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Abstract In developed nations, swallowing disorders and
aspiration pneumonia have become serious problems. We
developed a method to simulate the behavior of the organs
involved in swallowing to clarify the mechanisms of swal-
lowing and aspiration. The shape model is based on anatom-
ically realistic geometry, and the motion model utilizes
forced displacements based on realistic dynamic images to
reflect the mechanisms of human swallowing. The soft tis-
sue organs are modeled as nonlinear elastic material using
the Hamiltonian MPS method. This method allows for sta-
ble simulation of the complex swallowing movement. A
penalty method using metaballs is employed to simulate con-
tact between organ walls and smooth sliding along the walls.
We performed four numerical simulations under different
analysis conditions to represent four cases of swallowing,
including a healthy volunteer and a patient with a swallowing
disorder. The simulation results were compared to examine
the epiglottic downfolding mechanism, which strongly influ-
ences the risk of aspiration.
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1 Introduction

Aspiration is the accidental entry of a food bolus into the
trachea when swallowing. Aspiration may cause aspiration
pneumonia, which has become a serious problem for the
aging population of the developed world [28,29,47]. Pneu-
monia is often fatal in the elderly, and patients diagnosed
with aspiration pneumonia are often limited in the variety
of foods that they may ingest and thus experience a reduced
quality of life.

Many methods for observing swallowing motions have
been developed, including videofluorography (VF) [6,8,27,
50], computed tomography (CT) [16,17,40], and magnetic
resonance imaging (MRI) [13,33]. However, the temporal
and spatial resolutions of the dynamic images obtained using
these methods are not sufficient to understand the movements
of the organs involved in swallowing and the food bolus in
detail. In addition, the images obtained using these meth-
ods do not allow hypothesized swallowing mechanisms to be
validated from a mechanical point of view. Therefore, many
important aspects of swallowing remain to be explained and
understood.

Numerical simulations have been applied in various fields
of biomedical engineering [15,19,31,34,36]. The oral cavity
and pharynx have been modeled in several simulations car-
ried out to study speech and sleep apnea[2,5,9,14,35,37,43].
Numerical simulations of swallowing are valuable for rep-
resenting the detailed movements of the organs involved in
swallowing and the food bolus and in clarifying the mecha-
nisms of swallowing and aspiration. Numerical simulations
of swallowing can also be used as a predictive tool for esti-
mating the risk of aspiration.

The numerical simulation of the food bolus flow during
swallowing is difficult because it is a free surface flow involv-
ing splashing, separation, and reattachment. Sonomura et al.
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[41] applied the arbitrary Lagrangian and Eulerian (ALE)
method to simulate the movement of a food bolus flow, but
small splashes were not represented. Particle methods such as
smoothed particle hydrodynamics (SPH) and moving parti-
cle simulation (MPS) have also been applied [12,18,20] and
found to be more useful. These particle methods can analyze
such flows without any complex treatment [15,24].

The numerical simulation of organ movements is diffi-
cult because of the complex shapes and large deformations
involved. Mizunuma et al. [30] presented a simulation of the
oral cavity, pharynx, esophagus, and larynx. However, the
shape and motion models that they used were overly simpli-
fied and not smooth because of problems with the calculation
stability. Tsouetal. [48,49] used ArtiSynth, which is an open-
source three-dimensional biomechanical simulation platform
[7,42], to developed a three-dimensional model of the hyoid
bone, larynx, and trachea with their associated muscles. They
performed an inverse problem simulation of the hyolaryn-
geal elevation and anterior movement based on VF images to
study the functions of each muscle. The hyolaryngeal excur-
sion is important in epiglottic downfolding and esophageal
opening. In their study, Tsou et al. omitted other organs, such
as the tongue and epiglottis, and the food bolus. Ho et al.
[11] performed a structural analysis of the tongue, palate,
and oropharynx using ArtiSynth and then simulated the food
bolus movement by the SPH method using the simulation
results for organ surfaces as the wall boundary condition.
The shapes of the oral cavity and oropharynx were modeled
based on anatomical geometry, but the larynx and esophagus
were omitted to demonstrate the applicability of the particle
method to representing the food bolus flow. The organ motion
model used by Ho et al. was not based on realistic timings
or trajectories of any medical images. In the above studies,
no simulation models were developed for the esophagus and
larynx based on anatomically realistic geometry and realistic
dynamic images.

In this study, we analyzed the behavior of the tongue,
palate, pharynx, esophagus, and larynx based on CT and
VF images with the aim of developing a simulation method
for swallowing and clarifying the mechanisms of swallow-
ing and aspiration. The Hamiltonian MPS (HMPS) method
[23,44] was employed for the structural analysis of these
organs. Kikuchi et al. [22] verified the applicability of this
method to a hyperelastic material under large deformation,
and they proposed a wall boundary condition for the method.
Particle methods do not require the generation of a com-
plex mesh and are useful for analyzing large deformations
[19]. Additionally, organ analyses using particle methods
can be suitably coupled with fluid analyses of food bolus
flows because of the development of a fluid—structure cou-
pling scheme [39].

In this study, we modeled several cases of swallowing
movements, including that of a swallowing disorder, by con-
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ducting numerical simulations under four conditions. We
compared the simulation results to examine the mechanism
of epiglottic downfolding, which is one of the most important
movements for preventing aspiration.

2 Particle method
2.1 Equations of motion and time integration scheme

In this study, the following equations involving the elastic,
artificial potential, viscous, and contact forces were used:

av
P = felastic + faniﬁcial + fviscous + fcontach (1)

ot
where p and v denote the density and velocity, respectively.
The organs are discretized into particles with initial diameters
and masses of /o and m, respectively. Specific formulations
of each force are described in Sects. 2.2, 2.4, 2.5 and 2.6,
respectively.

In this study, the Euler symplectic time integration scheme
was utilized. First, the intermediate momentum is calculated
without considering any contact.

w ook M (ek k k
miv; = m;v; + ,0_ (fi,elastic + fi,artiﬁcial + fi,viscous) Ar.
1
()
Next, contacts are detected, and the contact forces are com-

puted. Finally, the momentum and position of particles are
updated using the following formulas:

i i i,contact ’
i

.
m vV = v+ =L At 3)
o

XK = xk v AL )

] 1 L

2.2 Hamiltonian MPS method

The elastic forces were calculated using the HMPS method
[44].
The governing equations of elastodynamics are as follows:

ov _ Iw 5)
Por = Tor

and

W=1:F, (6)

where W denotes the total elastic strain energy and F is the
deformation gradient tensor. The first Piola—Kirchhoff stress
tensor is given by the following equation:

I = FS, (N
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where S is the second Piola—Kirchhoff stress tensor.

Letr;; = x; — x; and r?j = X? — x! be the current and
initial positions, respectively, of particle j relative to particle
i. We defined the weight function as follows:

Te elastic 0
-1, (0 < |rij| = Te.elastic

0

0, (re.elastic < |l'?j |)

where re clasiic 18 the effective radius. We used re elastic =
1.75lp.

In the HMPS method, the deformation gradient tensor F;
at the particle i is evaluated using the weighted least-squares
method. The following error functional can be defined by
using the weight function:

ei(Fi) = > [Fir), — 1 Pwf). ©)
J
The functional minimum is given by

a .
gy, (10)
JF;

which provides the following formula for the deformation
gradient tensor F;:

Do | A7 (11)

where ® denotes the tensor product and

A; —Zr,j®r W) (12)

From Eq. (5), we can obtain the elastic force as follows:

fi clasiic = D _(FiS;iA;'rd; + F;S;A7 ' r))w). (13)

J
2.3 Constitutive laws

The second Piola—Kirchhoff stress tensor is given by the fol-
lowing equation:

ow
S=2—, 14
3C (14)
where C = F'F denotes the right Cauchy—Green deforma-
tion tensor. In this study, the Mooney—Rivlin constitutive law
was applied.

W=CMU -3+ L -3)+Di(J-1)% (15

where C?’IR, C%VIR, and D; are the material constants, J is
the third invariant of F, and the first and second reduced
invariants of C are expressed by the following equations:

i] = .172/311, (16)
L=J"*3Dn, (17)

where I; and I denote the invariants of C. The zero-strain
Young’s modulus of the Mooney—Rivlin model is derived as
follows:

E=6(CY®+c)R). (18)

2.4 Artificial potential forces

We employed the artificial potential forces developed by
Kondo et al. [23]:

fi artificial = z (C,Zm (I‘i i~ Fir?j)

J

+ 3 (v — Fyry) ) wh). (19)
where
, E:d
= ST (20)
> 0w

and d denotes the number of spatial dimensions. The coeffi-
cient E is a parameter for determining the amplitude of the
forces that has the same dimensional units as the Young’s
modulus, but it has no physical meaning. We used the value
of E calculated from Eq. (18) as E.

When the deformation gradient tensor F; is evaluated at
the particles i, spurious singular modes and high-frequency
local oscillations can occur [23]. The artificial force is applied
as a stabilizer in the direction that cancels the error term
of the weighted least-squares method given by Eq. (9) and
suppresses the spurious singular modes and local oscillations
[23].

2.5 Viscous force
To stabilize the calculation, we attenuated the particle veloc-

ity by using the following formula for the viscous forces
associated with the standard MPS method [25]:

2d
fiviscous = PV35 D (Vj = Vi)wjj, 1)
J

where v is the coefficient of the viscous force. We used v =
2 x 1073 [m?/s]. The coefficients A and n° normalize the
Laplacian model of the standard MPS method.
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The HMPS method with the artificial potential force con-
serves the total energy; however, the addition of the viscous
force decreases the energy.

2.6 Wall boundary condition

To analyze the contact between the organ walls and smooth
sliding along the walls, we had to smooth the surfaces of the
walls represented by particles. We also needed to consider the
deformation of the elastic particles. To do so, we employed
a penalty method that uses metaballs [22]. In this method,
particle i, which is in contact with the wall of another organ,
is accelerated by the following normal and friction forces:

fi,nor = kan, (22)
and
. [Vim, tan] Vim,t
f; tan = min (mﬂ, thtan If nor) ) = (23)
At |Vim,tan|

respectively, where k, p, n,,, and pu, denote the penalty
coefficient, penetration, unit normal vector of the wall, and
friction coefficient, respectively. Let v;,,, be the relative veloc-
ity between the particle i and the wall. The vector v;, tan 1S
the component of v;,, perpendicular to n,,.

Vim,tan = Vim — (Vim 'nm)nm- (24)

A higher value for the penalty coefficient is better as long as
the analysis is stable because it means reduced penetration
and increased accuracy for the analysis [S1]. We used the
following formula for the penalty coefficient:

(25)

where k = 0.3 denotes the spring ratio coefficient.

A particle that can contact the wall is referred to as a
“slave,” and the wall is the “master” (Fig. 1). In the following
section, we explain the method used to determine the master
surface based on the arrangement of master particles.

Particle i: Slave

Vim,tan
P =>

Unit normal
vector

'y

Wall: Master

Fig. 1 Basic concept of penalty method
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Fig. 2 Particle arrangement for
calculation of Z(y)

Fig. 3 Normal density function 2.0
Z(y) 151
31.0 -
N
0.5
0 .

0.
0.0 1.0 2.0
v

O Slave: Particle i

Master:
Wall
particles

Fig. 4 Wall particles

2.7 Determination of master surface from master
particles

A metaball method is employed to determine the master sur-
face. This method is used to represent the surface of an object
as a set of points [1] and to generate a surface from the
simulation results using particle methods [10]. We used the
following metaball function:

2
r
I1—{————), © < b
C(r) = (re‘metaball) ( == re'metdbd“) (26)
0, (re.metaball < )

with the effective radius re metabal = 1.75/p. Assuming a
standard wall whose particles are arranged in a simple cubic
lattice (Fig. 2), the relationship between the distance y and
the summation of metaball functions can be defined as the
normal density function Z(y) (Fig. 3).

Zn= >

Jj€StandardWall

c(lry; ). 27)

We next describe how to determine the position and nor-
mal direction of the master surface when the master particles
are arranged as shown in Fig. 4. First, the summation of meta-
ball functions from the master particles to the center of the
slave particle i is calculated as follows:

Cin=> c(IF;'r;1). (28)

Jj € master
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Center of slave 7

n 7,

m

Surface of the
master particles

Fig. 5 Distance between slave particle i and master surface

Next, R;;, is calculated from the inverse of the normal density
function.

Rim = Z71(Cim). (29)

Ri,, indicates how far the slave particle i is from the master
surface without considering the deformation of the master
particles. The unit normal vector of the master wall n,, and
the velocity of the master wall v;,,, relative to the slave particle
i are calculated as follows:

S Ve (|F;1rij|)

n  _JEmae ’ 30)
3 Ve (|F;‘rl-j|)
j master
2 (vj=vie (|F;1rij|)
- je master = . 31

Finally, the average strain of the master particles €, and the
distance 7, as illustrated in Fig. 5, are calculated as follows:

1

Em == (32)

F, n,

> ¢ (|F;1rij|) FJTI

-1 Jj € master
F, = , 33
" Cim ( )
Tm = €mlo/2. (34)

The indicator R;;, is modified by g,,, and 7, is obtained.
Fim = ngim- (35)

The distance between the center of the slave particle i and
the master surface r;,, is derived as follows:

Tim =Tim —Tm- (36)

2.8 Penetration of a slave particle

We next describe how to compute the penetration of the slave
particle i into the master surface while considering the defor-
mation of the particle i. We can define the master surface

Slave particle i

n t

.
Master surface ////////A

Fig. 6 Penetration between slave particle i and master surface

whose distance from the center of the slave particle i is iy,
with the unit normal vector n,,, as illustrated in Fig. 6. The
slave particle i can be treated as a spheroid with the center
O; = (0,0, 0). The surface P = (x, y, z) of the spheroid i
can be represented as follows:

a1x’ + apy* + a3z 4 agxy + asyz + agzx =g, 37

where the constants a,, are calculated from the inverse of the
deformation gradient tensor F,” ! Next, we can obtain the
point P; on the spheroid i whose unit normal vector is —n,,,
and the component of the segment O;P; parallel to —n,, is
ri. The penetration is computed as follows:

ri —Yim, (ri > Tim)
= 38
P [ 0, (ri < Tim). (38)

2.9 Contact forces applied to slave and master particles

If p > 0, the slave particle i is subject to the following normal
and friction forces:

fi‘nor = kpny,, (39)

. |Vim,tan| Vim tan
fi,tan = min (pi —_— Mtan|fi,nor| P— (40)
AV) [Vim,tan|

The master particles / are subject to the following reaction
forces.

¢ (17 "rut)
fl,nor_react = Z ) fi,nor s (41)
ieslave Z C(|Fj ri-/l)
J € master
¢ (1F7 "rut)
fl,tan_react = Z ) fi,lan . (42)
ieslave Z C(|Fj l'ij|)
J € master

Symmetrically treating all particles twice as both slaves
and masters improves the reliability of the analysis, as
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demonstrated in [3,45]. Therefore, we can use the summa-
tion of Egs. (39), (40), (41) and (42) to represent the contact
force used in Eq. (1).

fi ,contact = fi ,nor + fi Jtan + fi ,nor_react + fi ,tan_react - (43)

3 Shape and motion model of organs
3.1 Overview of modeling

This study was performed with the approval of the ethics
committee of Japanese Red Cross Musashino Hospital. A CT
image was taken using the normal procedure, and VF images
were taken from a subject swallowing water mixed with an
X-ray medium to obtain realistic geometry and motion data.
A healthy 25-year-old volunteer was used as the subject of
both the CT and VF images. VF is an observation method
used to record dynamic images of swallowing using the X-
ray fluoroscopic method.

The CT image provided three-dimensional surface data
for the organs. Each organ was segmented manually because
some organs were in contact when the CT image was taken.
The surface data were transformed so that the angle of the
neck and height of the larynx fit the rest position in the
VF images. Additionally, the shapes of the tongue, soft
palate, and esophagus were modified to reflect their ini-
tial shapes; their shapes when no forces are applied were
assumed. The modified surface data were used to gener-
ate particles in a simple cubic lattice. The particle method
used in this study permits the construction of shape data
for analysis without the generation of a complex mesh. Fig-
ure 7 shows the shape model of the organs represented by
particles.

Many types of muscles work together in various direc-
tions when a person swallows. Therefore, it is difficult to
represent the organs’ movements to fit realistic motion data
by numerical simulation of the movements caused by muscle
contraction. In this study, the swallowing movement was gen-
erated using “control regions,” which are defined as a group

Soft palate
Hard palate—— g
Tongue /
Pharynx
Larynx
Esophagus
Trachea —=

Fig. 7 Shape model of particles

@ Springer

of particles that shift as a result of forced displacements. The
time—displacement relationships of the control regions were
determined on the basis of the VF images.

All of the particles were analyzed as a single continuous
hyperelastic body. However, elastic analysis was not applied
to the control regions of the pharyngeal constrictors, which
are described in Sect. 3.6. Particles other than control regions
were passively moved and deformed.

3.2 Tongue model

The tongue mainly consists of several types of muscles
[21,46]. Based on this knowledge, Buchaillard et al. [2]
developed a detailed simulation model for tongue muscles
to represent tongue movement during speech. The tongue
movement during swallowing seems to be like a traveling
wave that transports a food bolus from the anterior to the
posterior. This movement resembles those that occur when
the genioglossus muscles contract from the anterior part to
the posterior part, as shown by Buchaillard et al. [2]. A mus-
cle itself is not able to make a pushing motion. However,
the tongue is incompressible, so a decrease in one dimen-
sion will cause a compensatory increase in at least one other
dimension [21]. Buchaillard et al. [2] showed that the con-
tractions of the posterior part of the genioglossus muscle and
styloglossus muscle elevate the surface of tongue toward the
palate.

In this study, control regions were placed near the sur-
face of the tongue to represent surface movement. A control
region to sustain contact with the palate was established from
the tip to the sides of the tongue (Fig. 8a). In addition, con-
trol regions were established from the tip to the base of the
tongue on the midsagittal plane at certain intervals (Fig. 8b).
The control regions were moved in the pull and push direc-
tions normal to the tongue surface in sequence from the
anterior to the posterior in accordance with the VF images
to represent the wave-like movement of the tongue. The
inside part of the tongue was omitted from the shape model
because the forced displacements were applied near the
surface.

B) Control regions
of tongue on
.~ Mmidsagittal plane

(A) Control region
of tip and sides ™,
of tongue

()

Super or
Posterlor

Left

Fig. 8 Tongue model (control regions are shown in back)
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Elastic body :

light green = Epiglottis,
transparent green

/ = other part of larynx

..7 (D) Control regions for

arytenoid cartilages
(C) Control region for

J— Superior
laryngeal and t Posterior

tracheal movement
Left

(F) Control region for

central portion of the
epiglottis T~

(E) Control region for
thyroepiglottic ligament —

Fig. 9 Larynx and trachea model

3.3 Soft palate model

The soft palate is the organ that closes the flow channel from
the oral cavity to the pharynx before swallowing and then
closes the channel to the nasal cavity during swallowing. The
former movement is mainly accomplished by the palatoglos-
sus muscle, and the latter is mainly accomplished by the
palatopharyngeal and levator veli palatini muscles.

To represent these movements, two control regions were
established along the longitudinal axis on the midsagittal
plane and moved toward the oral and nasal cavities.

3.4 Larynx and trachea model

The larynx is the entrance to the trachea. The larynx and the
upper part of the trachea consist of the thyroid and cricoid
cartilages. The cartilages are suspended from muscles and
ligaments that hang down from the hyoid bone, so they move
upward and forward together when the hyoid bone elevates
and moves forward.

To represent the laryngeal and tracheal movement, a tube-
shaped control region with the same height as the cricoid
cartilage was established (Fig. 9c) and moved upward and
forward in accordance with the VF images. The hyoid bone
and thyroid cartilage themselves are not the flow channels
of the food bolus; therefore, they were not considered in this
study.

The larynx has true and false vocal cords. In this study, to
mimic their biomechanics, cube-shaped control regions were
established at the arytenoid cartilages, which are located at
the posterior ends of the vocal cords (Fig. 9d). These con-
trol regions were moved together with control region (C) for
laryngeal movement and given additional movement to the
inside and anterior to represent the closing and opening of
the entrance of the trachea during swallowing.

3.5 Epiglottis model

The epiglottis is an organ located in the larynx that folds
down and covers the entrance of the larynx to prevent pene-
tration of a food bolus into the larynx. The epiglottic cartilage

is an elastic cartilage, which is the most flexible type of car-
tilage. The lower end of the epiglottic cartilage is attached
to the thyroid cartilage by the thyroepiglottic ligament. In
this study, a control region was established at the lower
end of the epiglottic cartilage as the ligament (Fig. 9¢) and
was moved together with control region (C) for laryngeal
movement.

The mechanism of epiglottic downfolding (i.e., what
forces cause the epiglottis to rotate and what part of the
epiglottis is acted upon by these forces) has not been clar-
ified. The following mechanisms of epiglottic downfolding
have been proposed in previous studies [6,8,27,50].

(o) The upper part of the epiglottis is pushed by the
retracting wall of the tongue base.

(B) The upper part of the epiglottis is pushed by the con-
stricting pharyngeal wall.

(v) The lower part of the epiglottic cartilage is pressed
by tissues next to the cartilage when the larynx elevates.
(6) The muscles attached to the sides of the epiglottis pull
downward.

(€¢) The pressure of the food bolus produces a downward
force.

The center of the epiglottic cartilage is also attached to
the hyoid bone by the hyoepiglottic ligament. Because the
position and shape of the epiglottis could not be seen clearly
in the VF images and because the downfolding mechanism
has not been clarified, the following two motion models about
the center of epiglottic cartilage were constructed.

Model X: The center of the epiglottic cartilage is a con-
trol region (Fig. 9f) and given translational and rotational
movements in accordance with the VF images (when
an image was unclear, some presumptions were made
based on the images captured before and afterward).
The epiglottis is thus given active rotation by the con-
trol region and passive rotation by contact with other
organs.

Model Y: The center of the epiglottic cartilage is not a
control region and moves passively. The epiglottis is thus
given only passive rotation by contact with other organs.

Active rotation of control region (F) in Model X represents
the y and § mechanisms. Passive rotation by contact with
other organs in Models X and Y corresponds to the o and
B mechanisms. In this study, the y and § mechanisms could
not be analyzed separately, and the food bolus (¢) was not
considered. These issues will be examined in future research.

The simulation results obtained with Models X and Y were
compared to investigate which of the four mechanisms («¢—4)
occurs and when.
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3.6 Pharynx model

The pharynx is the organ that connects the esophagus and
larynx to the oral cavity and closes quickly to transport the
food bolus to the esophagus during swallowing. The pha-
ryngeal muscles consist of two groups: the muscles in the
vertical direction, such as the palatopharyngeal muscle, and
the constrictor muscles in the circular direction relative to the
pharyngeal wall. These muscles constrict the pharynx trans-
versely and shorten it vertically. However, this movement has
not been quantitatively investigated in three dimensions.

In this study, a sheet-shaped surface with a thickness of
approximately 4 mm was made by broadening the mucous
surface obtained from the CT image and was used as the
shape model for the pharyngeal wall. This model is illustrated
in Fig. 10.

The control region of the cervical vertebrae for anchor-
ing was established behind the posterior wall of the pharynx
(Fig. 10g). Because muscle contraction was omitted and the
only forced displacement is applied by the control regions,
the vertical shortening of the posterior half of pharyngeal
wall is not represented. The vertical shortening of the ante-
rior half of the pharyngeal wall is passively represented by
the laryngeal elevation of the control region (C).

To represent the transverse constriction of the pharynx,
plate-like control regions (Fig. 10h) were established outside
the shape model of the pharyngeal wall in consideration of
the arrangement of the middle and inferior constrictors. The
pharyngeal wall is subject to contact forces and is pushed
inward by these control regions moving inward, as illustrated
in Fig. 11.

(B) Control regions

for t t
Wall of the pharynx or tongue roo

= Elastic body

| Translational
M tion Anterior

> Posterior
Y Rotational
Motion

(G) Control region for
(b)

cervical vertebrae
Fig. 10 Pharynx model
Fig. 11 Transverse constriction. a Sectional view. b Position of section

L

1.500 [s]

1.650 [s]
(a)
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In this study, structures outside the sheet-like shape model
for the pharyngeal wall, such as the sides and back of the neck,
were omitted. This is because MRI images have indicated
that the tissue near the pharynx seems to slide relative to the
outer tissue near the surface of the neck when the larynx and
pharynx move vertically during swallowing. Thus, the effects
of external structures on the pharyngeal model were thought
to be sufficiently small that they can be neglected.

3.7 Young’s modulus and constitutive law

One of the most difficult problems in biomechanics is
determining the physical properties of living organs. For
ethical reasons, our ability to measure the physical para-
meters of living organs is limited, and few studies on this
subject have been conducted. Furthermore, any such mea-
surements obtained could vary widely because it is difficult
to ensure uniformity in the specimens and measurement envi-
ronment.

Some measurements of the Young’s modulus of soft tis-
sues such as the tongue have been reported. Gerard et al.
[9] measured the stress—strain curve of a tongue removed
from a fresh cadaver by indentation experiments and found
its zero-strain Young’s modulus to be 1.15 kPa. Cheng et
al. [4] conducted MR elastography in vivo and reported a
shear modulus of 2.67 kPa for tongue tissue and 2.53 kPa for
soft palate tissue. Krouskop et al. [26] measured the Young’s
modulus of soft tissues in the forearm and leg in vivo using
a gated Doppler ultrasonic system and reported a value of
6.2 kPa for the measured muscles at rest and 110 kPa for the
muscles in contraction.

Various Young’s modulus values have been used for soft
tissues in previous simulation studies. Mizunuma et al. [30]
simulated a swallowing movement using Young’s moduli of
10 kPa for the tongue and 720 kPa for the pharynx. Dan et
al. [5] simulated tongue movements during speech using a
Young’s modulus of 20 kPa for the tongue. In an analysis of
the air flow and structure of the pharynx and larynx, Huang et
al. [14] used a value of 6 kPa for the Young’s modulus of the
tongue based on the results reported by Krouskop et al. [26].
Buchaillard et al. [2] simulated the tongue during speech by
modeling the tongue as a hyperelastic material according to
the Yeoh model with a zero-strain Young’s modulus of 6
kPa.

Few mentions of the Young’s modulus of the epiglottis can
be found in the literature. Huang et al. [14] used a Young’s
modulus of 1.6 MPa for the epiglottis in their simulation
study. Pelteret et al. [35] numericallly simulated the tongue
and surrounding tissues during breathing using a Young’s
modulus of 3 MPa for the epiglottis, but this was a measured
value for the articular cartilage of human limbs, and the stiff-
ness of the epiglottis is lower than that of articular cartilage.
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Naumann et al. [32] measured the Young’s modulus of the
epiglottis in rabbits and reported a value of 0.24 MPa. In a
study on the volume change of the ear canal, Qi et al. [36]
simulated the elastic cartilage of a newborn using a Young’s
modulus of 30-90 kPa.

In this study, soft tissues such as the tongue, soft palate,
pharynx, esophagus, and larynx were assigned a zero-strain
Young’s modulus value of 20 kPa. This value is the same as
thatused by Dan et al. [5] and lies between the values for mus-
cles at rest and in contraction. During human swallowing, the
Young’s modulus may increase because of muscle contrac-
tion. However, the possible change in the Young’s modulus
was not considered in this study because muscle contractions
were omitted, and the only forced displacement was applied
by the control regions. The epiglottis was assigned a Young’s
modulus values of 100 kPa, i.e., five times greater than that
assigned to the soft tissues. This value may also be smaller
than the actual value. However, a smaller Young’s modu-
lus value for the epiglottis, which is affected by tongue and
pharynx movements, will still represent the movement of the
epiglottis and other organs appropriately.

The soft tissues are often treated as incompressible mate-
rials. Therefore, to prevent volume changes, we used the
Mooney—Rivlin model given by Eq. (15) as the constitu-
tive model rather than a linear elastic model and assigned
a bulk modulus D of 1 MPa. The ratio of C}V[R / C%’IR =1
is widely used for soft tissues [36]. We applied this ratio and
determined the values of C%VIR and ClzvIR from the Young’s
modulus using Eq. (18).

3.8 Other parameters and conditions of analysis

Values of 1.0 x 1077 [s] and 1.2 x 1073 [m] were used for
the time interval At and initial particle diameter [y, respec-
tively. The control regions had 25,536 particles, and the parts
excluding the control regions had 50,008 particles. The den-
sity p was 1 x 103 [kg/m?]. From the start of the analysis
to 0.5 s later, the control regions were moved to deform
the organ model to conform to the shape of the VF image
before swallowing. Then, the swallowing movement was rep-
resented based on the VF images.

To our knowledge, the friction coefficients of the sur-
faces of the organs involved in swallowing have not been
investigated. These friction coefficients are considered to be
strongly related to the degree of drying of the oral cavity and
pharynx. For example, the elderly have little saliva, so these
organ walls become dry, and the friction coefficients may
become large. In this study, two friction coefficient values of
van = 0.1 and 0.3 were used to investigate the sensitivity. As
described in Sect. 3.5, two motion models for the epiglottis
were constructed. Therefore, four cases were considered for
numerical simulation, as indicated in table 1.

Table 1 Four cases for numerical simulation

Simulation case Epiglottic motion Mtan
Case X1 Model X 0.1
Case X3 Model X 0.3
Case Y1 Model Y 0.1
Case Y3 Model Y 0.3

4 Results and discussions
4.1 Simulation results of basic case

In this section, we present the results for Case X1 as the
basic case; it was most consistent with the VF images among
the four simulation cases. Figure 12 shows the VF images,
and Fig. 13 shows the corresponding snapshots for Case
X1 illustrating only the right half of the organs’ particles.
Control region (H) for the pharyngeal constrictors is shown
in gray, and the other control regions are shown in black.
In Fig. 14, the epiglottis for Case X1 is shown from the
left-rear point of view without the posterior wall of the phar-
ynx.

The entire swallowing movement of the organs was sta-
bly analyzed using the HMPS method with the application
of artificial potential forces and viscous forces. Each part
of the organ model was deformed non-uniformly because
each control region moved various distances in different
directions. The entrance of esophagus opened considerably,
as indicated in Fig. 13e, and elongated to more than twice
its length in the anterior—posterior direction because of the
laryngeal movement toward the anterior. For the particles
outside the control regions, at time = 1.667 s, the average
value of det F was 0.9992, and 98.0% of the particles main-
tained their det F within 0.98-1.02. These results indicate
that the organ model behaved as an almost incompressible
body, which reflected the effect of using the Mooney—Rivlin
model.

In this study, the movements of the control regions were
defined to correspond to the VF images. Therefore, the
timings and displacements of the organs’ movements were
consistent with the realistic swallowing of the human vol-
unteer in this study. In addition, the tip of the epiglottis,
which was not a control region, passively moved and suc-
cessfully folded down below the horizontal. The epiglottic
tip rotated beyond the angle of control region (F) because
it was pushed by the pharyngeal wall when control region
(H) for the pharyngeal constrictors moved, as indicated in
Fig. 14. The epiglottis slid smoothly along the pharyngeal
wall and rotated below the horizontal. No differences were
observed between the VF images and the simulation results
for the movement of the epiglottic tip.
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4.2 Comparison of four cases to clarify epiglottic
downfolding mechanism

Figures 15 and 16 shows the results for Cases Y1 and Y3,
respectively. Table 2 lists the times at which the tip of the
epiglottis rotated below the horizontal for the four cases. In
Cases X1 and X3, where control region (F) was established,
the epiglottis rotated below the horizontal, but the higher
friction coefficient resulted in later epiglottic downfolding
because of the friction force applied by the pharyngeal wall.
In Cases Y1 and Y3, where the center of the epiglottic carti-
lage was not actively moved, the upper part of the epiglottis
contacted a larger area than in Cases X1 and X3 for the
time interval of 1.63—1.69 s. Subsequently, the lower friction
coefficient caused the epiglottis to slide on the posterior pha-
ryngeal wall and fold below the horizontal (Fig. 15d). With
a higher friction coefficient, on the other hand, the epiglottis
was prevented from rotating by contact with the pharyngeal
wall (Fig. 16) and did not fold down until the end of swal-
lowing.

Figure 17 compares the VF image and the results for Cases
X1 and Y1 at the time = 1.700 s. The red sectional outline
corresponds to the epiglottis for Case X1, and the yellow
outline corresponds to the epiglottis for Case Y1. The height
of the epiglottis for Case Y1 was lower than that for Case
X1 and was not consistent with the location of the shadow
of the food bolus, which is visible in the VF image. There-
fore, the epiglottis in this VF image was considered to bend
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Fig. 12 Lateral view of VF images. a 0.000 [s]. b 0.500 [s]. ¢ 1.383 [s]. d 1.583 [s]. e 1.667 [s]. £ 2.050 [s]

(©)
®

while keeping its center part high, which corresponds to the
shape obtained for Case X1 when its position was below the
horizontal.

We next discuss the epiglottic downfolding mechanisms
o—8, which are explained in Sect. 3.5. In Cases X1 and X3,
the epiglottis rotated to a position slightly above the hor-
izontal because of the action of control region (F), which
corresponded to the model for laryngeal elevation (y) and
epiglottic muscles (8). The epiglottis was then rotated pas-
sively below the horizontal by the pharyngeal push (8) from
the lateral-posterior direction. The results for Case X1 and
X3 suggest that the wall of the tongue base (o) may not have
worked to produce epiglottic downfolding as the volunteer
swallowed.

In Case Y1, the epiglottis was pushed backward by the
wall of the tongue base («) rather than control region (F)
(v, 8) and was then rotated below the horizontal by the
pharyngeal push (B). Logemann et al. [26] hypothesized
that epiglottic downfolding from the horizontal position to
below the horizontal is caused by the epiglottis being crushed
between the retracting wall of the tongue base and the
constricting pharyngeal wall. The downfolding mechanism
described by their hypothesis was considered to be almost
the same as that represented by Case Y 1. However, there is
a small difference. According to the hypothesis presented by
Logemann et al., the midsagittal part of the pharyngeal wall
pushes the epiglottis. In our analysis, the relatively lateral
part of the posterior pharyngeal wall pushed the epiglottis.
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Fig. 13 Lateral view of basic case. a 0.000 [s]. b 0.500 [s]. ¢ 1.383 [s]. d 1.583 [s]. e 1.667 [s]. f 2.050 [s]

The results for Case Y1 suggest that the retraction of the wall
of the tongue base () is important in epiglottic downfolding
when the epiglottic rotations caused by the laryngeal eleva-
tion (y) and epiglottic muscles (§) (control region (F)) are
absent because of some disorder.

Finally, we discuss factors that prevent epiglottic down-
folding. Even if some forces that tend to make the epiglottis
rotate are applied, a large area of contact between the epiglot-
tis and the posterior pharyngeal wall prevents the epiglottis
from folding down. When the epiglottis was folding down
and approximately at the horizontal position, epiglottic con-
tact with the pharyngeal wall was observed in many cases in
the VF images, including those obtained for the volunteer in
this study. However, the size of the contact area varied from
case to case. In Cases Y1 and Y3, the epiglottis was largely
in contact with the pharyngeal wall, as indicated in Figs. 15¢
and 16, and was similar to that of a patient with a swallowing

disorder, as indicated in Fig. 18. Despite the same motion
model being applied, the epiglottis folded below the hori-
zontal in Case Y1 but did not in Case Y3. If the epiglottis
does not rotate and does not cover the entrance to the larynx,
the risk of aspiration becomes high. In this study, the friction
coefficients were not validated in a quantitative manner, but
the results qualitatively showed that the friction coefficient
may be a factor that prevents epiglottic downfolding.

In addition, the comparison of Cases X1 and Y1 illustrated
in Fig. 17 indicates that the anterior—superior movement of
the center of the epiglottic cartilage in Case X1 and the
VF image plays a role in making the tip of the epiglottis
lose contact with the pharyngeal wall and rotate below the
horizontal. Vandaele et al. [50] proposed that the anterior
movement of the hyoid bone provides some traction to the
center of the epiglottic cartilage via the hyoepiglottic lig-
ament. In Model X, the translational movement of control
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Fig. 14 Rear view of basic case. a 1.383 [s]. b 1.583 [s]. ¢ 1.633 [s]. d 1.677 [s]

Fig. 15 Lateral view of Case
Y1.a1.583[s].b 1.677 [s]. ¢
1.683 [s]. d 1.700 [s]

Fig. 16 Lateral view of
case Y3

1.700 [s]

region (F) corresponds to a motion model for the pulling
of the hyoepiglottic ligament based on the VF images and
some assumptions. On the other hand, because the center
of the epiglottic cartilage in Model Y was not subjected to
a forced translational movement, its movement corresponds
to that of a patient for whom the hyoepiglottic ligament is
weakened or the degree of hyoid movement toward the supe-
rior and anterior is small. The elderly have fewer fibers in the
hyoepiglottic ligament [38]. The hyoepiglottic ligament may

@ Springer
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Table 2 Time of epiglottic downfolding below horizontal

Simulation case Time [s]
Case X1 1.65

Case X3 1.70

Case Y1 1.70

Case Y3 Did not fold

also loosen because the larynx position at rest becomes lower
with age. Additionally, the degree of hyoid movement often
decreases if a person’s reflexes are damaged. In these cases,
the anterior—superior movement of the center of the epiglot-
tic cartilage may become less than normal, as represented in
Cases Y1 and Y3, so the epiglottis will largely be in contact
with the pharyngeal wall and have difficulty folding down
below the horizontal. This results in a higher possibility of
aspiration.
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1.700 [s]

Fig. 17 Comparison of Cases X1 and Y1 with VF image (Case X1:
red, Case Y 1: yellow). (Color figure online)

Fig. 18 VFimage of patient for whom epiglottic downfolding is absent
(Case Y3)

5 Conclusion

The swallowing movements of the tongue, palate, pharynx,
esophagus, and larynx were successfully analyzed. A shape
model was constructed on the basis of the anatomical geom-
etry. A motion model that utilizes the forced displacements
of control regions was constructed on the basis of real-
istic dynamic images to reflect the most current medical
and medical engineering knowledge on the mechanisms of
human swallowing. The HMPS method was used with the
application of artificial potential and viscous forces for sta-
ble analysis of the organ movements. The epiglottis slides
smoothly on the pharyngeal wall and folds down below the
horizontal given the wall boundary conditions applied by the
penalty method using metaballs.

We ran four numerical simulations with different motion
models of the epiglottis or friction coefficients to represent
four cases of swallowing, including a swallowing disorder.
We compared the simulation results with VF images and
analyzed the factors that contribute to or prevent the folding
down of the epiglottis. The simulation results yielded consid-
erable insight into the causes of swallowing disorders and the
mechanisms of epiglottic downfolding, which have a strong
influence on the risk of aspiration.

In future research, we will simulate the flow of a food
bolus using a coupling scheme that incorporates fluid analy-
sis. The structural and fluid analyses will be validated through
acomparison between the simulation results for the shape and
movement of the food bolus with VF images. In addition, we

will validate the relationship between the force applied to the
epiglottis and its rotation angle by comparing the results of
experiments and simulations.
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