechanical coordination during oropharyngeal swallowing: an evaluation with a non-invasive sensing system.
Sci. Rep. 7, 15165. https://doi.org/10.1038/s41598-017-15243-6 (2017).

Ertekin, C. & Aydogdu, I. Electromyography of human cricopharyngeal muscle of the upper esophageal sphincter. Muscle Nerve
26, 729-739. https://doi.org/10.1002/mus.10267 (2002).

Feng, X. et al. Aging-related geniohyoid muscle atrophy is related to aspiration status in healthy older adults. . Gerontol. Ser. A
Biol. Sci. Med. Sci. 68, 853-860. https://doi.org/10.1093/gerona/gls225 (2013).

Sawatsubashi, M. et al. Age-related changes in the hyoepiglottic ligament: functional implications based on histopathologic study.
Am. ]. Otolaryngol. 31, 448-452. https://doi.org/10.1016/j.amjoto.2009.08.003 (2010).

Logemann, J. A. et al. Temporal and biomechanical characteristics of oropharyngeal swallow in younger and older men. J. Speech
Lang. Hear. Res. JSLHR 43, 1264-1274. https://doi.org/10.1044/jslhr.4305.1264 (2000).

Leder, S. B., Suiter, D. M. & Green, B. G. Silent aspiration risk is volume-dependent. Dysphagia 26, 304-309. https://doi.org/10.1007/
$00455-010-9312-2 (2011).

Huckabee, M. L., Butler, S. G., Barclay, M. & Jit, S. Submental surface electromyographic measurement and pharyngeal pressures
during normal and effortful swallowing. Arch. Phys. Med. Rehabil. 86, 2144-2149. https://doi.org/10.1016/j.apmr.2005.05.005
(2005).

Perlman, A. L., Palmer, P. M., McCulloch, T. M. & Vandaele, D. J. Electromyographic activity from human laryngeal, pharyngeal,
and submental muscles during swallowing. J. Appl. Physiol. (Bethesda, Md.: 1985) 86, 1663-1669. https://doi.org/10.1152/jappl
.1999.86.5.1663 (1999).

Scientific Reports|  (2021) 11:5795

https://doi.org/10.1038/s41598-021-84972-6 nature portfolio


https://doi.org/10.12968/bjon.2006.15.10.21132
https://doi.org/10.12968/bjon.2006.15.10.21132
https://doi.org/10.1111/j.1365-2982.2010.01521.x
https://doi.org/10.1111/ggi.13591
https://doi.org/10.14283/jfa.2014.8
https://doi.org/10.1212/wnl.29.1.38
https://doi.org/10.1212/wnl.29.1.38
https://doi.org/10.1152/ajpgi.2001.280.3.G354
https://doi.org/10.1016/0016-5085(92)90013-o
https://doi.org/10.1093/gerona/glq234
https://doi.org/10.1007/s00455-015-9662-x
https://doi.org/10.1159/000274517
https://doi.org/10.1111/ggi.12343
https://doi.org/10.5056/jnm15095
https://doi.org/10.1007/s00455-015-9654-x
https://doi.org/10.1007/s00455-015-9654-x
https://doi.org/10.1016/j.otohns.2004.03.013
https://doi.org/10.1016/j.otohns.2004.03.013
https://doi.org/10.1016/j.physbeh.2017.10.023
https://doi.org/10.1007/s00455-007-9127-y
https://doi.org/10.1007/s00455-007-9127-y
https://doi.org/10.1007/s00455-016-9758-y
https://doi.org/10.1016/j.jelekin.2017.07.007
https://doi.org/10.1186/s12938-017-0424-x
https://doi.org/10.1152/japplphysiol.01534.2011
https://doi.org/10.1152/japplphysiol.01534.2011
https://doi.org/10.1111/joor.12305
https://doi.org/10.1038/s41598-017-15243-6
https://doi.org/10.1002/mus.10267
https://doi.org/10.1093/gerona/gls225
https://doi.org/10.1016/j.amjoto.2009.08.003
https://doi.org/10.1044/jslhr.4305.1264
https://doi.org/10.1007/s00455-010-9312-2
https://doi.org/10.1007/s00455-010-9312-2
https://doi.org/10.1016/j.apmr.2005.05.005
https://doi.org/10.1152/jappl.1999.86.5.1663
https://doi.org/10.1152/jappl.1999.86.5.1663

www.nature.com/scientificreports/

31. McKeown, M. ], Torpey, D. C. & Gehm, W. C. Non-invasive monitoring of functionally distinct muscle activations during swallow-
ing. Clin. Neurophysiol. Off. . Int. Fed. Clin. Neurophysiol. 113, 354-366. https://doi.org/10.1016/s1388-2457(02)00007-x (2002).

32. Alfonsi, E. et al. Electrophysiological investigations of shape and reproducibility of oropharyngeal swallowing: interaction with
bolus volume and age. Dysphagia 30, 540-550. https://doi.org/10.1007/s00455-015-9634-1 (2015).

33. Lee, S. L, Yoo, J. Y., Kim, M. & Ryu, J. S. Changes of timing variables in swallowing of boluses with different viscosities in patients
with dysphagia. Arch. Phys. Med. Rehabil. 94, 120-126. https://doi.org/10.1016/j.apmr.2012.07.016 (2013).

34. Park, D., Shin, C. M. & Ryu, J. S. Effect of different viscosities on pharyngeal pressure during swallowing: a study using high-
resolution manometry. Arch. Phys. Med. Rehabil. 98, 487-494. https://doi.org/10.1016/j.apmr.2016.07.013 (2017).

35. Crary, M. A, Carnaby Mann, G. D. & Groher, M. E. Identification of swallowing events from sEMG signals obtained from healthy
adults. Dysphagia 22, 94-99. https://doi.org/10.1007/s00455-006-9059-y (2007).

Author contributions

J.S.R. conceived the study. H.K. measured surface EMG and collected data. ].Y.K., ].C.L., and ].]. contributed to
the study design. J.Y.K. and ].S.R. analyzed the data and wrote the draft manuscript. J.S.R. wrote the final version
of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 12:5795 | https://doi.org/10.1038/s41598-021-84972-6 nature portfolio


https://doi.org/10.1016/s1388-2457(02)00007-x
https://doi.org/10.1007/s00455-015-9634-1
https://doi.org/10.1016/j.apmr.2012.07.016
https://doi.org/10.1016/j.apmr.2016.07.013
https://doi.org/10.1007/s00455-006-9059-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electromyographic activation patterns during swallowing in older adults
	Materials and methods
	Participants. 
	Experimental procedures. 
	S-EMG signal acquisition. 
	S-EMG analysis of the activation patterns and sequence. 
	Statistical analysis. 

	Results
	General observations. 
	Types of S-EMG activation patterns. 
	Effects of fluid volume and viscosity on swallowing muscle activity. 
	Effect of age on swallowing muscle activity. 

	Discussion
	Conclusion
	References


