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Featured Application: The potential application of this study is to provide a key tool to help
researchers and clinicians understand how neuro, muscular, and skeletal systems are involved
in swallowing. It would contribute to the clinical decision-making process in treating dysphagia
associated with neuromuscular disease.

Abstract: A detailed understanding of muscle activity in human swallowing would provide insights
into the complex neuromuscular coordination underlying swallowing. The purpose of this study
was to introduce musculoskeletal analysis to investigate muscle activities involved in swallowing as
there are limitations on studying comprehensive muscle activation patterns by conventional methods
such as electromyography (EMG) measurement. A musculoskeletal model of swallowing was newly
developed based on the skeletal model made from CT data of a healthy volunteer. Individual muscle
forces were predicted in pharyngeal swallowing by inverse dynamics’ computations with static
optimization, in which the typical trajectories of the hyoid bone and thyroid cartilage analyzed from
videofluoroscopic (VF) data of the volunteer were used. The results identified the contribution of
individual muscles in pharyngeal swallowing in relation to the movements of the hyoid bone and
thyroid cartilage. The predicted sequence of muscle activity showed a qualitative agreement with
salient features in previous studies with fine wire EMG measurements. This method, if validated
further by imaging and EMG studies, enables studying a broader range of neuromuscular coordination
in swallowing. The proposed method offers an avenue to understanding the physiological mechanisms
of swallowing and could become useful to evaluate rehabilitation effects on dysphagia.

Keywords: deglutition; musculoskeletal model; muscle activity; simulation; swallowing biomechanics

1. Introduction

The increase in the number of aged in the Japanese population is faster than any other country
and the elderly (aged 65 or over) comprised 27.3% in 2016 [1]. One critical issue accompanying aging
is impairment of physical and cognitive abilities, with the decline in the ability to swallow particularly
causing serious problems including aspiration pneumonia. Therefore, dysphagia difficulty with
swallowing is a serious health concern in an aging society, and pneumonia has been the third most
common cause of death in Japan from 2011 [2], with most of the pneumonia in the elderly ascribed to
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aspiration pneumonia caused by dysphagia [3,4]. Disability in swallowing also increases the risks of
suffocation, undernutrition, and dehydration, which have the potential to decrease the quality of life.
Therefore, prevention and treatment of dysphagia are a social issue in an aging society with extended
healthy life spans and social welfare concerns.

Swallowing, or deglutition, is a coordinated and smoothly functioning process to propel food and
drink from the mouth to the esophagus. Since it involves complex neuromuscular coordination [5],
it is difficult to understand the physiological mechanisms. Videofluoroscopic (VF) examination [6,7]
is commonly used in research and clinical settings as the preferred standard method for assessing
swallowing function because of the comprehensive information it provides. This method allows
anatomic and kinematic analysis such as the movement of food bolus and swallowing-related organs.
Videoendoscopic (VE) examination [8,9] is also widely used as a reliable and portable technique to
observe the pharyngolaryngeal complex directly. However, the information on muscle activation
patterns during swallowing cannot be obtained by these methods, though swallowing is controlled
by the coordination of many muscles [5]. Surface electromyograms (sEMG) [10,11] are the best way
to estimate muscle activation patterns non-invasively so far, but the simultaneous measurement of
swallowing-related muscles is limited. The main reason for this is that most swallowing-related
muscles are located deep below the surface and overlap as if forming a layered structure. As a
result, sEMG cannot avoid cross-talk problems in the simultaneous measurement of many muscles in
swallowing. Therefore, conventional methods cannot provide information to quantify the sequential
pattern of the muscles in swallowing.

It is impossible to measure internal forces, such as joint contact forces and muscle strength,
non-invasively with conventional techniques. Hence, biomechanical analysis using musculoskeletal
models [12–15] has been considered as an alternative technique to estimate such internal forces.
For example, musculoskeletal models for the lower extremities were used to analyze complicated
inter-muscle coordination in dynamic movement, such as in walking [16,17], running [18],
and jumping [19]. Upper extremity models [20,21] were also developed for the biomechanical
analysis of dynamic motion of the upper limbs, such as in throwing [22], propelling of wheelchair [23],
and so forth. Presently, large-scale musculoskeletal analysis is readily conducted, as software for
developing a complicated musculoskeletal model has become available commercially [12,13] or as
open-source software [14]. It may be expected that muscle activity during swallowing can be estimated
in a similar manner as dynamic body movements even though most of the muscle activity involved in
swallowing cannot be determined in vivo. However, there are few studies reporting musculoskeletal
models of swallowing [24,25]. The authors have reported a musculoskeletal model of swallowing by
analyzing normal swallowing motion considering muscle activity [26,27], but an analysis of details of
the muscle activity in swallowing is still difficult and challenging.

Previous studies on computational biomechanical analysis of swallowing mainly focused on
the interaction between the bolus and organs considering fluid dynamics [28–30]. In these studies,
the deformation of organs was preliminarily provided by measured results and the activity of the
muscles was not considered. However, estimating muscle activity would contribute to an understanding
of the physiological aspects of swallowing as muscle expansion and contraction affect the deformation
of organs.

This paper presents the design of a musculoskeletal model of swallowing and an investigation
of muscle activity during pharyngeal swallowing. The skeletal model considers the hyoid bone and
thyroid cartilage as a central element in the study of the swallowing function. The configuration of the
swallowing-related muscles is defined based on anatomical knowledge, and the muscles are represented
as a Hill-type model. The trajectories of the hyoid bone and thyroid cartilage using videofluoroscopic
data of a healthy subject were analyzed for the dynamics’ computations. The forces of individual
muscles were estimated through inverse dynamics’ computations with static optimization to study
the activation pattern of the muscles and their contributions in the swallowing. The musculoskeletal
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analysis is one method that can be used in the study of details of neuromuscular coordination of
swallowing in future work.

2. Materials and Methods

2.1. Motion Analysis of the Hyoid Bone and Thyroid Cartilage during Swallowing

The normal swallowing process is generally classified into three phases according to the location of
bolus: an oral phase, a pharyngeal phase, and an esophageal phase. The pharyngeal phase, where the
bolus is transported from the pharynx into the esophagus, is especially important. Here, the larynx
and pharynx move in a superior direction and the tongue base moves in a postero-superior direction in
concert with movements of the hyoid bone and thyroid cartilage. As a result, the epiglottis folds down
to prevent the bolus from entering the trachea leading it to the esophagus [31]. If this process is not
completed fully, food and drink will enter the trachea and cause aspiration. Analyzing the movements
of the hyoid bone and thyroid cartilage during the pharyngeal phase is important in the evaluation of
swallowing because the movement of the larynx is affected by muscles attached to the hyoid bone and
thyroid cartilage.

2.1.1. Method of the Analysis

To analyze two-dimensional movements of the hyoid bone and thyroid cartilage, we used an
X-ray video (DR-2000F, Hitachi Medical Co., Tokyo, Japan) obtained from a videofluoroscopic (VF)
examination, which recorded normal swallowing with a healthy, 25-year-old male who was not
diagnosed with any other eating disorder or neurological diseases. Here, the volunteer swallowed 5 mL
of water, including the contrast of 2.21× 10−6 m2/s viscosity, once. The volunteer gave his consent
before the VF examination. The experimental procedure was approved by the ethics committee of
Japanese Red Cross Musashino Hospital (No. 705). In the analysis, as shown in Figure 1, we manually
extracted the region of the hyoid bone and the vocal ligament as the part of thyroid cartilage, frame by
frame. The displacement and posture of each skeletal element were measured in relation to the initial
position and orientation. Then, the measured displacements and postures were transformed to a global
coordinate system with the center at the left–right occipital condyles. Each skeletal element has a local
coordinate system at its center of gravity, as shown in Figure 1, and the volume of the two elements
was estimated from skeletal data of a CT scan (Revolution CT, GE Healthcare Japan Co., Tokyo, Japan)
of the same male. In the study here, the cricoid cartilage was included as part of thyroid cartilage.
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Figure 1. Trajectory analysis of the hyoid bone and thyroid cartilage. (a) Analyzed videofluoroscopic
(VF) image, (b) global and local coordinate systems.

2.1.2. Results of the Analysis

Figure 2 shows the trajectories of the hyoid bone and thyroid cartilage in the sagittal plane,
smoothed by a simple moving average. Figure 3 shows the displacements of the hyoid bone and
thyroid cartilage in the X- and Y-axis directions, where Ps and Pe represent the starting and ending
points, respectively. These figures show that the movements of the two elements can be divided into
three phases. In the first phase, between Ps (0.90 s) and P1 (1.36 s), the later oral phase, the hyoid bone
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moves upward and slightly backward while thyroid cartilage moves upward and slightly forward.
Here, the bolus is held in the oral cavity and its head reaches the soft palate. In the second phase,
between P1 and P2 (1.73 s), the earlier pharyngeal phase, the two move together in an antero-superior
direction and the soft palate is elevated. The bolus enters the oropharynx and the closure of the larynx
by the epiglottis occurs. Then, the bolus moves to the hypopharynx and the esophagus. In the last
phase, between P2 and Pe (2.23 s), the later pharyngeal phase, they move in a postero-inferior direction
to return to the resting positions, slightly different from the initial positions. The movement of the
hyoid bone exhibits a typical triangular trajectory, as described in the literature [32].
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Figure 2. Trajectories of the hyoid bone and thyroid cartilage. (a) Hyoid bone, (b) thyroid cartilage.
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Figure 3. Displacements of the hyoid bone and thyroid cartilage. (a) Displacement in X-axis,
(b) displacement in Y-axis, (c) rotation angle around Z-axis.

2.2. Development of the Musculoskeletal Model of Swallowing

2.2.1. Modeling of the Swallowing-Related Muscles

To analyze the muscle activity during swallowing, we developed a musculoskeletal model where
a muscle is represented as an active constrictive wire actuator, by reference to the previous study [15].
In this model, the following 12 kinds of muscles were included as muscles acting on the hyoid bone
and thyroid cartilage, as shown in Figures 4 and 5: the geniohyoid muscle, the stylohyoid muscle,
the digastric muscle, the mylohyoid muscle, the sternohyoid muscle, the omohyoid muscle, the middle
constrictor muscle, the thyrohyoid muscle, the sternothyroid muscle, the inferior constrictor muscle,
the cricopharyngeus muscle, and the stylopharyngeus muscle. The muscles on the left and right sides
are distributed symmetrically about the sagittal plane for simplicity. The origin and insertion of the
muscles are shown in Table 1, defined based on anatomical description [33] and CT data in addition to
BodyParts3D [34,35]. Broad muscles such as the mylohyoid and pharyngeal constrictor muscles are
represented as multiple wires. Muscles with two muscle bellies such as the digastric and omohyoid
muscles are modeled as two separate muscles with an intermediate tendon. The modeling of the
musculoskeletal model was done using 3D modeling software, 3ds Max®. Further detailed description
of the modeling of the swallowing-related muscles is as documented in previous studies [26,27].
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2.2.2. Modeling of Damping and Stiffness of Biological Tissue

To incorporate the viscous-elastic properties of biological tissue, such as skin, fat, muscle,
membranes, and others, imaginary linear viscous and elastic components were added to constrain
the movements of the hyoid bone and thyroid cartilage in the X- and Y-axis directions. However,
it was quite difficult to represent the net effect accurately because the measurement of the complex
mechanical properties of human soft tissue is not straightforward. Therefore, we assumed that the
elastic constant of soft tissue for the movements in the X- and Y-axis directions was k = 25.0 N/m
based on the previous study [36]. Then, the viscosity constant c was calculated to satisfy overdamping
condition (c >

√
mk) due to high damping effect of the soft tissue. Here, m was the mass of the hyoid

bone or thyroid cartilage. As a result, we assumed c = 2.0 Ns/m.
Further, the thyrohyoid membrane between the hyoid bone and thyroid cartilage, as well as

the membrane between the cricoid cartilage and trachea, were represented as multiple linear elastic
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components. The elastic constant of each membrane component was experimentally defined as
km = 20.0 N/m through an iterative process, so as to converge quadratic optimization program
described below.

Table 1. List of swallowing-related muscles and their physiological cross-sectional areas (PCSAs).

Muscle Name Symbol
Properties

Origin Insertion PCSA
[×10−6 m2]

Geniohyoid GH mental spine anterior surface of
the hyoid bone 4.60

Stylohyoid SH posterior surface of
the styloid process

lessor horn of the
hyoid bone 2.70

Digastric
anterior belly AD digastric fossa of the

mandible
lessor horn of the

hyoid bone 5.50

posterior belly PD mastoid process lessor horn of the
hyoid bone 6.40

Mylohyoid
anterior part AMH anterior part of

mylohyoid line
anterior surface of

the hyoid bone 8.20

posterior part PMH posterior part of
mylohyoid line

anterior surface of
the hyoid bone 4.30

Sternohyoid SN
posterior part of the

manubrium of
sternum

lower border of the
hyoid bone 3.41

Omohyoid
superior belly OH intermediate tendon lower border of the

hyoid bone 2.75

inferior belly - - - -

Middle
pharyngeal
constrictor

greater horn PG1–4 greater horn of the
hyoid bone pharyngeal raphe 1.65 (*)

lesser horn PL1–4 lessor horn of the
hyoid bone pharyngeal raphe 1.13 (*)

Thyrohyoid TH oblique line on the
thyroid cartilage

lower border of the
hyoid bone 6.04

Sternothyroid ST
posterior part of the

manubrium of
sternum

oblique line on the
thyroid cartilage 5.14

Inferior pharyngeal constrictor PT1–4 oblique line of
thyroid lamina pharyngeal raphe 2.25 (*)

Cricopharyngeus CP1, 2 rear part of cricoid pharyngeal raphe 1.15 (*)

Stylopharyngeus SP medial side of the
styloid process

posterior border of
the thyroid cartilage 1.90

PCSA: Physiological cross-sectional area (*) represents the estimated value, which is not validated.

2.2.3. Modeling of the Mechanical Properties of Muscles

In swallowing, the hyoid bone and thyroid cartilage are mainly moved by a tug-of-war among
the muscles, and the passive force of a muscle generated when it is stretched in addition to the active
contractile force must be considered. The Hill-type muscle model [37], which is commonly used in
musculoskeletal studies, was used as a simple phenomenological computational model to represent
the mechanical properties of the muscles in this study.

The Hill-type muscle model consists of a contractile element (CE), a parallel spring element (PE),
and a serial spring element (SE). The capacity to generate the force of a muscle is defined by the
force-length and force-velocity properties of the contractile element and the nonlinear spring properties
of the passive elements. The total muscle force is the sum of the active (Fce) and passive forces (Fpe)
as below:

Fmus = Fce + Fpe. (1)
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As reported elsewhere [38,39], the active force generated by the contractile elements can be
described by the following Equations (2) and (3):

Fce

(
a, lce,

.
lce

)
= a flce(lce) fvce

(.
lce

)
cos(α) fmax (2)

fmax = σmaxPCSA (3)

where a is the level of activation of a muscle ranging from 0 and 1, flce(lce) represents the relationship

between the normalized muscle force and its length, fvce

(.
lce

)
represents the relationship between the

normalized muscle force and its contractile velocity, α is the pennation angle of the muscle, σmax is the
maximum isometric muscle stress, and PCSA is the physiological cross-sectional area of the muscle.
The force–length relationship, flce(lce), shows a Gaussian distribution around the optimal muscle fiber
length lce0 as below:

flce(lce) = exp

−( lce − lce0

lcesh

)2. (4)

Here, lce and lce0 are the current and optimal lengths of a contractile element and lcesh is a parameter
defining the shape of the Gaussian force–length curve. Note that the optimal length lce0 was assumed as

the muscle length in the resting state in this study. The force–velocity relationship, fvce

(.
lce

)
, is formulated

as follows:

fvce

(.
lce

)
=



0
(.
lce ≤ −vmax

)
Vsh

(
vmax(a,lce)+

.
lce

)
Vshvmax(a,lce)−

.
lce

(
−vmax ≤

.
lce < 0

)
VshVshlvmax(a,lce)+Vml

.
lce

VshVshlvmax(a,lce)+
.
lce

(.
lce ≤ 0

) (5)

vmax(a, lce) = Vvm
{
1−Ver[1− a f (lce)]

}
(6)

where vmax is the maximum contractile velocity of the muscle without load, and the muscle contractile
velocity slows as the load increases; Vsh and Vshl are parameters defining the concavity of the Hill curve
during shortening and lengthening, respectively; Vml and Vvm are the maximum velocities during
concentric contraction and during maximum isometric contraction, respectively; and Ver is the effect of
the activation on the maximum velocity.

The passive force–length relationship of a muscle is represented by an exponential function
as below:

Fpe(lmus) =


0 (lmus ≤ lmus0)

Fmax
ePEsh

(
e

lmus−lmus0
lmus0

·
PEsh
PExm − 1

)
(lmus > lmus0 )

(7)

with PEsh and PExm as the shape and range parameters of the passive force and lmus and lmus0 as the
current and optimal muscle lengths. The parameter values of the muscles in this study were defined
by referring to previous work [38,39], as shown in Table 2.

2.2.4. Physiological Cross-Sectional Area (PCSA)

The physiological cross-sectional area (PCSA) is used to estimate the maximum muscle force
because the maximum muscle force is related to PCSA. Table 1 shows the PCSA of swallowing-related
muscles included in the musculoskeletal model, which were defined based on the results of physiological
studies [40–42]. However, the PCSA of pharyngeal constrictor and cricopharyngeus muscles (PG, PL,
PT, and CP) were estimated based on BodyParts3D [34,35] in addition to anatomical images [33] as
these values were not investigated in the previous work. Here, we calculated the PCSAs of pharyngeal
constrictor muscles based on their 3D polygon data using 3D modeling software, 3ds Max®.
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Table 2. Parameters of the muscle model.

Parameter Value Unit

σmax 0.7× 106 [N/m2]
lmus0 Derived from the model [m]
lce0 lmus0 [m]
lcesh 0.5lce0 [m]
Vvm 6lce0 [m/s]
Vsh 0.3 [-]
Vshl 0.23 [-]
Vml 1.3 [-]
Ver 0.2 [-]

PEsh 4.0 [-]
PExm 0.4 [m]

2.2.5. Muscle Force Estimation Using an Optimization Program

(1) Equation of Motion

Using Lagrangian mechanics and setting the generalized coordinates as q, the dynamic equations
(such as Equation (8)) of the musculoskeletal model in the following form were obtained:

M
..
q + C

.
q + Kq + Fm

pa + g(q) = Q (8)

where M is the inertia matrix with a mass M and a moment of inertia J and Cand Kare damping
and stiffness matrices, respectively. The Fm

pa is the matrix representing the passive force of the muscles.

The matrix g represents the effect of gravity. The q =
[
xh, yh, zh, θh, xth, yth, zth, θth

]T
stands for positions

and postures of the hyoid bone and thyroid cartilage. The Q = [Fh
x, Fh

y, Fh
z , Th, Fth

x , Fth
y , Fth

z , Tth
]T

is the generalized force, which includes forces and torques acting on the hyoid bone and thyroid
cartilage. The h and th indices stand for parameters related to the hyoid bone and thyroid cartilage,
respectively. The mass of the hyoid bone and thyroid cartilage, Mh and Mth, were estimated to be
5.0 × 10−3 kg and 1.5 × 10−2 kg, respectively, by calculating the volumes from the skeleton data.
Further, the moment of inertia about the center of gravity of the hyoid bone and thyroid cartilage, Jh

and Jth, were estimated using the function of 3D CAD software, SoldWorks®, to be 4.12 × 10−7 kg m2

and 2.92 × 10−6 kg m2, respectively.
Using the dynamic Equation (8), inverse dynamics analysis was performed to compute the

generalized force Q incorporating the forces and torque that realize the motion of the hyoid bone and
thyroid cartilage, as shown in Figure 2. Here, the differentiation of q with time was computed by a
finite-difference method. In addition, the effect of gravity was eliminated (g = 0) for simplicity.

(2) Muscle Force Estimation

The developed musculoskeletal model has a redundant number of muscles compared with the
degrees of freedom of the hyoid bone and thyroid cartilage. Due to this redundancy, estimating
the muscle forces from the obtained generalized forces was an ill-posed problem, and to solve it,
Crowninshield’s cost function O( f ) [16] was used. The function was formed as a quadratic program
as below:

O( f ) =
N∑

i=1

(
fi

PCSAi

)2

→ min (9)

subject to : Fx =
N∑

i=1

fix, Fy =
N∑

i=1

fiy, Tθ =
N∑

i=1

firi (10)

f min
i ≤ fi ≤ f max

i (i = 1, · · · , N) (11)
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where PCSAi is the physiological cross-sectional area (PCSA) of the muscle i, fi is the muscle force,
ri is the moment arm of muscle i at the hyoid bone or thyroid cartilage, f max

i is the maximum force
of the muscle i, and f min

i is the minimum. A combination of possible muscle forces that minimize
the total muscle force was obtained by optimizing the cost function (9). Function (10) is the equality
constraint and possible muscle forces were required to satisfy the forces and the torque computed by
inverse dynamics. Possible muscle forces were also constrained to be equal to or above zero by the
inequality constraint (11) because muscles generate only contractile force. Here, f max

i was calculated
for each muscle by Equation (3) and f min

i was zero ( f min
i = 0). The quadratic program was solved

using MATLAB® function.

3. Results

3.1. Results of Muscle Force Estimation

Figure 6 shows the muscle forces (%Fmax) estimated by the inverse dynamics computation of
swallowing and the static optimization, which were normalized by the maximum forces as below:

%Fmax =
fe

fmax
(12)

where fe and fmax are the estimated force and the maximum force of muscle, calculated by
Equations (3) and (9), respectively. The figure also shows the three characteristic points defined
in Figure 2 to compare the muscle activities with the movements of the hyoid bone and thyroid
cartilage. Figure 7 shows the onset and duration of the muscle activity, which was derived from
Figure 6. The activation level was defined as values higher than 1% of the maximum force, and the
contrast coloring changed depending on the muscle force. The results suggest which muscle mainly
contributes to swallowing, and they confirmed that the activities of the muscles correlate with the
movements of the hyoid bone and thyroid cartilage.

Figures 2, 6 and 7 show that all suprahyoid muscles (PMH, AMH, GH, AD, PD, and SH) and
an upper part of the middle pharyngeal constrictor muscle (PG1) begin to generate contractile forces
to pull the hyoid bone in the postero-superior direction in the first phase between Ps and P1. Here,
ST also contributes a counterbalancing force to the thyroid cartilage, preventing it from being pulled
in the posterior direction by the passive force of TH and thyrohyoid membrane, which are stretched.
SP seems to contribute to maintaining the posture of thyroid cartilage in this period. In the second
phase, between P1 and P2, GH, AD, PD, and SH generate larger forces to move the hyoid in an
antero-superior direction. Here, TH, SP, and a part of inferior pharyngeal constrictor (PT1 and PT2)
begin to generate force to pull the thyroid upward and slightly forward. After reaching the maximum
displacement at 1.73 s, in the last phase between P2 and Pe, the later pharyngeal phase, the activation
of all muscles are declined, and the hyoid bone and thyroid cartilage return to the resting position by
the passive forces of the stretching muscles and membranes.
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3.2. Force Direction of the Muscles

The hyoid bone and thyroid cartilage mainly move in anterior and superior directions, as shown in
Figure 2. Therefore, to calculate the maximum contraction forces of the muscles in the anterior-posterior
direction and the superior-inferior direction, it is important to investigate the role of each muscle in the
movements of the hyoid bone and thyroid cartilage. Figure 8 shows the direction of the maximum
contractile force of each muscle in the anterior-posterior and superior-inferior directions, which were
calculated from Figure 6.

From Figure 8, the contribution is large in order of AD and GH in pulling the hyoid bone in the
anterior direction. For thyroid cartilage, only TH contributes in the anterior movement. In the same
manner, the contribution is large in order of PD, SH, PMH, AMH, GH, and AD in elevating the hyoid
bone. For the superior movement of thyroid, the contribution order is TH, SP, and PT1.
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Figure 8. Ratios and directions of maximum force of each muscle. (a) Anterior-posterior,
(b) superior-inferior.

4. Discussion

4.1. Activity Pattern of the Muscles

The major contribution of this study was to estimate the sequential activation pattern of the
many muscles involved in swallowing based on the dynamics of swallowing, which is hard with
conventional methods. In the same manner, the estimated activation pattern can be divided into
three phases, corresponding to the sequence of events in swallowing. In the first time period, Ps–P1,
the later oral phase, most of the suprahyoid muscles and a part of middle pharyngeal constrictor
muscles are activated to elevate the hyoid bone to push the tongue against the hard palate to hold
bolus. The result indicates that PMH, AMH, GH, AD, PD, and SH contribute to elevating the hyoid
bone and, particularly, PD and SH make significant effort. Subsequently, in the second period, P1–P2,
the early pharyngeal phase, those muscles are more activated to move the hyoid bone anteriorly
and superiorly, in which GH and AD show a remarkable contribution to the anterior movement.
In addition, TH, SP, and PT1 are activated to raise thyroid cartilage slightly behind the hyoid bone.
In the third period, P2–Pe, the later pharyngeal phase, all the muscles tend to relax, returning the hyoid
bone and thyroid cartilage to resting positions. During the pharyngeal phase, the larynx rises along
with the antero-superior movements of the hyoid bone and thyroid cartilage, and the epiglottis folds
backward to cover the entrance of the larynx to keep bolus from entering windpipe. At the same time,
the pharynx would extend to transport bolus into the esophagus.

To estimate the muscle activity, electromyography (EMG) was conventionally used as a reliable
technique. In particular, fine wire EMG was widely used to evaluate swallowing-related muscles
individually and to investigate sequential muscle activation patterns [43–48]. In these previous studies,
activities of typical muscles involved in swallowing were investigated, but not the deep muscles,
which are difficult to approach by wire electrode. The following findings were obtained:
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− Some studies have indicated that activation of AD, GH, MH, and SN varied with food characteristics
and that there were no obvious consistent activation patterns [43–45]. However, a more recent
study suggested that there was a typical sequence of muscle activation [46]. That is, the masseter
(MA) is first, the next is GH and AD, and the last is SN.

− SN was rarely activated or showed quite low values in comparison with the other muscles [43,46].
− The onset of muscle activation of MH before that of TH was significant [47].
− Normal activity of CP exhibits an inhibition phase in swallowing: Preswallowing and rebound

bursts across the pause [48].

Similar findings were also observed in this study. That is, GH and AD are activated at an
early stage in addition to MH (AMH, PMH), PD, and SH to move the hyoid bone anteriorly and
superiorly. The onset of MH (AMH, PMH) precedes the activation of TH, which mainly contributes to
the movement of thyroid cartilage, and the activity of SN is quite low. Besides, CP (CP1, CP2) and the
lower region of PT (PT3, PT4) slightly exhibited twice activation. However, note that the number of
muscles that can be measured by conventional methods are limited, unlike our approach.

4.2. Role of the Muscles

Figure 8 reveals the role of each muscle in the movements of the hyoid bone and thyroid cartilage.
The figure shows the reasonable result, that is, all suprahyoid muscles (AMH, PMH, GH, AD, PD,
and SH) contribute to the superior movement of the hyoid bone because they are located above the
hyoid bone. Similarly, it is understandable that GH and AD show the most effort in the anterior
movement of the hyoid bone as they are in front of the hyoid bone. TH dominantly works on the
thyroid movements and it is estimated to exert the largest force in the anterior-superior movement of
thyroid cartilage. Meanwhile, TH also contributes to depressing the hyoid bone as it is located between
the hyoid bone and thyroid cartilage.

To understand how the muscle morphological properties influence hyoid movement,
Pearson et al. [41] investigated muscle attachment sites, and physiological cross-sectional areas (PCSA)
of the suprahyoid muscle subsamples (the geniohyoid muscle, stylohyoid muscle, digastric muscle,
and mylohyoid muscle) were investigated by an anatomical technique. They evaluated the potential
effect of individual muscles on the hyoid bone using the PCSA forces of the muscles. The PCSA force,
which represents the strength of the muscles in the anterior-posterior direction or the superior-inferior
direction, was calculated from the attachment sites and PCSA of the muscles. As the result, it predicted
that GH and MH have the most potential to affect the anterior and superior displacement of the hyoid
bone, respectively, which is partially consistent with the findings derived from this study. In addition,
our research emphasizes the importance of suprahyoid muscles in terms of swallowing dynamics.

4.3. Limitations

The findings of this study considering the dynamics of swallowing were consistent with the results
of previous studies based on physiological measurement and structural analysis. However, there were
some limitations to this study. First, the analysis was of only one healthy young volunteer. Even though
the movement of the hyoid bone of the volunteer is a typical triangular trajectory, to generalize the
results it would be better to increase the number of volunteers of various ages and genders because
hyoid movement is slightly varied among individuals. In particular, to investigate the effects of aging
is important, as muscle strength weakens with age and swallowing disorders are common in the
elderly. Second, in relation to the first, we developed the musculoskeletal model using the CT data of
the young volunteer, but the skeleton geometry also differs among individuals and that difference
influences the dynamics calculation. Thus, a deformable standard skeleton model is required to
represent different genders and ages. Besides, to analyze the sensitivity of subject-specific modeling
to the uncertainties in the identification of muscle attachment site, muscle-tendon parameters and
stiffness parameters of soft tissues are interesting because the geometry of head and neck parts is varied
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among individuals. Third, there are some simplifications. The effect of tongue deformation done by
tongue muscles was not accurately simulated but it actually affects the kinematics and posture of the
hyoid bone. Similarly, linear elastic and viscous behaviors were assumed for soft tissues surrounding
the hyoid bone and thyroid cartilage. Thus, nonhomogeneity and anisotropy of their restrictions
were not taken into account. In addition, the inertial effect of the muscles on the movements of the
hyoid and thyroid was not considered, because Hill-type muscle model does not include muscle mass.
However, the inertia of the attached muscles cannot be ignored as their masses are actually larger than
that of the hyoid bone and thyroid. To overcome these simplifications, a 3D, finite element model of
muscle and soft tissue should be constructed based on physiological literature. The 3D musculoskeletal
model would also enable us to take into account the interaction between muscles and the effect of
gravity on muscle deformation. Fourth, there are some assumptions and hypothesis due to the lack of
physiological data. Most of the PCSA of the muscles derived from cadaver specimens was used as
that of the young volunteer and the PCSA of the pharyngeal constrictor muscles were estimated from
a 3D anatomical model. In addition, the estimated muscle forces in this study may not be a unique
combination, because the estimated result depended on the objective function of the optimization
process. Although the objective function considered physiological properties of muscles and is widely
accepted in musculoskeletal studies, its general applicability is not fully accepted. Thus, the results of
this study should be validated further by physiological manner.

To investigate muscle activities in swallowing is difficult because swallowing is a complex behavior
involving volitional and reflexive activities of many nerves and muscles. In general, EMG measurements
are recognized as a reliable method to estimate muscle activities. At the same time, however, there are
limitations in measuring deep muscles in the neck even with fine wire electrodes. Further, EMG signals
do not necessarily reflect muscle strength. In comparing with EMG measurement, the advantage of the
proposed method is that it is able to estimate muscle strengths that can satisfy dynamic consistency
parameters with the movement of the hyoid bone and thyroid cartilage calculated using VF images,
and as the activities of deep muscles can be estimated. As a result, this technique is only one method
to investigate individual muscles in swallowing. If the musculoskeletal analysis of swallowing were
validated physiologically, this technique would be useful for swallowing rehabilitation. For example,
it may extract the target muscle group, which has to be recovered to obtain the desired therapeutic effect.
Another possible application is to propose effective postural compensation maneuver for swallowing
safely without aspiration.

5. Conclusions

A musculoskeletal model was developed, with the main muscles around the hyoid bone
and thyroid cartilage included, to study the muscle activity during swallowing. The forces of
individual muscles between the later oral phase and the pharyngeal phase of normal swallowing
of a healthy volunteer were estimated by inverse dynamics computations with a static optimization
technique. The predicted muscle activation patterns showed qualitative agreement with salient
features obtained from previous studies. This study shows that the musculoskeletal analysis has the
potential to provide deeper insight into swallowing mechanism than conventional methods in terms of
swallowing dynamics.

One of our future works is to implement a muscle model with volume like finite element method
(FEM) to investigate the effects of deformation of muscle, tongue, and soft tissues on the movements
of the hyoid and thyroid. Although the Hill-type muscle model does not have volume, the effect of
muscle deformation cannot be ignored in swallowing as the hyoid and thyroid are held by the muscles.
Besides, to integrate simulation models of tongue deformation [29,30] and mastication [49], it is also
important to analyze the coordination of mastication and swallowing.
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