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Abstract: Dysphagia is a pervasive health issue that impacts diverse demographic groups worldwide,
particularly the elderly, stroke survivors, and those suffering from neurological disorders. This condi-
tion poses substantial health risks, including malnutrition, respiratory complications, and increased
mortality. Additionally, it exacerbates economic burdens by extending hospital stays and escalating
healthcare costs. Given that this disorder is frequently underestimated in vulnerable populations,
there is an urgent need for enhanced diagnostic and therapeutic strategies. Traditional diagnostic
tools such as the videofluoroscopic swallowing study (VFSS) and flexible endoscopic evaluation
of swallowing (FEES) require interpretation by clinical experts and may lead to complications. In
contrast, non-invasive sensors offer a more comfortable and convenient approach for assessing
swallowing function. This review systematically examines recent advancements in non-invasive
swallowing function detection devices, focusing on the validation of the device designs and their
implementation in clinical practice. Moreover, this review discusses the swallowing process and
the associated biomechanics, providing a theoretical foundation for the technologies discussed. It is
hoped that this comprehensive overview will facilitate a paradigm shift in swallowing assessments,
steering the development of technologies towards more accessible and accurate diagnostic tools,
thereby improving patient care and treatment outcomes.

Keywords: non-invasive sensors; swallowing assessment; flexible wearable sensors

1. Introduction

Dysphagia, or difficulty swallowing, presents a significant health challenge affecting a
broad spectrum of the population worldwide. It not only diminishes the quality of life for
those afflicted but also poses risks of malnutrition and respiratory complications due to
the inadvertent inhalation of food or liquids [1]. The complexity of swallowing, requiring
coordinated actions of the mouth, pharynx, and esophagus, underscores the intricate nature
of its potential dysfunctions [1]. Oropharyngeal dysphagia affects people around the world,
with studies showing that the prevalence of dysphagia in the general population varies
between 2.3% and 16% [2]. The prevalence of dysphagia varies globally, impacting 2% to
20% of the general population, and is particularly prominent among the elderly, stroke
survivors, and individuals with neurological disorders [1]. According to the Agency for
Healthcare Research and Quality, 41.7 percent of stroke patients (320,476 patients) in the
United States have dysphagia. Considering all causes, the annual number of new cases in
the United States reaches 624,757, and approximately 6,288,116 patients currently suffer
from dysphagia [3]. Figure 1 shows the scope of the impact of dysphagia.

A study by C. Adkins et al. [1], which surveyed over 31,000 Americans, found that
16.1% of adults were affected by dysphagia. Similarly, Eslick and Talley’s study reported
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that 16.4% of individuals in Sydney [4], Australia, experienced dysphagia, while an Ar-
gentine study identified a 12.9% prevalence of dysphagia among respondents in the past
year [5].
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Dysphagia is also a geriatric syndrome that affects 10 to 33 percent of older adults [6–9].
Dysphagia, particularly prevalent among the elderly, stroke patients, and individuals with
neurological conditions, poses a significant health concern in nursing homes. Oropharyn-
geal dysphagia, for instance, affects up to 80% of older adults with Alzheimer’s disease
and 60% with Parkinson’s disease, and is found in 37% to 78% of stroke patients [2].

Patients with dysphagia are at a higher risk of developing serious health conditions.
Stroke patients with dysphagia, for example, face an increased risk of pneumonia and
malnutrition, with a relative risk of 3.17 [10]. Patients with swallowing disorders also have
significantly increased lung risk and mortality [11].

Additionally, dysphagia is linked to higher mortality rates and poorer physical perfor-
mance. In nursing homes, a large cross-sectional study highlighted a six-month mortality
rate of 24.7% for residents with dysphagia, compared to 11.9% for those without [10]. Hos-
pitalized patients diagnosed with dysphagia are more likely to succumb to their condition.
Clinical symptoms of oropharyngeal dysphagia increase the risk of malnutrition, with
national registration data from Norway indicating that 50.5% of nursing home residents
screened for dysphagia were at nutritional risk [2].

The aging population contributes to the high prevalence of dysphagia, impacting
health economics and healthcare systems significantly. Oropharyngeal dysphagia, as-
sociated with multiple complications and a poor prognosis, necessitates a multifaceted
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treatment approach and is often underestimated in vulnerable or hospitalized patient
populations. Dysphagia can extend hospital stays; a study covering 2009 to 2013 in the
United States revealed that patients with dysphagia had hospital stays 3.8 days longer and
incurred $6243 more in hospital costs than those without dysphagia [7,10]. The study by
Allen J et al. also highlighted dysphagia’s impact on increasing hospital stays and costs,
particularly for older patients with fractures. Moreover, dysphagia significantly affects
patients’ quality of life, impacting their social and mental health. The condition can increase
anxiety among patients and caregivers and contribute to caregiver fatigue [11].

A European study found that approximately 30% of respondents avoided eating with
others, and 41% felt anxious during meals [12]. The COVID-19 pandemic has further com-
plicated the assessment and management of dysphagia, especially in acute care settings [13].
In Japan, aspiration pneumonia, often resulting from dysphagia, is a leading cause of death
among the elderly, underscoring the societal challenge posed by swallowing disorders in
aging populations [14,15].

Dysphagia, often a consequence of various medical conditions rather than a disease
in itself, significantly impacts patient well-being and healthcare systems. Oropharyngeal
dysphagia can arise from stroke, head and neck cancers, and neurological diseases like de-
mentia and Parkinson’s disease, while esophageal dysphagia may be caused by conditions
such as esophagitis and achalasia. Both types can result from mechanical issues like tumors
or motility problems and may be exacerbated by interventions such as tracheal intubation
or medications that affect swallowing reflexes. Aging also contributes to dysphagia, with
changes in smell and taste reducing appetite and altering dietary choices, thus affecting
swallowing muscles and reducing oral intake efficiency [16]. This can lead to complications
like choking and dry mouth, compounded by medications common in elderly care that
can further impair swallowing functions. The advancement of dysphagia assessment
technologies, including sophisticated diagnostic tools, enhances early detection and in-
tervention, allowing for personalized treatment and better management of the condition.
These technologies not only improve diagnostic accuracy and patient outcomes but also re-
duce healthcare costs by preventing complex treatments and unnecessary hospitalizations.
Thus, continuous research and development in this field are essential for enhancing the
quality of life for patients and optimizing healthcare resources.

In the current clinical environment, traditional methods for diagnosing dysphagia
present several limitations, including the need for interpretation by clinical experts, the
potential for complications, and high costs. These challenges have spurred the development
of swallowing diagnostic devices towards non-invasive and cost-effective approaches. Non-
invasive swallowing diagnostic devices facilitate assessments in a more comfortable and
convenient manner, mitigating the discomfort and anxiety associated with traditional
examination techniques. Moreover, the adoption of these innovative devices is expected
to reduce healthcare costs, decrease reliance on specialized personnel, and enable broader
application across various medical settings, including community health centers and home
care environments. Thus, by advancing the development of non-invasive and affordable
swallowing diagnostic tools, we can enhance the accuracy and accessibility of swallowing
function assessments, ultimately improving patient care.

This article aims to provide a reference for the diagnosis and treatment of swallowing
disorders by summarizing current methodologies. It begins with an introduction to the
physiological mechanisms and stages of swallowing, followed by a detailed description of
existing assessment methods and innovations in non-invasive monitoring devices. Lastly,
it discusses the challenges and opportunities associated with non-invasive swallowing
assessment techniques.

2. Methods
2.1. Data Collection and Search Strategy

Our literature review encompasses an array of prestigious databases, including Science,
IEEE, Springer, Nature, and Google Scholar. The objective was to delineate the progression
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of swallowing assessment techniques from 2014 onwards. To achieve a more refined search,
we utilized the primary keywords “swallowing” and “dysphagia”, supplemented by
“evaluation”, “assessment”, and “non-invasive” to narrow down the scope. A meticulous
application of inclusion and exclusion criteria facilitated the selection of relevant literature.

2.2. Criteria for Literature Inclusion and Exclusion

To ensure a focused and comprehensive evaluation of the methodologies in swallowing
assessment, we established specific inclusion and exclusion criteria.

Inclusion Criteria:

- Studies that detail methods of swallowing assessment or introduce devices designed
for this purpose.

- Scientific articles that are written in English and accessible for review.

Exclusion Criteria:

- Research focused on devices or methods not directly related to the assessment of
swallowing functionality.

- Studies that are limited to evaluating system performance or clinical trials without
providing insight into design methodologies.

A structured framework was employed to sift through the extensive volume of liter-
ature identified. The goal was to catalog the array of technologies employed in existing
devices and to organize them coherently. This organization aims to furnish future re-
searchers and device designers with a comprehensive overview of the field.

The literature was classified into invasive and non-invasive methods, further cat-
egorized by the technology of the sensors used. This classification sheds light on the
spectrum of methodologies and the technological advancements in the field of swallowing
assessment over recent years.

3. Results
3.1. Anatomy of Swallowing

Understanding the anatomy and physiology involved in the process of eating and
swallowing is crucial for diagnosing and treating swallowing disorders, as well as for
devising effective rehabilitation plans. The act of swallowing engages over 30 nerves
and muscles, showcasing the complexity of this seemingly simple activity [17]. Figure 2
illustrates the anatomical structure of the mouth, pharynx, and larynx, highlighting key
components involved in swallowing. The tongue’s musculature, alongside the surface
of the mouth and pharynx—demarcated by the tonsillar column—plays a pivotal role.
The pharynx houses a layer of constrictor muscles originating from the skull base, hyoid
bone, and anterior thyroid cartilage. The submental muscles, emanating from the jawbone,
anchor to the hyoid and the tongue, facilitating movement. The cricopharyngeal muscle,
vital for the function of the upper esophageal sphincter (UES), originates from the cricoid
cartilage. The epiglottis, crucial for preventing aspiration, rises from the throat to attach to
the hyoid bone, with the basal lingual fossa situated between it and the pharyngeal surface
of the tongue. The larynx, including the true and false vocal cords and the epiglottis, forms
the gateway to the lower pharynx, flanked by the pear-shaped fossae on either side [18].
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Swallowing Muscles

The coordinated action of various muscle groups facilitates the complex process of
swallowing, encompassing muscles of the lips and cheeks, jaw, soft palate and hyoid, and
the pharynx [18].

- Lips and Cheeks: Involves orbicularis oris, buccinator, risorius, and muscles responsi-
ble for elevating and depressing the lips.

- Tongue: Encompasses superior and inferior longitudinal, transverse, vertical, ge-
nioglossus, hyoglossus, styloglossus, and palatoglossus muscles.

- Mandibular Muscles: Includes temporal, masseter, lateral and medial pterygoids.
- Soft Palate: Comprises tensor veli palatini, palatoglossus, palatopharyngeus, levator

veli palatini, and musculus uvulae.
- Pharyngeal Musculature: Features anterior digastric, geniohyoid, stylohyoid, superior,

middle, and inferior constrictors, along with palatopharyngeus and palatoglossus.
- Upper Esophageal Sphincter: Primarily the cricopharyngeus muscle.

The hyoid muscle group, subdivided into superior and inferior hyoid muscles, is
integral to the movement of the hyoid bone and larynx during swallowing, ensuring the
coordination necessary for the smooth passage of food [19].

3.2. Physiology of Swallowing

The swallowing process is traditionally divided into three stages: oral, pharyngeal, and
esophageal, each with distinct mechanisms (Figure 3 shows the swallowing process) [18,20–22]:

1. Oral Preparation and Propulsion Phase: The oral phase involves the manipulation of
food by the tongue, preparation of the bolus with saliva, and its propulsion towards
the pharynx. This stage varies in complexity based on the texture of the ingested
material, requiring meticulous coordination of sensory feedback and muscle action to
prevent premature leakage into the pharynx [18,22].

2. Pharyngeal Phase: This critical phase encompasses a rapid series of events, including
pharyngeal peristalsis, UES relaxation, and glottic closure to ensure safe passage
of the bolus into the esophagus while protecting the airway from aspiration. The
coordinated lifting of the soft palate, retraction of the tongue base, and sequential
constriction of pharyngeal muscles facilitate the downward movement of food.

3. Esophageal Phase: The process of food passing through the esophagus involves sev-
eral steps. Initially, the entry of food prompts peristaltic movements in the esophagus,
accompanied by the coordinated opening and closing of the esophageal sphincters,
ensuring the smooth transport of the bolus to the stomach. Additionally, the contrac-
tion of smooth muscles and the regulation of internal pressure within the esophagus
are necessary to facilitate the movement of food.
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Understanding these detailed mechanisms of swallowing is essential for identify-
ing dysfunctions and developing targeted treatment strategies, highlighting the intricate
balance between anatomical structures and physiological processes.

4. Methods of Swallowing Assessment

The literature extensively utilizes measurement methods to assess the presence and
extent of oropharyngeal and esophageal swallowing dysfunction. These methods aim to
gather objective indicators, including the timing [23–27], pressure [28–30], range [31–33],
and force [34,35] of structural movements, alongside the pattern of bolus flow [36–38] and
sensory response [39,40] during swallowing.

In vivo measurement, notably, the detection of human physiological responses to oral
food handling, has garnered significant interest among food scientists. This approach
employs biosensors affixed to the surfaces of human organs and tissues to dynamically
monitor physiological responses in a non-invasive manner during the oral handling of
food [41,42]. Technically, electromyography and pressure sensing analyses are widely
utilized techniques [43]. Furthermore, the acoustic analysis of swallowing sounds, in con-
junction with X-ray imaging and ultrasonic pulse Doppler, are also employed to ascertain
the speed and timing of bolus passage through the oropharyngeal and hypopharyngeal
stages [44–46]. Collectively, these studies have laid a robust theoretical foundation for
comprehending swallowing abnormalities, thereby advancing the development of diverse
assessment methodologies.

4.1. Videofluoroscopic Swallowing Study (VFSS)

The VFSS, known as the modified barium swallow (MBS) examination, is widely
regarded by swallowing clinicians as the preferred tool and the gold standard for as-
sessing oropharyngeal swallowing [47]. The VFSS offers kinematic analysis, providing
detailed visualizations of anatomy and bolus movement, and revealing subtle swallowing
abnormalities [48].

This method allows for the detection of the timing and presence of ingested substances
at the level of the true vocal cords during swallowing [49,50], aiding in identifying the
physiological causes of swallowing disorders. Furthermore, VFSS enables clinicians to
assess the impact of various bolus volumes, textures, and compensatory strategies on
swallowing physiology [51].

The future trend involves translating VFSS clinical data into quantifiable metrics for
diagnosing swallowing disorders. Through frame-by-frame analysis, the VFSS quanti-
fies temporal and kinematic parameters involved in swallowing. Typically, chronological
parameters include oral transit time (OTT), soft palate elevation time (SET), hyoid bone
movement time (HMT), laryngeal vestibular closure time (LCT), and pharyngeal transit
time (PTT). Kinematic parameters include anterior and superior movement of the hy-
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oid bone (HAM, HSM), UES (upper esophageal sphincter) opening, and the pharyngeal
constriction ratio (PCR).

However, the VFSS may not always offer the best assessment for every patient and
condition. Alternative imaging methods, like flexible endoscopy, can supplement or replace
the VFSS in certain cases [47].

The VFSS poses radiation risks, may be difficult to access, and is time-consuming,
reliant on clinician expertise, and costly, driving the search for non-invasive, quantitative
approaches [52].

4.2. Flexible Endoscopic Evaluation of Swallowing (FEES)

FEES stands as a mature auxiliary test for swallowing function beyond the VFSS [53]. It
precisely captures the sensory functions of aryepiglottic folds and oropharyngeal sensation
to food boluses, playing a crucial role in assessing the protective swallowing reflex and
bolus transport in the airway [54,55]. Utilizing a flexible laryngoscope, FEES allows for the
observation of the epiglottis, vallecula, tongue base, pharyngeal walls, larynx, and piriform
fossae, as well as their movements during various actions. Initially, fiber laryngoscopes
were used for these inspections in China. However, with technological advancements, elec-
tronic laryngoscopes, offering superior image quality, have largely replaced fiber laryngo-
scopes, making “flexible laryngoscope swallowing inspection” or “electronic laryngoscope
swallowing function evaluation” more appropriate terms today [56,57].

4.3. Electromyography (EMG)

Swallowing involves a sequence of voluntary and involuntary muscle contractions.
Dysfunction in muscles associated with swallowing can lead to difficulty in performing
this critical function [52]. Muscle contraction and relaxation generate weak bioelectrical
signals, known as myosignals, that are produced by the electrical activity of neurons within
the muscles. These signals can be captured by myoelectric sensors and converted into
readable electrical signals through EMG, which plays a significant role in evaluating human
activity within man–machine systems. EMG measurements are typically conducted using
unipolar or bipolar needle electrodes or surface electrodes [58]. The technique is directly
correlated with the degree of muscle contraction and the number of muscles engaged.
Dysphagia often results from impaired control by upper motor neurons, and analyzing
motor unit morphology offers minimal additional insight; hence, EMG’s primary utility lies
in evaluating the relative timing of muscle activity. Table 1 lists recent studies of EMG in the
assessment of swallowing. Figure 4 is an overview of electromyography in the assessment
of swallowing.

Table 1. Recent studies of EMG in the assessment of swallowing.

Sensing
Modality Author Year EMG Sensor

Location
Human
Subject Research Purpose

sEMG

Sebastian
Restrepo-
Agudelo,
Sebastian

Roldan-Vasco
et al. [59]

2017
Laryngeal girdle

muscle area
(subcervical)

10 healthy
adults

To improve the sEMG detection of
infrahyoid muscle during swallowing

using digital filtering and discrete
wavelet analysis.

sEMG
E. Zaretsky, P.
Pluschinski, R.
Sader et al. [60]

2017

In the M. masseter,
orbicularis oris,
submental, and

paralaryngeal regions

16 healthy
subjects

Identify the most significant electrode
locations associated with

oropharyngeal swallowing activity.

HD sEMG
Mingxing Zhu,

Bin Yu
et al. [61]

2017 96 electrodes in the
anterior upper neck

12 healthy
subjects

A new technique based on
high-density surface

electromyography (HD sEMG) is
proposed for the assessment of
normal swallowing function.
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Table 1. Cont.

Sensing
Modality Author Year EMG Sensor

Location
Human
Subject Research Purpose

Kinematic
analysis, HRM,

and needle
electromyogra-

phy

Donghwi Park,
Hyun Haeng
Lee et al. [48]

2017 The superior and
inferior hyoid muscles

10 healthy
subjects

To investigate the function and
importance of the inferior and

superior hyoid muscles in the process
of swallowing, and to study the

swallowing sequence using kinematic
analysis, HRM and EMG.

Pressure
sensors,
bending

sensors, sEMG,
and

microphones

Qiang Li,
Yoshitomo

Minagi
et al. [62]

2017 Maxillary and
mandibular muscles

15 adult male
subjects

without any
signs of severe
malocclusion

Biomechanical coordination during
oropharyngeal swallowing was

evaluated based on a non-invasive
sensing system.

sEMG, nasal
airflow sensor,
and pressure

sensing
resistance

sensor

Wann-Yun
Shieh,

Chin-Man
Wang et al. [63]

2019 Mandibular muscle

45 male
participants
aged 30–50
years. 26

non-smokers
and 19 smokers

A study assessing the coordination
between swallowing and breathing
was carried out using the proposed

detection procedure.

SEMG, nasal
airflow, and
swallowing

sounds

Gayathri
Krishnan,
And S. P.

Goswami [64]

2019
The inferior submental

muscle of the
mandible

30 healthy
young

volunteers

To study the effects of prone position
and gavage volume on swallowing

and breathing in healthy
young people.

sEMG
Chikako

Takeuchi, Eri
Takei et al. [65]

2020 Masticatory muscle
and sublingual muscle

29 healthy
volunteers

To investigate how swallowing
behavior is affected by water

temperature and water bubble
content in healthy people.

sEMG and
pressure sensor

Hiroshi Endo,
Nobuyuki

Ohmori
et al. [66]

2020 Mandibular muscle
and maxillary muscle

60 healthy
volunteers

(divided into 2
age groups:

young and old)

To investigate the relationship
between the temporal characteristics

of muscle activity and laryngeal
uplift (LE) during swallowing.

Barometric
sensor and

EMG

Wataru Ofusa,
Yoshiaki
Yamada
et al. [67]

2020

The anterior part of
the tongue (TA) and
the posterior part of
the tongue (TP), as
well as the superior

pharyngeal constrictor
muscle (SHy).

10 healthy
volunteers

By recording pressure (BP) and
tongue muscle activity, swallowing

organs in the mouth and throat
swallowing phase of activity time.

sEMG

Johnny
McNulty, Kylie

de Jager
et al. [68]

2021

Submandibular
muscles, intercostal

muscles, and
diaphragmatic

muscles

10 participants
(5 total

laryngectomy
(TL), 5 control)

Prediction of laryngeal function by
multichannel sEMG classification.

sEMG

JinYoung Ko,
Hayoung Kim,

Joonyoung
Jang, Jun

Chang Lee & Ju
Seok Ryu [69]

2021

6 channel surface
electrodes were placed

on the bilateral
suprahyoid muscle

(SH), bilateral
retro-hyoid muscle
(RH), thyrohyoid
muscle (TH), and

thyrosternal muscle
(StH)

40 healthy
participants (20

older adults
older than 60
years and 20

younger adults
younger than

60 years)

To study the activation pattern of
electromyography during
swallowing in the elderly.
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Table 1. Cont.

Sensing
Modality Author Year EMG Sensor

Location
Human
Subject Research Purpose

sEMG

Sally K. Archer,
Christina H.
Smith, Di J.

Newham [70]

2021 Submentalis

15 people with
dysphagia less
than 3 months
after stroke and

85 healthy
participants

Determine whether age or dysphagia
after stroke affects increased

submental muscle activity during
dysphagia, whether sEMG
biofeedback improves the

performance of dysphagia, and
whether the patient receives sEMG as

a supplement to treatment.

EMG

Veria
Vacchiano,

Vitantonio Di
Stasi et al. [71]

2021 Masticatory muscle
and hyoid muscle

103 people
with ALS

To develop a multidimensional facial
sEMG analysis for assessing bulbar
involvement in amyotrophic lateral

sclerosis (ALS).

sEMG
Ben Nicholls,
Chee Siang

Ang et al. [72]
2022 Masticatory muscles 16 participants

To develop an EMG-based eating
behavior monitoring system with

haptic feedback to facilitate
mindful eating.

sEMG
Mariana M.

Bahia, Soren Y.
Lowell [73]

2022 M. masseter 20 healthy
young adults

To study the sEMG changes in
masseter muscle during regular and

forced swallowing of saliva.

sEMG

Martin J.
McKeown,

Dana C. Torpey,
Wendy C.
Gehm [58]

2022 15 electrodes in the
face and throat

7 healthy
subjects

A novel approach based on
computing independent components

(ICs) of simultaneous sEMG
recordings to detect potentially

functional muscle activation during
swallowing using only sEMG

electrodes is described.

sEMG
Panying Rong,

Gary L.
Pattee [74]

2022

The stomatognathic,
temporalis, and

mandibular abdominis
muscles

13 people with
ALS and 10

healthy people

To evaluate glossopharyngeal muscle
involvement in amyotrophic lateral

sclerosis (ALS).

Medical
imaging,

mandibular
kinematics,
and EMG

Jianqiao Guo,
Junpeng Chen,

Jing Wang
et al. [63]

2022 Temporalis and
masseter

7 healthy
volunteers

To establish a subject-specific
mandibular modeling framework
based on clinical measurements.

sEMG

Wei-Han
Chang,

Mei-Hui Chen
et al. [75]

2023

Anterior temporal
muscle, masticatory

muscle, and
submaxillary muscle

101 subjects
with normal
swallowing

function

Temporal events observed by sEMG
were evaluated to elucidate how

aging affects coordination between
the masticatory and

submaxillary muscles.

sEMG

Chiaki
Murakami,

Makoto Sasaki
et al. [19]

2023 Musculus hyoideus

14 healthy
young adults
and 14 elderly

subjects

Based on sEMG through the muscle
coordination analysis to quantify the

swallowing mechanism.

sEMG
(self-made
spherical

electrodes)

Naoya Saito,
Toru Ogawa,

Naru Shiraishi,
Rie Koide
et al. [76]

2023

Masticatory muscles,
bilateral abdominal
muscles, and hyoid

muscles

12 healthy
adults

sEMG signals were evaluated to
investigate differences in the
behavior of masticating and
swallowing muscles during

spontaneous versus cue swallowing.

sEMG
Sebastian

Roldan-Vasco
et al. [52]

2023
Masticatory muscle

and sublingual muscle
group

31 healthy
people and 29
people with
dysphagia

To study the automatic analysis of
sEMG records in healthy people and

patients with functional throat
dysphagia.

sEMG and
ultrasonic

image

Ching-Hsuan
Pen, Barbara R.
Pauloski [77]

2023 Mandibular muscle 24 healthy
adults

To explore the effect of real-time
ultrasound as visual feedback in MM

teaching of healthy adults.
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Table 1. Cont.

Sensing
Modality Author Year EMG Sensor

Location
Human
Subject Research Purpose

EMG, acoustic,
bioimpedance,

and high-
resolution

manometry

Miho Ohashi,
Yoichiro

Aoyagi, Satoshi
Ito et al. [77]

2023 Surface of neck

6 healthy
individuals (4

men, 2 women)
participated in

this
study.

Comparison of EMG, acoustic,
bioimpedance and high-resolution

manometry for identification of
swallowing and vocalization events.

sEMG and
accelerometer-

based neck
auscultation

(Acc)

Sebastian
Roldan-Vasco,

Juan Pablo
Restrepo-Uribe

et al. [78]

2023 Superior and inferior
thyroid muscles

30 healthy
individuals

and 30 patients
with functional
oropharyngeal

dysphagia

A non-invasive, multimodal
approach for dysphagia screening

using sEMG and accelerometer-based
neck auscultation (Acc)

was introduced.

EKSS, LPM,
pressure, and

needle
electrode

Enrico Alfonsi,
Massimiliano

Todisco
et al. [79]

2023 Inferior/submental
muscle complex

15 healthy
subjects

To study the electrodynamics of
oropharyngeal swallowing in

patients with neurogenic dysphagia.

sEMG and
tongue

pressure gauge

R.
Vaitheeshwari,
Shih-Ching Yeh

et al. [46]

2023 Laryngeal muscle 8 subjects.

sEMG and tongue pressure gauges
were implemented to assess and
improve swallowing function in

patients with dysphagia.

EMG and
sound sensor

Adrien
Mialland, Ihab
Atallah, Agnès
Bonvilain [80]

2024

Hyohyoid muscle and
posterior submental
muscle, submental

muscle

17 participants

Intramuscular electromyography was
used to evaluate the hyohyoid and
posterior submentalis muscles for

feasibility analysis of an implantable
active artificial larynx.

4.3.1. Surface Electromyography (sEMG)

sEMG represents the cumulative effect of superficial muscle EMG and nerve stem
electrical activity on the skin’s surface. It generates a one-dimensional voltage time series
signal by capturing and recording the bioelectrical changes in the neuromuscular system
during both random and non-random activities. sEMG facilitates the indirect, non-invasive
analysis of dynamic electrophysiological changes across various swallowing stages. It
is predominantly used to assess the electrophysiological impacts of bolus volume and
consistency. Although sEMG can be analyzed visually and through amplitude-based
measurements, it is subjective, time-intensive, hard to replicate, and prone to amplitude
fluctuations [52].

A significant limitation of sEMG is “crosstalk”, where multiple muscles’ activities
may interfere with the signal of a targeted electrode, complicating the interpretation of
the source signal. This issue is particularly relevant in swallowing sEMG due to the
proximity and depth of involved muscles, limiting its application mainly to therapeutic
biofeedback [58,81,82].

For effective swallowing evaluation using sEMG, precise electrode placement is es-
sential. The literature suggests that the submental muscle group is the most common
placement site, effectively monitoring the submandibular muscle group influencing hyoid
bone movement and upper esophageal sphincter opening. Additional placement sites
include the masticatory and sublingual muscles.
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and EMG; (i) The coordination of respiratory and throat movements is monitored using surface 
myoelectric sensors, nasal airflow sensors and pressure-sensitive resistance sensors; (j) A non-inva-
sive and quantitative swallowing monitoring and evaluation system (including ultrasonic Doppler 
sensor arrays, microphones, and inertial measurement units); (k) An intelligent evaluation system 
for swallowing based on tongue strength and sEMG; (l) An automatic food recognition method 
combining two modalities of audio and ultrasonic signals; (m) The swallowing mechanism was elu-
cidated by means of barometric and EMG measurements; (n) To study the factors affecting the meas-
urement of swallowing electromyography; (o) The swallowing mechanism was quantified by mus-
cle synergy analysis; (p) A tactile sensing multifunctional electronic skin based on patterned metal 
film; (q) Electro-compensation, tattoo-like electrode for epidermal electrophysiology. 

Recent research efforts have extensively explored sEMG applications. Pathological 
analyses by researchers such as E. Alfonsi et al. [83], P. Rong et al. [74], and G. Comosen-
tino et al. [84] have shed light on conditions like multiple sclerosis (MS), amyotrophic lat-
eral sclerosis (ALS), and Parkinson’s disease (PD), respectively.  

EMG analyses also contribute to understanding difficulties in consuming various 
food textures and the relationship between age, gender, and swallowing tasks, revealing 
a positive correlation between coordination performance and age [15,60,85,86]. 

Figure 4. Overview of electromyography in the assessment of swallowing. (a) Use of sEMG ob-
servation on the jaw muscles swallowing activity; (b) Swallowing disorders were analyzed using
sEMG and classification models; (c) Normal swallowing function was assessed using HD sEMG
(96 channels); (d) Soft, highly compliant (“skin-like”) electrode; (e) A MEMS-based, wearable, flexible
embedded high-density sensor; (f) A scalable, high-density sEMG electrode array developed by
layer-by-layer printing and lamination techniques; (g) A fully integrated, self-contained, scalable
device; (h) A novel muscle function measuring device for simultaneous measurement of submental
dMMG and EMG; (i) The coordination of respiratory and throat movements is monitored using
surface myoelectric sensors, nasal airflow sensors and pressure-sensitive resistance sensors; (j) A
non-invasive and quantitative swallowing monitoring and evaluation system (including ultrasonic
Doppler sensor arrays, microphones, and inertial measurement units); (k) An intelligent evaluation
system for swallowing based on tongue strength and sEMG; (l) An automatic food recognition
method combining two modalities of audio and ultrasonic signals; (m) The swallowing mechanism
was elucidated by means of barometric and EMG measurements; (n) To study the factors affecting
the measurement of swallowing electromyography; (o) The swallowing mechanism was quantified
by muscle synergy analysis; (p) A tactile sensing multifunctional electronic skin based on patterned
metal film; (q) Electro-compensation, tattoo-like electrode for epidermal electrophysiology.

Recent research efforts have extensively explored sEMG applications. Pathological
analyses by researchers such as E. Alfonsi et al. [83], P. Rong et al. [74], and G. Comosentino
et al. [84] have shed light on conditions like multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS), and Parkinson’s disease (PD), respectively.
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EMG analyses also contribute to understanding difficulties in consuming various
food textures and the relationship between age, gender, and swallowing tasks, revealing a
positive correlation between coordination performance and age [15,60,85,86].

A comprehensive understanding of the swallowing mechanism is pivotal for effective
dysphagia treatment, and sEMG offers valuable insights by replicating the swallowing
process through electrophysiological activities [84,87].

However, sEMG’s broad electrode contact area often fails to isolate specific muscle
activities due to adjacent muscle crosstalk. Advances in electrode fabrication technology
have led to the development of multi-channel, high-density EMG acquisition systems and
flexible electrode sensing technologies. These innovations enable a more detailed analysis
of the complex oral and pharyngeal events involved in swallowing [61]. High-density
EMG technology addresses traditional surface EMG limitations by providing richer elec-
trophysiological information with higher spatial resolution. This approach has enabled
the creation of a more comprehensive reference model for muscle electrophysiological
activities and pathological characteristics, laying the groundwork for further research
and exploration. High-density sEMG has found applications in diagnosing neuromus-
cular diseases, assessing muscle conditions, and facilitating human–machine interface
control [61,88,89].

Noteworthy contributions include E. Zaretsky et al.’s [60] placement of 42 channels
across critical oropharyngeal regions (Device information: The NeoLead electrodes used
are pre-wired, made of latex and phthalate/DEHP, and are very compact in size, allowing
for high density placement. sEMG signals are recorded using BUCK Elektromedizin’s
16-channel amplifier.) and M. Zhu et al.’s [61] development of a 96-electrode high-density
sEMG technique for normal swallowing function assessment (Device information: arranged
in a 6 × 16 grid structure with 15 mm spacing between adjacent rows and columns. Each
electrode has a round, silver-plated surface with an outer diameter of 10 mm. The HD
sEMG signal is filtered using a bandpass filter of 10–500 Hz, and the REFA 128 channel
system from TMSi International in the Netherlands records the signal of all channels
simultaneously at a sampling rate of 1024 Hz.). However, with the traditional wired
connection of electrodes, the cable arrangement is dense and messy, which makes it not
easy to operate. Challenges associated with traditional wired electrode connections have
prompted innovations such as C. Murakami et al.’s [19] integrated cable arrangement and a
flexible 44-channel sEMG sensor for hyoid EMG measurement. The results confirm that the
proposed method successfully quantifies the swallowing function from the sEMG signal
and maps the signal to the swallowing stage.

Continuing from the advancements in swallowing assessment techniques, further
innovations in technology and methodology are crucial for enhancing the understanding
and treatment of dysphagia. Among these, the development and optimization of sEMG
electrodes have shown significant potential.

The rigid structure of conventional sEMG electrodes often makes it challenging to
obtain high-fidelity signals in anatomically complex areas such as the throat. Researchers
like D. Zhang et al. [90] have addressed this challenge by creating a scalable, high-density
sEMG electrode array utilizing layer-by-layer printing and lamination techniques. In this
study, GW-PA-Ag electrodes are incorporated between PU films through scalable layer-
by-layer printing and lamination. The patch has excellent electrophysiological properties,
including overstretch (1000%), skin matching modulus (10 kPa), and strong long-term
signal stability. Compared to conventional Ag/AgCl electrodes, the patch has a lower
impedance and lower noise, and when combined with the CNN model, it accurately
identifies 11 swallowing activities with an 80% classification accuracy.

Another notable advancement is in overcoming impedance and motion artifacts, par-
ticularly for skin areas with significant curvature like the neck. N. Zhao et al. [91] have
innovated by designing an embedded high-density sEMG sensor with low modulus, low
contact impedance, and minimal motion artifacts, achieving a high signal-to-noise ratio
(SNR). This sensor’s biocompatible materials and ergonomic design ensure user comfort
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and durability, even during extensive usage or in dynamic conditions. The HD-sEMG
sensor design comprises three key components: a polyimide film (PI) electrode array frame
(PEAF), self-adhesive PEDOT:PSS gel electrodes, and a composite of embedded adhesive
poly(dimethylsiloxane) (aPDMS)/PDMS super-elastomers. The PEAF features a serpentine
structure with double-layered Cu wiring, optimized for flexibility and toughness with an
8 mm electrode pitch and 0.1 mm Cu wire dimensions. This structure is engineered to inter-
face efficiently with the super-elastomer and gel electrodes, minimizing force application
while allowing for slight strain, enhancing the sensor’s mechanical and functional integra-
tion. The field has also witnessed significant strides in material science and mechanical
design, leading to the emergence of electronic skin (e-skin) or epidermal electronics.

These innovations mimic human somatosensory functions, offering unparalleled skin
adaptability and comfort. Y. Wang et al. [92] introduced a large-area, soft, breathable,
encapsulated electrode that can be transformed into a filamentous snake-like structure
through a cut-and-paste method. This design, inspired by the Katan curve, minimizes
electrode strain during application on non-flattenable skin surfaces. Coupled with an
electrical compensation strategy, this technology effectively eliminates signal interference,
offering a broad range of applications from multichannel electrocardiograms to prosthetic
limb control.

Furthermore, the integration of sEMG technology into daily life, such as diet mon-
itoring, presents a novel approach to managing and intervening in unhealthy eating
habits [93,94]. An eye-type diet monitoring system, leveraging sEMG, enables seam-
less daily usage, potentially offering valuable insights for chronic disease diagnosis and
prevention. The exploration of multimodal data to assess swallowing function underscores
the complexity and multidisciplinary nature of dysphagia management.

The exploration of multimodal data to assess swallowing function underscores the
complexity and multidisciplinary nature of dysphagia management. Collaborative efforts
by researchers across various specialties have led to the use of surface myoelectric sensors,
nasal airflow sensors, and pressure-sensing resistance sensors to understand the coordi-
nation of respiratory and laryngeal movements comprehensively [63]. D. Park et al. [48]
utilized kinematic analysis, high-resolution emptying manometry (HRM), and EMG to
investigate the swallowing sequence. W. Ofusa et al. [67] analyzed the timing of the activity
of the swallowing organs during the swallowing stage of the mouth and throat by recording
pressure (BP) and tongue muscle activity. This study employed a BP sensor (MPL115A1:
Freescale Semiconductor, USA) capable of accurately measuring absolute blood pressure
within a confined space (sensor dimensions: 5 × 3 × 2 mm), achieving a high time reso-
lution of 3 milliseconds. For SHy muscle recording, a surface electrode (NM-31, Nippon
Optronics Co., Ltd, Tokyo, Japan) was symmetrically positioned on the submental muscle
on both sides. The EMG signal underwent amplification through a custom-built amplifier
(×1000) and underwent bandpass filtering (30–200 Hz) before being sampled at 1 kHz
using a 10-bit analog-to-digital converter integrated within a micro-CPU (H8/3694; Renesas
Electronics, Tokyo, Japan). R. Sebastian et al. [78] used sEMG and accelerometer-based
neck auscultation (Acc) for non-invasive, multimodal screening of dysphagia. The tri-axial
accelerometer MMA7361 (NXP Semiconductors), the NI-DAQ 6215 data acquisition sys-
tem, and custom LabVIEW software developed by National Instruments were utilized
for recording Acc signals. sEMG signals were captured with the Noraxon Ultium® EMG
system (Noraxon, Scottsdale, AZ, USA). For each signal type (accelerometer or sEMG)
and swallowing task, the researchers constructed distinct feature spaces. Additionally,
they investigated early feature fusion by integrating the feature spaces generated from
each signal type. The analysis employed four classifiers: support vector machines (SVMs),
artificial neural networks (ANNs), XGBoost, and k-nearest neighbors (kNNs). The findings
underscore the consistent benefits of signal fusion, which enhance classification perfor-
mance across all swallowing tasks by leveraging the complementary nature of surface EMG
and accelerometer data. Notably, accelerometer signals alone consistently outperformed
sEMG signals across all tasks. Some researchers used a metal nano-island decorated with a
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single layer of graphene and a composite piezoresistive sensor coated with a high polymer
(PEDOT:PSS) in combination with machine learning to measure the volume of swallowed
liquid based on signals obtained from the skin surface. The device was used simultaneously
with conventional sEMG and strain measurement [95]. The sensor was tested on 14 patients
with disease-free head and neck cancer to monitor swallowing activity in the head and
neck [96]. This study integrated a highly sensitive strain sensor with a machine learning
algorithm to differentiate swallowing movements from other types of motion and estimate
the amount of swallowed water. The estimation of swallowed water volume involved three
main steps: signal processing, feature extraction, and algorithm development. Initially,
noise was filtered out from both sEMG and strain raw data. Subsequently, specific features
of swallowing patterns within the strain data were identified to construct a volume estima-
tion algorithm. Lastly, the algorithm was individually trained for each participant using
data from 60 swallows per participant, and a 3-fold cross-validation test was conducted.

In the aspect of signal processing, C. Bürgin et al. [97] proposed a breathing activity
detection method based on the Kalman filter.

4.3.2. Needle Electrodes

The principle of needle electrodes in swallowing monitoring is to record electrical
activity during muscle contraction by inserting slender electrodes directly into muscle
tissue. Electromyography, which can examine the morphology of individual motor units in
the muscles of the limb, can indicate muscle weakness or a neurological cause of muscle
weakness [98]. While this appears to be a safe procedure [99], it is somewhat uncomfortable
for the patient, especially if some time is spent manipulating the needle to ensure that it
enters the muscle of interest, which may go deep into other overlapping muscles that are not
involved in swallowing. In some cases, an anesthetic is used, which may alter the sensory
and motor cues normally used for swallowing [100], thus affecting the interpretation of
the results.

In addition, the need for partially voluntary muscle contractions can be challenging
for swallowing research, as swallowing is often a spontaneous process that is difficult to
partially voluntarily control under experimental conditions. Another challenge with needle
electrodes is the accuracy of the depth and placement of the insertion, especially in the
pharyngeal muscles, because these muscles are deep and covered by other muscles, and
it takes some time to manipulate the electrodes to ensure their accurate placement. In
addition, some cases may require the use of anesthetics to reduce the patient’s discomfort,
but this may affect the sensation of swallowing and the motor cues, thus affecting the
interpretation of the results. Therefore, in needle electrode monitoring, several electrodes
are usually inserted at the same time, and the insertion location and depth need to be
carefully selected to ensure reliable data acquisition.

4.4. Pressure
High-Resolution Manometry (HRM)

HRM is an advanced pressure evaluation technique that evolved from traditional
hydraulic perfusion manometry [101,102]. It utilizes a catheter equipped with 10 to 36 cir-
cumferential or unidirectional pressure sensors spaced 1 cm apart, creating a detailed
pressure profile of the esophagus. These pressure data can be visualized on a Clouse plot,
featuring color-coded profiles for intuitive interpretation [103,104]. Figure 5 shows a study
on the assessment of pressure in swallowing. HRM has become instrumental in providing
detailed insights into pressure generation and temporal dynamics from the palatopharynx
to the upper esophageal sphincter, areas not measurable by VFSS. Its sensors, spaced
1–2 cm apart and mounted on solid catheters, enhance sensitivity, reliability, and accuracy
over traditional methods [48].

Pharyngeal high-resolution manometry (PHRM) offers a focused assessment of oropha-
ryngeal swallowing physiology. It yields quantitative data unavailable from videofluo-
roscopy (VFS) or fiberoptic endoscopic evaluation of swallowing (FEES), shedding light on
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the pathophysiology of swallowing disorders. When combined with impedance (PHRIM),
PHRM enables the study of how pressure changes influence bolus flow during swallowing.
Pressure-flow metrics have led to the development of predictive algorithms and classifi-
cation models for swallowing efficiency and residue during VFS. PHRM is valuable for
quantitatively assessing pharyngeal pressures and the function of the upper esophageal
sphincter [101].

Researchers like J. Regan [101] have utilized PHRM to explore how sensory stimulation
affects the biomechanics of pharyngoesophageal swallowing in adults with dysphagia. M.
Colevas and colleagues have integrated HRM with radiography to simultaneously record
pressures across the soft and hard palate, lower pharynx, and UES, analyzing the impact of
bolus volume on pharyngeal swallowing dynamics [105].

Moreover, tongue pressure measurement has emerged as a significant method for
swallowing evaluation. The process is driven by the coordinated action of oral and pharyn-
geal muscles, with the tongue playing a pivotal role in propelling the bolus. Measurements
of tongue pressure against the hard palate are crucial for understanding the mechanics of
bolus propulsion during the oral phase of swallowing [67]. Instruments measuring tongue
strength and endurance provide insights into the swallowing function, highlighting the
importance of muscular health in effective swallowing [46,106].

In parallel, technological advancements have led to innovative designs in pressure
sensing. LanyxUard and Downma [107] have explored ultra-thin, flexible piezoelectric
patches that translate throat movements into precise electrical signals, featuring minimal
anatomical interference and high strain resolution. The piezoelectric sensor structure is
based on a thin film heterostructure composed of an aluminum nitride (AlN) interlayer
(120 nanometers), a molybdenum (Mo) bottom electrode (200 nanometers), a piezoelectric
aluminum nitride (AlN, 1 micron) layer, and a molybdenum top electrode (Mo, 200 nanome-
ters). The entire manufacturing process employs standard micromanufacturing techniques,
including photolithography and sputter deposition. This method ensures precise layer
control and structural integrity essential for optimal sensor performance. Based on an alu-
minum nitride film on a Kapton substrate, these sensors integrate with wireless technology
for easy data transmission [108].

M. Maeda et al. [109] introduced a wearable swallowing assessment device using
a profile-core fiber-optic pressure sensor, offering high sensitivity, fit, and linearity. The
profuse core fiber bending sensor comprises a single-mode transmission fiber with a
9-micron diameter, along with a 1.7 mm length fiber with a diameter of 5 microns, seamlessly
integrated via fusion splicing. This device precisely tracks minor pressure fluctuations due to
laryngeal movement, representing a leap forward in non-invasive swallowing diagnostics.

The rise of electronic skin (e-skin) mimicking human somatosensory functions her-
alds a new era in multi-stimuli sensing, including pressure and temperature. Innovations
like patterned metal films (PMFs) on flexible substrates have simplified device configura-
tions and enhanced signal processing, promising scalable e-skin production for various
applications, including swallowing assessment.
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light palatometer in the treatment of dysphagia after functional stroke; (h) Swallowing features were 
characterized using MMG; (i) Mechanical acoustic sensing of physiological processes and body 
movements is performed by a soft wireless device (combined with a three-axis accelerometer) 
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Figure 5. Pressure, accelerometer, and HRCA in the swallowing assessment of relevant studies.
(a) Coordination of respiratory and throat movements is monitored using surface myoelectric sensors,
nasal airflow sensors and pressure-sensitive resistance sensors; (b) Development of non-invasive
swallowing inspection device with different core optical fiber pressure sensor; (c) Neck manometry
was used to study the physiological reaction of swallowing gel food and its relationship with
texture perception; (d) Fiber-optic non-invasive swallowing assessment device based on a wearable
pressure sensor; (e) HRM combined with radiography was used to simultaneously measure the
swallowing pressure at UES and other sites; (f) Non-invasive sensing system consisting of pressure
sensors, bending sensors, surface electrodes, and microphones; (g) Application of a non-personalized
light palatometer in the treatment of dysphagia after functional stroke; (h) Swallowing features were
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characterized using MMG; (i) Mechanical acoustic sensing of physiological processes and body
movements is performed by a soft wireless device (combined with a three-axis accelerometer) placed
on the sternal notch; (j) To study the differences in anatomical directions of three axis swallowing
acceleration measurement signals; (k) Study of screening methods for dysphagia using sEMG and
accelerometer-based neck auscultation; (l) The relationship between hyoid displacement during
swallowing and the characteristics of HRCA was analyzed; (m) To study the autonomous extraction
of neck vibration signal of dysphagia patients based on deep learning.

4.5. Bioimpedance

Surface bioimpedance is a technique that measures changes in the electrical resistance
of tissues or organs in living organisms. The principle is based on the difference in the
ability of biological tissues to conduct current and therefore produce different resistance
when the current passes through. During swallowing, the movement of the laryngeal
pharynx causes changes in the electrical resistance of the biological tissue, so swallowing
function can be studied by measuring these changes.

Specifically, surface bioimpedance is measured by placing electrodes on the surface
of the skin and then applying a weak alternating current to the inside of the organism.
When an electrical current passes through biological tissue, different types of tissue (such
as muscle, fat, bone, etc.) will produce different impedances to the electrical current. Mus-
cle tissue generally has a lower resistance, while adipose tissue and bone tissue have a
higher resistance. By measuring the change in impedance as an electric current passes
through biological tissue, it is possible to infer the properties and movements of the tissue.
In swallowing studies, surface bioimpedance can be used to monitor the electrical resis-
tance changes in tissues during laryngeal movement so as to understand the process and
characteristics of swallowing. This technique can provide quantitative information about
swallowing function, such as swallowing frequency, swallowing force, etc., and compared
with some traditional measurement methods, surface bioimpedance is less intrusive and
invasive, so it has potential application prospects in clinical practice [97,110,111].

M. Ohashi et al. conducted a study on the identification of swallowing and vocaliza-
tion events by electromyography, sound, bioimpedance, and high-resolution manometry.
Among them, the HRM accuracy is >99%, followed by the sound and bioimpedance wave-
form is 98%, and then the EMG waveform is 97%, indicating that the bioimpedance has a
fairly reliable ability to distinguish between swallowing and non-swallowing events [110].

4.6. Barometric Pressure (BP)

Chewing and swallowing occur primarily during nasal breathing. Human studies an-
alyzing chewing and breathing have found an increase in inhaling airflow during chewing.
Similarly, oral breathing during chewing interferes with the normal respiratory cycle and
reduces the rate of respiration. This means that proper chewing should take place at the
same time as nasal breathing [112].

The mouth is composed of hard parts (such as the hard palate, teeth, and jaw) and
soft parts (such as the tongue, soft palate, cheek, bottom of the mouth, and gums), and
is divided into small spaces such as the interbuccal space, the subhard palate space, the
mesopharyngeal space, and the naso-superior pharyngeal space. These structures con-
stantly change their size and/or amount of space as they operate. These morphological
changes may affect the air pressure in the mouth, and therefore, pressure measurements
may be a tool for assessing tongue function during swallowing [67].

The principle of barometric measurement in swallowing monitoring is to use sensors to
measure the changes in air pressure in the mouth and throat during swallowing. When food
or liquid enters the mouth, the air pressure inside the mouth changes as the mouth closes
and forms a sealed state. As you swallow, the air pressure in the throat changes because
the throat communicates with the mouth. By monitoring the changes in air pressure in the
mouth and throat, various stages of the swallowing process can be analyzed, including
the oral preparation phase and the oral movement phase. During oral preparation, the air
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pressure inside the mouth will increase with the entry of food, while during oral exercise,
the air pressure inside the mouth will decrease with the swallowing action. At the same
time, changes in air pressure in the throat also reflect the activity of the throat muscles
and how smoothly food passes through the throat. The use of barometry in swallowing
monitoring can help physicians assess the coordination and smoothness of swallowing
function, as well as detect the presence of swallowing disorders. By analyzing changes in
air pressure in the mouth and throat, objective data can be provided to support doctors in
developing more effective treatment plans.

4.7. Accelerometer

The mechanical dimensions encompass the movement phenomena of various neck
and oropharyngeal structures during swallowing, including the hyoid and larynx, or the
opening and closing of the laryngeal vestibule and upper esophageal sphincter [78].

Swallowing accelerometers emerge as a promising non-invasive tool for dysphagia
assessment, including penetration–aspiration detection, by employing the accelerometer as
a sensor during neck auscultation [113].

The accelerometer measures head or neck movement, thereby indirectly monitor-
ing the swallowing action. Swallowing induces specific movement patterns in the head
and neck, which the accelerometer detects and records. Utilizing an accelerometer, the
acceleration of an object is measured on three axes (X, Y, Z). In swallowing assessments,
accelerometers are strategically placed to capture motion changes during swallowing. The
device generates specific acceleration patterns upon swallowing, which the accelerometer
detects and converts into a digital signal [114]. Figure 5 shows a study on the assessment
of accelerometers in swallowing.

Over the past two decades, numerous studies have utilized signals from accelerom-
eters placed on the thyroid cartilage, i.e., accelerometer-based neck auscultation. These
studies have applied acceleration signal processing methods for swallow segmentation
and detection, inhalation detection, differentiation and characterization of safe and unsafe
swallowing, and detailed characterization of physiological events or conditions.

R. Sebastian et al. [78] introduced a non-invasive, multimodal approach to dysphagia
screening using surface electromyography (sEMG) and accelerometer-based neck ausculta-
tion. Sejdic E. et al. have employed dual-axis accelerometer (ADXL322, Analog Devices,
Massachusetts, USA) signals to classify dysphagia patients’ penetration-aspiration versus
healthy swallowing [113]. Based on the wavelet packet decomposition of the swallowing
accelerometer signal, combined with linear discriminant analysis as a feature dimensional-
ity reduction method and Bayesian classification, the proposed algorithm can distinguish
healthy swallowing from inhalation swallowing with over 90% accuracy.

S. Ervin et al. [115] described a wireless device incorporating an electronic skin with
a triaxial accelerometer to capture both mechanical acoustic characteristics and precise
kinematics of body movements. The device features a flexible printed circuit board (fPCB)
constructed with a 25 µm thick polyimide support layer. It incorporates 12 µm thick rolled,
annealed copper tracks (AP7164R, DuPont, Wilmington, CA, USA) on both the upper and
lower surfaces, each sealed within a 25 µm polyimide insulation layer (FR1510, DuPont).
Key electronic subsystems integrated into the device include a three-axis digital accelerom-
eter (BMI160, Bosch, Stuttgart, Germany), a microcontroller equipped with Bluetooth
Low Energy protocol for wireless communication (nRF52832, Nordic Semiconductor, Oslo,
Norway), and a wireless inductive charging circuit designed to power a 45 mAh lithium
polymer battery. This device, comfortably fitting on the upper margin of the sternum,
measures mechanical acoustic signals and vital signs during natural daily activities and
movements, using frequency domain analysis and machine learning techniques.

H. Xu et al. [116] demonstrated an independent stretchable device platform for wire-
less larynx measurement, showcasing a modified composite hydrogel with low contact
impedance for high-quality, long-term local muscle electrical signal monitoring. To auto-
mate the assessment of laryngeal conditions in both new patients and healthy individuals,
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the research team developed a 2D-class sequential feature extractor (2D-SFE) utilizing con-
volutional neural networks (CNNs). This system infers pathological states by classifying
physiological events. The collected 1D data, including acceleration and sEMG, are initially
transformed into 2D vectors resembling image matrices for processing by the CNN-based
2D-SFE, which consists of 62 filtering layers and 2 classification layers. Within the training
model, these processing vectors pass through convolution, pooling, and activation layers,
effectively reducing the dimensionality of the feature vectors (FVs). The consistency of
the softmax functions in the fully connected layer is evaluated to classify the extracted
features into specific targets. The machine learning model has demonstrated outstanding
performance, achieving an overall prediction accuracy of 98.2% across the 13 states/features
analyzed, thereby highlighting the effectiveness of the CNN-based 2D-SFE in multidimen-
sional vector prediction. The integrated three-axis broadband accelerometer measures large
body movements and subtle physiological activities/vibrations, providing a foundation
for remote disease monitoring and treatment evaluation.

4.8. Myotonometer

A myotonometer assesses muscle tone by applying mechanical stimulation and mea-
suring the muscle tissue’s oscillatory response. It evaluates muscle state based on biome-
chanical properties like elasticity, viscosity, and damping. Mechanical stimulation is applied
to the skin and the oscillatory response of muscle tissue is measured, providing insights
into muscle tone [117].

4.9. Mechanomyography (MMG)

While SEMG offers reliable bioelectrical signals for muscle activity pattern and strength
estimation from the body’s surface, MMG, a mechanical counterpart of electromyography,
measures muscle contraction-induced lateral shear waves via surface sensors, reflecting
mechanical activity [118]. MMG, detectable as vibrations, correlates with muscle strength
and provides insights into motor unit recruitment during muscle contraction, potentially
aiding in assessing older adults with a high likelihood of anatomical/neurological disor-
ders [118,119].

A. Mialland et al. [119] used mechanical muscle mapping (MMG) to analyze the
mandibular region (including the anterior upper neck muscle and the sole of the tongue).
The device utilized the ADXL327 analog accelerometer to capture tongue movements
during swallowing. This accelerometer features three axes and a sensitivity of 420 mV/g.
The bandwidth for the X and Y axes is 1600 Hz, while for the Z axis, it is 550 Hz. Addition-
ally, the swallow signal was acquired through AD Instrument’s single-axis pulse sensor
TN1012/ST, which has a bandwidth of 1600 Hz. Shinich et al. [118] developed a device
that can simultaneously measure displacement mechanical electromyography (dMMG)
and electromyography (EMG) of the sublingual muscles that play a role in swallowing to
assess the properties of both signals during tongue lift. The device consisted of two main
components: a dMMG/EMG measurement sensor unit and a separate signal processor
unit. The sensor unit, which was compact and lightweight at 42 × 17 × 11 mm and 8 g,
was affixed to the muscle. It featured EMG electrodes spaced 24 mm apart, with a light
reflector positioned centrally for dMMG measurements, maintaining a 3 mm distance from
the skin surface. Connected to the sensor unit via a 550 mm communication cable, the
signal processor measured 48 × 35 × 16 mm and weighed 25 g.

4.10. Cervical Auscultation (Acoustics and Vibration)

Sound analysis is less invasive and easy to implement in clinical practice [120]. The
acoustic monitoring and analysis of the swallowing mechanism is a non-invasive and
convenient method for the evaluation of swallowing. Early research on swallowing sound
analysis focused on the timing of swallowing events. Subsequently, with the application of
digital signal processing technology, it was used to detect swallowing disorders, derive the
main characteristics of the swallowing sound, and automatically segment the swallowing
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sound according to its physiological stage. However, the exact source and mechanism of
the swallowing sound remains a challenging question. It is well known that the swallowing
sound consists of two distinct components: the initial discrete sound (IDS) and the globular
passing sound (BTS) [121]. IDS occurs in the pharyngeal stage and is associated with the
opening of the upper esophageal sphincter. BTS occurs in the esophageal stage and is a
purring sound associated with peristaltic contractions that push pellets into the esophagus.
Some swallows may also have final discrete sounds (FDS). FDS is a short click sound at the
end of swallowing that is associated with the opening of the airway and is presumed to
result from the opening of the airway.

Cervical auscultation involves recording body-produced sounds and vibrations from
the larynx during swallowing, offering a non-invasive, convenient swallowing evaluation
method. Sound analysis has evolved from focusing on swallowing event timing to detecting
swallowing disorders and characterizing swallowing sounds using digital signal processing
technology [122].

High resolution cervical auscultation (HRCA), exploring biofeedback possibilities, in-
corporates non-invasive sensors (contact microphones, three-axis accelerometers) attached
to the anterior laryngeal framework, capturing acoustic and vibration signals during swal-
lowing. Advanced signal processing extracts HRCA signal features for machine learning
algorithms, correlating with human-rated VF images, providing insights into swallowing
physiology. HRCA has potential as a VF diagnostic aid by classifying swallowing safety,
tracking hyoid displacement, and annotating temporal swallowing dynamics events, but
its functional capability for noninvasively characterizing physiological events targeted by
compensatory swallowing actions remains to be further investigated [123]. HRCA signals
were simultaneously collected by a triaxial accelerometer (Model ADXL 327, manufactured
by Analog Devices, located in Norwood, MA, USA) and a contact microphone. The ac-
celerometer was powered by a 3V supply (Model 1504, manufactured by BK Precision,
located in Yorba Linda, CA, USA), which was also connected to the contact microphone.
A linear hybrid model was utilized to explore the relationship between HRCA signal
signatures and effortless swallowing. Various supervised machine learning classifiers were
employed, including SVM, naive Bayes, decision trees, and linear discriminant analysis.
These classifiers utilized HRCA signal features to distinguish between types of swallowing.
The classifiers processed all HRCA signal features (n = 36), statistically significant fea-
tures (n = 9), and features rendered linearly independent by principal component analysis
(PCA). A leave-one-out method was implemented to assess the classification accuracy of
the classifiers. Among them, the decision tree and linear discriminant analysis classifiers
demonstrated the highest performance. Figure 5 shows a study on the assessment of HRCA
in swallowing.

Therefore, many research teams have considered using HECA as a screening tool to
evaluate the opening and closing of the upper esophageal sphincter, analyze the similarities
between thin liquid barium and water during swallowing, study the relationship with
hyoid displacement during swallowing, and detect aspiration [124–127].

4.11. Photoelectric Sensor

Usually, most exercises block the tongue movement inside the mouth, and specific
oral movement defects may be overlooked. Therefore, visual representations of tongue
movements may provide beneficial feedback.

Currently, most proposed feedback techniques for dysphagia treatment either provide
additional extra-oral feedback, target the throat stage of the swallowing process, or use
contact pressure measurement. The use of photoelectric sensing devices in the mouth holds
promise for visualizing dynamic tongue exercises [128]. The optical sensor employed in
the design was a commercial integrated proximity sensor (Type SFH7779, Osram, Munich,
Germany), measuring 4 mm × 2.1 mm × 1.35 mm with an LED wavelength of 940 nm. Sev-
eral other integrated sensors were also evaluated; however, the SFH7779 was determined
to perform the best in terms of distance measurement accuracy and footprint. Due to its
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simplicity and the limited size of the corpus, the k-nearest neighbor (kNN) classifier was
selected as the baseline classifier. Dynamic time warping (DTW) served as the distance
measure to evaluate the similarity between each tested gesture and those within the training
corpus. The final results indicated that the cross-validation accuracy reached at least 97.9%.
However, the inter-speaker test accuracy fell to 74% and 61%.

Ear-type sensors, due to their easy installation and ability to provide diverse informa-
tion with minimal effort, have emerged as highly reliable devices for swallowing function
assessment. These sensors can measure various parameters, including chewing times,
breathing rates, bite force, meal durations, and tongue movements, by simply being inserted
into the ear canal. Yoshimoto [129] and colleagues have developed ear-type sensors with
extended elastic regions, enhancing the capability to measure changes near the eardrum
by allowing deeper insertion into the ear canal. The headphone sensor was designed to
resemble the shape of earbuds. Equipped with a built-in optical distance sensor named
“QRE1113” (Fairchild Semiconductor International Inc., Sunnyvale, CA, USA), it utilized
infrared LEDs and phototransistors to penetrate the inner ear canal by emitting infrared
light. The elasticity of the material adjusts to fit individual ear canal shapes, ensuring com-
fort and adaptability. The connection of the tympanic membrane through the Eustachian
tube to the pharynx reflects movements associated with the opening of the Eustachian tube,
providing insights into soft palate movement related to swallowing functions.

4.12. Ultrasound

Ultrasound, a well-established technique for visualizing striated muscles, generates
images by detecting reflections caused by tissue density changes. In B-mode imaging,
using linear medium to high-frequency probes (5–15 MHz), muscle structures are easily
discernable [130]. Striated muscle tissue, for instance, often exhibits a “starry night” appear-
ance in cross-section, showcasing muscle fiber bundles and surrounding septal connective
tissue. Longitudinally, muscle fiber arrangements—whether longitudinal, feathery, or
triangular—and their angulations are clearly visible. The grayscale value of ultrasound
images, indicating the spectrum from black to white, provides crucial diagnostic insights.
Healthy muscles typically appear darker, reflecting fewer tissue interfaces between fibers,
connective tissues, blood vessels, and nerves. Pathological conditions, by disrupting normal
muscle architecture with fibrosis and fat infiltration, render the images whiter. Muscular
dystrophies, for example, intersperse muscle with fat and scar tissue, scattering ultrasound
waves and producing a “ground glass” appearance. Neurogenic diseases, like motor neu-
ron disease, give a “moth-eaten” appearance, indicating areas of scarring and steatosis
adjacent to healthy motor units. In contrast, muscle edema, seen in conditions like dermato-
myositis, enhances tissue echo without weakening the ultrasound signal. Ultrasound’s
utility has expanded into swallowing function assessment, leveraging the clear correlation
between ultrasound image sequences and swallowing functionality. Hyoid advancement,
for instance, is investigated as a clinical marker for swallowing evaluation. Figure 6 shows
a study on the assessment of ultrasound in swallowing.

By qualitatively analyzing tissue movement and food residue during swallowing,
ultrasound provides invaluable insights, especially in assessing oral swallowing disorders
and the observation of hyoid movements [131].
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Figure 6. Ultrasound related studies in swallowing assessment. (a) The use of ultrasound in
the assessment of eating and swallowing; (b) Ultrasound was used to automatically assess hyoid
movement during normal swallowing; (c) Food intake was detected using ultrasonic Doppler sonar;
(d) Research on automatic food recognition method combining audio and ultrasonic signals; (e) A
swallowing monitoring and evaluation system based on ultrasonic Doppler sensor was developed.

4.12.1. Ultrasonic Image

The function of swallowing can be evaluated by ultrasonic observation and qualitative
analysis of tissue movement and food residue during swallowing. Ultrasound has been
widely used to observe the tongue. Its advantages in the judgment of oral swallowing
disorders are recognized by the industry. The evaluation of pharyngeal stage, such as
the observation of hyoid movement, has also been explored. However, it is limited by
physiological structure and acoustic wave propagation characteristics. In the esophageal
stage, there are few studies on ultrasonography. Ma Joan K. et al. [131] used ultrasound
imaging to examine hyoid kinematics during swallowing and correlate patterns with differ-
ent stages of normal swallowing to evaluate the accuracy and robustness of two different
automatic hyoid tracking methods compared to manual hyoid position estimation. This
study developed two automated trackers intended to potentially enhance the clinical utility
of ultrasound in evaluating swallowing. Among these, the DNN (deep neural network)
trackers proved to be more robust and accurate compared to shadow trackers. The mea-
surement results obtained from the DNN tracker were highly consistent with those from
manual tracking. K. Maeda et al. [132] introduced in detail the process of visualizing and
evaluating the structures of mylohyoid muscle, digastric muscle, hyoid muscle, hyoid bone,
tongue, masseter muscle, maxillohyoid muscle, orbicularis oris muscle, temporalis muscle,
pharynx, esophagus and larynx using ultrasonic images. Based on the extensive experience
of ultrasound in neuromuscular diseases, some researchers explained the concept of oral
muscle ultrasound and its practical value in the assessment of neuromuscular chewing and
swallowing problems [130]. Figure 6 shows a study on the assessment of accelerometer
in swallowing.

4.12.2. Doppler Ultrasound

Doppler ultrasound, employing techniques like 40 KHz sine waves, excels in food
recognition by detecting specific movement and vibrations based on the type of ingested
food [133,134]. This technique, impervious to ambient noise, offers a significant advantage
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in environments where audio interference is prevalent. The Doppler effect, showcasing fre-
quency shifts relative to movement, aids in recognizing various human activities, including
swallowing, by detecting changes in the Doppler frequency due to body part movements.
Some studies compared the accuracy of DNN classifiers with methods based on hidden
Markov models (HMMs). Given that the food intake process was represented as a time
series, recurrent neural networks (RNNs) or long short-term memory (LSTM) networks
were employed for food classification. Additionally, the study evaluated a method for
determining the emission probability for each HMM class using multi-layer perceptrons
(MLPs), referred to as HMM + MLP. In noiseless environments, all DNN-based classifiers
outperformed the HMM-based classifiers, with the exception of HMM+MLP. However, in
noisy environments, the HMM-based classifiers were more accurate than all DNN-based
classifiers [133].

The integration of audio and ultrasonic signals for automatic food recognition demon-
strates the potential for comprehensive monitoring systems. Such systems, incorporating
ultrasonic Doppler sensors and microphones, specifically focus on swallowing activity,
paving the way for non-invasive and quantitative swallowing assessment and monitor-
ing [133].

4.13. Other Techniques

Advances in camera imaging methods also show promise for non-contact and remote
swallowing evaluation. Techniques like three-dimensional digital image correlation (3D-
DIC) and the accelerated segment feature test (FAST) have been explored for detecting
muscle wastage in neck muscles and measuring skin displacement during swallowing [135].
The potential of video capture, including smartphone technology, for contactless screening
of swallowing disorders underscores the evolving landscape of swallowing assessment
tools. These methods, combined with traditional and innovative technologies, offer a holis-
tic approach to understanding and managing swallowing disorders, enhancing diagnostic
accuracy and patient care in the realm of biomedical engineering and beyond [136].

Based on the content discussed, the advantages and disadvantages of current main-
stream methods for assessing swallowing are outlined in Table 2.

Table 2. The pros and cons of current mainstream techniques used in evaluating swallowing function.

Method Advantages Disadvantages

Videofluoroscopic Swallowing
Study (VFSS)

Provides a clear visual representation of food
movement from the mouth to the esophagus,

identifies issues like pharyngeal residue
and aspiration.

Uses X-rays, posing radiation risks;
requires special equipment and technical

operation, which are costly.

Flexible Endoscopic Evaluation of
Swallowing (FEES)

Directly observes the structure and function of
the pharynx, can identify disorders such as

vagal nerve dysfunction; does not
use radiation.

May cause discomfort to patients; the field
of view is limited to the scope of

the endoscope.

Surface Elec-
tromyography

(sEMG)

Non-invasive, allows for real-time monitoring
of muscle activity during swallowing.

Limited to surface muscles, does not
provide information about deep

muscle activity.Electromyography
(EMG) Needle

Electrodes
Can record deep muscle electrical activity in

detail, helping to diagnose muscle dysfunction.
Invasive, may cause pain or other

complications.

High-resolution manometry
(HRM)

Non-invasive, by measuring pressure, it can
analyze esophageal swallowing function and

pressure changes in detail.

Equipment is expensive and requires
professional operation and analysis.

Bioimpedance
Non-invasive, by measuring changes in tissue

impedance, it indirectly understands
swallowing function.

Data interpretation is complex and can be
influenced by various physiological and

environmental factors.

Barometric Pressure (BP)
Measures changes in pharyngeal and

surrounding air pressure, helping to assess air
pressure regulation functions.

Relatively limited technical application,
limited data interpretation and practical

application.
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Table 2. Cont.

Method Advantages Disadvantages

Myotonometer Measures muscle stiffness and elasticity, which
can assess muscle condition.

May not directly correlate with direct
swallowing function.

Mechanomyography (MMG) Non-invasive assessment of muscle activity
through sensing muscle vibrations.

Signals may be disrupted by external noise
and movement.

Cervical Auscultation (Acoustics
and Vibration)

Non-invasively detects acoustic characteristics
during swallowing using sound and vibration

sensors.

Interpreting sound data may be subjective
and limited in accuracy.

Photoelectric Sensor Monitors swallowing actions through a
photoelectric sensor, simple and non-invasive.

Limited information, difficult to provide
in-depth physiological data.

Ultrasonic
Image

No radiation, visually displays tissue
structures and movements.

Image resolution and quality are limited by
the equipment.

Ultrasound Doppler
Ultrasound

Can accurately identify types of food, have
excellent ability to resist environmental noise

interference, dynamic monitoring and
evaluation can be carried out.

Equipment and operation requirements are
high, data interpretation and analysis are

complex, and the application range
is limited.

5. Prospect and Conclusions

With the development of science and technology, swallowing evaluation technology is
facing new opportunities and challenges. Non-invasive sensors provide a more comfortable
and convenient way for subjects to be evaluated. By introducing flexible wearable sensors,
we see great potential in detecting and treating swallowing dysfunction. The application
of patterned metal film, single layer graphene, and other technologies greatly improves
the portability and comfort of the sensor and provides a new way for the monitoring of
swallowing health.

The research and application of these techniques have brought a new perspective for
the detection of swallowing behavior, which not only greatly improves the performance
parameters such as sensitivity and anti-fatigue, but also expands the scope of swallowing
evaluation from a single sEMG signal to bioimpedance, strain and pressure multi-mode
information. Although the perception mechanism of swallowing sensors has been initially
established, we still face many challenges. However, despite these advances, challenges
remain in terms of universal access, patient compliance, and further improvement in
non-invasive techniques to increase sensitivity and specificity.

In future studies, we need to work on addressing these challenges to ensure the
effective application and promotion of swallowing assessment techniques.

Of particular concern are swallowing and eating disorders, such as dysphagia, that
require long-term monitoring and care. While wearable swallow sensors have shown good
stability and reliability in laboratory settings, their ability to monitor over time has not been
fully demonstrated in human studies. Future work should therefore focus on long-term
evaluation of the sensor’s durability and effectiveness, as well as conducting large-scale
human trials to verify its reliability and effectiveness in real-world clinical applications.
In addition, future research should focus on improving the accuracy, affordability, and
accessibility of dysphagia assessment tools. The development of portable, user-friendly
diagnostic devices could democratize dysphagia screening, especially in underserved areas.
Artificial intelligence and machine learning can further improve the predictive accuracy of
non-invasive assessment methods, enabling personalized treatment regimens. In addition,
interdisciplinary collaboration between clinicians, engineers, and data scientists is critical
to advance the field of dysphagia research and patient care.

Overall, the development of non-invasive swallowing assessment techniques is promis-
ing, but continued research and efforts are still needed. Through unremitting exploration
and innovation, we expect to further improve the accuracy and practicality of swallowing
assessment technology and provide better diagnoses and treatments for patients with
swallowing dysfunction.



Bioengineering 2024, 11, 430 25 of 30

Author Contributions: Conceptualization, Y.W., H.Y., K.G. and J.Z.; methodology, Y.W., Z.W., Y.C.,
H.Y., K.G. and J.Z.; investigation, Y.W., Z.W., Y.C., H.Y., K.G. and J.Z; resources, H.Y., K.G. and J.Z.;
writing—original draft preparation, Y.W., Z.W., Y.C., H.Y., K.G. and J.Z.; writing—review and editing,
Y.W., Z.W., Y.C., H.Y., K.G. and J.Z.; visualization, Y.W. and Y.C.; supervision, H.Y., K.G. and J.Z.;
project administration, H.Y., K.G. and J.Z.; funding acquisition, K.G. and J.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2023YFB4706200),
the Key R&D Program of Jiangsu Science and Technology Project (BE2021661), pilot projects for
fundamental research in Suzhou (SSD2023014), Suzhou Science and Technology Project (SLJ2021021),
Science and Technology Development Plan Project of Jilin Province (20240305049YY), and Natural
Science Foundation Project of Shandong Province (ZR2022QH214).

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Adkins, C.; Takakura, W.; Spiegel, B.M.R.; Lu, M.; Vera-Llonch, M.; Williams, J.; Almario, C.V. Prevalence and Characteristics of

Dysphagia Based on a Population-Based Survey. Clin. Gastroenterol. Hepatol. 2020, 18, 1970–1979.e2. [CrossRef] [PubMed]
2. Engh, M.C.N.; Speyer, R. Management of Dysphagia in Nursing Homes: A National Survey. Dysphagia 2021, 37, 266–276.

[CrossRef] [PubMed]
3. Mohammadi, H.; Steele, C.; Chau, T. Post-Segmentation Swallowing Accelerometry Signal Trimming and False Positive Reduction.

IEEE Signal Process. Lett. 2016, 23, 1221–1225. [CrossRef]
4. Eslick, G.D.; Talley, N.J. Dysphagia: Epidemiology, risk factors and impact on quality of life--a population-based study. Aliment.

Pharmacol. Ther. 2008, 27, 971–979. [CrossRef]
5. Chiocca, J.C.; Olmos, J.A.; Salis, G.B.; Soifer, L.O.; Higa, R.; Marcolongo, M.; Argentinean Gastro-Oesophageal Reflux Study, G.

Prevalence, clinical spectrum and atypical symptoms of gastro-oesophageal reflux in Argentina: A nationwide population-based
study. Aliment. Pharmacol. Ther. 2005, 22, 331–342. [CrossRef] [PubMed]

6. Barczi, S.R.; Sullivan, P.A.; Robbins, J. How should dysphagia care of older adults differ? Establishing optimal practice patterns.
Semin. Speech Lang. 2000, 21, 347–361. [CrossRef] [PubMed]

7. Patel, D.A.; Krishnaswami, S.; Steger, E.; Conover, E.; Vaezi, M.F.; Ciucci, M.R.; Francis, D.O. Economic and survival burden of
dysphagia among inpatients in the United States. Dis. Esophagus 2018, 31, dox131. [CrossRef]

8. Clave, P.; Shaker, R. Dysphagia: Current reality and scope of the problem. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 259–270.
[CrossRef] [PubMed]

9. Cho, S.Y.; Choung, R.S.; Saito, Y.A.; Schleck, C.D.; Zinsmeister, A.R.; Locke, G.R., 3rd; Talley, N.J. Prevalence and risk factors for
dysphagia: A USA community study. Neurogastroenterol. Motil. 2015, 27, 212–219. [CrossRef]

10. Thiyagalingam, S.; Kulinski, A.E.; Thorsteinsdottir, B.; Shindelar, K.L.; Takahashi, P.Y. Dysphagia in Older Adults. Mayo Clin.
Proc. 2021, 96, 488–497. [CrossRef]

11. Allen, J.; Greene, M.; Sabido, I.; Stretton, M.; Miles, A. Economic costs of dysphagia among hospitalized patients. Laryngoscope
2020, 130, 974–979. [CrossRef] [PubMed]

12. Ekberg, O.; Hamdy, S.; Woisard, V.; Wuttge-Hannig, A.; Ortega, P. Social and psychological burden of dysphagia: Its impact on
diagnosis and treatment. Dysphagia 2002, 17, 139–146. [CrossRef] [PubMed]

13. Warner, H.; Coutinho, J.M.; Young, N. Utilization of Instrumentation in Swallowing Assessment of Surgical Patients during
COVID-19. Life 2023, 13, 1471. [CrossRef] [PubMed]

14. Teramoto, S.; Fukuchi, Y.; Sasaki, H.; Sato, K.; Sekizawa, K.; Matsuse, T.; Japanese Study Group on Aspiration Pulmonary Disease.
High incidence of aspiration pneumonia in community- and hospital-acquired pneumonia in hospitalized patients: A multicenter,
prospective study in Japan. J. Am. Geriatr. Soc. 2008, 56, 577–579. [CrossRef] [PubMed]

15. Matsuyama, S.; Nakauma, M.; Funami, T.; Hori, K.; Ono, T. Human physiological responses during swallowing of gel-type foods
and its correlation with textural perception. Food Hydrocoll. 2021, 111, 106353. [CrossRef]

16. Christmas, C.; Rogus-Pulia, N. Swallowing Disorders in the Older Population. J. Am. Geriatr. Soc. 2019, 67, 2643–2649. [CrossRef]
17. Ney, D.M.; Weiss, J.M.; Kind, A.J.; Robbins, J. Senescent swallowing: Impact, strategies, and interventions. Nutr. Clin. Pract. 2009,

24, 395–413. [CrossRef] [PubMed]
18. Sasegbon, A.; Hamdy, S. The anatomy and physiology of normal and abnormal swallowing in oropharyngeal dysphagia.

Neurogastroenterol. Motil. 2017, 29, e13100. [CrossRef]
19. Murakami, C.; Sasaki, M.; Shimoda, S.; Tamada, Y. Quantification of the Swallowing Mechanism Through Muscle Synergy

Analysis. Dysphagia 2023, 38, 973–989. [CrossRef]
20. Dodds, W.J.; Stewart, E.T.; Logemann, J.A. Physiology and radiology of the normal oral and pharyngeal phases of swallowing.

AJR Am. J. Roentgenol. 1990, 154, 953–963. [CrossRef]

https://doi.org/10.1016/j.cgh.2019.10.029
https://www.ncbi.nlm.nih.gov/pubmed/31669055
https://doi.org/10.1007/s00455-021-10275-7
https://www.ncbi.nlm.nih.gov/pubmed/33660070
https://doi.org/10.1109/lsp.2016.2566582
https://doi.org/10.1111/j.1365-2036.2008.03664.x
https://doi.org/10.1111/j.1365-2036.2005.02565.x
https://www.ncbi.nlm.nih.gov/pubmed/16098000
https://doi.org/10.1055/s-2000-8387
https://www.ncbi.nlm.nih.gov/pubmed/11085258
https://doi.org/10.1093/dote/dox131
https://doi.org/10.1038/nrgastro.2015.49
https://www.ncbi.nlm.nih.gov/pubmed/25850008
https://doi.org/10.1111/nmo.12467
https://doi.org/10.1016/j.mayocp.2020.08.001
https://doi.org/10.1002/lary.28194
https://www.ncbi.nlm.nih.gov/pubmed/31314145
https://doi.org/10.1007/s00455-001-0113-5
https://www.ncbi.nlm.nih.gov/pubmed/11956839
https://doi.org/10.3390/life13071471
https://www.ncbi.nlm.nih.gov/pubmed/37511846
https://doi.org/10.1111/j.1532-5415.2008.01597.x
https://www.ncbi.nlm.nih.gov/pubmed/18315680
https://doi.org/10.1016/j.foodhyd.2020.106353
https://doi.org/10.1111/jgs.16137
https://doi.org/10.1177/0884533609332005
https://www.ncbi.nlm.nih.gov/pubmed/19483069
https://doi.org/10.1111/nmo.13100
https://doi.org/10.1007/s00455-022-10523-4
https://doi.org/10.2214/ajr.154.5.2108569


Bioengineering 2024, 11, 430 26 of 30

21. Logemann, J. Evaluation and treatment of swallowing disorders. NSSLHA J. 1984, 12, 38–50. [CrossRef]
22. Matsuo, K.; Palmer, J.B. Anatomy and Physiology of Feeding and Swallowing: Normal and Abnormal. Phys. Med. Rehabil. Clin.

N. Am. 2008, 19, 691–707. [CrossRef] [PubMed]
23. Cook, I.J.; Dodds, W.J.; Dantas, R.O.; Kern, M.K.; Massey, B.T.; Shaker, R.; Hogan, W.J. Timing of videofluoroscopic, manometric

events, and bolus transit during the oral and pharyngeal phases of swallowing. Dysphagia 1989, 4, 8–15. [CrossRef] [PubMed]
24. Kendall, K.A.; McKenzie, S.; Leonard, R.J.; Goncalves, M.I.; Walker, A. Timing of events in normal swallowing: A videofluoro-

scopic study. Dysphagia 2000, 15, 74–83. [CrossRef] [PubMed]
25. Martin-Harris, B.; Brodsky, M.B.; Michel, Y.; Ford, C.L.; Walters, B.; Heffner, J. Breathing and swallowing dynamics across the

adult lifespan. Arch. Otolaryngol. Head. Neck Surg. 2005, 131, 762–770. [CrossRef] [PubMed]
26. Martin-Harris, B.; Brodsky, M.B.; Price, C.C.; Michel, Y.; Walters, B. Temporal coordination of pharyngeal and laryngeal dynamics

with breathing during swallowing: Single liquid swallows. J. Appl. Physiol. (1985) 2003, 94, 1735–1743. [CrossRef] [PubMed]
27. Van Daele, D.J.; McCulloch, T.M.; Palmer, P.M.; Langmore, S.E. Timing of glottic closure during swallowing: A combined

electromyographic and endoscopic analysis. Ann. Otol. Rhinol. Laryngol. 2005, 114, 478–487. [CrossRef] [PubMed]
28. Castell, J.A.; Castell, D.O.; Schultz, A.R.; Georgeson, S. Effect of head position on the dynamics of the upper esophageal sphincter

and pharynx. Dysphagia 1993, 8, 1–6. [CrossRef] [PubMed]
29. Shaker, R.; Ren, J.; Podvrsan, B.; Dodds, W.J.; Hogan, W.J.; Kern, M.; Hoffmann, R.; Hintz, J. Effect of aging and bolus variables on

pharyngeal and upper esophageal sphincter motor function. Am. J. Physiol. 1993, 264, G427–G432. [CrossRef] [PubMed]
30. Steele, C.M.; Huckabee, M.L. The influence of orolingual pressure on the timing of pharyngeal pressure events. Dysphagia 2007,

22, 30–36. [CrossRef]
31. Green, J.R.; Wang, Y.T. Tongue-surface movement patterns during speech and swallowing. J. Acoust. Soc. Am. 2003, 113, 2820–2833.

[CrossRef] [PubMed]
32. Logemann, J.A.; Pauloski, B.R.; Rademaker, A.W.; Colangelo, L.A.; Kahrilas, P.J.; Smith, C.H. Temporal and biomechanical

characteristics of oropharyngeal swallow in younger and older men. J. Speech Lang. Hear. Res. 2000, 43, 1264–1274. [CrossRef]
[PubMed]

33. Logemann, J.A.; Pauloski, B.R.; Rademaker, A.W.; Kahrilas, P.J. Oropharyngeal swallow in younger and older women: Videofluo-
roscopic analysis. J. Speech Lang. Hear. Res. 2002, 45, 434–445. [CrossRef]

34. Burkhead, L.M.; Sapienza, C.M.; Rosenbek, J.C. Strength-training exercise in dysphagia rehabilitation: Principles, procedures,
and directions for future research. Dysphagia 2007, 22, 251–265. [CrossRef] [PubMed]

35. Lazarus, C.; Logemann, J.A.; Pauloski, B.R.; Rademaker, A.W.; Helenowski, I.B.; Vonesh, E.F.; Maccracken, E.; Mittal, B.B.; Vokes,
E.E.; Haraf, D.J. Effects of radiotherapy with or without chemotherapy on tongue strength and swallowing in patients with oral
cancer. Head Neck 2007, 29, 632–637. [CrossRef] [PubMed]

36. Daniels, S.K.; Schroeder, M.F.; DeGeorge, P.C.; Corey, D.M.; Rosenbek, J.C. Effects of verbal cue on bolus flow during swallowing.
Am. J. Speech Lang. Pathol. 2007, 16, 140–147. [CrossRef] [PubMed]

37. Johnsson, F.; Shaw, D.; Gabb, M.; Dent, J.; Cook, I. Influence of gravity and body position on normal oropharyngeal swallowing.
Am. J. Physiol. 1995, 269, G653–G658. [CrossRef] [PubMed]

38. McConnel, F.M.S.; Guffin, T.N.; Cerenko, D.; Ko, A.S.F. The effects of Bolus Flow on Vertical Pharyngeal Pressure Measurement in
the Pharyngoesophageal Segment: Clinical Significance. Otolaryngol.–Head Neck Surg. 1992, 106, 169–174. [CrossRef]

39. Leow, L.P.; Huckabee, M.L.; Sharma, S.; Tooley, T.P. The influence of taste on swallowing apnea, oral preparation time, and
duration and amplitude of submental muscle contraction. Chem. Senses 2007, 32, 119–128. [CrossRef]

40. Pelletier, C.A.; Dhanaraj, G.E. The effect of taste and palatability on lingual swallowing pressure. Dysphagia 2006, 21, 121–128.
[CrossRef]

41. Kohyama, K.; Ohtsubo, K.; Toyoshima, H.; Shiozawa, K. Electromyographic Study on Cooked Rice with Different Amylose
Contents. J. Texture Stud. 2007, 29, 101–113. [CrossRef]

42. Furuya, J.; Nakamura, S.; Ono, T.; Suzuki, T. Tongue pressure production while swallowing water and pudding and during dry
swallow using a sensor sheet system. J. Oral. Rehabil. 2012, 39, 684–691. [CrossRef] [PubMed]

43. Kohyama, K.; Sasaki, T.; Dan, H. Active stress during compression testing of various foods measured using a multiple-point sheet
sensor. Biosci. Biotechnol. Biochem. 2003, 67, 1492–1498. [CrossRef] [PubMed]

44. Ishihara, S.; Nakauma, M.; Funami, T.; Odake, S.; Nishinari, K. Swallowing profiles of food polysaccharide gels in relation to
bolus rheology. Food Hydrocoll. 2011, 25, 1016–1024. [CrossRef]

45. Hasegawa, A.T.; Otoguro, A.K.; Kumagai, H.I.; Nakazawa, F.U. Velocity of swallowed gel food in the pharynx by ultrasonic
method. J. Jpn. Soc. Food Sci. Technol. 2005, 52, 441–447. [CrossRef]

46. Vaitheeshwari, R.; Yeh, S.-C.; Wu, E.H.-K.; Lin, F.-A. The Swallowing Intelligent Assessment System Based on Tongue Strength
and Surface EMG. IEEE Sens. J. 2023, 23, 17310–17318. [CrossRef]

47. Martin-Harris, B.; Jones, B. The videofluorographic swallowing study. Phys. Med. Rehabil. Clin. N. Am. 2008, 19, 769–785.
[CrossRef] [PubMed]

48. Park, D.; Lee, H.H.; Lee, S.T.; Oh, Y.; Lee, J.C.; Nam, K.W.; Ryu, J.S. Normal contractile algorithm of swallowing related muscles
revealed by needle EMG and its comparison to videofluoroscopic swallowing study and high resolution manometry studies: A
preliminary study. J. Electromyogr. Kinesiol. 2017, 36, 81–89. [CrossRef] [PubMed]

https://doi.org/10.1044/nsshla_12_38
https://doi.org/10.1016/j.pmr.2008.06.001
https://www.ncbi.nlm.nih.gov/pubmed/18940636
https://doi.org/10.1007/BF02407397
https://www.ncbi.nlm.nih.gov/pubmed/2640180
https://doi.org/10.1007/s004550010004
https://www.ncbi.nlm.nih.gov/pubmed/10758189
https://doi.org/10.1001/archotol.131.9.762
https://www.ncbi.nlm.nih.gov/pubmed/16172351
https://doi.org/10.1152/japplphysiol.00806.2002
https://www.ncbi.nlm.nih.gov/pubmed/12506044
https://doi.org/10.1177/000348940511400610
https://www.ncbi.nlm.nih.gov/pubmed/16042106
https://doi.org/10.1007/BF01351470
https://www.ncbi.nlm.nih.gov/pubmed/8436016
https://doi.org/10.1152/ajpgi.1993.264.3.G427
https://www.ncbi.nlm.nih.gov/pubmed/8460698
https://doi.org/10.1007/s00455-006-9037-4
https://doi.org/10.1121/1.1562646
https://www.ncbi.nlm.nih.gov/pubmed/12765399
https://doi.org/10.1044/jslhr.4305.1264
https://www.ncbi.nlm.nih.gov/pubmed/11063246
https://doi.org/10.1044/1092-4388(2002/034)
https://doi.org/10.1007/s00455-006-9074-z
https://www.ncbi.nlm.nih.gov/pubmed/17457549
https://doi.org/10.1002/hed.20577
https://www.ncbi.nlm.nih.gov/pubmed/17230558
https://doi.org/10.1044/1058-0360(2007/018)
https://www.ncbi.nlm.nih.gov/pubmed/17456892
https://doi.org/10.1152/ajpgi.1995.269.5.G653
https://www.ncbi.nlm.nih.gov/pubmed/7491955
https://doi.org/10.1177/019459989210600219
https://doi.org/10.1093/chemse/bjl037
https://doi.org/10.1007/s00455-006-9020-0
https://doi.org/10.1111/j.1745-4603.1998.tb00156.x
https://doi.org/10.1111/j.1365-2842.2012.02319.x
https://www.ncbi.nlm.nih.gov/pubmed/22642615
https://doi.org/10.1271/bbb.67.1492
https://www.ncbi.nlm.nih.gov/pubmed/12913292
https://doi.org/10.1016/j.foodhyd.2010.09.022
https://doi.org/10.3136/nskkk.52.441
https://doi.org/10.1109/jsen.2023.3277825
https://doi.org/10.1016/j.pmr.2008.06.004
https://www.ncbi.nlm.nih.gov/pubmed/18940640
https://doi.org/10.1016/j.jelekin.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28763682


Bioengineering 2024, 11, 430 27 of 30

49. Wu, S.J.; Wang, C.C.; Lin, F.Y.; Tseng, K.Y.; Hwu, Y.J. Analysis of Labial and Lingual Strength among Healthy Chinese Adults in
Taiwan. Int. J. Environ. Res. Public Health 2020, 17, 7904. [CrossRef]

50. Jeong, D.M.; Shin, Y.J.; Lee, N.R.; Lim, H.K.; Choung, H.W.; Pang, K.M.; Kim, B.J.; Kim, S.M.; Lee, J.H. Maximal strength and
endurance scores of the tongue, lip, and cheek in healthy, normal Koreans. J. Korean Assoc. Oral. Maxillofac. Surg. 2017, 43,
221–228. [CrossRef]

51. Saraee, E.; Gu, Y.; Pandit, S.; Tran, S.; Shandelman, E.; Singh, S.; Nordahl, T.J.; Ellis, T.; Betke, M. ExerciseCheck. In Proceedings of
the 12th ACM International Conference on PErvasive Technologies Related to Assistive Environments, Rhodes, Greece, 5–7 June
2019; pp. 110–118.

52. Roldan-Vasco, S.; Orozco-Duque, A.; Orozco-Arroyave, J.R. Swallowing disorders analysis using surface EMG biomarkers and
classification models. Digit. Signal Process. 2023, 133, 103815. [CrossRef]

53. Pisegna, J.M.; Murray, J. Clinical Application of Flexible Endoscopic Evaluation of Swallowing in Stroke. Semin. Speech Lang.
2018, 39, 3–14. [CrossRef]

54. Butler, S.G.; Stuart, A.; Kemp, S. Flexible endoscopic evaluation of swallowing in healthy young and older adults. Ann. Otol.
Rhinol. Laryngol. 2009, 118, 99–106. [CrossRef] [PubMed]

55. Butler, S.G.; Markley, L.; Sanders, B.; Stuart, A. Reliability of the penetration aspiration scale with flexible endoscopic evaluation
of swallowing. Ann. Otol. Rhinol. Laryngol. 2015, 124, 480–483. [CrossRef] [PubMed]

56. Zang, J.; Kiehn, S.; Flugel, T.; Koseki, J.C.; Niessen, A.; Kim, S.H.; Pflug, C.; Nienstedt, J.C. Implementation of Pediatric Flexible-
Endoscopic Evaluation of Swallowing: A Systematic Review and Recommendations for Future Research. Dysphagia 2022, 37,
1822–1838. [CrossRef]

57. Curtis, J.A. A Scoping Review and Tutorial for Developing Standardized and Transparent Protocols for Flexible Endoscopic
Evaluation of Swallowing. Perspect. ASHA Spec. Interest Groups 2022, 7, 1960–1971. [CrossRef]

58. McKeown, M.J.; Torpey, D.C.; Gehm, W.C. Non-invasive monitoring of functionally distinct muscle activations during swallowing.
Clin. Neurophysiol. 2002, 113, 354–366. [CrossRef] [PubMed]

59. Restrepo-Agudelo, S.; Roldan-Vasco, S.; Ramirez-Arbelaez, L.; Cadavid-Arboleda, S.; Perez-Giraldo, E.; Orozco-Duque, A.
Improving surface EMG burst detection in infrahyoid muscles during swallowing using digital filters and discrete wavelet
analysis. J. Electromyogr. Kinesiol. 2017, 35, 1–8. [CrossRef] [PubMed]

60. Zaretsky, E.; Pluschinski, P.; Sader, R.; Birkholz, P.; Neuschaefer-Rube, C.; Hey, C. Identification of the most significant electrode
positions in electromyographic evaluation of swallowing-related movements in humans. Eur. Arch. Oto-Rhino-Laryngol. 2016, 274,
989–995. [CrossRef]

61. Zhu, M.; Yu, B.; Yang, W.; Jiang, Y.; Lu, L.; Huang, Z.; Chen, S.; Li, G. Evaluation of normal swallowing functions by using
dynamic high-density surface electromyography maps. BioMed. Eng. OnLine 2017, 16, 133. [CrossRef]

62. Li, Q.; Minagi, Y.; Ono, T.; Chen, Y.; Hori, K.; Fujiwara, S.; Maeda, Y. The biomechanical coordination during oropharyngeal
swallowing: An evaluation with a non-invasive sensing system. Sci. Rep. 2017, 7, 15165. [CrossRef]

63. Shieh, W.Y.; Wang, C.M.; Cheng, H.K.; Wang, C.H. Using Wearable and Non-Invasive Sensors to Measure Swallowing Function:
Detection, Verification, and Clinical Application. Sensors 2019, 19, 2624. [CrossRef]

64. Krishnan, G.; Goswami, S.P. The Effect of Chin-Down Position and Bolus Volume on Swallow-Induced Respiratory Measures in
Young Healthy Adults. SN Compr. Clin. Med. 2019, 1, 981–991. [CrossRef]

65. Takeuchi, C.; Takei, E.; Ito, K.; Kulvanich, S.; Magara, J.; Tsujimura, T.; Inoue, M. Effects of Carbonation and Temperature on
Voluntary Swallowing in Healthy Humans. Dysphagia 2021, 36, 384–392. [CrossRef] [PubMed]

66. Endo, H.; Ohmori, N.; Chikai, M.; Miwa, H.; Ino, S. Effects of age and gender on swallowing activity assessed by electromyography
and laryngeal elevation. J. Oral. Rehabil. 2020, 47, 1358–1367. [CrossRef] [PubMed]

67. Ofusa, W.; Yamada, Y.; Ishida, R.; Ohkubo, M.; Higashikawa, A.; Kimura, M.; Shibukawa, Y. Use of barometric pressure and
electromyography measurement techniques to elucidate the mechanisms by which bolus passes from the oral cavity to the
oropharynx during swallowing. Physiol. Behav. 2020, 226, 113115. [CrossRef]

68. McNulty, J.; de Jager, K.; Lancashire, H.T.; Graveston, J.; Birchall, M.; Vanhoestenberghe, A. Prediction of larynx function using
multichannel surface EMG classification. IEEE Trans. Med. Robot. Bionics 2021, 3, 1032–1039. [CrossRef] [PubMed]

69. Ko, J.Y.; Kim, H.; Jang, J.; Lee, J.C.; Ryu, J.S. Electromyographic activation patterns during swallowing in older adults. Sci. Rep.
2021, 11, 5795. [CrossRef]

70. Archer, S.K.; Smith, C.H.; Newham, D.J. Surface Electromyographic Biofeedback and the Effortful Swallow Exercise for Stroke-
Related Dysphagia and in Healthy Ageing. Dysphagia 2021, 36, 281–292. [CrossRef]

71. Vacchiano, V.; Di Stasi, V.; Rizzo, G.; Giannoccaro, M.P.; Donadio, V.; Bartolomei, I.; Capellari, S.; Salvi, F.; Avoni, P.; Liguori, R.
Prognostic value of EMG genioglossus involvement in amyotrophic lateral sclerosis. Clin. Neurophysiol. 2021, 132, 2416–2421.
[CrossRef]

72. Nicholls, B.; Ang, C.S.; Kanjo, E.; Siriaraya, P.; Mirzaee Bafti, S.; Yeo, W.H.; Tsanas, A. An EMG-based Eating Behaviour Monitoring
system with haptic feedback to promote mindful eating. Comput. Biol. Med. 2022, 149, 106068. [CrossRef] [PubMed]

73. Bahia, M.M.; Lowell, S.Y. Surface Electromyographic Activity of the Masseter Muscle During Regular and Effortful Saliva
Swallows: A Preliminary Study. Dysphagia 2024, 39, 231–240. [CrossRef] [PubMed]

74. Rong, P.; Pattee, G.L. A multidimensional facial surface EMG analysis for objective assessment of bulbar involvement in
amyotrophic lateral sclerosis. Clin. Neurophysiol. 2022, 135, 74–84. [CrossRef] [PubMed]

https://doi.org/10.3390/ijerph17217904
https://doi.org/10.5125/jkaoms.2017.43.4.221
https://doi.org/10.1016/j.dsp.2022.103815
https://doi.org/10.1055/s-0037-1608855
https://doi.org/10.1177/000348940911800204
https://www.ncbi.nlm.nih.gov/pubmed/19326759
https://doi.org/10.1177/0003489414566267
https://www.ncbi.nlm.nih.gov/pubmed/25586947
https://doi.org/10.1007/s00455-022-10446-0
https://doi.org/10.1044/2022_persp-22-00118
https://doi.org/10.1016/s1388-2457(02)00007-x
https://www.ncbi.nlm.nih.gov/pubmed/11897536
https://doi.org/10.1016/j.jelekin.2017.05.001
https://www.ncbi.nlm.nih.gov/pubmed/28494371
https://doi.org/10.1007/s00405-016-4288-7
https://doi.org/10.1186/s12938-017-0424-x
https://doi.org/10.1038/s41598-017-15243-6
https://doi.org/10.3390/s19112624
https://doi.org/10.1007/s42399-019-00150-w
https://doi.org/10.1007/s00455-020-10147-6
https://www.ncbi.nlm.nih.gov/pubmed/32556801
https://doi.org/10.1111/joor.13089
https://www.ncbi.nlm.nih.gov/pubmed/32895952
https://doi.org/10.1016/j.physbeh.2020.113115
https://doi.org/10.1109/TMRB.2021.3122966
https://www.ncbi.nlm.nih.gov/pubmed/34901764
https://doi.org/10.1038/s41598-021-84972-6
https://doi.org/10.1007/s00455-020-10129-8
https://doi.org/10.1016/j.clinph.2021.07.011
https://doi.org/10.1016/j.compbiomed.2022.106068
https://www.ncbi.nlm.nih.gov/pubmed/36067634
https://doi.org/10.1007/s00455-023-10605-x
https://www.ncbi.nlm.nih.gov/pubmed/37477753
https://doi.org/10.1016/j.clinph.2021.11.074
https://www.ncbi.nlm.nih.gov/pubmed/35033773


Bioengineering 2024, 11, 430 28 of 30

75. Chang, W.H.; Chen, M.H.; Liu, J.F.; Chung, W.L.; Chiu, L.L.; Huang, Y.F. Surface Electromyography for Evaluating the Effect of
Aging on the Coordination of Swallowing Muscles. Dysphagia 2023, 38, 1430–1439. [CrossRef] [PubMed]

76. Saito, N.; Ogawa, T.; Shiraishi, N.; Koide, R.; Komine, H.; Yokoyama, M.; Hanawa, S.; Sasaki, K. Difference in the Electromyo-
graphic Behavior of the Masticatory and Swallowing Muscles During Cued Versus Spontaneous Swallowing. Dysphagia 2023, 1–9.
[CrossRef] [PubMed]

77. Peng, C.H.; Pauloski, B.R. Ultrasonography as Biofeedback to Increase Muscle Activation During the Mendelsohn Maneuver in
Healthy Adults. Dysphagia 2023, 38, 1156–1168. [CrossRef]

78. Roldan-Vasco, S.; Restrepo-Uribe, J.P.; Orozco-Duque, A.; Suarez-Escudero, J.C.; Orozco-Arroyave, J.R. Analysis of electrophysio-
logical and mechanical dimensions of swallowing by non-invasive biosignals. Biomed. Signal Process. Control 2023, 82, 104533.
[CrossRef]

79. Alfonsi, E.; Todisco, M.; Fresia, M.; Tassorelli, C.; Cosentino, G. Electrokinesiographic Study of Oropharyngeal Swallowing in
Neurogenic Dysphagia. Dysphagia 2023, 38, 543–557. [CrossRef]

80. Mialland, A.; Atallah, I.; Bonvilain, A. Stylohyoid and Posterior Digastric Recruitment Pattern Evaluation in Swallowing and
Non-swallowing Tasks. IRBM 2024, 45, 100823. [CrossRef]

81. Sukthankar, S.M.; Reddy, N.P.; Canilang, E.P.; Stephenson, L.; Thomas, R. Design and development of portable biofeedback
systems for use in oral dysphagia rehabilitation. Med. Eng. Phys. 1994, 16, 430–435. [CrossRef]

82. Huckabee, M.L.; Cannito, M.P. Outcomes of swallowing rehabilitation in chronic brainstem dysphagia: A retrospective evaluation.
Dysphagia 1999, 14, 93–109. [CrossRef] [PubMed]

83. Alfonsi, E.; Bergamaschi, R.; Cosentino, G.; Ponzio, M.; Montomoli, C.; Restivo, D.A.; Brighina, F.; Ravaglia, S.; Prunetti, P.;
Bertino, G.; et al. Electrophysiological patterns of oropharyngeal swallowing in multiple sclerosis. Clin. Neurophysiol. 2013, 124,
1638–1645. [CrossRef] [PubMed]

84. Cosentino, G.; Tassorelli, C.; Prunetti, P.; Todisco, M.; De Icco, R.; Avenali, M.; Minafra, B.; Zangaglia, R.; Valentino, F.; Pacchetti,
C.; et al. Reproducibility and reaction time of swallowing as markers of dysphagia in parkinsonian syndromes. Clin. Neurophysiol.
2020, 131, 2200–2208. [CrossRef] [PubMed]

85. Kohyama, K.; Hayakawa, F.; Kazami, Y.; Ishihara, S.; Nakao, S.; Funami, T.; Nishinari, K. Electromyographic texture characteriza-
tion of hydrocolloid gels as model foods with varying mastication and swallowing difficulties. Food Hydrocoll. 2015, 43, 146–152.
[CrossRef]

86. Rafeedi, T.; Abdal, A.; Polat, B.; Hutcheson, K.A.; Shinn, E.H.; Lipomi, D.J. Wearable, epidermal devices for assessment of
swallowing function. NPJ Flex. Electron. 2023, 7, 52. [CrossRef]

87. Ohmori, N.; Watanabe, S.; Momose, H.; Endo, H.; Chikai, M.; Ino, S. Investigation of variation factors in EMG measurement of
swallowing: Instruction can improve EMG reproducibility. Med. Biol. Eng. Comput. 2022, 60, 2825–2840. [CrossRef] [PubMed]

88. Martinez-Valdes, E.; Laine, C.M.; Falla, D.; Mayer, F.; Farina, D. High-density surface electromyography provides reliable
estimates of motor unit behavior. Clin. Neurophysiol. 2016, 127, 2534–2541. [CrossRef] [PubMed]

89. Martinez-Valdes, E.; Negro, F.; Laine, C.M.; Falla, D.; Mayer, F.; Farina, D. Tracking motor units longitudinally across experimental
sessions with high-density surface electromyography. J. Physiol. 2017, 595, 1479–1496. [CrossRef]

90. Zhang, D.; Chen, Z.; Xiao, L.; Zhu, B.; Wu, R.; Ou, C.; Ma, Y.; Xie, L.; Jiang, H. Stretchable and durable HD-sEMG electrodes for
accurate recognition of swallowing activities on complex epidermal surfaces. Microsyst. Nanoeng. 2023, 9, 115. [CrossRef]

91. Zhao, N.; Yang, H.-J.; Shen, G.-C.; Wang, Z.-Z.; Jiang, C.-P.; Yang, B.; Liu, J.-Q. A MEMS-Based Wearable, Flexible Embedded
High-Density Sensor With Self-Adhesive PEDOT:PSS Gel for HD-sEMG Monitoring. IEEE Sens. J. 2023, 23, 11016–11024.
[CrossRef]

92. Wang, Y.; Yin, L.; Bai, Y.; Liu, S.; Wang, L.; Zhou, Y.; Hou, C.; Yang, Z.; Wu, H.; Ma, J.; et al. Electrically compensated, tattoo-like
electrodes for epidermal electrophysiology at scale. Sci. Adv. 2020, 6, eabd0996. [CrossRef] [PubMed]

93. Huang, Q.; Wang, W.; Zhang, Q. Your Glasses Know Your Diet: Dietary Monitoring Using Electromyography Sensors. IEEE
Internet Things J. 2017, 4, 705–712. [CrossRef]

94. Zhang, R.; Amft, O. Monitoring Chewing and Eating in Free-Living Using Smart Eyeglasses. IEEE J. Biomed. Health Inf. 2018, 22,
23–32. [CrossRef] [PubMed]

95. Polat, B.; Becerra, L.L.; Hsu, P.-Y.; Kaipu, V.; Mercier, P.P.; Cheng, C.-K.; Lipomi, D.J. Epidermal Graphene Sensors and Machine
Learning for Estimating Swallowed Volume. ACS Appl. Nano Mater. 2021, 4, 8126–8134. [CrossRef]

96. Ramirez, J.; Rodriquez, D.; Qiao, F.; Warchall, J.; Rye, J.; Aklile, E.; Chiang, S.C.A.; Marin, B.C.; Mercier, P.P.; Cheng, C.K.; et al.
Metallic Nanoislands on Graphene for Monitoring Swallowing Activity in Head and Neck Cancer Patients. ACS Nano 2018, 12,
5913–5922. [CrossRef] [PubMed]

97. Burgin, C.; Simmen, P.; Gupta, N.; Suter, L.; Kreuzer, S.; Haeberlin, A.; Schulzke, S.M.; Trachsel, D.; Niederhauser, T.; Jost, K.
Multichannel esophageal signals to monitor respiratory rate in preterm infants. Pediatr. Res. 2022, 91, 572–580. [CrossRef]
[PubMed]

98. Katirji, M.B. Electrodiagnosis in Diseases of Nerve and Muscle. Neurology 1990, 40, 869. [CrossRef]
99. Mu, L.C.; Yang, S.L. A new method of needle-electrode placement in the posterior cricoarytenoid muscle for electromyography.

Laryngoscope 1990, 100, 1127–1131. [CrossRef]
100. Ertekin, C.; Kiylioglu, N.; Tarlaci, S.; Keskin, A.; Aydogdu, I. Effect of mucosal anaesthesia on oropharyngeal swallowing.

Neurogastroenterol. Motil. 2000, 12, 567–572. [CrossRef]

https://doi.org/10.1007/s00455-023-10572-3
https://www.ncbi.nlm.nih.gov/pubmed/37106228
https://doi.org/10.1007/s00455-023-10621-x
https://www.ncbi.nlm.nih.gov/pubmed/37752277
https://doi.org/10.1007/s00455-022-10542-1
https://doi.org/10.1016/j.bspc.2022.104533
https://doi.org/10.1007/s00455-021-10336-x
https://doi.org/10.1016/j.irbm.2024.100823
https://doi.org/10.1016/1350-4533(90)90011-v
https://doi.org/10.1007/PL00009593
https://www.ncbi.nlm.nih.gov/pubmed/10028039
https://doi.org/10.1016/j.clinph.2013.03.003
https://www.ncbi.nlm.nih.gov/pubmed/23601703
https://doi.org/10.1016/j.clinph.2020.06.018
https://www.ncbi.nlm.nih.gov/pubmed/32702534
https://doi.org/10.1016/j.foodhyd.2014.05.016
https://doi.org/10.1038/s41528-023-00286-9
https://doi.org/10.1007/s11517-022-02590-4
https://www.ncbi.nlm.nih.gov/pubmed/35879527
https://doi.org/10.1016/j.clinph.2015.10.065
https://www.ncbi.nlm.nih.gov/pubmed/26778718
https://doi.org/10.1113/JP273662
https://doi.org/10.1038/s41378-023-00591-3
https://doi.org/10.1109/jsen.2023.3263877
https://doi.org/10.1126/sciadv.abd0996
https://www.ncbi.nlm.nih.gov/pubmed/33097545
https://doi.org/10.1109/jiot.2017.2656151
https://doi.org/10.1109/JBHI.2017.2698523
https://www.ncbi.nlm.nih.gov/pubmed/28463209
https://doi.org/10.1021/acsanm.1c01378
https://doi.org/10.1021/acsnano.8b02133
https://www.ncbi.nlm.nih.gov/pubmed/29874030
https://doi.org/10.1038/s41390-021-01748-4
https://www.ncbi.nlm.nih.gov/pubmed/34601494
https://doi.org/10.1212/wnl.40.5.869
https://doi.org/10.1288/00005537-199010000-00019
https://doi.org/10.1046/j.1365-2982.2000.00232.x


Bioengineering 2024, 11, 430 29 of 30

101. Regan, J. Impact of Sensory Stimulation on Pharyngo-esophageal Swallowing Biomechanics in Adults with Dysphagia: A
High-Resolution Manometry Study. Dysphagia 2020, 35, 825–833. [CrossRef]

102. Heslin, N.; Regan, J. Effect of effortful swallow on pharyngeal pressures during swallowing in adults with dysphagia: A
pharyngeal high-resolution manometry study. Int. J. Speech Lang. Pathol. 2022, 24, 190–199. [CrossRef] [PubMed]

103. Mielens, J.D.; Hoffman, M.R.; Ciucci, M.R.; Jiang, J.J.; McCulloch, T.M. Automated analysis of pharyngeal pressure data obtained
with high-resolution manometry. Dysphagia 2011, 26, 3–12. [CrossRef] [PubMed]

104. Kreiser, J.; Hann, A.; Zizer, E.; Ropinski, T. Decision Graph Embedding for High-Resolution Manometry Diagnosis. IEEE Trans.
Vis. Comput. Graph. 2018, 24, 873–882. [CrossRef] [PubMed]

105. Colevas, S.M.; Stalter, L.N.; Jones, C.A.; McCulloch, T.M. The Natural Swallow: Factors Affecting Subject Choice of Bolus Volume
and Pharyngeal Swallow Parameters in a Self-selected Swallow. Dysphagia 2022, 37, 1172–1182. [CrossRef] [PubMed]

106. Suzuki, M.; Koyama, S.; Kimura, Y.; Ishiyama, D.; Ohji, S.; Otobe, Y.; Nishio, N.; Kunieda, Y.; Ichikawa, T.; Ito, D.; et al.
Relationship between tongue muscle quality and swallowing speed in community-dwelling older women. Aging Clin. Exp. Res.
2020, 32, 2073–2079. [CrossRef] [PubMed]

107. Natta, L.; Guido, F.; Algieri, L.; Mastronardi, V.M.; Rizzi, F.; Scarpa, E.; Qualtieri, A.; Todaro, M.T.; Sallustio, V.; De Vittorio, M.
Conformable AlN Piezoelectric Sensors as a Non-invasive Approach for Swallowing Disorder Assessment. ACS Sens. 2021, 6,
1761–1769. [CrossRef] [PubMed]

108. Maeda, M.; Kadokura, M.; Aoki, R.; Kawakami, M.; Koyama, Y.; Nishiyama, M.; Watanabe, K. Non-invasive swallowing
examination device using hetero-core fiber optic pressure sensor. In Proceedings of the 2021 IEEE 3rd Global Conference on Life
Sciences and Technologies (LifeTech), Nara, Japan, 9–11 March 2021; pp. 315–316.

109. Maeda, M.; Kadokura, M.; Aoki, R.; Komatsu, N.; Kawakami, M.; Koyama, Y.; Watanabe, K.; Nishiyama, M. A Fiber-Optic
Non-Invasive Swallowing Assessment Device Based on a Wearable Pressure Sensor. Sensors 2023, 23, 2355. [CrossRef] [PubMed]

110. Ohashi, M.; Aoyagi, Y.; Ito, S.; Kagaya, H.; Hirata, M.; Nakata, S. Comparison of electromyography, sound, bioimpedance, and
high-resolution manometry for differentiating swallowing and vocalization events. Med. Eng. Phys. 2023, 115, 103980. [CrossRef]
[PubMed]

111. Hubl, N.; Riebold, B.; Schramm, D.; Seidl, R.O. Differences in the swallowing process of newborns and healthy preterm infants:
First results with a non-invasive bioimpedance and electromyography measurement system. Eur. Arch. Otorhinolaryngol. 2024,
281, 843–854. [CrossRef]

112. Rosero Salazar, D.H.; Honnlee, S.; Liu, Z.J. Tongue, palatal, hyoid and pharyngeal muscle activity during chewing, swallowing,
and respiration. Arch. Oral. Biol. 2024, 157, 105845. [CrossRef]

113. Sejdic, E.; Steele, C.M.; Chau, T. Classification of Penetration--Aspiration Versus Healthy Swallows Using Dual-Axis Swallowing
Accelerometry Signals in Dysphagic Subjects. IEEE Trans. Biomed. Eng. 2013, 60, 1859–1866. [CrossRef]

114. Movahedi, F.; Kurosu, A.; Coyle, J.L.; Perera, S.; Sejdic, E. Anatomical Directional Dissimilarities in Tri-axial Swallowing
Accelerometry Signals. IEEE Trans. Neural Syst. Rehabil. Eng. 2017, 25, 447–458. [CrossRef]

115. Lee, K.; Ni, X.; Lee, J.Y.; Arafa, H.; Pe, D.J.; Xu, S.; Avila, R.; Irie, M.; Lee, J.H.; Easterlin, R.L.; et al. Mechano-acoustic sensing of
physiological processes and body motions via a soft wireless device placed at the suprasternal notch. Nat. Biomed. Eng. 2020, 4,
148–158. [CrossRef]

116. Xu, H.; Zheng, W.; Zhang, Y.; Zhao, D.; Wang, L.; Zhao, Y.; Wang, W.; Yuan, Y.; Zhang, J.; Huo, Z.; et al. A fully integrated,
standalone stretchable device platform with in-sensor adaptive machine learning for rehabilitation. Nat. Commun. 2023, 14, 7769.
[CrossRef] [PubMed]

117. Maden, T.; Usgu, G.; Tuncer, A. Myotonometric comparison of sternocleidomastoideus and masseter muscles in multiple sclerosis
patients with swallowing problem and healthy individuals. Mult. Scler. Relat. Disord. 2022, 57, 103387. [CrossRef]

118. Fukuhara, S.; Ikeno, M.; Oka, H. Basic Characteristics of Submental Mechanomyography and Electromyography Measured
Simultaneously During Tongue Lift Using a Novel Muscle Function Measurement Device. J. Med. Biol. Eng. 2023, 43, 612–622.
[CrossRef]

119. Mialland, A.; Kinsiklounon, B.; Tian, G.; Noûs, C.; Bonvilain, A. Submental MechanoMyoGraphy (MMG) to Characterize the
Swallowing Signature. IRBM 2022, 43, 414–421. [CrossRef]

120. He, F.; Hu, X.; Zhu, C.; Li, Y.; Liu, Y. Multi-Scale Spatial and Temporal Speech Associations to Swallowing for Dysphagia
Screening. IEEE/ACM Trans. Audio Speech Lang. Process. 2022, 30, 2888–2899. [CrossRef]

121. Shirazi, S.S.; Moussavi, Z.M. Acoustical modeling of swallowing mechanism. IEEE Trans. Biomed. Eng. 2011, 58, 81–87. [CrossRef]
122. Dudik, J.M.; Coyle, J.L.; Sejdic, E. Dysphagia Screening: Contributions of Cervical Auscultation Signals and Modern Signal-

Processing Techniques. IEEE Trans. Hum. Mach. Syst. 2015, 45, 465–477. [CrossRef] [PubMed]
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