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Abstract
Total laryngectomy consist in the removal of the larynx and is intended as a curative treatment for laryngeal cancer, but it leaves the
patient with no possibility to breathe, talk and swallow normally anymore. A tracheostomy is created to restore breathing through
the throat, but the aero-digestive tracts are permanently separated and the air no longer passes through the nasal tracts, which
allowed filtration, warming, humidification, olfaction and acceleration of the air for better tissue oxygenation. As for phonation
restoration, various techniques allow the patient to talk again. The main one consists of a tracheo-esophageal valve prosthesis that
makes the air passes from the esophagus to the pharynx, and makes the air vibrate to allow speech through articulation. Finally,
swallowing is possible through the original tract as it is now isolated from the trachea. Yet, many methods exist to detect and
assess a swallowing, but none is intended as a definitive restoration technique of the natural airway, which would permanently
close the tracheostomy and avoid its adverse effects. In addition, these methods are non-invasive and lack detection accuracy. The
feasibility of an effective early detection of swallowing would allow to further develop an implantable active artificial larynx
and therefore restore the aero-digestive tracts. A previous attempt has been made on an artificial larynx implanted in 2012, but
no active detection was included and the system was completely mechanic. This led to residues in the airway because of the
imperfect sealing of the mechanism. An active swallowing detection coupled with indwelling measurements would thus likely add
a significant reliability on such a system as it would allow to actively close an artificial larynx. So, after a brief explanation of
the swallowing mechanism, this survey intends to first provide a detailed consideration of the anatomical region involved in
swallowing, with a detection perspective. Second, the swallowing mechanism following total laryngectomy surgery is detailed.
Third, the current non-invasive swallowing detection technique and their limitations are discussed. Finally, the previous points are
explored with regard to the inherent requirements for the feasibility of an effective swallowing detection for an artificial larynx.
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1 Introduction

Total laryngectomy is the standard for surgical treatment of
advanced laryngeal cancer [1]. It consists in the resection of the
larynx and is indicated for locally advanced tumors that are not
suitable for open or endoscopic partial laryngectomy. While this
is by far the main reason that leads to a total laryngectomy, it is
also suitable for non-functioning larynx either post-traumatic or
due to neurological diseases. Globocan evaluates the laryngeal
cancer incidence to 185000 in 2020 worldwide with a possible
increase estimated to 284000 in 2040 [2].

In normal conditions, the primary roles of the larynx are to keep
the airway open during breathing, to close it during swallowing,
and to allow the phonation as it holds the vocal cords (Figure 1).
When a total laryngectomy is performed, the larynx is resected
along with the hyoid bone. Muscles that partly attach to the hyo-
laryngeal structure are dissociated and left in place if the tumor

spread allows it. The larynx is also divided from the trachea
under the cricoid cartilage, which requires a tracheostomy to
ensure breathing [4] (the trachea is sewn on the throat, Figure
2A). In addition, since the first total laryngectomy conducted
by Theodore Billroth in 1873 [5], improvements mainly came
from treatments, medications and the creation of less invasive
alternative methods such as partial laryngectomy [6, 7], but
the essential part of a total laryngectomy has not substantially
changed. Consequently, the total laryngectomy leaves the aero-
digestive tracts permanently separated, no more phonation is
possible, the loss of cough increases tracheo-bronchial infection
incidence, swallowing is achieved through the isolated pharynx
and no air passes through nasal tracts anymore, which allowed
sense of taste and smell, filtration, warming, humidification,
olfaction and acceleration of the air for better tissue oxygenation.
However, the voice can be restored with various techniques
[8]. The most effective approach consists in implanting a valve
through a fistula between the esophagus and the trachea to
allow the air to pass. Doing so, the prosthesis makes the air
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Fig. 1. Head and neck anatomy from Marieb et al. [3].

vibrate and the phonation is possible with a relatively natural
articulation (Figure 2B). However, the valve has to frequently be
replaced, the voice sounds low and little modulation is possible
[9]. Another solution consists in making the air vibrate with an
electro-larynx (Figure 2C). Its usage requires little to no training,
but the voice sounds robotic [10]. Finally, it is also possible to
use an esophageal voice, which consists in controlled eructation
in order to pronounce vowels one after another (Figure 2D). This
can lead to a relatively satisfactory phonation, but requires lots
of training [11].

Even though patients report satisfactory conditions after the
surgery, total laryngectomy is a life changing and impacts
overall quality of life and subsequent areas, such as social
functioning and physical integrity [12]. While tracheo-
esophageal voice helps [13], partial laryngectomy may reduce
the impact on quality of life as it partially preserves the
aero-digestive tract functions [14]. Indeed, the voice may
be impaired depending on the type of partial laryngectomy,
but the original tracts allows the air to flow through the nose
and no tracheostomy is required. So, this suggests the need
in rehabilitation techniques to better restore breathing during
total laryngectomy surgery and avoid the mentioned drawbacks
of the tracheostomy. Yet, no readily available methods exist
to permanently close the tracheostomy. On one hand, in
the past decades, human laryngeal transplantation showed 3
published successful attempts [15–18]. The first one was
performed in 1998 and showed promising results [18], but the
graft had to be explanted after 14 years of viable functioning,
because of chronic rejection [19]. Following attempts are
also encouraging, but laryngeal transplantation needs carefully

chosen donors, still shows sub optimal recovery [20], and the
need of immunosuppression has been estimated to increase
up to 400 times the relative risk of developing a malignancy,
compared to the general population [21]. Despite this risks,
laryngeal transplantation may lead to an increase in post-surgery
quality of life [18] and 75% of surveyed laryngectomy patient
would accept a transplantation if it is offered [22]. On the
other hand, the development and the implantation of an artificial
larynx have first been performed in 2012 by Debry et al. [23,
24]. The prosthesis was exclusively passive and formed of 2
mechanical parts: (1) an irremovable tracheal prosthesis with a
porous titanium junction with the trachea, which was implanted
in the first step to ensure its colonization by tissues, and (2)
a removable part composed of concentric valves that enables
inhalation and exhalation. The patient could breathe and eat in
a natural manner under medical control, for several months and
even a year. But no permanent closure of the tracheostomy was
possible due to the imperfect sealing of the valves, leading to
food residues in the trachea. In addition, a lack of integration
of the irremovable part could cause obstruction [25] and the
rigidity of the material resulted in the partial compression of the
trachea [26].

But this relative success still brings new possibilities in laryngeal
function rehabilitation. It has the advantage to compensate
for the possible lack of donor encounters with laryngeal
transplantation, and the rapidly growing field of bio-engineering
could provide more reliable and suitable solutions, without the
need of immunosuppression [26–28]. But despite these ongoing
research areas, no active implantable solution is proposed in
other to predict a swallowing and to close any mechanism
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Fig. 2. Anatomy and voice production following total laryngectomy from Tang et al. [8]. A) The tracheostomy leaves the aero-digestive tract
separated as the trachea is sewn on the throat to restore breathing. B, C, D) Voice restoration techniques with B) a tracheo-esophageal prosthesis,
which allows the air to pass from the trachea to the esophagus and makes it vibrate, C) an electro-larynx, which makes the air vibrate with a
vibrating membrane from under the jaw, D) the esophageal voice which consist in controlled eructations.

that would emulate the sphincter function of the larynx. This
would, however, significantly increase the robustness of an
artificial larynx, provided that an indwelling detection scheme
meets some critical criteria: (1) Swallowing detection must
be performed early enough so that any additional time for the
closure of the airway does not exceed a critical time point. (2)
No false negative detection should be allowed to provide a
secure detection and airway closure. (3) Any measure has to be
considered with regard to the anatomy post total laryngectomy
surgery and must not further impair the head and neck area to
ensure the remaining swallowing mechanism functioning. (4)
The detection system should seek as little power consumption
as possible to ensure long-term implantation.

Swallowing detection has long been studied in order to analyse
the dysphagia in a clinical practice. Thereby, most research
intended to detect it in a non-invasive manner. In case of invasive
measurements, studies did not inherently seek for a robust
detection, but rather muscle activity and swallowing mechanism
analysis. So, this survey intends to analyse the feasibility of
such a robust swallowing detection system. Therefore, detailed
explanation will be given of the relevant head and neck area,
but for a general understanding of the anatomy, please refer
to the following books [3, 29]. The paper is organized as
follow: section 2 gives a brief explanation of the swallowing
mechanism. Section 3 provides a detailed consideration of the
anatomical regions involved in swallowing, with a detection
perspective. Section 4, details the swallowing mechanism
after a total laryngectomy. Section 5 explores the current non-
invasive swallowing detection techniques and their limitations
are discussed. Finally, section 6 develops the previous points
with regard to the inherent requirements for the feasibility of an
effective swallowing detection, for an artificial larynx.

2 Swallowing mechanism

Swallowing is performed more than a thousand times a day with
the coordinated sequence of more than 25 pairs of muscles acting
in synergy. The primary goal of swallowing is to carry the bolus

from the oral cavity to the stomach and is commonly divided
into 4 discrete but sequential stages. The first 2 stages are
primarily under voluntary control, and are sometimes grouped
into a unique oral stage as they both occur in the oral cavity,
whereas the 2 later stages are mostly reflex [30–36]:

Preparatory stage: the food is broken down via mastication and
many muscles helps to contain the liquid or the food and to move
the jaw. The soft palate is depressed against the posterior part of
the tongue, with the contraction of the palatoglossus muscles, to
seal off the oral cavity posteriorly and avoid premature spillage
into the pharynx.

Propulsion stage: Once a cohesive bolus is formed, this stage
moves the bolus posteriorly and propels it into the pharynx. The
bolus is first hold in a groove formed by the tongue and the oral
cavity is still seals off by the soft palate. The groove is then
displaced posteriorly by a wave-like movement of the tongue to
guide the bolus toward the pharynx. This specific action of the
tongue is often described as the "squeezing movement", where
the tongue presses against the hard palate in a posterior direction
and the floor of the mouth strengthens to support the motion. At
the same time, the soft palate elevates against the velopharynx,
which seals off the nasal cavity from regurgitation and open
the oropharynx. When the bolus reaches the back of the oral
cavity, the base of the tongue drops to facilitate its entry into the
oropharynx.

Pharyngeal stage: At that moment, the bolus crosses the area
of the faucial pillars and the reflex part of swallowing starts and
last approximately 1 second. Within that time frame, two critical
objectives have to be achieved: (1) To carry the bolus through
the pharynx and the upper esophageal sphincter (UES), to reach
the esophagus. (2) To protect the airway via insulation of the
larynx and the trachea from the pharynx, to prevent any food
aspiration. At the beginning of this stage, the Pharynx elevates
and widen to receive the bolus, and the base of the tongue
retracts in a relatively typical posterior-superior movement. The
tongue presses the bolus against the pharyngeal wall and the
pharyngeal constrictors contract sequentially in a downward
stripping wave (also called pharyngeal peristalsis) that follows
the tail of the bolus. Concurrently, the vocal cords abduct
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and the respiration ceases to close the airway. Also, the UES
relaxes and the larynx elevates under the action of the suprahyoid
muscles (which pulls the hyoid bone antero-superiorly) and the
thyrohyoid muscle (which brings the thyroid cartilage closer to
the hyoid bone). This particular movement of the larynx causes
the posterior inversion of the epiglottis against the laryngeal inlet
to definitively seal the airway. In addition, It pulls the UES open
to allow the bolus to access the esophagus. Finally, this whole
elevation mechanism produces a negative pressure below the
bolus which, along with the pharyngeal stripping wave, safely
guides the bolus to the esophagus.

Esophageal stage: The bolus is now in the esophagus. The
larynx reverses back to its neutral position under the contraction
of the infra-hyoid muscles and the UES contracts again.
Simultaneously, the esophageal peristalsis begins to drive the
bolus toward the stomach and the lower esophageal sphincter
(LES) relaxes. When the bolus reaches the stomach, the LES
contracts again and the swallowing process ends. It should
be noted, however, that the neutral position of the larynx is
achieved before the end of the swallowing process. First to
resume breathing when possible and also because the esophageal
peristalsis does not rely on the laryngeal conditions.

This simplified description of the swallowing stages hides the
inherent timings and muscles strength variability of such a
complex process. The physiological aspects, the nature of the
bolus or the swallowing conditions may all act on those stages.
Moreover, the beginning of the reflex swallowing may occur
while the bolus is already largely entered in the pharynx and
some description consider the elevation of the soft palate as
part of the pharyngeal stage. Yet, whilst the chewing stage
may be mostly random, the subsequent events are quite typical.
But whether or not the added variability makes these stages
robustly predictable remains an open question. In addition, since
Doty et al. [37] in 1956, which established a solid basis and
constitutes one of the most frequently cited study on pharyngeal
swallowing, the precise description of some anatomical events,
such as laryngeal elevation or tongue base reflex movements,
are still in debate. In any case, the actual knowledge allows to
extract some relevant information with regard to the feasibility of
an implantable active artificial larynx. The propulsive movement
of the tongue is largely described as a quite typical step and
the subsequent reflex stages are thought to be controlled by a
"central pattern generator" in the brainstem, guided by sensory
inputs along the pharyngeal tract [35].

As a side note, it should be specified that the term peristalsis is
primarily defined as a sequential and involuntary contraction-
relaxation of circular smooth muscles that propagate down
a tube. While the esophagus is a tube mostly composed of
smooth muscles, the pharynx is, however, semi-circular with
striated muscles. Even though we cannot voluntarily alter
pharyngeal muscles contraction, striated muscles are commonly
associated with voluntary movements. For these reasons, the
term pharyngeal peristalsis tends to be abandoned in favor of
stripping wave, progressive compression and even squeezing
wave, which may be confused with the squeezing movement of
the tongue during the propulsion stage. We chose to stick with
the stripping wave term because of its fundamental utility to
strip any residues off the pharynx.

3 Anatomical considerations.

There is an inherent complexity in the swallowing process which
comes from the need to keep the airway and the digestive tract
separated. The prime keeper of this separation is the larynx
and it is operated through several anatomical regions in the
neck that can functionally be classify into four groups: the
suprahyoid muscles, (2) the pharyngeal muscles, (3) the tongue
muscles, (4) The infrahyoid muscles. The larynx acts as a
switching mechanism between the airway and the digestive
tract in a precise and sequenced interaction with these regions.
Therefore, The following will describe these regions and the
role they have in the swallowing process, from the most relevant
to the least relevant, with regard to their potential to provide
useful information to study the feasibility of a robust detection
strategy. The figure 3 gives an brief overview of the interaction
of these regions.

3.1 Suprahyoid muscles

One way to classify muscles in the neck is relative to their
position to the hyoid bone. Suprahyoid muscles are 4 muscles
located above the hyoid bone and that attach to it. They are
the mylohyoid, the geniohyoid, the digastric and the stylohyoid
muscles. One particular feature of the digastric muscle is that it
separates in tow bellies that run anteriorly and posteriorly from
the hyoid bone. The Suprahyoid muscles each participate in
various proportions in chewing, swallowing, phonation and are
the main contributor to the spacial fixation of the hyoid bone,
which does not articulate with any other bone.

3.1.1 Submental muscles

The submental muscles are the suprahyoid muscles that run
anteriorly from the hyoid bone and attach to the mandible.
They are the mylohyoid and the geniohyoid muscles, that
constitute the floor of the mouth, and the anterior belly of
the digastric muscle, which is the most superficial. Because
of their accessibility, it has been well established that the
submental area starts its activity in the early swallowing process,
to stabilize the tongue during the propulsion stage [32, 35, 37,
39]. Consequently, these muscles have frequently been involved
in various studies, either as a group with surface sensors or
independently with invasive measurements.

Whether intramuscular or not, electromyography (EMG) is by
far the dominant approach to study the submental area. On one
hand, with intramuscular approach, the mylohyoid has first been
acknowledged to lead the sequential pattern of swallowing in
most species [35, 37]. But these muscles independently also
exhibit a large variability inter and intra subjects, both in terms of
duration and sequence of activation [40–42], and upon different
bolus type [43–46]. More study is therefore required to better
explore their activation pattern individually, but the submental
area remains the primary group of muscle that consistently leads
the propulsion stage and the subsequent swallowing reflex [38]
(Figure 3). This is explained by their role in the propulsion
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Fig. 3. Swallowing timings examination with HRPM, EMG and videofluoroscopy combination from Park et al. [38]. The timings are related to
the epiglottis tilt (red arrows). The hyoid bone movements are reported: Point A is the initial position. Point B is the maximum superior position.
Point C is the maximum anterior position. Point D is the maximum inferior position. The red line represents a 2mm area in which the hyoid
bone pauses before it initiates its downward movement. More information on hyoid bone movements are shown on Figure 7.

stage that requires early support of the tongue, which also
makes them significantly correlated with the pressure exerted in
the oral cavity [47, 48]. In another hand, surface electrodes
are the favored choice in most studies and records all the
muscles as a group. It is usually used to compare the submental
activity with other important anatomical events. Especially,
the submental area fires early, but continues throughout most
of the swallowing. It starts with low amplitude an gradually
increases to reach its peak when the bolus has already entering
the esophagus [49]. This is because the submental muscles
are involved in laryngeal elevation, which in turn act on the
opening of the UES. The later thus opens while the submental
area has not fully acted on the laryngeal elevation yet. Also, the
submental peak activity tends to be delayed with the increase
in the volume of the bolus, as the UES has to be wider to
accommodate to it [50]. In any case, apart from the timings,
the submental area is recognized as a key muscle group to
study swallowing tasks [51–53] and is largely representative
of the underlying muscles. Indeed, the mylohyoid, the anterior
digastric and the geniohyoid are the main contributors of the
signal amplitude while the genioglossus and the platysma are
negligible. Also, very little cross-talk seems to come from
adjacent muscles [54, 55] and the geniohyoid and mylohyoid
show the best potential to displace the hyoid bone anteriorly

and superiorly, based on their structural properties [56, 57]. But
these findings need to be generalized to a broader scale as several
neck muscles are known to strongly activate in various tasks,
and may contaminate the submental surface EMG signals [58].
Additionally, the quality of the signals is largely influenced by
the position of the electrodes and their distance to the muscles of
interest, which directly correlates with subcutaneous fat. Also,
these muscles are small, have overlapping fibers running in
various directions and no recommendation is available to place
the surface electrodes so that the signal is maximized. Yet,
the submental area provides useful information and is often
used in rehabilitation process [59–63] or to better explore the
swallowing sequence [64–68].

3.1.2 Stylohyoid and posterior belly of the digastric
muscles.

The stylohyoid muscle and the posterior belly of the digastric
muscle are the only suprahyoid muscles that run posteriorly of
the hyoid bone. They originate in the styloid process and the
mastoid process respectively, and attach to the hyoid bone. They
are often described concurrently as they are both innervated by
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a branch of the facial nerve. But little has been done to directly
study their activity with regards to various tasks and conditions.
Their relatively deep-seated position behind the mandible only
allows intramuscular EMG to record them independently, which
has likely prevented extensive investigations. Also, common
swallowing process descriptions report the elevation of the
larynx to be mostly driven by the submental muscles and the
thyrohyoid muscle (section 2). But the literature moves toward
a more thorough definition based on growing evidences. New
imaging techniques allow the kinematic analysis of specific
muscles and sequences. The stylohyoid and the posterior
digastric were shown to significantly activate during swallowing
[69], and to start at the same time than the mylohyoid muscle
[70], which is part of the submental area and is involved in the
beginning of the propulsion stage of swallowing. Regarding
their anatomy and orientation, it suggests their basic function
as hyoid bone elevators, and the analysis of their structural
properties reveals a significant potential to move it [56, 57].

Nevertheless, the relevance of those muscles in swallowing
process has to be established with functional data from invasive
measures and, in such cases, animal models is often informative.
In term of timings, Doty et al. [37], in 1956 on various animals,
described their leading complex of swallowing and included the
stylohyoid, while the posterior belly of the digastric were either
delayed or remained silent. But they repeatedly underlined
the variability of their recorded signals, which led Thexton
et al. [39] in 2007 to revisit their study with a single natural
stimulation, and more recent recording techniques. They used
eight decerebrate infant pigs to elicit pharyngeal swallowing
and record EMG from 16 muscles. The stylohyoid was still
considered as part of the leading complex but the posterior
digastric muscle were not reported, as pigs do not have one.
Few studies followed on animals and only included pigs. The
previous results were first confirmed [71], and then, Thexton
et al. [72] observed amplitude differences in the stylohyoid
between suckling and swallowing in infant pigs, with lager burst
during swallowing (Figure 4). Mayerl et al. [73] later confirmed
the suck and swallow differences and compared 7 day-old and
21 day-old pig groups. Greater muscle length variation during
swallowing were observed for the stylohyoid in both groups,
and this was further apparent in the older group. It also showed
isometric contraction during suckling, probably to stabilize the
hyoid bone. With regards to the timings, the stylohyoid was
consistently among the first muscles to activate. However,
they emphasized regional heterogeneity in firing within the
stylohyoid: "by systematically placing electrodes in ventral and
dorsal locations, we found that only electrodes placed ventrally
(close to the hyoid) registered muscle activity during sucking,
with dorsally placed electrodes only showing activity during
swallowing". This suggests functionally relevant pattern of
motor unit firing.

Regarding human functional studies, few have been reported
over the past century. The main difficulties are to localize the
stylohyoid and posterior digastric muscles and to confirm the
proper placement of the intramuscular electrodes. Early attempts
to localize the posterior digastric were based on palpation,
and these studies suggested that it activates only during jaw
movements [74, 75]. The palpation based method was then
further enhanced by Widmalm et al. [76] in 1988, who analyzed

suck

suck/swal low

post-swal low

mylohyoid

hyoglossus

stylohyoid

thyrohyoid

500 ms

Fig. 4. Stylohyoid muscle activity from Thexton et al. [72] during suck
and swallow cycles. It exhibits a net burst of amplitude during the
swallowing events.

the neck anatomy from dissected cadavers and from frontally
and transversely sectioned specimens. They inferred a new
palpation technique and localized the best insertion point to be
"approximately 1cm posterior to the tip of the mastoid process,
directed upwards and inward at about 30-40° relative to the
orbitomeatal plane.". Besides, needle insertion tests on cadavers,
at the anterior border of the sternocleidomastoid muscle, were
not mentioned to be successful, as they regularly encountered the
intermediate tendon of the digastric muscle. Their subsequent
measure on healthy subjects showed that the posterior digastric
muscle was active during swallowing, with short bursts of high
amplitude, and also during jaw opening. Finally, Kurt et al. [77]
systematically assessed the position of the electrodes, via the
electrical stimulation of the facial nerve. They confirmed the jaw
opening and swallowing main activity of the stylohyoid (STH)
and posterior digastric (PD) muscles, studied as a unique STH-
PD complex. In addition, nerve electrical stimulation allowed
them to characterize the compound muscle action potentials
(CMAP) latency. They showed that, while the facial nerve also
supplies facial muscles involved in mimicry, the stylohyoid
and posterior digastric muscles are more akin to the functions
of the submental muscles. Therefore, the authors stated that
"electrophysiological identification factors may make easier to
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work on STH–PD muscles during swallowing or in some other
physiological and clinical problems."

These human functional data, along with anatomical evidences,
new imaging methods and animal models, advocate for the
usefulness of the information these muscles could provide in a
swallowing detection strategy. But few recent findings must be
kept in mind for further investigations. Palpation methods are
subjective and no formalism is established for the stylohyoid
and the posterior digastric muscles. In that regard, a systematic
review of the reported palpation methods of the posterior
digastric advises not to rely on those methods, as it may actually
not be palpable [78]. Also, anatomical characteristics are usually
largely variable and the stylohyoid and digastric muscles are
no exceptions. While no morphometric data is reported for
the stylohyoid, the posterior digastric showed great variability
[79, 80]. This may explain why Widmalm et al. [76] could
not insert the electrodes anteriorly to the sternocleidomastoid
muscle without the risk to encounter the intermediate tendon, as
it exhibits substantial length variability. In any case, Kurt et al.
[77] reported successful work despite these limitations, which
highlights the need to develop a reliable insertion method.

3.2 Pharyngeal muscles

The pharynx forms a continuous muscular passage that is
highly active during swallowing and is usually divided into
three parts: the nasopharynx (also called rhinopharynx), the
oropharynx (also called the mesopharynx) and the hypopharynx
(also called the laryngopharynx). A fourth anatomical region
may be considered in appropriate circumstances, which is
the velopharynx, at the level of the contact between the
pharyngeal wall and the soft palate (also called the velum). The
pharynx contains the longitudinal muscles (stylopharyngeus,
palatopharyngeus and salpingopharyngeus) that run supero-
inferiorly in the inner posterior wall of the pharynx, and the
constrictor muscles (superior, middle and inferior) in a semi-
circular shape, localized in the outer posterior wall of the
pharynx [81]. It is bordered by the nasal tracts and the esophagus
in its upper and lower limits respectively. The junction with
the esophagus is made via the UES [82], which acts as a gate.
The UES is almost constantly in a tonic state and only relaxes
during swallowing, belching and vomiting. During these events,
the laryngeal movements pulls the UES open, while the airway
closes to prevent aspiration. The muscles that constitute the UES
are the cricopharyngeus, the inferior pharyngeal constrictor and
the cervical esophagus, but the main contributors to its tonic
state is the cricopharyngeus muscle, which inserts in the cricoid
cartilage. Because of that, the UES and the cricopharyngeus
terms are often used as synonyms [83].

3.2.1 Pharyngeal constrictor muscles

The pharyngeal most external muscles are the superior, middle
and inferior pharyngeal constrictors. They are the main
contributors to the movements of the bolus during the reflex
(pharyngeal) stage of swallowing. When it starts, the soft
palate is elevated, the bolus is in the oropharynx, and a rapid

posterior-superior movement of tongue against the pharyngeal
wall exerts a high pressure on the velopharynx, and forces the
bolus downward. The superior pharyngeal constrictor comes
along concurrently, which initiates the pharyngeal stripping
wave that follows the tail of the bolus, to channel it toward
the esophagus. This is done with the sequential contraction
of the superior, middle and inferior constrictors that cause the
region behind the bolus to decrease in size, and consequently the
pressure to increase. Obviously, gravity adds to the effort of the
constrictors in normal conditions, but it may also counteract in
atypical ones. So, to assist the pharyngeal constrictor muscles,
the laryngeal elevation acts on a more robust mechanism. Indeed,
the larynx and the UES are linked by the cricoid cartilage. When
the larynx elevates, the UES is relaxed and is rapidly wide open.
This causes a substantial pressure differential between the tail
and the head of the bolus that sucks it down the hole, to facilitate
its passage through the UES.

This story only forms the basis of the pharyngeal stage of
swallowing and the details are still largely studied. As a
standard to analyse muscle activity, EMG has been used to
better understand the frame of activity of the pharyngeal muscles.
During breathing, they act as pharyngeal dilators to modulate
its cross-sectional area that can vary under gravity, fat-loaded
tissue mass, and negative air pressure due to inspiration [84].
Also, breathing disorder such as obstructive sleep apnea is a
common affection and shows significant activity of the superior
pharyngeal constrictor [85]. On the whole, the pharyngeal
constrictors are shown to activate for various additional tasks
such as speech and head turn, along with swallowing, which
seems to consistently provide the greatest amplitude [86–88]
but to show regional firing as well, depending on the activity
[89]. Regarding timings, the superior pharyngeal constrictor
activates a short time after the submental area, and continues
during most of the swallowing [68, 90]. In addition, its activity
may increase during unusual swallowing to keep up with normal
bolus transition time [91].

Despite the valuable information provided by EMG approaches,
recent studies lack on pharyngeal muscles electrical activity.
Because of the requirement of swallowing assessment in a
clinical routine, researchers primarily focused on a way to
visualize a swallowing. In that regard, videofluoroscopy is
considered the gold standard and requires X-ray exposure
to record a radiographic movie. It allows to evaluate the
structural displacements and timings of a swallowing with
various bolus types [92, 93]. But the use of X-ray limits the
number of trials, requires cumbersome equipment, and the
video-based swallowing assessment is largely subjective [94].
Moreover, videofluoroscopy allows bolus localization, but a
quantitative assessment of the pharyngeal muscle contraction is
impossible. Because of this, high-resolution manometry (HRM)
is extensively used as an alternative or adjunct choice [95, 96].
It consists in multiple pressure sensors densely spaced on a
catheter, inserted via the nose, and that passes through the
UES. First dedicated to esophageal assessment [97], it is now
being developed for the pharynx and is specifically termed as
high-resolution pharyngeal manometry (HRPM). Also, later
improvements added impedance sensors so that the localization
of the bolus is also possible, and is therefore termed at high-
resolution impedance manometry (HRIM). Finally, a three-
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dimensional approach is also being developed [98]. Several
measurement methods and relevant metrics were recommended
in the recent years [99–103], and it finally led to an international
working group to establish a formalism on the use of HRPM
and HRIM [104].

In normal conditions, pressure information provided by HRPM
is the transcript of the forces required to channel the bolus
to the esophagus [101]. The pressure is first established at
the velopharynx by the elevation of the soft palate and the
tongue rapidly adds to it, to force the bolus downward. This
is closely temporally linked to the UES relaxation and is
followed by the tongue base retraction against the pharyngeal
wall. The stripping wave then continues down, and the end of
the pharyngeal stage is visible with the UES back in its tonic
state. This is usually mapped on a space-time plot, with the
time in abscissa and sensors localization in ordinate (Figure
5). With this in mind, one may be tempted to minimize the
primary role of the tongue in the bolus transportation, compared
to the pharyngeal constrictors. But before the stripping wave,
the tongue actually adds its own propulsion forces, instead of
simply flowing the bolus in the pharynx [106]. This whole
process of bolus transportation was later formerly described as
a tow step mechanism [107]: (1) Most of the bolus entered the
oropharynx. The tongue accelerates the bolus to force it into
the pharynx. The UES relaxes and starts to open. (2) The bolus
has fully entered the pharynx and is now driven by the stripping
wave through the wide open UES. This mechanism is apparent
in the space-time HRPM plot where the velopharyngeal and
tongue base pressure are delayed. Indeed, the velopharyngeal
pressure starts when the bolus is initiated into the pharynx but
the tongue base retraction is postponed to follow the tail of
the bolus. Otherwise, HRPM combined with videofluoroscopy
allowed Walczak et al. [105] to highlight an effect of bolus
elongation, where its head moves faster than its tail. The head
traveled through the pharynx in 15ms while the tail may still not
be fully entered in the oropharynx. Thus, no stripping wave was
started yet. Beside, Park et al. [38] added the EMG as a third
measurement to better assess the timing of the whole swallowing
process. An average duration of 282ms was reported between
the mylohyoid activation and UES relaxation, while the airway
protection through tilting of the epiglottis occurred 100ms later.
As for the velopharynx, it was again the first pressure to appear,
around the same time of the mylohyoid activation (Figure 3).
Regarding the known variations, elderly people were found
to exhibit lower UES resting pressure and less UES relaxation
[108, 109]. Also, various factor influence the recorded pressures,
such as body position [110, 111], rehabilitation techniques [60,
112–114] and bolus properties [115–118]. But the pharyngeal
stage has recently been found to be optimally attuned for a
10ml volume of liquid bolus. More specifically, Cock et al. [50]
showed that the maximum bolus flow through the UES is aligned
with the maximum submental activity for that particular volume
(figure 6). In other word, as the submental muscles participate
in laryngeal elevation and consequently in UES opening, the
maximum submental activity coincide with maximum UES
opening. Therefore, no particular adaptation of the pharyngeal
stripping wave is required and the bolus is nicely guided into
the esophagus. Conversely, with another volume, the stripping
wave starts to flow the bolus through the UES before or after
the maximum activity of the submental area. The UES is

therefore not fully opened yet or already in its closing stage,
depending on the volume. The pharyngeal constrictors have
then to compensate for the sub-optimally opened UES with an
increase in pressure.

3.2.2 Longitudinal muscles and soft palate muscles

The longitudinal muscles are the palatopharyngeus,
stylopharyngeus and salpingopharyngeus and they basically
elevate the pharynx. The soft palate muscles are the tensor
veli palatini, levator veli palatini, and the uvula and they act
on soft palate superior-inferior movements. These muscle
groups are frequently described together as they interact in the
positioning of the pharynx and the soft palate. Indeed, while
the stylopharyngeus and the salpingopharyngeus directly act on
pharyngeal elevation, the palatopharyngeus requires the soft
palate muscles to fire, to fully participate in the movement. This
is because the palatopharyngeus originates in the soft palate
region and runs downward to insert in the thyroid cartilage.
Consequently, its activation with no firing of the soft palate
muscles, would bring the soft palate down. During swallowing,
they all activate to close the velopharyngeal isthmus and
elevate the pharynx, which protects the nasal cavity from
regurgitation and prepares the pharynx for the passage of the
bolus [119–123].

Beside, the longitudinal muscles are thought to participate in
swallowing, respiration and phonation [120]. Their attachments
suggest their implication in the hyolaryngeal elevation, and
the analysis of their structural properties by Pearson et al.
[56] revealed a potential force comparable to that of the
submental muscles. In that regard, The same team evaluated
the longitudinal muscles activity during swallowing with
muscle functional magnetic resonance imaging (mfMRI), which
allows to assess the extent of muscle activation following the
performance of a task. They confirmed their anatomical results
as the longitudinal muscles were shown to activate in an effort
comparable to that of some of the submental muscles [69]. Also,
they further explored the longitudinal muscles implication in
laryngeal elevation and suggest that they may significantly help
the thyrohyoid muscle to get the hyoid bone and thyroid cartilage
closer [124]. Besides, recent anatomical investigations suggest
that the palatopharyngeus blends with the UES and therefore
participates in its opening through pharyngeal elevation [125].
In any case, with regard to functional data, Van Daele et al. [90]
analyzed the longitudinal muscles with EMG measurements and
showed that they fire slightly before the superior pharyngeal
constrictor, while older results suggest that the palatopharyngeus
is primarily concerned with swallowing [126]. Finally, the
palatopharyngeus was further studied in animal and was actually
shown to activate early in pigs [39, 71] and with more variability
in monkeys [89].

With regard to the soft palate, its basic role is to act as a valve
that allows the passage through the nasal tract or the oral cavity.
Its muscles have been shown to be active during swallowing,
breathing and speech [88, 127–130]. The interplay between
those muscles is still in debate, but it is generally agreed that
the tensor veli palatini plays a significant part in soft palate
tautening and eustachian tube opening, while the levator veli
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Fig. 5. Swallowing examination with HRPM from Walczak et al. [105] which shows the evolution in time of the pharyngeal forces, during bolus
transportation. Ordinate represents the catheter’s pressure sensors location in the neck, from the velopharynx to the UES. Abscissa contains time
in seconds. The windows on the left exhibit the signals from each pressure sensor independently, while the space-time plot on the right maps the
evolution through time. Blue and red are low and high pressure respectively, related to relaxed muscles and maximally contracted muscles.

palatini acts on soft palate elevation [122, 131, 132]. However,
the level of activity of these muscles was not shown to be linked
to the soft palate position [133] or velopharyngeal isthmus
dimensions [134], although the soft palate seems to follow some
patterning [135, 136]. Despite these uncertainties, the activity
of the levator veli palatini, acquired with EMG, may help to
differentiate swallowing from speech in terms of amplitude
[137], and swallowing from breathing and speech in terms of
frequency content [138]. Moreover, both levator veli palatini and
tensor veli palatini may activate slightly before the submental
area [40, 139]. But this requires extensive investigations as their
activity may vary largely depending on the stimulus [140, 141].

3.3 Tongue muscles

The tongue is thought to fall into the category of muscular
hydrostat, which is a biological structure composed of muscles
oriented in different directions, with no skeletal support [142].
The connective tissue keeps the volume of the organ constant.
Therefore, if a muscle contracts to shorten one part, another
part has to widen. These structures are used to manipulate
items or move about such as elephant trunks or octopus
tentacles. For instance, the contraction of the circular muscles

of octopus tentacles decreases their diameter, which result in
their elongation. In humans, it is used during speech and plays
a major role in the mastication and the propulsion stages of
swallowing. This is accomplished by two categories of muscles:
the extrinsic and intrinsic tongue muscles. The extrinsic muscles
originate from structures outside of the tongue and are the
genioglossus, styloglossus, hyoglossus, palatoglossus, whereas
the intrinsic muscles are entirely located within the tongue and
are the superior longitudinal, inferior longitudinal, transversal
and vertical. Most often, the tongue is also divided into two or
more anatomical regions depending on the needs. Basically, the
posterior third part is called the tongue base and constitute its
pharyngeal part, while the anterior two third are the oral part
[143].

The structure of the human tongue is extremely complex. The
intrinsic muscles blend together in various directions and the
extrinsic muscles add to it as they insert in the intrinsic tongue
[144, 145]. Consequently, EMG approach may not be reliable
depending on the targeted muscle. In addition, the movements
of the tongue are only measurable to a certain extent because
of the gag reflex that prevents the sensor placement on the
tongue base. This led to the use of imaging methods, such as
real-time magnetic resonance imaging (MRI), ultrasonography,
videofluoroscopy and articulography, to determine the global
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Fig. 6. UES activity examination with HRIM and EMG from Cock et al. [50]. A) HRIM space-time plot of a healthy swallowing of 10ml liquid.
B) Submental surface EMG in comparison to cricopharyngeus intramuscular EMG. C) UES contour plot. The dotted line shows the UES vertical
movement during hyolaryngeal elevation D) Cricopharyngeus intramuscular EMG in correlation to UES pressure. E) Submental surface EMG in
correlation to admittance (inverse of impedance). Maximum admittance corresponds to maximum UES opening and occurs at submental peak
activity.

dynamics and structure contours of the tongue [92, 93, 146,
147]. But these methods do not give access to the muscles
activity. Their complex interplay makes hardly feasible to
infer their activity from the external geometry of the tongue.
Thus, researchers sought for and alternative method to infer
the recruited muscles. In particular, tagged-MRI magnetizes
the living tissues in a grid-like pattern to generate the main
strain directions by measuring local grid deformation. This
allows to further determine the intramural muscle dynamics,
which showed that the intrinsic and extrinsic muscles work
in synergy with no primary contributors [148, 149]. In brief,
during swallowing, the bolus is first hold in a groove under
the action of the genioglossus and hyoglossus muscles that
depress the tongue locally, while the transverse and vertical
muscle strengthen the surroundings of the bolus. The posterior
displacement of their active fibers then squeezes the bolus
backward, drops the tongue base and moves the bolus into
the pharynx. Finally, the propulsion movement is most likely
supported by the styloglossus and hyoglossus that retract the
tongue, while the posterior fibers of the transverse and vertical

muscles enlarge the tongue base, due to its hydrostat nature.
Variations of the tagged-MRI approach were then developed
[150–152], but one may keep in mind, however, that the precise
interpretation of the tongue muscles activity, based on strain
data, requires good knowledge of tongue physiology. The
complex interactions between its muscles actually allows limited
correlation with the measured strain [153], and recent research
in tongue modeling that combined strain data and muscle fiber
types, do not fully support previous results [154]. In addition,
the mechanism described here tends to be widely accepted, but
a recent and detailed examination of tongue muscles contraction
may advocate for a more complicated process [155].

In any case, extrinsic muscles of the tongue still contract during
the swallowing process of many species, including human
[37, 39, 71, 156, 157], and their study through EMG is more
appropriate than intrinsic muscles. However, the activity of the
submental area recorded with surface electrode may be tempting
to access the genioglossus muscle, but it actually correlated
poorly with the signal [55]. Intramuscular electrodes are thus
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required for a detailed examination, and the genioglossus has
got most of the focus compared to other extrinsic muscles,
which is likely due to its relatively accessible position. Besides,
because of its implication in tongue movements, it activates
for various tasks [91, 158–161] and is among the first muscles
during swallowing [41, 42, 90]. The genioglossus activity has
also been largely studied during breathing, where it acts as
one of the main airway dilator, exhibits proportional activation
to negative pressure and shows various patterning related to
sleep and wakefulness. In terms of motor unit, it is thought to
be constituted of at least six discharge patterns for inspiration,
expiration and both, and with or without frequency modulation
based on respiratory factors [162]. This Heterogeneity is
confirmed with various tasks, were swallowing and inspiration
with mouth or nose closed showed maximal activity [158],
and with a common functional division into its anterior and
posterior part [40, 163, 164]. In any case, during swallowing,
the genioglossus muscle has been shown to be relatively
characteristic [159, 160, 165] and its posterior part exerts most
of the tongue-palate pressure [47]. But no precise comparison
has been done between tasks, and there is still a complex
synergy between the tongue muscles that requires extensive
researches. Even though the relatively typical propulsion stage
of swallowing may exert a reproducible contraction pattern, it
may also be influenced by various external perturbations [166].
Finally, little is known about the other extrinsic muscles and
functional data are only available from the palatoglossus, that
shows variations depending on bolus volume [128] and also
activates during breathing [129].

3.4 infra-hyoid muscles

The infrahyoid muscles, also called the strap muscles because
of their appearance, are located in the anterior neck and run
downward from the hyoid bone and the thyroid cartilage. They
are the sternohyoid, sternothyroid, omohyoid, and thyrohyoid
muscles and their collective contraction basically draws the
hyoid bone downward. Independent contraction, however,
occurs in various situations. During sound production, the
hyoid bone is stabilized by the suprahyoid muscles and the
sound is modulated through the sternothyroid and thyrohyoid
muscles contraction, which act on the thyroid cartilage position.
During swallowing, the thyrohyoid muscle is known to pull
the larynx closer to the hyoid bone, which participate in
hyolaryngeal complex elevation and UES opening. The
sternohyoid, sternothyroid and omohyoid muscles then act on
hyolaryngeal complex depression in the final part of swallowing.

The first precise investigation of the infrahyoid muscles during
swallowing, came from Doty et al. [37] in 1956, who used
EMG measurement on various animals. They showed that the
thyrohyoid muscle activates shortly after the leading complex.
However, the omohyoid muscle was not included and the other
infrahyoid muscles were not considered to be activated. But this
was later challenged in 2007 by Thexton et al. [39] with the use
of pig models and more recent EMG recording equipment. They
found that all the infrahyoid muscles activate during swallowing.
The omohyoid muscle was the first to activate, closely after the
leading complex, and rapidly followed by the thyrohyoid muscle.

However, the sternohyoid and sternothyroid muscles fired at the
end of the swallowing, almost at the same time. Subsequent
studies on pigs confirms and extends these findings [71–73].
Great variability was actually found in the sternohyoid and
sternothyroid muscles, which causes a lack of reproducibility, as
opposed to the thyrohyoid muscle that showed limited but sharp
and high bursts (figure 4). Also, an early and small activity of the
sternohyoid and sternothyroid muscles were frequently observed
before the rapid increase related to the end of the swallowing.
These recordings were hypothesized to be a mixed of various
muscle fiber contraction related to concurrent activities such as
sucking, licking, vocalization, cervical flexion or respiration, to
adapt the posture of the hyoid bone. Finally, the omohyoid and
thyrohyoid muscles were not shown to activate during sucking.

Fig. 7. Motion of the hyoid bone during swallowing from Park et al.
[38]. Following points correspond to the position of the hyoid bone:
A is the initial position. B is the maximal superior position. C is
the maximum anterior position. D is the maximum inferior position.
This anti-clockwise and circular-shaped movement is governed by a
sequential activation of the suprahyoid and infrahyoid muscles. The
suprahyoid muscles first contract to draw the hyoid bone upward and
anteriorly from A to B. The infrahyoid muscles then fire, which reduces
the upward movement and help the suprahyoid muscles in the anterior
movements from B to C. Finally, the swallowing ends, the suprahyoid
muscles activity decreases and the hyoid bone is drawn inferiorly and
posteriorly from C to D via the infrahyoid muscles. This whole process
is thought to prolong the UES opening. Figure 3 shows the related
muscle activation.

With regard to human data, very few provides functional
information through intramuscular EMG. Early results showed
the activation of the sternohyoid muscle during chewing to
stabilize the hyoid bone, and the authors reported little activity
during swallowing [167]. This is, however, only recently that
several studies attempted to precisely investigate the infrahyoid
muscles, probably following the impulse of animal findings.
This first allowed to confirm the late activation of the sternohyoid
muscle, with a low amplitude and at the moment that the
submental muscles start to decay. Which is in keeping with
the idea that the infrahyoid muscles assist the hyoid bone to get
back to its resting position [43, 44]. But one of the broadest
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functional data available, that includes most of the infrahyoid
muscles (except the omohyoid) and in comparison with the
main anatomical events, was recently conducted by Park et al.
[38]. First, they showed the great importance of some of the
infrahyoid muscles in the motion of the hyoid bone, which
adopts an anticlockwise and circular-shaped pattern (figure 7).
More specifically, the sternohyoid and sternothyroid muscles
activation is delayed, to assist the suprahyoid muscles in the
prolonged duration of the hyoid bone anterior movement, which
in turn increase the UES opening duration. Otherwise, the
thyrohyoid muscle was substantially found to activate before the
UES relaxation and the subsequent tilt of the epiglottis, and to
last long after the UES has returned to its tonic state (Figure 3).
Finally, apart from intramuscular EMG, various new imaging
methods allow the precise kinematic analysis of the anatomical
structures, to refine the actual understanding. All these studies
acknowledge the early activation of the thyrohyoid muscle, but
actually tend to mitigate its importance. Indeed, it is shown
to activate shortly after the mylohyoid muscle, in line with the
geniohyoid [70], but seems to be helped by the longitudinal
muscles in the hyolaryngeal approximation [124] and to activate
relatively poorly [69]. However, imaging method often requires
to lay in an non-upright positions, which may account for the
reported variability.

4 Total laryngectomy

The safe passage of the bolus, all the way down the aerodigestive
tract, requires the precise coordination of muscles guided by
sensory inputs. The removal of the larynx obviously disrupts
this mechanism and most often causes dysphagia, which is
considered a common but under reported problem after total
laryngectomy. Its origins are diverse and are usually assessed
with regular methods such as videofluoroscopy or manometry.
Indeed, the fundamental function of the larynx to act as a switch
between the esophagus and the trachea is lost, the remaining
anatomy is impaired and adjuvant therapies, based on irradiation,
causes muscle fibrosis and subsequent stricture. In addition,
post-operative complications are frequently observed. The voice
prosthesis may leak, a fistula may create between the esophagus
and the trachea, which also causes leakage, or a pseudoepiglottis
may develop because of a bad scaring. In any case, even though
adjuvant therapies tend to worsen the long term scenario, the
swallowing actually improves over time [168–172].

Early investigation of these adverse effects showed an increase
in the pharyngeal resistance, that can have several origins. The
surgery removes important tissues and the lack of pharyngeal
mucosa reduces the lumen of the pharynx during its surgical
closure. In addition, the loss of the larynx suppresses its anterior
and superior movement that normally widens the hypopharynx
and open the UES. Also, the tissues tend to collapse as they
are not held in place anymore. In terms of contractility, several
muscle insertion points have been removed from the larynx, the
UES is dilated by performing a myotomy, and the sensory inputs
from the larynx are lost. Consequently, the sequential activation
of the middle and inferior pharyngeal constrictors is disrupted
and weak (as they inserted in the larynx), and the UES tonic
state falls. These effects are detrimental and affect the quality of

the swallowing. The transit time increases and the patients often
require several swallowing to clear the pharynx. Also, they tend
to compensate with an increase of the pressure force generated
by the tongue, which highlights its importance in bolus transport
[106, 173–176].

Maclean et al. [177] later confirmed the insufficient pharyngeal
propulsive forces, but also showed that there is a resistance
to bolus flow across the UES, and that these findings may
be influenced by the surgical techniques. But this is the
advent of high resolution manometry (section 3.2.1) that
allowed a more thorough examination of swallowing. This
relatively new method (and subsequent variations) not only
gives access to the precise pressure events all the way down
the aerodigestive tract, but researchers also developed relevant
metrics to asses a swallowing. It can thus be applied to
analyse total laryngectomy consequences, and the effects of
rehabilitation methods. with regard to the later point, UES
dilation therapy was shown to improve the bolus flow, despite
the reduced hypopharyngeal propulsion forces [178]. As for
the effects of the surgery, Lippert et al. [179] showed that the
mesopharynx last longer with weaker contraction, the UES can
exhibit low resting pressure but positive pressure during opening,
and a "common cavity pressure" may form, likely caused by the
disrupted pharyngeal constrictors sequence (figure 8). Also, the
swallowing mechanism is adaptive in nature. So, even though
the velopharynx is not altered by the surgery, it compensates for
the prolonged transit time with a slower increases in pressure,
same pressure peak and longer decrease in pressure, than the
control group. Overall, the anatomic regions situated inferior
to the velopharynx appear to have inadequate behaviors. As a
result, this is relatively common to observe reduced pharyngeal
bolus clearance with sometime significant residues [180].

Apart from videofluoroscopy and manometry, few studies
investigated total laryngectomy through cervical auscultation
(section 5.2). This method has grown recently because of its
ability to partly characterize a swallowing via the sound it
produces. A healthy swallowing has been shown to be composed
of three main components of sound, where each one of them
is associated with an anatomical event and allows to coarsely
locate the bolus. The presence of these components is quite
variable and only the second one, which represent the passage
of the bolus through the UES, occurs in 100% of the swallowing.
Data from total laryngectomees exhibit shorter duration, but
higher amplitude and suggest some differences between the
various profiles of patient, such as pre and post radiation therapy
or esophageal and tracheoesophageal speakers [181]. Morinière
et al. [182] later confirmed the decreased duration of the signal,
but did not report on amplitude. However, they showed that
the second sound component were still occurring in 100% of
the swallowing. Also, the last component was absent, as it
is normally associated with laryngeal opening at the end of
the swallowing, which partly explains the shorter duration of
the signal. In some rare cases, a new and more quiet third
component was observed anyway. It was linked to the base of the
tongue that quickly separates from the posterior pharyngeal wall
at the end of the swallowing. Finally, the presence of the first
component were even more variable than in healthy swallowing.
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Fig. 8. An example of a HRPM acquisition from Lippert et al. [179].
Plots on the left are the pressures from each sensors where 1 tracing is
from 1 sensor. The more caudal is the sensor, the more at the bottom
the tracing is. Pressure (P) is on the y-axis, time (T) is on the x-axis.
Plots on the right are the space-time representation of the tracings from
the left. The sensors position is on the y-axis, time is on the x-axis,
and the pressure is represented by the color. The upper plots are from
an healthy control subject where A and B are the normal UES resting
and opening pressure respectively. The lower plots are from a total
laryngectomy (TL) patient, where D is the low resting UES pressure, E
the positive UES opening pressure and F, a "common cavity pressure",
likely caused by the disrupted pharyngeal constrictors sequence. Each
image represents 5 seconds of data collection.

5 Current detection methods

The many muscles involved in swallowing and their complex
synergy, along with various anatomical events, make the
swallowing process difficult to assess and understand. Also,
no unique instrument exists to reveal its subtleties from start
to finish and several methods may be used in combination, to
better analyse its physiology. But only few can be used on a daily
basis or even be implanted. Indeed, imaging methods provide a
clear view of the bolus or the anatomical movements, but usually
requires cumbersome equipment, lack 3D information or require
X-ray exposition. Articulography also helps, but no easily
applied method is possible and the tongue base measurement is
not feasible because of the gag reflex [183]. The following thus
described several approaches, solely applied or in combination,
that may prove to be relevant for a robust swallowing detection.
However, the field of food intake monitoring has not been
included as it inherently seeks after the development of non-
implementable devices, with no particular focus on swallowing
events, and mainly uses already existing modalities described
hereafter. But if anyone is willing to dive into this new and
growing field to explore various paradigms, such as chewing

detection or wearable sensors, the following reviews are a good
start [184–187].

5.1 Electromyography

When it comes to functional data, electromyography (EMG) is
by far the most used modality and comes with a large amount
of studies in various situations. EMG signals arise from the
electrical manifestation of muscle contraction, where a motor
unit represents the smallest functional unit. Each motor unit is
composed of muscle fibers supplied with ionic current through
a dedicated nerve. The contraction of a motor unit is brief
and can vary in frequency. Consequently, the force exerted
by a muscle depends on the number of motor unit recruited
and the frequency recruitment of each one of them. EMG
measurement thus records every motor unit activation situated
within a volume conductor, where the center is the electrodes.
Also, the recorded amplitude rapidly decays with the distance
and the radius of that volume can largely vary from one fiber
alone to the whole muscle and even more. This depends on the
electrode configuration, types and recording area. In any case,
the resultant signal is the summation of the seemingly random
firing of the whole bunch of motor unit involved in that radius.
Which means that the content of an EMG signal is inherently
random. But it still provides some useful features, such as the
activation time and duration, the frequency content, and the
amplitude, that is proportional to the effort. These particularities
led to a specific set of signal processing techniques that are
largely used in the field. Finally, EMG recording can be
routinely applied with surface electrode, but it cannot reach
deep muscles, needs careful preparation of the skin to reduce
the electrode-skin impedance, and the signal can be easily
contaminated with adjacent muscles (cross-talk). Otherwise,
intramuscular recording surpasses those limits, but requires the
insertion of electrodes directly into the muscles, which has to
be done by a healthcare professional [188–191].

Several studies have attempted to perform an automatic
swallowing detection based on EMG, but only surface electrodes
have been used, and very few used that modality only.
Constantinescu et al. [192] had the long term goal to perform
swallowing detection on a daily basis. Through submental
surface EMG recording, they trained an algorithm with various
tasks and aimed at both healthy and head and neck cancer
(HNC) survivors detection. The results were remarkably
high, especially for HNC patients, but the later showed more
variability with surprising results. This highlight the variety
of impaired swallowing and suggest that a more individualized
detection scheme may potentially be required. Otherwise, no
other study precisely aimed at a similar goal, but the submental
EMG may still be useful in fields where the biofeedback is at
stake. In that regard, Crary et al. [193] studied to which extent
the human subjective evaluation is relevant in the detection of
swallowing, and compared trained judges and normal judges.
The former performs better on average, with great results and
high reliability. Besides, various studies used surface EMG
on different location, or in combination with other modalities.
One approach consisted in the measurement of several key
locations on the neck and face to maximize the input information
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[194], and the same team also proposed advanced methods to
precisely establish the beginning of a muscle burst [195, 196].
Other works aimed at swallowing frequency count [197], tongue
movements detection [198, 199] and even at the comparison of
detection algorithms [192, 200]. But one notable work, with the
best results yet, was achieved with the use of bio-impedance to
detect the laryngeal movements. When the larynx goes from
a resting state to an elevated state, the air evacuates and the
tissues come into contact, which drastically drops the impedance.
Obviously, this cannot be strictly applied to a post laryngectomy
patient, but it is still enlightening. Also, none of the mentioned
study actually sought for an early detection of swallowing.

5.2 Cervical auscultation

For long, swallowing were assessed by physicists with the use
of a stethoscope to spot irregularities from the sound it produces.
On the basis of clinical experience, they argued that the sound of
a normal swallowing is different from the sound of a dysphagic
swallowing. Termed as cervical auscultation, this approach
is largely subjective and is only used as an adjunct method.
Instead, videofluoroscopy is preferred as a clinical standard,
but it requires cumbersome equipment and the patient has to
be exposed to X-ray radiations, which limits the number of
evaluations. These disadvantages conducted the researchers
to think of cervical auscultation as a substitution. Indeed,
early attempts to systematically study the sound showed a
reproducible pattern, differences among dysphagic and non
dysphagic patients, and changes related to anatomical events
[201–203]. Afterward, the use of an accelerometer or a
microphone became standards to avoid the inherent limitation
of the stethoscope frequency content [204] and extensive
researches have been done to better understand the signal [205].

Few studies have investigated the optimal sensor type and
placement. Takahashi et al. [206] were the first to carefully
compare different locations on the neck with both sensor types.
They prescribed for the use of an accelerometer placed over
the lateral border of the trachea, immediately inferior to the
cricoid cartilage. But a few nearby sites exhibit comparable
performances and were later compared [207]. Basically, the
authors agreed on the optimal sensor placement, but emphasize
the possibility of added noise from the sternocleidomastoid
muscle, if the sensor is placed too far laterally. The cricoid
cartilage was also presented as a potential resonator of the sound,
and the placement at its center or just below were considered
as a good choice. However, they did not agree on the adequate
sensor to use and no precise guideline could be drawn. Actually,
both accelerometer and microphone pick the same physiological
phenomena in a different manner and dual-axis accelerometers
were shown the provided additional information [208]. This led
to their formal comparison and to the conclusion that those tow
transduction modalities are complementary [209]. Finally, the
optimal sensor placement may still be in debate. Even though
the previously mentioned sites are now largely adopted, other
sites may prove to be relevant [210].

With regard to the origin of the sound, its beginning was shown
to occur during laryngeal ascension, after the swallowing apnea,

and to continue throughout the swallowing with a peak activity
around the full opening of the UES [211–213]. Besides, the
analogy with the cardiac sound further comforted the idea that
the swallowing sound is generated by anatomical events, that
act as pump and valve systems in a sequencing manner [214]. In
that regard, Perlman et al. [215] gave a thorough examination of
those events associated with bolus head and tail location. They
showed that the opening of the UES mostly occurs with the
presence of the bolus head, before the acoustic peak. Beside,
the swallowing sound also shows great variability, but still
exhibit a repetitive pattern with three main acoustic components
[216, 217]. The first component was found to occur during
the laryngeal ascension, while the bolus is located along the
pharynx. The second component occurred during the passage of
the bolus through the UES. And the third component was found
when the hyolaryngeal complex comes back to its resting state.
Also, the second component exhibits the longest duration and
highest amplitude, and was the only one to occur in 100% of
the swallowing. Overall, the hyolaryngeal movements seem to
be the primary source of sound, with the possibility to coarsely
locate the bolus [218–220].

But external measurements are still often limited by the reduced
amount of information they can get. It therefore comes naturally
to combine the various modalities at hand to take advantage
of their complementary content. Both accelerometers and
microphones were thus used with that intent, and the new
field of High-Resolution Cervical Auscultation (HRCA) rapidly
substituted to the basic approach, in the recent few years. This
is explained by the needs of bedside and routinely applied
assessment of swallowing, which led to multiple approaches to
automatically detect a swallowing [205, 221]. But no formal
correlates between a normal swallowing and the swallowing
sound have been established, and the actual assessment methods
still rely on experts subjectivity. Therefore, classifiers are
largely used, mostly on HRCA signals, with no clear guidelines,
but show promising results. Especially, recent advances
allowed improvement in the detection of precise anatomical
events [222–225], in the screening of abnormal swallowing
[226–230], and to establish reference temporal values from
healthy adults [231].

5.3 Mechanomyography

Few modalities exist to study muscle activity. Whereas EMG
is the standard, the mechanomyography is a growing novel
technique that measures the vibrations associated with muscle
contraction. The main component of the signal comes from the
global deformation of the muscles while its resonance frequency
and the muscle fibers contractions add to it [232–234]. Specific
transducers are used (mainly accelerometer and microphone)
and have the potential to be robust to variations in sensor
placement, perspiration, and food spillage. Mechanomyography
is presented as the mechanical counterpart of EMG and similarly,
careful consideration of some aspects, such as sensor weight and
type [235, 236], movement artifacts [237, 238] and cross-talk
[239], are of key importance for good signal quality. This makes
it complex to use it in a dynamic environment and the settling
of a clear formalism is still required [240–242].
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Few studies have nevertheless been carried out to analyse the
swallowing with mechanomyography. The main contributions
analyzed the submental area and the early results showed
that the variability of the signals seems to agree with the
EMG approach [243]. However, The same team later tried to
include this modality in a larger swallowing detection strategy
that combined several sensors, and showed that submental
mechanomyography resulted in the least improvement in
performance [244]. But the direct comparison between
submental EMG and mechanomyography has only recently been
done by Constantinescu et al. [245]. They recruited healthy
subjects and cancer survivors and actually found mixed results
in terms of signal-to-noise ratio comparison, but much better
test-retest reliability in favor of EMG. This goes against the
previous findings on large muscles, but the authors argued
that the submental muscles may be too small to generalize.
Finally, the feasibility of a swallowing detection with regards
to the constraints that are inherent to an implantable active
artificial larynx is now under investigation. Mialland et al.
[246] measured the interval time between the submental activity
and the moment that the bolus passes through the UES. The
submental area was recorded with an accelerometer and the
bolus was localized via the swallowing sound registered with a
microphone (section 5.2). They were able to record a specific
mechanomyographic pattern, relative to the propulsion stage of
swallowing, and found a significant available time of 324ms on
average, for a detection strategy.

6 Toward a robust detection

The structure of the aerodigestive tract is of particular
complexity. It enables the same set of muscles, cartilages and
tissues to act in synergy for three separate activities. Its great
versatility allows speech, breathing and swallowing to occur
interdependently, in a safe and continuous manner. Especially,
swallowing requires breathing to stop, the airway to be protected
from food aspiration, and the digestive tract to open. These
events occur concurrently, while the bolus is channeled from
the oral cavity to the stomach (section 2). Also, the process
adapts in accordance to the characteristics of the bolus and
its channeling requires the successive contraction of several
muscles in about a second. This sequencing can functionally
be divided into four anatomical regions (section 3): (1) the
suprahyoid muscles, (2) the pharyngeal muscles, (3) the tongue
muscles, (4) The infrahyoid muscles. In normal conditions, there
is a close interaction between these groups and the larynx, but
the total laryngectomy disrupts this mechanism. Indeed, several
muscle insertion points are removed, the tissues are damaged
and the larynx cannot operate its role in the opening of the UES
anymore. In consequence, dysphagia is often observed after
total laryngectomy (section 4).

Therefore, the feasibility of a robust swallowing detection
requires a thorough consideration of the post-surgery anatomy
and the inherent complexity of the swallowing process.
Moreover, robustness is usually defined a the ability of a
detection algorithm to perform well when it runs into new
(unusual) data and anomalies. However, the inherent complexity
of an implantable active artificial larynx represent a particular

case. We therefore expand that definition to four identified
criteria required to achieve an effective and safe detection
of swallowing: (1) Swallowing detection must be performed
early enough so that any additional time for an airway closure
mechanism does not exceed a critical time point. (2) No
false negative detection should be allowed to provide a secure
detection and airway closure. (3) Any measure has to be
considered with regard to the anatomy post total laryngectomy
surgery and must not further impair the head and neck area to
ensure the remaining swallowing mechanism functioning. (4)
The detection system should seek as little power consumption
as possible to ensure long-term implantation. Therefore, the
following will take a closer look at each of these aspects
independently, with regard to the actual knowledge described so
far.

6.1 Early detection

The requirement of an early detection stems from the fact that the
airway must be protected at the moment the bolus passes next to
it. Therefore, it is important that the measured anatomical events
occur around the beginning of a swallowing. Moreover, there
is and irreducible time that is necessary to first acquire, analyse
and classify the signals, and then to activate any mechanisms
that closes the airway. But these elements depend on several
factors, such as the design of the detection algorithm or the
quality of the signals, and cannot be known in advance. Also,
the precise moment where the airway must be absolutely closed
to forbid any aspiration is unclear, and may depends on the type
of bolus. Liquid bolus, for instance, is likely to scatter along the
pharynx and, even though swallowing reflex initiation occurs
most of the time when the bolus enters the oropharynx, it is not
uncommon to witness its arrival in the pharynx, and even at the
level of the UES, while the swallowing reflex is still not initiated
[167, 215, 247–249]. In normal swallowing, this usually does
not cause aspiration and is explained by the suitable shape of
the larynx, where the bolus is guided around the laryngeal inlet
by the valleculae, the epiglottis and the piriform sinus. Yet,
the choice of a critical time point where the airway must be
closed will guide the subsequent possibilities as it provides
the available processing time. One first choice could be the
passage of the bolus through the UES. It has the advantage to be
easily (but coarsely) measurable through cervical auscultation
(section 5.2) and marks the beginning of the physiological event
of pharyngeal clearance, through propulsion forces and UES
opening. But the UES may start to open before the propulsion
forces start to effectively act on the bolus [105, 225]. As
a second choice, and perhaps more precise, the closure of
the laryngeal vestibule is directly akin to the physiological
requirement of the airway to be closed. This event may also
be measurable through cervical auscultation [225], but this has
to be confirmed. In any case, both events can be visualized
with videofluoroscopy, but it requires X-ray exposure and a
safer modality would be beneficial. Finally, the mechanical
design of any implantable active artificial larynx could also add
in the protective aspect, so that it reduces the risks of aspiration
anyway. But these two parts must be considered separately, at
least in the first place, so that they complement each other.
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The submental area is acknowledged to initiate the propulsion
stage as it supports the stereotypical squeezing movement of
the tongue that drives the bolus posteriorly (section 3.1.1).
Independently, most studies consider the mylohyoid as the
leading muscle. It has been shown to activate 382ms before the
airway closure on average [38] and to correlate significantly
with the tongue-palate pressure [47]. But every submental
muscles actually activate around the same time and may prove
to be relevant, since they are primarily involved in hyoid bone
movements. Also, several studies suggest that the stylohyoid
and the anterior digastric muscles might help the submental
muscles as they activate at the same time, both from animal
functional data [39, 71] and from human investigations based on
recent imaging methods [70]. Concurrently, the velopharyngeal
muscles also activate to close the nasal cavity and protect it from
regurgitation. But their activity usual arises around the onset
of the submental muscles, while the velopharyngeal pressure
is apparent around the relaxation of the UES. This means
that the velopharyngeal muscle activities begin significantly
earlier than the pressure [105, 139]. In any case, the activated
muscles mentioned so far form a first group, that fires around
the beginning of the swallowing. But then, a second group
activates. The thyrohyoid muscle approximates the hyoid bone
and the larynx, and the tongue base drops to allow the bolus
posteriorly [38]. This latter movement partly originates from the
contraction of the genioglossus, and is directly followed by the
palatopharyngeus and the superior pharyngeal constrictor, likely
to accommodate for the arrival of the bolus into the oropharynx
[39, 68, 90]. Also, some fibers of the palatopharyngeus blend
with the UES [125], which may participates in its opening and
further hint toward its early firing. But the superior pharyngeal
constrictor activity is actually still modest, as no stripping wave
has started yet. It requires the subsequent opening of the UES
and closure of the airway, to fully fire and guide the bolus
down the pharynx [105, 107]. But this hazy time window
cannot precisely be defined because of the inherent variability
of the swallowing process. The size of the bolus, for instance,
requires the UES to widen accordingly, and the viscosity seems
to primarily act on pharyngeal constrictor activity. This can
therefore shuffle the precise ordering of the related events [50].
In any case, this means that the full activity of the superior
pharyngeal constrictor and the subsequent events cannot be used
as the main contributors to swallowing detection but only as a
potential adjunct measurement.

6.2 No false detection

Detection algorithms come in numerous types, complexity
and purpose and will not be covered here, but their efficiency
ultimately always falls down to the quality of the information
it has about the tasks to discriminate. The more dedicated
and stable the signal from a task is, the easier it is to detect
it. Yet, there is an inherent variability in swallowing. Several
successive swallowing, with the same bolus, will still show
substantial variations, both inter and intra subjects. In addition,
most muscles show important activity for various tasks, which
can occur separately or concurrently with swallowing and make
the signals more complex. It is thus important to inherently seek

for signals that contain as repeatable and discernible patterns as
possible.

The submental muscles recorded as a group, could provide
substantial information as it tends to be free of cross-talk [54],
and to be representative of the underlying muscles [55]. But it
activates for various activities, and each muscle independently
may provide more dedicated information. The mylohyoid and
the geniohyoid are structurally suited to exert most of the forces
required to move the hyoid bone [57], and the mylohyoid
and anterior digastric significantly correlate with the tongue-
palate pressure during the propulsion stage [47]. Actually,
the posterior part of the genioglossus also adds to the effort,
but it is highly involved in tongue movements, is the main
airway dilator and activates proportionally to negative airway
pressure [162]. Also, the stereotypical mechanical movement
of the tongue base, during the propulsion stage, might add
relevant information, at least as an adjunct measurement. But
there is no reliable way to measure it, because of the gag
reflex (section 3.3). Otherwise, investigations on pig models
showed promising results. The stylohyoid and the thyrohyoid
were found to provide a repeatable, stable and distinguishable
pattern of activity and to significantly shorten. Those results
have, however, to be mitigated as the study only investigated
sucking and swallowing sequences [71–73]. But the stylohyoid
and the posterior digastric were studied in humans, as a muscle
group, by Kurt et al. [77]. They showed that these muscles
primarily fire during swallowing and jaw opening, whereas
they are innervated by the facial nerve, which is primarily
involved in mimicry and facial movements. Thereby, they
emphasized that these muscles may have a significant potential
in the electrophysiological identification of swallowing. Besides,
the velopharyngeal region is of great importance in nasal cavity
protection. The soft palate moves superiorly and presses against
the pharyngeal wall, which generates a net and repeatable
pressure pattern [105]. This is caused by the activation of the
soft palate muscles, that also play a role in breathing and speech.
But pressure data seem to allow, at least for simple tasks, to
discriminate between swallowing and vocalization [250], while
muscle activities may only allow to differentiate from breathing
and speech in a subset of healthy swallowing [137]. Then, apart
from these regions, the pharyngeal muscles may prove to be
relevant. The superior pharyngeal constrictor has been shown
to exert most of its activity during swallowing [87]. Also, the
longitudinal muscles have been studied with recent imaging
methods, and seem to activate in an effort comparable to that of
the submental muscles [69]. In any case, the muscles described
so far also activate for other tasks. So, none one of them is
guaranteed to provide a truly dedicated firing pattern. And even
though some may be particularly akin to swallowing, there is
still a lack of cross-tasks comparison and, ultimately, it may
be beneficial to add an adjunct measurement. The tongue as
been proposed for its particular movement in swallowing, but
there might exist some suitable combinations. For instance, the
swallowing and jaw opening main activities of the stylohyoid
and posterior digastric, could potentially be discriminated with
the help of the infrahyoid muscles. Indeed, they are required
in jaw opening to stabilize the hyoid bone, but fire later in
swallowing [38]. But this type of strategy has to be further
explored.
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6.3 Post surgery anatomy and implantation

Total laryngectomy removes the larynx along with the hyoid
bone, and every muscle that insert to them are separated. The
thyrohyoid muscle can also be resected as it originates and
inserts on the hyolaryngeal complex, and most of the infrahyoid
muscles may be removed as well, if the spread of the tumor
requires it. This leaves the swallowing process impaired, the
UES functioning is poor, and the pharyngeal propulsive forces
are often inadequate (section 4). But several anatomical regions
can provide a relevant activity as they are likely left with little
to no alteration. Basically, as every muscle left in place are
only separated from their insertion point from the hyolaryngeal
complex, their electrical activity should still be relevant. This
has however to be cautiously considered. Important sensory
inputs from the larynx are lost and the surrounding tissues are
damaged, which may alter the proper sequencing of the various
muscles involved. Besides, whatever the measurement modality,
the implantation of a detection system ultimately requires the
positioning of the sensors and the tunneling of the cables. This
could actually further impair the head and neck area and the
swallowing process, which cannot be allowed. Therefore, the
chosen anatomical areas should be easily accessible.

The pressure measured in the pharynx has been shown to be
very consistent in healthy swallowing, but only its upper part
ends up with little variation post surgery. The velopharyngeal
region has no change in peak intensity and the mesopharynx is
likely to exhibit a repetitive and reliable pattern [179] (Figure 8).
Also, the surgery leaves the soft palate muscles untouched. But
these regions would typically require the undesired tunneling
of cables through the neck and the soft palate region is not
adequate for sensor implantation. The same goes for most of the
external tongue muscles, which are not easily accessible. But the
genioglossus, along with the submental muscles, are easier to
access and may be good candidates, as the oral propulsion forces
are conserved and are usually used to compensate for the lack
of pharyngeal integrity (section 4). In addition, the stereotypical
movement of the tongue during this stage would likely provide
relevant information, but there is no easy and implantable way
to measure it (section 3.3). Beside, the longitudinal pharyngeal
muscles, especially the palatopharyngeus, are easily accessible
during surgery, but only their lower part would not require
cable tunneling. And even though the palatopharyngeus seems
to exhibit regional firing [89], extensive research is required.
Finally, the most accessible muscles are obviously the infrahyoid
muscles, because of their position on the anterior neck, as well
as the stylohyoid and posterior digastric. They are directly
uncovered during the surgery and they only have their insertion
point removed from the larynx.

However, one can argue about the possible removal of all the
infrahyoid muscles that makes them an irrelevant choice. But
their accessibility makes them good candidates anyway. The
solution may come from the field of peripheral nerve interface
that have recently been through considerable advanced. A wide
range of methods has been developed to access the information
provided by a nerve, but the most effective one so far, with regard
to the topic of this paper, is called Regenerative Peripheral
Nerve Interface (RPNI) [251]. It basically uses a graft muscle to
replace the resected one. The nerve grows into it and ends

up being able to activate the graft in a significant manner.
This method has shown great promises in the command of
artificial prosthetic limbs. Both in terms of signal quality and
durability [252].

6.4 Power consumption

The implementation of an active artificial larynx requires the
development of an autonomous, self powered and enduring
system that ensures the safety of the patient. This kind of system
is part of the group of embedded systems, which are computing
systems designed for specific control functions. As opposed to
general purpose computers, the tasks are predefined and limited,
and may need to be achieved in a required amount of time. In the
recent past, the growing demand of effective embedded systems
led to their increase in capabilities and consequently their
consumption. Yet, the consumption of such a system is of major
importance to limit the maintenance, save energy and, therefore,
avoid unnecessary surgery in case of implanted devices. The
consumption is usually divided into two major components: (1)
the dynamic power, which is the power consumes during the
functioning of the system. (2) The leakage power, which is an
unwanted minimum power consumed when no part of the system
is used, and refers to the inherent imperfection of the hardware.
Besides, when the system is running a task, it is considered
active and its consumption is the sum of these tow components.
Otherwise, it waits in idle state and mostly consumes leakage
power. Therefore, their precise impact depends on the hardware
and the software architecture and their reduction enables the
use of reduced battery size. This later point not only reduce the
size of the system, but can also reduce heating, which may act
on the patient safety and the system reliability. Finally, lots of
researches are done to reduce the leakage power, either from a
hardware perspective or with an effective hardware management
from the software. But the anatomical considerations of this
paper only allows to have an impact on the dynamic power. As
a simplified rule of thumb, the simpler the signals to analyse,
the simpler the detection algorithm and the lower the dynamic
power consumption [253].

Indeed, detection algorithms basically analyse the signals
continuously. The first approach would be to run the whole
detection strategy at any time, but it would result in a huge
dynamic power consumption, even when there is no particular
signal activity. Therefore, an effective approach often implies at
least tow stages of detection to discriminate between the needs
to run the whole strategy or not. This can be as simple as the
use of a threshold to detect a rise in activity, or can also implies
the use of a dedicated scheme. But the energy efficiency of such
an approach can only be as good as the signals at hands. Yet,
there is an inherent variability in swallowing. Several successive
swallowing, with the same bolus, will still show substantial
variations, both inter and intra subject. In addition, most muscles
show important activity for various tasks along with swallowing,
which can make the signals more complex. So, to make an
efficient use of dynamic power, the signals must not provide a
seemingly random pattern of activity, which translate in signals
with as sparse, repeatable and dedicated activity as possible.
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In that regard, the submental area, as a group, is likely to be one
of the worst muscles to rely on, as it supports the tongue and the
jaw in their numerous behaviors. But measured independently,
the underlying muscles may provide a more reliable activity as
they each participate in a specific aspect of swallowing [57] and
correlate significantly with the propulsion stage [47]. Otherwise,
the velopharyngeal pressure is a quit specific event. Even
though it occurs in various tasks such as speech, it shows a
very stable pattern during swallowing as it requires a particular
sealing [105]. Beside, animal studies highlighted the large
variability in the sternohyoid and sternothyroid muscles while
the thyrohyoid and stylohyoid muscles exhibited a repetitive
behavior [71, 72] (Figure 4). In addition, Kurt et al. [77]
provided a detailed analysis of the stylohyoid and posterior
digastric activity. They highlighted the relationship of these
muscles with the submental area, whereas they exhibit a more
dedicated activity. The authors emphasized the importance that
these muscles may have in electrophysiological identification.
In any case, other anatomical areas may be relevant, but there
is a lack of objective tasks comparison. While some muscles
are obviously active in most tasks, like the genioglossus [158,
162], others may be more subtle. Actually, the quality of the
signals is important for power consumption, but one may keep
in mind that a detection algorithm may also lead to less power
consumption with apparently more complicated signals.

7 Conclusion

The total laryngectomy still represents the most effective
treatment for laryngeal cancer. But it leaves the aerodigestive
tract heavily impaired, the tracheostomy comes with several
adverse effects and the patients report an impact on their self-
esteem. There is, however, no solution that allows to restore
the natural pathway of the airway, and the subsequent definitive
closure of the tracheostomy. This would require to emulate the
switching mechanism, primarily akin to the larynx, that protect
the airway from bolus aspiration during swallowing. Yet, the
ease of the somewhat unconscious every day swallowing hides
the considerable complexity of such a mechanism. It involves
the coordinated activation of more than 25 pairs of muscles that
channel the bolus from the oral cavity to the stomach. This
is accomplished through the command of the central pattern
generator, composed of several neural networks located in the
brain stem. It modulates the swallowing process according to the
various situations and bolus characteristics encountered, which
virtually makes no swallowing the same. But the protective
mechanism of the airway ultimately falls down to an on-off
closure that must be accomplished before the arrival of the bolus.
In addition, the observations from the first ever implanted valve-
based artificial larynx in 2012, by Debry et al. [23], highlighted
the limitations of an entirely passive approach, as residues were
found in the trachea [25]. An active and early detection of
swallowing would therefore considerably improve the reliability
of such a system, since the airway could be forcibly closed
beforehand. But this would require the real-time measurement
of the swallowing process and the management of its inherent
variability, to be able to robustly detect its onset. The attempt of
this paper was therefore to provide an overview of the elements

that would pave the way toward a robust swallowing detection
following total laryngectomy.

Until now, the attempts to detect a swallowing only focused
on the development of assessment tools for a clinical practice.
But these approaches are non invasive and cannot access all
the details of the entire process, which limits the detection
performances. Recent works from Mialland et al. [246],
however, marks the beginning of investigations that inherently
seeks to build the foundations of a robust swallowing detection.
And even though the precise requirements are not fixed, several
possible lines of research can be mentioned. The most important
aspect might be the needs in systematic investigation of relevant
muscles, with regard to their timing of activation and signal
content, in various situations and tasks. This would provide a set
of potentially useful muscles that activate around the onset of a
swallowing. Therefore, this also requires the use of an ultimate
time point where the airway has to be closed. That would define
the available detection time and form a basis for the design of
a detection algorithm. But there is no safe and easily applied
method to define that point. Also, a safe and effective detection
system would ideally use only one sensor, but the cross-tasks
activation of the muscles might require to take advantage of
the combined information from more than one measurement.
A precise comparison of the available signals would therefore
be beneficial. Finally, these have first to be investigated in
healthy subjects, to get basis muscle activities, but the same
investigation will have to be performed on post-laryngectomy
patients, to challenge the initial hypothesis.

Also, this paper did not mentioned several other aspects as we
only considered the swallowing mechanism without the corner
cases. In the event of premature spillage or delayed swallowing
onset, no early activity is available to detect the arrival of the
bolus. Vomiting and sneezing are also of particular importance
as they required the airway to be closed, but the related muscles
activates in an unusual way [254, 255]. Also, there might be
some disorders that have to be considered, like obstructive sleep
apnea, or the sometime pernicious decay in swallowing ability
with age [108]. Then, a detailed neurological investigation
could help to find a dedicated and reliable information from
the nerves [35], and the field of peripheral nerve interfaces
shows promising results that might provide an appropriate
measurement modality [251]. Besides, the precise aspect of
the airway protective mechanism as yet to be investigated and
the research on biomaterials is of prime importance [256]. A
particular focus also have to be placed in the security aspects,
to mechanically forbid any definitive closure of the airway.
Otherwise, the detection algorithm has to be effective, safe and
of low consumption. The rapidly growing field of embedded
systems provides an increasing number of solutions [257].
Finally, we aimed at the rehabilitation of the aerodigestive
tracts following total laryngectomy, through the indwelling
measurement of unaltered anatomical events. This means that
present investigation might prove to be useful for a broader
perspective. For instance, in case of severe dysphagia without
the removal of the larynx, one could investigate the same
aspects but aim at a dedicated closure mechanism. This has
however to be thoroughly studied as both cases are specifically
altered. Actually, whatever the origin of the aerodigestive tract
disruption, there is still the possibility that every alteration tends
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to be unique, and that a somewhat dedicated approach might be
required.
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