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Abstract

Obstructive sleep apnea (OSA) influences a large part of the population
and is increasingly recognized as a major global health problem. For OSA
patients, the collapse of the soft palate has been clarified to be a common
feature for the obstructive breathing. A comprehensive study of the biome-
chanical mechanism underlying the soft palate collapse is needed to obtain
a deep insight of the mechanical mechanism in the OSA process.

To address this challenge, beginning from the 3-dimensional (3D) patient-
specific model, series work has been done to investigate the global response
of the soft palate. First, based on the corresponding histology study and the
acorresponding quantitative tissue composition analysis, a tissue composi-
tion based model was created, including three main tissue layers: posterior
pharynx supersurface adipose tissue layer, medial muscle tissue and connec-
tive tissue layer and the anterior oral surface glandular tissue layer. Specific
material properties were assigned to each specific tissue layer considering
the nonlinear property and anisotropic behavior. Nonlinear behavior of the
global response of the soft palate in response to the negative pressure load-
ing on the upper airway was presented. Second, in order to investigate the
palatal implant surgery efficacy for improving the patients’ sleep condition,
pillar placement numerical simulation with 3D patient-specific geometry
was achieved. The Young’s modulus of the pillar implants material was
obtained through performing a uniaxial test with some implants samples.
A new surgery scheme that implanting the pillars in the transverse direc-
tion was provided, and its strengthening efficacy was tested to be higher
than the current longitudinal surgery scheme based on the numerical simu-
lation results. Then, a phenomenological constitutive model was developed
to represent the palatal muscle activation mechanism working to maintain
the upper airway patency when the negative pressure is produced. OSA
patients’ muscle activation defectiveness was verified in the palatal muscle
activation numerical simulation, in which the created constitutive model was
considered. In addition, based on the experiment data published in the lit-
erature, the cohesive approach combined with the created 3D geometry was
used to investigate the influence of the adhesion effect from the lining liquid
between the soft palate and the tongue on the global response of the soft
palate. The cohesive properties were obtained through fitting the numerical
simulation results to the experimental test data. Finally, a new anisotropic
finite strain viscoelastic model was presented, based on the Holzapfel type
anisotropic hyperelastic strain-energy function. A new method to develop
the evolution equations of the internal variables was presented. The cor-
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responding analytical validation for positive dissipation energy, using the
second law of thermodynamics, was also provided. Some numerical simu-
lations were achieved, and the proposed constitutive model was tested to
represent the anisotropic viscoelastic behavior efficiently. This might lie a
guide for future investigations of the soft palate’s viscoelastic behavior.

In the future study of the soft palate or solid mechanics research for the
OSA, more anatomical and physiological numerical simulation is needed, in
order to provide more useful information to the clinical research and to fa-
cilitate some operations in the clinical surgery. This current thesis provides
a basic framework and presents comprehensive knowledge for further more
physiological study of the OSA.
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Chapter 1

Introduction

1.1 Research background and motivation

This PhD thesis is related to the research project “Modeling of Obstructive
Sleep Apnea by Fluid-Structure Interaction in the Upper Airways”, and this
work focuses on the soft tissue modeling within the solid mechanics realm.

Many people have experienced obstructive sleep problems, which are
caused by different reasons including physiological and mental effects. Long
term obstructive sleeping conditions bring widely adverse influences on daily
life, such as hypertension [1], development of insulin resistance [2], and
the risk for increased daytime sleepiness and motor vehicle accidents [3].
This severe syndrome is called obstructive sleep apnea (OSA), which is
clinically characterized as repetitive episodes breathing stops during sleep,
and usually is associated with a blood oxygen saturation reduction [4]. It
has been estimated that at least 4% of men and 2% of women are suffering
this annoying obstructive sleep syndrome [5]. The breathing stop during
sleep is caused by the collapse of the soft tissue in the upper airway (Figure
1.1), including the soft palate, tongue and other pharyngeal soft tissues.
Among them, collapse of the soft palate is commonly observed in the clinical
diagnosis. For the obstructive site locating in the upper airway, it has been
evaluated that 73% of the patients have the obstructive site in the soft palate
region [6].

The direct reason for the collapse of the soft palate is attributed to the
negative pressure that may be caused by the narrower upper airway com-
pared with the normal case. In addition, pathological reasons to the soft
palate collapse are attributed to enlarged volume of the soft palate and the
defectiveness of the palatal muscle activation level [7]. Obesity increases
the risk of suffering from OSA [8], since the enlarged volume percentage of

1
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Figure 1.1: CT image of the upper airway. We use “a markers to have

a clear description of the soft palate’s position in the following description.
“a” section means the side between the soft palate and the hard palate, “b”
section means the bottom edge of the soft palate tip. A schematic of the soft

palate collapse (red) is also presented as well as the airflow (blue).

adipose tissue in the soft palate not only brings a softer soft palate, but
also produces a narrower airway for breathing. Upper airway narrowing,
presented as a decreasing cross section area of the upper airway, makes the
pressure distributed in the soft palate region more negative than the nor-
mal level, corresponding to an easier collapse of the soft palate (Figure 1.1).
Additionally, in response to the negative pressure, a neurogenic reflex from
the muscle tissue helps to prevent the soft tissue from collapse. For the soft
palate, palatal muscle activation has been pointed out to play a key role
in prohibiting the soft palate collapse [9]. The patients’ pharyngeal dilator
muscle activation level in awake condition has been investigated to be higher
than that for the healthy people [10], corresponding to easier upper airway
collapse. Moreover, during sleep, a hypothesis that the muscular activation
is reduced for OSA patients was put forward. This was measured by M-
cGinley et al. [11], and a defectiveness of the neuromuscular compensation
for the OSA patients during sleep was observed.

With respect to the negative pressure, a critical value that makes the
soft palate in contact with the pharynx wall, called the closing pressure,
has been addressed to evaluate the OSA severity. For healthy subjects, the
closing pressure has been found to be around —13 cm H2O [14]. In addition,
the closing pressure in clinical tests has been found to be in the range —10
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Palatal implants surgery

CPAP Therapy

Implants delivery
system

(a) Positive airway pressure (b) Palatal impants surgery

Figure 1.2: Schematic of the clinical treatments to the OSA patients accord-
ing to [12] and [13].

to —15 cm H2O [11]. For OSA patients, a softer palate was observed, as
well as narrower airway, and the corresponding closing pressure was found
to be less negative than the healthy subjects. Typical closing pressure for
OSA patients was investigated to be in the range —4-(—8) cm H2O [15].

Treatment of OSA varies among different subjects and is often based on
patients’ upper airway anatomical characteristics and the apnea hypopnoea
index (AHI), which is used to evaluate the patients’ severity degree of the
obstructive breathing during sleep (higher AHI more serious). It reflects the
fact that the underlying mechanisms causing the disease are poorly under-
stood. The conservative line of treatment consists of: physical weight loss
and sleep position altering. The interventional line of treatment consists of
either some forms of positive airway pressure (CPAP/biPAP), or surgery.
Weight loss and altering sleep position are often found to be the first step of
OSA treatment. CPAP/biPAP treatment (Figure 1.2(a)) inhibits the neg-
ative pressure drop by applying a pneumatic splint and has been shown to
have high success rates, but the long term compliance to the patients may
be a problem [16]. The surgical therapy by removing redundant tissue is
called uvulopalatopharyngoplasty (UPPP) [17], but the long term success
rates have been shown to be moderate [18]. In addition to tissue remov-
ing surgery, the maxillomandibular advancement (MMA) surgery has been
found to improve OSA in selected groups of patients [19]. Moreover, in re-
cent years, another surgery typical for the soft palate called palatal implant
surgery (Figure 1.2(b)) has been presented [20]. It has the advantage of
being a minimal invasive procedure with little discomfort for the patients
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and is easily performed under local anesthesia. The main characteristic of
the palatal implant surgery is that some pillar shape implants will be insert-
ed into the soft palate through a specific implant system. The typical one
is called the Palatal Implant System (PillarTM System, Restore Medical,St
Paul, MN), consisting of an implant device and a delivery part. Through
the palatal implant surgery, the stiffness of the soft palate is thought to be
increased [20-22].

In general, a complex fluid-solid mechanical interaction governs the me-
chanical mechanism of OSA, including the fluid mechanics characteristic
from the airflow and the solid mechanics behavior for the soft tissue collapse.
Recently, computational modeling of the upper airway has been used widely
to investigate the corresponding fluid mechanics characteristics, especially
using the computational fluid dynamics (CFD) method or the fluid-solid in-
teraction (FSI) method to calculate the velocity and pressure distributions
in the upper airway, based on the obtained 3D anatomical geometry [23-25].
3D patient-specific models based on magnetic resonance (MR) or computed
tomography (CT) images can be achieved, using medical image processing
software like MIMICS (Figure 1.3(a)). Moreover, the CFD presents as an
efficient way to provide useful information to the clinical research, such as
providing a result profile to show how the negative pressure distributes in
the upper airway (Figure 1.3(b)) and finding the easiest collapse site in the
upper airway.

In contrast to the comprehensive and deep study on the airflow features
like velocity profile and pressure distribution with CFD and FSI simulations,
the solid mechanics study for the soft tissue part remains in the linear
elastic realm. For the soft palate, numerical modeling has been addressed
to investigate the soft palate’s response to the airway negative pressure.
Berry et al. [28] presented an approximate 2D cantilever model of the soft
palate and the collapse shape of the soft palate was obtained. Malhotra et
al. [29] employed a 2D planar model to investigate the closing pressure of
the soft palate. In their finite element (FE) model, based on clinical results,
a fitted Young’s modulus value of soft palate was obtained. Sun et al. [30]
presented the movement of soft palate during breathing with a simplified
3D model. These initial studies presented a basic method for modeling, and
provided a guide for more comprehensive numerical simulation of the soft
palate. However, only the linear elastic behavior was addressed, and more
anatomical and physiological simulation should be achieved, in order to
represent the obstructive conditions and obtain a more accurate knowledge
about the mechanism of the soft palate collapse.

Therefore, in order to design a more general and basic treatment scheme
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Figure 1.3: A 3D reconstruction example for upper airway based on the MR
images [26] and an example for using CFD to calculate the upper airway

pressure field [27].

in the clinical research, a comprehensive and deep study of biomechanics
governing OSA still remains to be achieved, especially for the soft palate
collapse. Until now, the mentioned studies for the soft palate’s movement,
corresponding to the upper airway negative pressure, mainly focus on the
linear elastic realm with the 2D or simplified 3D geometry. According to the
histology study, the soft palate presents as a complex tissue-layered struc-
ture, including the adipose tissue layer, muscle tissue layer and connective
tissue layer. Nonlinear properties of the soft palate should be considered.
In addition, palatal muscle activation has been pointed out to play a key
role in preventing the soft palate from collapse. Moreover, influence of the
tongue on the soft palate also remains to be investigated, especially the
surface tension of the upper airway mucosal lining liquid has been clarified
to produce an influence on the upper airway collapsibility [31].

Then, it motivates us to have a more comprehensive and physiologi-
cal study of the soft palate with respect to a nonlinear constitutive model
and 3D patient-specific geometry. The nonlinear hyperelastic theory and
the anisotropic model considering the fiber tissue’s strengthening effect can
describe a more realistic and physiological mechanical behavior. In addi-
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tion, the user subroutine UMAT for ABAQUS can be addressed to achieve
efficient numerical implementations for the corresponding improved consti-
tutive models. Existing 3D medical image modeling software like MIMICS
also can be used to obtain a 3D anatomical geometry. This provides a
foundation to achieve a more anatomically and physiologically representa-
tive simulation of the soft palate, which can provide deeper insight in the
mechanisms underlying the OSA in the case of the soft palate collapse.

1.2  Aims of this study

The aim of this thesis is to establish a comprehensive numerical model-
ing framework for the soft palate collapse, associating with constitutive
modeling and 3D patient-specific geometry. With this numerical modeling
framework, a detailed study of mechanical mechanisms governing the soft
palate collapse during OSA can be performed. Improved physiological simu-
lations and mechanical characteristics may contribute to obtaining a deeper
insight in the mechanism of the soft tissue collapse in the clinical research.
Moreover, numerical simulation of palatal implant surgery illustrates how a
biomechanics study result is applied in clinical treatment of OSA.



Chapter 2

Basic theory introduction,
histology and 3D geometry

This chapter presents a simple introduction of the continuum mechanics
framework, the hyperelastic theory and the corresponding numerical imple-
mentation with the user subroutine. Also, a simple introduction of the soft
palate histology and the method for 3D patient-specific geometry modeling
are also reported.

2.1 Hyperelastic theory and 3D numerical imple-
mentation

Hyperelastic material refers to materials where the work is independent of
the load path and it is characterized by the existence of a stored strain-
energy function, which is a potential function for the stress. Hyperelastic
theory extends the calculation to the large strain scale, and nonlinear me-
chanical behavior is addressed. It is mainly applied to simulate rubber-like
materials and soft tissues. It has been shown to be an efficient and ac-
curate way to describe the soft tissue, including isotropic and anisotropic
behaviors.

2.1.1 Kinematics

As shown in Figure 2.1, the domain of the body in the initial state is denoted
by € and called the reference configuration. The domain of the current
configuration of the body is denoted as €2. Assuming the material particle X
with an initial position in 2o moves to the position x at time ¢ in the current

7
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=

J1/3I

Figure 2.1: Initial and current configuration of a body.

configuration €2, the deformation gradient can be defined as F = 0x/0X
and the modified deformation gradient is calculated as

F=J"'°F. (2.1)
The right and left Cauchy-Green tensors are
C=F'F, B=FF", (2.2)

respectively. Correspondingly, the modified right and left Cauchy-Green
tensors read

C=F F=J2%C, B=FF =J%%B, (2.3)

respectively. The principal invariants of the right Cauchy-Green tensor are
defined as

1
L=4C, =g [(trC)2 - trcﬂ , I3 =detC = J> (2.4)

The modified forms are calculated as

h=uC=J2Pn, I=_[(00) G| =1L, I =dtC=1
(2.5)

On the other hand, the anisotropy arising from fiber families can also be
addressed. Assuming a fiber family embedded in the matrix, the direction
of the fiber at particle X in the reference configuration €2y can be defined by
a unit vector ag. Hence, the new fiber direction at the associated particle x
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in © can be defined by a vector a = Fagy. The corresponding modified form
is expressed as
a = Fay. (2.6)

The invariant of the fiber term and its modified form are calculated as

I, =C:ay® ayg, 1:4:C:a0®a0. (27)

2.1.2 Strain-energy function

The strain-energy function for hyperelastic material can be defined as a
function of the invariants (2.4) or (2.5), such as

U = \I/(C,ao ® ao) = \I/(I_l,f_g,f_g,f_4) (28)

For isotropic modeling, there are many choices like the neo-Hookean model,
Rivlin model [32], and Ogden model [33]. The anisotropic model consid-
ering fiber families also has been achieved, and a commonly used one is
the Holzapfel model [34]. In order to show the numerical implementation of
the created constitutive model, a transversely isotropic example considering
only one direction’s fiber family is presented, combining the neo-Hookean
model and the Holzapfel model. For a transversely isotropic material, the
isotropic part refers to the matrix part and the fibers embedded represent
the anisotropic part. The detailed strain-energy function is displayed as,

_ F1reka(Is=1)% _ 11 4 >
U= cl1—-3) + o1s L€ 1 .lf =1
—— 0 if Iy<1
isochoric—isotropic
isochoric—anisotropic (29)
1
+§MJ—Q?
| —

volumetric

Here, ¢, k1 and ko are the material parameters, x is a positive penalty
parameter that can fit the model to be nearly incompressible [35]. Note
that the muscle fibers only have the strengthening effect when the fibers are
stretched, and no additional stiffness produces in the compress condition.

2.1.3 Stress tensor and elasticity tensor

According to the defined strain-energy function, the second Piola-Kirchhoff
stress tensor is calculated as the derivation S = 20¥/9C. Based on (2.9),
the detailed calculation result is:

S = Siso + Sani + Svola (210)
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with o
C
Siso = 21 : gc’ (2.11)
_ L_120L 0C
Sani = 2k1 (Iy — 1)ek2la-D? 222 22 2.12
1(ls = 1e 9c 90 (2.12)
oJ
SVOl == QH(J - 1)% (213)
Based on the description in [36], we have
oJ 1., 0C —2/3 1 1
8C_2JC ; BC_J (U—gC@C ). (2.14)

Here, [ is the symmetric fourth order identity tensor with the index form
(Dijer = %(5ik6jl + 0i16jx). Then, the second Piola-Kirchhoff stress tensor
can be calculated as

1
S = 2cJ73(1 - g11(3*1)

42k (Ty — 1)ek2a=D? 7=2/3(a0 @ 2y — % Lch (2.15)
+rK(J* = J)CH,

where I is the second order identity tensor. The Cauchy stress tensor o is
obtained by a push-forward operation of the second Piola-Kirchhoff stress
S to the current configuration as

1
= —FSF'
777

2c . —
= ZdevB
T (2.16)
2%k - ;
+ 71(14 — 1)ek2Us=1’dev(a @ a)

+ k(J — 1)1,

where dev(e) means the deviatoric part of the second-order tensor (e).

The implementation of the constitutive model in the numerical sim-
ulation with finite element method is achieved with the definition of the
elasticity tensor (or tangent modulus). The material form elasticity tensor
based on the strain-energy function reads

2
288 oV

C =256 = *3cac

(2.17)
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In order to simplify the calculation, the following notations are adopted in
the calculation,

U, = g}%, U, = (%, ij =1,4. (2.18)
The detailed calculation is displayed as
WUy =c, WUy =0, (2.19)
Uy = ky(Iy — 1)ek>a1)7, (2.20)
Uy = (1 + 2ko(Iy — 1)2)leyek2Ta=17, (2.21)

The calculation can be split into isochoric part and volumetric part, ac-
cording to the definition of the strain-energy function. For the isochoric
part,

— oL, 0L 01
(Disoc oric — AV — 4\11
b 15c ¥ ac T acac (2.22)
oL, 0l — 0L '
Ay — + 4V —
THusE @ o T Yiacac
where the detailed formulas read
— = I--C 2.2
%I 1
= _——J?Clgl+IxC!
gcoc ~ 37 (@ @lrIecT) (2.2
+1IC ®leffacl
9! 3'17oC
af o 2/3 —1
I, 1 —2/3 /-1 -1
acac——gJ (C ®ag®ag+ag®ag® C )
1- L oC™1
+ 9140 RC — §I4 3C
(2.26)
For the volumetric part,
2 oC™! 2 1 -1
Cvol = 2k(J* = J) +2k(J°—J/2)CT @ C . (2.27)

oC
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The spatial description of the elasticity tensor c is defined as the push-
forward operation of the material form C, and in the index form it can be
presented as [35]

cijri = J ' FirF Fox FirCrykr- (2.28)

The spatial isochoric part based on the above calculation reads
JCigo = 4U11devB ® devB
FAT[ @oB Bl + (LIl LI
+ 4V ydev(@a®a) ® dev(a @ a) (2.29)
+4@[—%(I®5®5+5®5®1)
+ éfd QI+ %1:4[|].
Also, for the volumetric part,

Jeyol = —26(J% — N4 26(J% — J/2)I® 1. (2.30)

2.2 Incompressible plane stress case and the ana-
lytical solution

The above formulation is the 3D formulation for the numerical implemen-
tation, considering the volumetric part. In addition, the specific incom-
pressible plane stress can be used to obtain the analytical solution of the
constitutive model, and the analytical solution can be used to verify the 3D
numerical simulation.

2.2.1 Strain-energy function and stress tensor

In the incompressible plane stress case, the strain-energy function (2.9) can
be rewritten as:

k1 1 oko(Ia—1)2 _ : >
wzc(11—3)+{2k2[e i L=l
—— 0 if Iy<1

isotropic
anisotropic (231)

+p(J—1).
——
penalty
Here, the penalty part can fit the calculation to be the plane stress state and
p is the Lagrange parameter. Correspondingly, the second Piola-Kirchhoff
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stress is calculated as,

S = Sisotropic + Sanisotropic

2.32
= 2¢I + 2k (I — 1)eP2Us=Dag @ ag + pC L, (2:32)

and the Cauchy stress tensor is
o = 2B + 2k (I — 1)V’ aga + pL (2.33)

2.2.2 Equibiaxial test
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Figure 2.2: Numerical equi-biaxial test with one single element and its veri-
fication with the analytical solution. The numerical simulation implemented
with the created stress tensor and elasticity tensor agrees well with the an-
alytical solution.

The equibiaxial test can be used to show the comparison study between
the numerical simulation with the 3D formulation and the analytical solu-
tion. The fiber strengthening effect can also be presented with the equibi-
axial test. Corresponding to the plane stress state, the fiber is distributed
in the x direction shown as Figure 2.2(a). According to Figure 2.2(a), the
deformation gradient matrix F in the x — y — z coordinate system reads

A0 0
F=10 X 0 |, (2.34)
0 0 1/X2

with A\ = L/Lgy (see Figure 2.2(a)). In order to fit the calculation to the
plane stress state, the Lagrange parameter is calculated as

p=—2¢/\% (2.35)
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Then, the stress component in z direction is equal to 0, corresponding to
the plane stress state. The numerical equibiaxial test was run in ABAQUS
with a single element. The stretches in the x and y directions were imposed
and the element was free to contract in the z direction. The constitutive
model described as (2.9) was implemented with a UMAT user subroutine,
and an eight noded hybrid element (C3D8H ABAQUS type) was used. The
constitutive parameters were set as [37]: ¢ = 0.877 kPa, k; = 0.154 kPa,
ko = 34.157. The simulation results are shown as Figure 2.2(b), the fit-
ted results between the numerical simulation and analytical solution are
obtained.

In addition, as shown in Figure 2.2(b), the fiber strengthening effect is
presented for the proposed transversely isotropic constitutive model. The
nonlinear stress-stretch curve is also presented. This anisotropic nonlinear
characteristic is typical for soft tissues with embedded muscle fibers. Soft
palate consists of a complex tissue-layered structure. For the material prop-
erty of the palatal muscle layer, anisotropy should be considered. Then, the
above hyperelastic constitutive modeling and its numerical implementation
with the user subroutine UMAT can provide an efficient way to characterize
the nonlinear behaviors of the soft palate.

2.3 Histology and 3D patient-specific geometry
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Figure 2.3: Histology study of the soft palate and the tissue composition
analysis by Ettema and Kuehn [38].
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The histology study of the soft palate shows that a typical adult soft
palate consists of several major tissue layers, including the adipose tissue,
two middle muscle layers, a superanterior veli palatini tendon layer and an
inferior glandular tissue layer [39]. A further quantitative histology study
of the human adult soft palate presented the tissue composition [38]. Ac-
cording to their study, the main composition of the soft palate includes the
adipose tissue, the glandular tissue, the muscle tissue and the connective
tissue (Figure 2.3). Among them, the muscle tissue layer plays a key role in
controlling the soft palate’s movement, such as the anisotropic characteristic
in passive condition and the neurogenic activation in response to the airway
negative pressure. In addition, the composition percentage of adipose tissue
related with the obesity degree also has a significant influence on developing

OSA.

a
Step 3:
air way part section profiles

Step 2: MIMICS 3D reconstruction

Step 1: patient-specific CT images — * Step 4:refined mesh

Figure 2.4: 3D geometry reconstruction of the soft palate with respect to the
specific patient’s C'T images and commercial medical image using software
MIMICS. The markers “a” and “b” denote the side between the soft palate
and the hard palate and the bottom edge of the soft palate tip, respective-
ly. The boundary between the soft palate and tongue is divided manually
according to the C'T images.

Recently, computational 3D modeling based on CT or MR images has
been applied successfully for the upper airway [40,41]. In this thesis for the
soft palate numerical simulation, based on the specific patients’” CT images
from our research project, we present a way to model the 3D geometry



16 Basic theory introduction, histology and 3D geometry

of the soft palate. Usage of the images was approved by the Norwegian
Regional Committee for Medical Research Ethics (REK) and was registered
in Clinicaltrials.gov. (NCT01282125).

In detail, first, the DICOM file was imported into the commercial soft-
ware MIMICS for visualization including the horizontal, vertical and mid-
sagittal views. Through some basic operations like segmentation and mask
editing, the soft palate was then isolated with some parts of the pharynx
wall, in which, the airway in the soft palate region is presented. The mesh-
ing capabilities of MIMICS can be used to generate a finite element mesh.
However, in this thesis, complex geometry body division is needed, such as
different tissue ingredient layers’ partition and implants pillars’ modeling.
The MIMICS generated mesh will lead to an irregular mesh and further
modeling difficulties. In order to obtain a smoother mesh, we exported the
planar polylines representing the airway and applied a smoothing edit on
these polylines. Then, by importing them into ABAQUS, the final geome-
try were generated and meshed (Figure 2.4). In addition, part of pharynx
wall was modeled to determine the collapsing site of soft palate. It is al-
so convenient to carry on some complex partition operations based on this
geometry body generated in ABAQUS.



Chapter 3

Methodology

This chapter describes the basic research methodology for this thesis, in-
cluding five main topics: a tissue composition based nonlinear simulation of
the soft palate, the numerical simulation of the palatal implant surgery, a
palatal muscle activation model for representing OSA patients’ neurogenic
impairment effect in response to the upper airway negative pressure, a co-
hesive model for investigating the adhesion effect from the tongue and a
constitutive modeling framework for anisotropic viscoelasticity.

3.1 Tissue composition model

Until now, the soft palate’s numerical simulation remains in the linear elastic
realm with a defined Young’s modulus. However, as the histology study
introduced in Chapter 2.3, a complex tissue-layers structure of the soft
palate is presented, including the adipose tissue layer, muscle tissue layer,
connective tissue layer and glandular tissue layer. Among them, anisotropic
mechanical behavior of the muscle fiber should be considered in order to
achieve a more accurate simulation result.

In order to investigate the nonlinear behavior for the tissue-layered
structure, using the quantitative histology study of the human adult soft
palate [38], we divided the soft palate into three main tissue layers (Fig-
ure 3.1) each with the specific material property, including the adipose
tissue layer, muscle and connective tissue layer and the glandular tissue
layer. The hyperelastic models including the isotropic neo-Hookean model
and anisotropic Holzapfel model were assigned, according to the mechanical
characteristic of each tissue layer. The nonlinear behavior for the glob-
al response of the soft plate was presented and the detailed description is
reported in appendix-paper 1.

17
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Figure 3.1: Three tissue layer division with respect to the 8D patient-specific
model adapted from [39].

3.2 Palatal implants model

How biomechanics can help the medical doctors to improve the treatment
of diseases is a topic that has widely been discussed. As mentioned in the
background introduction, for OSA (Figure. 1.2(b)), palatal implant surgery,
has been applied on some patients. However, for the OSA treatment, the
success rate of the current palatal implant surgery varies from different pa-
tients, and the efficacy remains to be discussed. It has been pointed out
that the overall effectiveness is not confirmed [42]. This conclusion is also
supported by some other research works, such as [43] and [44]. Based on
the created 3D soft palate model, in this thesis, we present a numerical sim-
ulation method to investigate the efficacy of the palatal implant surgery on
improving the patients’ sleep condition. It also shows a connection between
the biomechanics study and the clinical research.

Based on the patient-specific 3D geometry, the pillar shape implants
can be inserted numerically. In addition to the used longitudinal direc-
tion placement in current clinical surgery, another insertion direction in the
transverse direction can be investigated with the 3D numerical simulation
(Figure 3.2). The pillar arrangement, described with the array parameters
shown as Figure 3.2, varies for different cases according to the published
literature on the palatal implant surgery. With respect to the placement
direction of pillars and its array parameters, different surgery schemes can
be designed and simulated with the created numerical model. The most
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Figure 3.2: 3D numerical model for palatal implant numerical simulation
including the longitudinal and transverse directions. The array parameters
for the pillars are also presented.

efficient one can be chosen to provide a guide for the clinical doctors to
improve the current implant schemes. The detailed description is reported
in appendix-paper 2.

3.3 Muscle activation model

As mentioned in the background introduction, the defectiveness of palatal
muscle activation in response to the upper airway negative pressure is one
of the reasons to cause the soft palate collapse and OSA. Then, a numerical
representing model for this defectiveness of the palatal muscle activation
contributes to improving the understanding of the neurogenic impairment
for OSA.

Numerical modeling of skeletal muscle has been received increased in-
terest in recent years. For phenomenological models, most are based on
the Hill model [46] that consists of three elements, including a contractile
element with one elastic element in series and one parallel elastic elemen-
t (Figure 3.3(a)). Odegard et al. [47] presented a constitutive model for
skeletal muscle activation using an explicit strain-energy function. Sim-
ilarly, some other skeletal muscle activation models with respect to the
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Figure 8.3: Schematics for the Hill model and a phenomenological stretch-
stress curve for muscle activation.

hyperelastic framework can be found, such as [45,48-50]. A typical acti-
vation considered stretch-stress curve is shown as in Figure 3.3(b). Hence,
based on the muscle activation phenomenological modeling method, using
the hyperelastic theory, a 3D palatal muscle activation model can be cre-
ated to investigate how the palatal muscle activation works to prevent the
soft palate from collapse during sleep. The activation defectiveness for OSA
patients also can be investigated. The detailed description is reported in
appendix-paper 3.

3.4 Cohesive model

As shown in Figure 1.1, the anterior part of the soft palate contacts the
posterior surface of the tongue. The surface tension of the upper airway
mucosal lining liquid has an influence on the upper airway collapsibility [31].
The surface tension generated by the mucosal lining liquid between the soft
palate and the tongue produces an adhesion force to prohibit the soft palate
debonding from the tongue. In order to address the more physiological
modeling of the soft palate, how this adhesion force works in the soft palate
collapse process remains to be investigated.

Recently, a cohesive approach adhering to the finite element method has
been presented to solve some fracture mechanics problems, such as the nee-
dle insertion [51] and failure of the brittle rocks [52]. The cohesive approach
is based on an elastic traction-separation model where corresponding elastic
moduli E are set in the normal and shear directions in the specific cohesive
zone (Figure 3.4). The damage process is considered with a critical condi-
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Figure 3.4: Traction-separation model for the cohesive approach, the damage
wniatial separation and failure separation are presented.

tion evaluated with the stress or displacement. When the calculated value
fits the critical condition, the damage begins and the debonding process
starts. As shown in Figure 3.4, in the damage process, the initial separation
corresponds to the critical stress t., and failure happens when the separa-
tion increases to dy. There are some applications of the cohesive approach
on biomechanics problems, such as a phenomenological cell-matrix cohesive
model recommended by Céndor and Garcia-Aznar [53], the cohesive model
for the arterial dissection presented by Gasser and Holzapfel [54] and Noble
et al. [55], a soft material tearing model using the cohesive zone provided
by Bhattacharjee et al. [56]. Moreover, the pull-off experimental test for
the upper airway lining liquid has been provided by Kirkness et al. [57].
Based on experimental test data and the cohesive approach, the soft palate
numerical modeling considering the adhesion effect from the tongue can be
achieved. The detailed description is reported in appendix-paper 4.

3.5 Finite strain anisotropic viscoelastic model

Another common biomechanics characteristic for the soft tissue is the vis-
coelastic property that is characterised by a loading creep behavior in the
constant stress condition and a stress relaxation process with a constant
strain. Viscoelastic behavior of the soft palate has been observed and a
relaxation test has been presented in [58]. However, the anisotropic charac-
teristic was not addressed. In addition, finite strain viscoelastic modeling
has been applied in the tissue engineering and polymer simulations. The



22 Methodology

finite strain viscoelastic modeling is an extension of the linear viscous theory
that can be described by combination of elastic springs and viscous dash-
pots. The typical characteristic of the finite strain viscoelastic modeling
is the multiplicative decomposition of the deformation gradient. This was
first provided by Lubliner [59], based on the pioneering work of Green and
Tobolsky [60]. According to their method, the deformation gradient can be
decomposed into two parts: the elastic part and viscous part. In addition to
the decomposition of the deformation gradient, another characteristic of the
finite strain viscoelastic models is decomposing the strain-energy function
into an equilibrium elastic part and a non-equilibrium viscous part.

Figure 3.5: Initial and current configuration of a body and the multiplicative
decomposition of the deformation gradient ¥. Independent matrixz and fiber
parts are considered.

Moreover, for the anisotropic material, the anisotropic behavior should
be considered. The extension of anisotropy in viscoelasticity has also been
proposed in some research works, such as [61] and [62]. In this thesis, con-
sidering anisotropy, we put forward a new constitutive model for viscoelstic
modeling with a multiplicative decomposition of the deformation gradient
as shown in Figure 3.5. A corresponding strain-energy function is defined, as
well as the numerical implementation framework including the stress tensor
and elasticity tensor. The detailed description is reported in appendix-paper
5.



Chapter 4

Conclusions and future work

4.1 Conclusions

In this thesis, 3D numerical simulations of the soft palate are presented in
study of the soft palate collapse, which has been pointed out to cause an ob-
structive sleeping condition for OSA patients. A patient-specific 3D model
provides anatomically representative simulations accounting for more accu-
rate boundary conditions. Nonlinear characteristics of the global response
of the soft palate are addressed to investigate the large deformations of the
soft palate. Based on the improved constitutive model, the typical mechan-
ical behavior for the soft palate can be represented. According to the work
that has been done, the main conclusions can be listed as:

For tissue composition based simulation, comparison of linear and non-
linear simulation of the global response of the soft palate is presented. In
the large deformation simulations, the nonlinear properties of soft palate
should be considered. In addition, with this anatomical and physiological
model, the gravity’s influence on the soft palate collapse was investigated.
The results show that a side sleep body position alleviates the OSA patients’
obstructive sleep condition, and the supine position contributes to the soft
palate collapse.

For pillar implants, according to the simulation results, the current lon-
gitudinal palatal implant surgery can improve the stiffness of the soft palate,
but the efficacy is moderate. This is coherent with the clinical trials that
show moderate efficacy on OSA in adults. The influences of the pillars’
array parameters are small, but increasing the length of the pillars will
increase the strengthening efficacy. In addition, increasing the number of
pillars may not be an efficient way. One new discovery is that placement
of the implants in the transverse direction strengthens the soft palate much

23
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more than placement in the longitudinal direction. This provides a guide
for the clinical doctors to improve the surgery schemes.

For palatal muscle activation, an improved phenomenological constitu-
tive model is provided. The simulation results show that palatal muscular
activation inhibits the collapse of the soft palate, when a negative pressure
is applied on the upper airway. In addition, the comment from the clinical
research that the defectiveness of the palatal muscle stimulus makes the pa-
tient’s soft palate collapse easier is verified based on the calculation results.
This simulation provides a numerical presentation for the OSA patients’
palatal muscle defectiveness during sleep, and may provide a guide for the
clinical diagnosis and further improved palatal muscle activation modeling
study.

For the adhesion effect from the tongue, its influence depends on the
length ratio between the cohesive zone and the soft palate. When the con-
tact length is smaller than half of the soft palate length, the adhesion’s
influence on the global response of the soft palate is very slight, while for a
contact length larger than 70% of the length of the soft palate, the adhesion
effect makes the closing pressure of the soft palate more negative. However,
the improvement rate for the patients is moderate. Hence, in some cases,
this adhesion effect from the tongue can be neglected.

Finally, for the viscoelastic constitutive modeling, the presented nu-
merical examples show the proposed constitutive model can describe the
anisotropic viscoelastic behavior efficiently. This provides a theoretical ba-
sis for further investigation of viscoelastic behavior of the soft palate. When
corresponding experimental test data is provided, the constitutive model
can be used for model fitting, and subsequent numerical simulation can be
achieved.

In summary, this thesis presents a comprehensive numerical simulation
framework for the soft palate with patient-specific 3D geometry. An investi-
gation of the soft palate modeling in the solid mechanics realm is provided,
including a tissue composition based model showing the nonlinear behavior,
the palatal implant surgery simulation providing a method to connect the
biomechanics study with the practical clinical research, the numerical model
of palatal muscle activation impairment during sleep for OSA patients, the
analysis of adhesion effect form tongue and a new constitutive model for
anisotropic viscoelastic simulation contributing to the future research.
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4.2 Future work direction

Until now, the experimental test data for the soft palate are analyzed as-
suming linear homogeneous elasticity, including the in vitro test provided
in [58] and the in vivo test using MR elastography presented in [63]. This
is useful for some simulations when the soft palate’s deformation is limited
to the small strain level. However, for the large deformation problems, non-
linear and heterogeneous test data contributes to obtaining more accurate
and physiological simulation results. Therefore, a more detailed experimen-
tal test of the soft palate, focusing on the nonlinear properties, should be
a main direction of the future work for improving simulations of the soft
palate. In addition, for the tissue composition based simulation, the ex-
perimental data for each tissue composition was taken from other locations
of the human body. If the specific tissue composition test data for the soft
palate, such as the adipose tissue and palatal muscle tissue, can be obtained,
the simulation results will be more useful for the clinical research.

In all the simulations presented in this thesis, the loading of the nega-
tive pressure has been set to be a uniformly distributed surface pressure.
This can be used to simplify the simulation. However, in the real case, the
negative pressure on the upper airway distributes not strictly uniformly. A
more realistic negative pressure on the pharyngeal surface of the soft palate
makes the simulation closer to the real case. This can be achieved with the
FSI simulation. Since the collapse of the soft palate belongs to the large
deformation problem, and the simulations for FSI now remains in the s-
mall strain range, the successful FSI simulation for the large deformation
can develop the simulation of the soft palate to a more physiological level.
However, it is challenging to solve the problem due to long computational
times and numerical convergence problems. In addition, for the bound-
ary conditions applied on the 3D soft palate model, the lateral sides were
constrained in all three directions. In the real case, the constraint from the
lateral sides’ soft tissues may be softer. A more comprehensive investigation
for the boundary conditions remains to be addressed in the further study.

Palatal implant surgery has been widely performed in many clinical op-
erations and the efficacy varies among different patients. The transverse
scheme tried in the numerical simulation presents to be a more efficient
scheme than the current longitudinal placement type. A future work for
palatal implants is to find out the most optimal placement scheme using a
topology optimization method. With the topology optimization, the place-
ment directions and the array parameters of the pillars can be confirmed for
the most efficient scheme. The 3D patient-specific geometry and correspond-
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ing biomechanical study provide a basis for this topology optimization.

In the thesis, palatal muscle activation modeling considered only the
transverse direction distributed muscle, and the longitudinal muscle uvu-
lae working mainly in the awake condition for speech was neglected. The
transverse palatal muscles, including anterior tensor veli palatini, levator
veli palatini and palatopharynx muscle, were lumped together in the ac-
tivation simulation. Therefore, if a more anatomical distribution of these
three fiber families can be achieved and modeled, the simulation will be
more convincing.
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Abstract

Obstructive sleep apnea syndrome affects a large part of the population. In the current study, modeling and
simulation of the response of the soft palate in the upper airway is addressed. A 3 dimensional (3D) patient-
specific finite element model is developed based on computed tomography (CT) images. The quantitative
histology study of (Ettema and Kuehn, Journal of Speech, Language, and Hearing Research: 37, 303-313, 1994)
is used as a basis for soft tissue organization and modeling. The tissue is simplified to consist of three types,
each with their specific constitutive models and corresponding parameters: muscle and connective tissue (three
cases including the Holzapfel type anisotropic model and neo-Hookean model), adipose tissue (accounting for
fiber dispersion according to Holzapfel model), and glandular tissue (neo-Hookean model). The influence of
different boundary conditions is also investigated, comparing response obtained with a cantilever plate model
and a plate constrained on three sides (corresponding to the actual anatomy). Comparison of homogenous and
layered tissue response predictions is provided. Finally, using the patient-specific 3D model, the influence of
gravity is examined. The results show that anatomically representative boundary conditions should be accounted
for, and that a detailed layered material model may make the simulation more physiological.

Keywords: Soft palate; biomechanics; anisotropy; nonhomogeneous; 3D modeling; tissue composition

1. Introduction

The soft palate is a complex soft tissue structure located at the back of the mouth that prevents food and
fluids from entering the nasal cavity during swallowing and guides the airflow through either the mouth or the
nose during breathing. In addition, the anatomy and the biomechanical behavior of the soft palate play a key
role in understanding Obstructive Sleeping Apnea (OSA) (Cho et al., 2013; Balsevicius et al., 2015). During
the upper airway obstruction process with mouth closed, the soft palate comes into contact with the posterior
pharynx wall due to the pressure drop and this will close the upper airway and bring corresponding sleeping
problems to the patients. Therefore, detailed mechanical modeling of the soft palate in the upper airway (see
Fig. 1) may improve our understanding of OSA.

Upper airway models have been used to investigate the air flow features including the pressure distribution

and velocity variation using computational fluid dynamics (CFD) simulations (Zhao et al., 2013a; Wang and



Fig. 1. CT image of the upper airway. The markers “a” and “b” denote the side between the soft palate and the hard palate and the bottom

edge of the soft palate tip, respectively.

Elghobashi, 2014) or fluid-solid interaction (FSI) simulations (Zhao et al., 2013b; Pirnar et al., 2015). Ad-
ditionally, the soft palate’s response to the airway’s pressure field has been investigated. Berry et al. (1999)
presented an approximate 2D cantilever model of the soft palate and the collapse shape of the soft palate was
obtained. Malhotra et al. (2002) employed a 2D planar model to investigate the closing pressure of the soft
palate. In their finite element (FE) model, based on clinical results, a fitted Young’s modulus value of soft palate
was obtained. Huang et al. (2007) further developed a partial three dimensional upper airway model including
the soft palate in which the midsagittal profile of the soft palate was used. Sun et al. (2007) presented the move-
ment of soft palate during breathing with a simplified 3D soft palate geometry model. All the above research
works for the soft palate are based on 2D and simplified 3D models. Therefore, it motivates to create a more
accurate anatomic and physiologic model of the soft palate to study pharyngeal collapse, which is one of the
key physiological factors for OSA.

Material and geometrical nonlinearities, non-uniform and time varying pressure distribution have to be taken
into account in numerical analysis of the global response of the soft palate. FSI procedures using detailed 3D
geometries of the upper airway may be successful to obtain a physiological air pressure field. However, this is
computationally expensive. Wang et al. (2012) developed anatomically accurate FSI models of the upper airway
and soft palate. The deformations of the soft palate obtained in their study were somewhat small and the soft
palate was modeled as a homogeneous linear elastic material.

Previous numerical studies of the soft palate have focused on 2D and 3D models with linear elastic homo-
geneous materials. Linear elasticity may be sufficient under particular conditions (Wang et al., 2012; Pirnar
etal., 2015). However, in order to investigate pharyngeal collapse due to the soft palate, analyses of large defor-

mations need to be addressed and thus material nonlinearities accounted for. Additionally, Ettema and Kuehn



(1994) showed that the structure of soft palate resembles a composite material. Hence, the material properties
of its different constituents need to be considered.

Muscle activation has an influence on the biomechanical behavior of the soft palate and the neuromuscular
response of the soft palate to the airway narrowing was observed by Mortimore et al. (1995). However, during
sleep, the OSA patients’ neuromuscular response is much smaller than that of normal people (Patil et al., 2007).
This neuromuscular compensation defectiveness during sleep for the obstructive sleep apnea patients is further
validated by the study of McGinley et al. (2008). A comparison study between the OSA patients group and
control normal group showed that the neuromuscular response is smaller in the patient group than for the normal
group. Therefore, it may be sufficient to consider only the passive condition for numerical modeling of OSA.

Medical imaging technologies, such as computed tomography (CT) or magnetic resonance (MR) are valu-
able tools in order to reconstruct the soft palate geometries. These techniques have been used to create upper
airway models (Sung et al., 2006; Mihaescu et al., 2008; Mylavarapu et al., 2009; Sera et al., 2015), but soft
palate models reconstructed from medical images are scarce (see (Wang et al., 2012)). Therefore, in this study,
we present a nonlinear FE model of the soft palate reconstructed from CT images and taking into account ma-
terial nonlinearities (i.e. hyperelasticity and anisotropy) and heterogeneities. This model is used to investigate
the global response of the soft plate of a specific patient suffering from OSA. Our goals are: to provide a guide
on how to assign different material properties to the different constituents of the soft palate, to investigate the
importance of boundary conditions and anisotropy in such models and to quantify the influence of gravity on
the global response of the soft palate. The predicted OSA closing pressures are compared to measured clinical
patient data from the literature.

The paper is organized as follows. First, the histology of the soft palate is described, providing a guide to
assign material models to different tissues and also pointing out the simplification when one assumes a homo-
geneous material. Then, simplified 3D and anatomical 3D shape models are presented with corresponding finite
element meshes and alternative constitutive models to be employed in the simulations. In addition, the influence
of different boundary conditions are provided here. Results from simplified 3D simulations and patient-specific
3D simulations (with different boundary conditions and material models) are then provided, followed by a

discussion and concluding remarks.

2. Materials and methods

2.1. Histology

The histology study of the soft palate shows that a typical adult soft palate consists of several major tissue
layers including: the oral aspect adipose tissue, two middle muscle layers, a super anterior veli palatini tendon
layer and an inferior glandular tissue layer (Kuehn and Kahane, 1990). A further quantitative histology study
of the human adult soft palate presented the tissue composition (Ettema and Kuehn, 1994). According to their
study, the main composition of the soft palate includes the adipose tissue, the glandular tissue, the muscle tissue

and the connective tissue. Therefore, we can divide the soft palate into three layers (Fig. 2): the adipose tissue



top layer, the muscle and connective tissue middle layer and the glandular tissue dominant bottom layer. Other
material constituents, contributing with much lower percentages to the soft palate tissue, were lumped into the

glandular tissue layer and given the same material properties as for the glandular tissue.
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Fig. 2. Tissue composition layers division based on the quantitative histology study of the human adult soft palate (adapted from Figure
10 in the reference paper (Ettema and Kuehn, 1994)). In this reference figure, the percentage composition of each tissue ingredient of soft

palate is displayed clearly by dividing the soft palate into 10 sections from the anterior side to the posterior side.

To the authors’ knowledge, a detailed tissue composition based 3D nonlinear finite element method (FEM)
simulation of the soft palate has not been presented yet. In this study, according to the quantitative histology
study for tissue composition, the soft palate is divided into three tissue layers and we will assign a specific

material model to each layer. The detailed description will be presented in Section 2.5.

2.2. Simplified 3D geometry

A simplified geometry of the soft palate was obtained based on the CT images of a 68-year-old male pa-
tient and his apnea-hypopnea index (AHI) was found to be 22.8. This academic use of the CT images was
approved by the Norwegian Regional Committee for Medical Research Ethics (REK) and was registered in
Clinicaltrials.gov. (NCT01282125). During CT scan, the patient’s body position was calibrated by a medical
doctor trying to keep the airway axis normal to the CT scan plane. As shown in Fig. 3, the length, width and the
inclination angle were measured manually using the commercial software MIMICS. From these measurements,

a simplified geometry was generated by extruding the sagittal midsection profile of the soft palate, see Fig. 4.

2.3. 3D patient-specific geometry

In this section, we present the 3D patient-specific finite element model (Fig. 5) obtained from corresponding

computed tomography (CT) images of the patient. First the DICOM file (CT images file) was imported into the



(a) Dimensions of the soft palate (b) Inclination angle of the soft palate

(c) Width of the air way

Fig. 3. Soft palate’s CT images from a male patient. The length and the thickness of the soft palate were measured on the medical images
using the commercial software MIMICS. In addition, the inclination angle and the width were measured to be 31.22 degree and 22.76 mm,

respectively.

22.76mm

<

Upper side

33.90mm

Lower side

(a) Simplified 3D geometry of soft palate (b) Sagittal midsection profile

Fig. 4. Simplified geometry modeling through sweeping the midsagittal profile in the transverse direction.



commercial software MIMICS for visualization. Through some basic operations like segmentation and mask
editing, the soft palate was then isolated with some parts of the pharynx wall. The meshing capabilities of
MIMICS can be used to generate a finite element mesh. In our case, this leads to an irregular mesh and some
numerical difficulties in the finite element analyses. In order to obtain a smoother geometry, we exported planar
polylines representing the airway for 44 parallel slices every 0.7 mm in the commercial software MIMICS. The
polylines were imported into ABAQUS/CAE and the final geometry was generated and meshed through some

smooth editing operations.

Step 3:
air way part section profiles

Soft palate

Pharynx wall

Step 2: MIMICS 3D reconstruction

Step 1: patient-specific CT images  * Step 4:refined mesh

Fig. 5. 3D geometry reconstruction of the soft palate with respect to the specific patient’s CT images. The markers “a” and “b” denote the

side between the soft palate and the hard palate and the bottom edge of the soft palate tip, respectively.

The 3D model includes the airway in the soft palate region and a part of the pharynx wall to account for
the airway’s obstruction when the soft palate inclines backward toward the pharynx wall. On the other hand,
the geometric boundary between the soft palate and tongue was detected manually according to the CT images.

Note that the tongue’s influence on the soft palate’s biomechanical behavior is neglected in this study.

2.4. Homogeneous tissue assumption material models

We assigned homogenous material properties to our simplified model. In addition, we tested two material
constitutive models: an isotropic hyperelastic material model for comparison with different boundary conditions
and a transversely isotropic material model to investigate the influence of anisotropy on the global response.

For the isotropic case, we used a neo-Hookean material model defined by the following strain-energy func-

tion:
- = 1
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Here, I; is the modified form of the first invariant of the right Cauchy-Green tensor C, and ¢, D; are material
parameters derived from the Young’s modulus £ and Poisson’s ratio v with the following relations (Berry et al.,
1999):
E 6(1—2v)
== D =——""7 2
=iy D o) @)

For the transversely isotropic case, we used the following Holzapfel type strain-energy function:
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Here, I, = ag- Cay = C : ag & ap with ag a unit vector defining the fiber orientation in the undeformed

configuration, and k1, ko are material parameters.

2.5. Histology based nonhomogeneous material models

In order to treat the soft palate as a nonhomogeneous composite material, based on the quantitative histology
study of the human adult soft palate in section 2.1, we divided the patient-specific 3D geometry model (Fig. 5)
into three layers. The different components (i.e. adipose, muscle+connective and glandular tissues) material
properties were assigned to specific layers of the soft palate model. In order to simplify the calculation, the soft
palate model was divided into two parts: the anterior and the posterior parts, each with three tissue layers (Fig.
6). The discrete stepwise tissue distribution in Fig. 2 was smoothed. The connective tissue was lumped with

the muscle tissue and the anisotropy was taken into consideration.

Adipose tissue 16% e tissue 19%

’Muscle tissue &
connective tissue 49%

Muscle tissue & .
connective tissue 47%

b
"} Posterior part \ Anterior part

a

Glandular tissue
Soft palate and other tissues 32%

Glandular tissue
and other tissues 37%

Fig. 6. Schematic of tissue layers based on the quantitative histology study of the human soft palate in the midsection view. The percentage
composition of each tissue ingredient was calculated according to Fig. 2 based on the corresponding quantitative histology study (Ettema

and Kuehn, 1994).



Muscle and connective tissue

In this study, the passive condition of the muscle tissue is considered to investigate the global response of
the soft palate for the OSA patient. The same material property was set to the muscle tissue and the connective
tissue. According to the histology study of the soft palate (Kuehn and Kahane, 1990), there are two middle layers
mainly consisting of transverse muscle tissue of the levator veli palatini and one longitudinal musculus uvulae
fiber layer. Since the longitudinal musculus uvulae mainly controls the motion of uvula in active condition and
its percentage composition is smaller than that of the middle transverse levator veli palatini, in this study, we
consider only the fiber families in the transverse direction.

Unfortunately, the experimental data for soft palate muscle tissue is still not presented in the literature.
However, data of muscle tissue in other parts of the human body is available. The test data of the passive human
thigh muscle and brachialis muscle are presented in (Gennisson et al., 2010) and (Affagard et al., 2015). Trabelsi
et al. (2010) presented a test of the upper airway trachea muscle. In their experiments, two fiber families were
presented, and the one in the longitudinal direction contributes to movements of the trachea during swallowing.
This is similar to the levator veli palatini that contracts and elevates the soft palate during swallowing (Matsuo
and Palmer, 2008). In detail, the muscle types and the fitted constitutive models for the above three kinds
of human muscle tissues are summarized in Table 1. The original data of brachialis muscle provided in the
reference paper is the shear modulus. Here, we fitted it to the neo-Hookean model with an assumed Poisson’s

ratio of 0.49.

Table 1: Human muscle tissue locations and the corresponding constitutive material models previously reported in the literature.

Positions Constitutive models Reference papers Model parameters
Thigh muscle tissue neo-Hookean model (Eq.(1))  Affagard et al. (2015) ¢ = 11.6 kPa
Dy = 0.0119kPa™!
Brachialis muscle tissue  neo-Hookean model (Eq.(1))  Gennisson et al. (2010) ¢ = 7.4kPa
Dy = 0.00272 kPa™"
Trachea muscle tissue  Holzapfel type model(Eq.(3))  Trabelsi et al. (2010) ¢ = 0.877 kPa

k1 = 0.154 kPa
ko = 34.157

Based on the obtained parameters of the above fitted constitutive models, uniaxial stretch and stress rela-
tionships can be calculated as shown in Fig. 7. The results show different mechanical behaviors for the three
human muscle tissues, and the trachea smooth muscle is softer than the skeletal muscles. Therefore, we employ
three cases of the muscle tissue to investigate the global response of the soft palate: case 1, case 2 and case 3
correspond to the thigh muscle tissue material property, brachialis muscle tissue material property and trachea
muscle tissue material property, respectively. Note that the incompressibility and the anisotropy were consid-
ered in case 3 with the Holzapfel type model (Eq. (3)) and the fiber orientation was set to be in the transverse

direction.
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Fig. 7. Uniaxial stretch-stress relationships of the human muscle tissues reported in Table 1.

Adipose tissue

The adipose tissue’s main constituent is lipid filled cells called adipocytes. Mechanical data on adipose
tissue of the human soft palate are not available. However, data on the mechanical behavior of adipose tissue
in other parts of the human body have been reported (Samani and Plewes, 2004; Sommer et al., 2013; Affagard

et al., 2015). The types and corresponding constitutive models are summarized in Table 2.

Table 2: Human adipose tissue locations and the corresponding constitutive material models previously reported in the literature.

Positions Constitutive models Reference papers Model parameters
Abdominal adipose tissue Holzapfel model(Eq.(4)) Sommer et al. (2013) ¢ = 0.3kPa
k1 = 0.8kPa
ko = 473
k = 0.09
Thigh adipose tissue neo-Hookean model (Eq.(1)) Affagard et al. (2015) ¢ = 0.64kPa
Dy = 0.0294kPa™"
Female breast adipose tissue Polynomial model Samani and Plewes (2004) ¢ = 0.31 kPa
V(I L) = co1 = 0.31kPa
2o cij(l = 3)' (I — 3) c11 = 2.25kPa
o9 = 3.8kPa
coy = 4.72 kPa

Based on the obtained parameters of the above fitted constitutive models, uniaxial stretch and stress rela-



tionships can be calculated as shown in Fig. 8. The stretch level in the 3D patient-specific soft palate model
was estimated to be close to 1.05. As can be seen in Fig. 8, when the stretch is smaller than 1.05, the differ-
ence between these three kinds of adipose tissues is small. Moreover, we performed a comparison of global
response using the above constitutive material models. The results indicated that the difference in closing pres-
sure between the simulations using the stiffest material property (the abdominal adipose tissue) and the softest

material property (the thigh adipose tissue) is smaller than 10%. Therefore, we choose one adipose tissue data
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Fig. 8. Uniaxial stretch-stress relationships of the human adipose tissues reported in Table 2.

set to simulate the soft palate. The study of Sommer et al. (2013) is comprehensive and based on a thorough
analysis of abdominal adipose tissue. We used the following strain-energy function proposed in their study in

the analyses of our soft palate model.

iR K1 [ kalehi+(—3m) -1 _
2([1 3)+ T (e 1). 4

(L, 1) =
Here, « is an anisotropy degree parameter and is used to account for fiber dispersion (Gasser et al., 2006). The
corresponding material parameters are shown in Table 2. The mean fiber dispersion direction for the adipose
tissue was set to be parallel to the transverse direction. In addition, as the test assumed incompressible material,
the adipose tissue was modeled as an incompressible material in our study.
Glandular tissue
We assumed the glandular tissue to be isotropic and the neo-Hookean model described in Eq. (1) was
chosen to define its material property. Material properties for in vivo human breast glandular tissue can be
found in Li et al. (2015) and Jiang et al. (2015). In addition, Cheng et al. (2011) presented in vivo magnetic
resonance elastography measurements of the human soft palate and the shear modulus of the human soft palate

was found to be 2.53 kPa. The corresponding Young’s modulus and material parameters ¢ and D; can be

10



obtained assuming a Poisson’s ratio of 0.49 (Zhu et al., 2012). As Table 3 shows, the difference of the Young’s
modulus between the human breast glandular tissue and the soft palate is small. This motivates us to use the

data of the whole soft palate to define the material properties of the glandular tissue dominant layer.

Table 3: The in vivo material properties of the human breast glandular tissue and soft palate previously reported in the literature.

Young’s modulus (kPa) Poisson’s ratio ¢ (kPa) D (kPa™!)
Human soft palate 7.539 0.49 1.265 0.0159
Cheng et al. (2011)

Breast glandular tissue 6.593 0.49 1.106 0.0182
Li et al. (2015)
Breast glandular tissue 6.0 0.5 1.0 —

Jiang et al. (2015)

In addition, in the 3D patient-specific geometry model, part of the pharynx wall is included. Because of its
influence on the global response of the soft palate is very slight, we assumed its material property to be same as

that of the soft palate presented in Table 3.

2.6. Boundary conditions

The simplified 3D model of the soft palate was created to test the different boundary conditions. Two type-
s of boundary conditions were tested. First, according to the previous 2D model of the soft palate proposed
by Berry et al. (1999), only the nodes connected to the hard palate were constrained in all directions. This
corresponds to a cantilever model. However, according to the anatomy of the soft palate, the lateral sides are
connected to the surrounding soft tissue. This means that a cantilever model may not be physiological. There-
fore, we tested a second set of boundary conditions where the lateral sides (see Fig. 4) were also constrained.
We call it full boundary conditions.

Finally, we applied a uniform pressure field corresponding to the pressure difference between the lower and

upper sides of the soft palate (Fig. 4). This pressure drop is called the negative pressure in this study:

Pnegative = Pupper - -Plower- (5)

When the negative pressure develops, the soft palate will have a posterior oblique deformation. If the negative
pressure is large enough, the soft palate will stick to the pharynx wall and OSA occurs. We call this critical
negative pressure the closing pressure. The specific value for the closing pressure will vary from different
patients. According to Han et al. (2002), the closing pressures of OSA patients were estimated to be —4-—8 cm
H»O. In addition, the average closing pressure in normal adults was found to be —13 cm HyO (Schwartz et al.,
1988). The negative pressure was applied on the upper surface for the simplified model and on the internal

surface of the soft tissue in contact with the airflow for the 3D patient-specific geometry model.
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2.7. Finite element mesh

The simplified FE model was meshed with eight noded hybrid solid elements (C3D8H ABAQUS type) and
the 3D patient-specific FE model with four noded hybrid tetrahedral elements (C3D4H ABAQUS type). Mesh
convergence studies were performed on both models. A —5 cm H»O negative pressure was applied in both the
simplified model and the 3D patient-specific model. The neo-Hookean model with the data of the soft palate
(Table 3) was assigned to the simplified model and the layered material model with the thigh muscle tissue’s
data was used for the 3D patient-specific model.

The displacement magnitude of a point in the mid-section of the soft palate was chosen as a critical parameter
and compared for different mesh densities (Fig. 9). For the simplified model, four mesh densities were tested
with 10 660, 30 818, 54 280 and 77 688 elements, corresponding to Mesh 1, Mesh 2, Mesh 3, and Mesh 4,
respectively. The difference for the critical parameter between Mesh 3 and Mesh 4 was 0.17%. For the patient-
specific model, four mesh densities were also tested with 131 403, 313 258, 463 856 and 560 221 elements,
corresponding to Mesh 1, Mesh 2, Mesh 3, and Mesh 4, respectively. The difference for the critical parameter
between Mesh 3 and Mesh 4 was 0.4%.

Therefore, considering the simulation accuracy and computational time efficiency, we used a mesh com-
posed of 54 280 elements and a mesh composed of 463 856 elements for the simplified model and the patient-

specific model, respectively, in the remaining of this paper.
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Fig. 9. Mesh size convergence analyses for the simplified model (a) and 3D patient-specific geometry model (b).

3. Results

3.1. Simplified 3D models, homogeneous material, and effect of boundary conditions

First, we compare the global response of the simplified 3D model subjected to the negative pressure using
the two types of boundary conditions presented in Section 2.6. In this comparison, the soft palate is modeled

as a homogeneous material using the neo-Hookean strain energy function (Eq. (1)) and the material parameters
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presented in Table 3. The loading negative pressure was set to be —0.5 cm HoO (much less negative than the
physiological closing pressure). Using the cantilever boundary conditions, the displacement of the tip’s posterior
surface was found to be 20.55 mm (Fig. 10), which is much larger than the CT measured value 4.84 mm (Fig.
3(a)). On the other hand, when the lateral sides of the soft palate are also constrained, the displacement was

found to be 0.26 mm. Therefore, the cantilever model overestimates the displacement of the soft palate.

U, Magnitude
+2.467e+01
+2.261e+01
+2.056e+01
+1.850e+01
+1.645e+01
+1.439¢+01
+1.234e+01

- +1.028e+01
+8.223e+00

U, Magnitud
3?21,]457;01 0.26mm

+2.261e+01

+4.111e+00
+2.055¢+00
+0.000e+00

+6.168e+00
+4.112¢+00
+2,056e+00
+0.000e+00

Undeformed body

(a) Cantilever boundary conditions (b) Full boundary conditions

Fig. 10. Displacement magnitudes for different boundary conditions with the simplified soft palate model.

Second, we compare the global response of the simplified model when the soft palate is modeled as a
homogeneous material using a neo-Hookean material model (Eq. (1)) and a hyperelastic transversely isotropic
material model (Eq. (3)). As the fiber stiffness contributes mainly when the deformations are large, in this
comparison, we set the negative pressure value to be —5 cm H2O. Moreover, the fiber direction was defined
parallel to the transverse direction (Fig. 4) according to the histology study of soft palate (Kuehn and Kahane,
1990). The mentioned parameters of the transversely isotropic model for case 3 of the muscle tissue in Section
2.5 was used: ¢ = 0.877 kPa, k; = 0.154 kPa, ko = 34.157. For the neo-Hookean isotropic model, the
parameter ¢ was set with the same value (¢ = 0.877 kPa) and the Poisson ratio was set to be 0.49. In this
comparison, the full boundary conditions were used.

According to our calculation results (Fig. 11), the displacement of the soft palate is smaller when anisotropy
is taken into account, i.e. 3.18 mm versus 3.57 mm. Therefore, it is reasonable to consider the anisotropic

property in the large deformation calculation of soft palate.

3.2. Finite element analyses of the patient-specific model with layered tissue properties of the soft palate
Based on the simulation results obtained from the simplified model, we chose to constrain the lateral sides

of the soft palate. In addition, the pharynx wall was also constrained considering it is attached to the cervical

vertebra. Therefore, the boundary conditions of our patient-specific 3D model were confirmed as Fig. 12. The

material models were assigned based on different tissue layers. Note that we tested three cases for the muscle
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Fig. 11. Displacement magnitudes for the simplified soft palate model using isotropic and anisotropic constitutive models.

tissue layer’s material property. The collapse of the soft palate in the upper airway can be observed directly

Pharynx wall
IR
) _ TY Y y 49 *tT¥YTY ¥ OTY
" ‘.,a»44

Connected to
hard palate

Pharynx wall

Lateral side
Lateral side

Fig. 12. Boundary conditions for the 3D patient-specific model: the external side of the pharynx wall, the lateral sides and the side connected

to the hard palate are constrained in all directions. The negative pressure is set on the tissue-airway contact surface.

in the 3D patient-specific geometry as shown in Fig. 13. Additionally, we used the norm of the displacement
of point A to present the inclination displacement of the posterior surface of the soft palate tip, see Fig. 14
(note that the point A is different from the point 2 in Fig. 9(b)). As can be seen from Fig. 15, the norm of the
displacement of Point A exhibits a nonlinear behavior. Fig. 15 also shows that the soft palate closing pressure

in case 1 is —7.9 cm HyO, —6.7 cm H50 in case 2 and —4.4 cm H5O in case 3. This means that case 1 with
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Fig. 13. Collapsed deformation of the 3D patient-specific geometry tissue composition based soft palate model (view from the nasopharynx

cavity).

Deformed body

PomntA

Undeformed body

[
Norm of' displacement of
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Fig. 14. Definition of point A and of the norm of its displacement in the 3D patient-specific geometry model in the sagittal midsection plane.
Point A is defined to be the first point of the soft palate posterior surface to be in contact with the pharynx wall in the sagittal midsection

plane. The displacement of point A is used to represent the inclination displacement of soft palate tip’s posterior surface.

the stiffest thigh muscle material property has a —3.52 cm H30 (79.8%) lower closing pressure than the softest
case 3 with the trachea muscle tissue’s property. Therefore, the closing pressures obtained in the above cases
are less negative than the normal adults’ closing pressure —13 cm HyO (Schwartz et al., 1988) and correspond
to the clinical research for the OSA patients (Han et al., 2002). Here, the closing pressure is the pressure at

which the soft palate posterior surface and the pharynx wall are in contact.
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Fig. 15. Negative pressure versus the norm of the displacement of Point A for the 3D patient-specific tissue composition based model

including three cases for the muscle tissue properties.

3.3. Comparison between the reference 2D model from Malhotra et al. (2002) and our 3D patient-specific

model using an isotropic homogeneous constitutive model

In this section, we compare our 3D patient-specific model with the 2D model presented by Malhotra et al.
(2002). In their study, a 2D model of the soft palate for normal adult was created using a linear constitutive
model with a Young’s modulus of 6 kPa to estimate the soft palate’s deformations for different negative pressures
in the passive condition. Moreover, the Young’s modulus was obtained by fitting the FEM calculation results to
clinical data. In this comparison, the material of our 3D patient-specific model is first modeled with a Hookean
model using a Young’s modulus of 6 kPa and a Poisson’s ratio 0.49. Second, using the same Young’s modulus
and Poisson’ ratio, we also model the material with the neo-Hookean model from Eq. (1) and the corresponding
material parameters ¢ and D; derived from Eq. (2).

According to Malhotra et al. (2002), the closing pressure of their 2D model with the Hookean linear elastic
material for a male adult is —5 cm H2O. On the other hand, in our study, for the 3D model, the closing pressure
value is —4.39 mm H>O (Fig. 16), which is 12.2% less negative than that of their 2D model. This is reasonable,
as the patient suffers OSA. Meanwhile, as can be seen from Fig. 16, we observe very similar results concerning
the norm of displacement of Point A (see Fig. 14) when using a Hookean elastic material or a neo-Hookean
hyperelastic material with our 3D patient-specific model. In addition, the relation between the norm of the

displacement of Point A and pressure (Fig. 16) seems to be almost linear in these cases.
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Hookean model and neo-Hookean hyperelastic model.

3.4. Influence of gravity

To the best of our knowledge, the gravity’s influence on soft palate’s biomechanical behavior has not been
addressed yet. Based on the 3D patient-specific geometry tissue composition model, we investigated the grav-
ity’s influence on the global response of the soft palate. Two common body positions were investigated: the
lying down and the seated positions (Fig. 17). The tissue’s density was set to be 1110 kg/m3 (van der Velden
et al., 2016). Since the CT images were recorded with a supine position for the patient, we have considered the
lying down position gravity in the above simulation process. Then, we tested the other case that corresponds
to the seated position. An inverse lying down direction gravity coupling with the seated direction gravity were
applied to the model in an initial load step followed by a second load step where the negative pressure was
ramped. This leads to an initial negative displacement of point A compared to the lying down case for zero
pressure in Fig. 18. As our simulation results show, the gravity brings different global responses of the soft
palate for the tested two body positions. Additionally, for the seated position, a more negative closing pressure
is obtained compared with the lying down position. Here, in order to investigate the influence of the gravity on

the OSA patient, we used the softest muscle tissue property with the data of the trachea muscle tissue.

4. Discussion

In the present work, we employ a 3D refined mesh FE model of the human soft palate with a patient-specific
geometry and inhomogeneous material properties. The geometry is obtained from CT images, taken from one

male patient, processed with the commercial software MIMICS. The material properties are assigned according
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Fig. 17. Gravity’s directions applied to the soft palate in the sagittal midsection view corresponding to two positions.
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Fig. 18. Negative pressure versus the displacement of Point A for the gravity’s influence including two human body positions. The negative

displacement means the soft palate has an anterior oblique deformation.

to histology provided by Ettema and Kuehn (1994). Herein, three material layers are considered: the muscle
and connective tissue layer, the adipose tissue layer and the glandular tissue dominant layer. The anisotropy
of the muscle and connective tissue layer is taken into account (case 3). Comparing the tissue composition
based inhomogeneous calculation results (Fig. 15) with the isotropic homogeneous calculation results (Fig.
16), nonlinear behavior occurs in the tissue composition based model.

In addition, we use a simplified 3D model to investigate the influence of the boundary conditions on the

global response of the soft palate. Our results show that when the soft palate is modeled as a cantilever plate,
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the displacement of the soft palate tip is overestimated (Fig. 10). Therefore, we conclude the influence of the soft
tissues surrounding the lateral sides of the soft palate must be accounted for in the FE analysis. Moreover, our
simplified model shows that the anisotropy arising from the muscle and connective tissue may have an influence
on the global response of the soft palate. In this study, as the corresponding experimental data of the soft palate
is not available, we used data retrieved from other parts of the human body to define the material properties
of the muscle tissue and adipose tissue. Considering the stretch levels obtained in the soft palate at closing
pressure, the difference between the three adipose models is small. For the three muscle models, the difference
is larger. However, the closing pressures obtained for this specific OSA patient agree with the clinical research
for all muscle model cases employed. In future studies local material experimental tests of the soft palate’s
muscle tissue and adipose tissue will contribute to acquiring more accurate calculation results. Additionally, we
only considered the passive properties of the materials, i.e. muscle activation is not accounted for. We make this
assumption based on the following: the presence of neuromuscular compensation defectiveness during sleep
for the patient (McGinley et al., 2008). Nevertheless, the influence arising from the muscle activation should be
investigated in future work.

The histology study of the soft palate (Kuehn and Kahane, 1990) shows that two muscle fiber layers are
imbedded in the soft palate tissue and are mainly distributed in the transverse direction. In our simulation pro-
cess, the fiber orientation was set in the transverse direction to investigate the influence of the fiber stiffness on
the soft palate’s biomechanical behavior. In the real case, the fiber may not be strictly distributed in the trans-
verse direction. This needs to be further investigated. In addition, for simplicity, we assumed the muscle tissue
and connective tissue have the same material property. More experimental mechanical tests on the different
ingredients of the soft palate are needed in order to refine our model.

We defined the pressure drop between the lower surface and upper surface of the soft palate (Fig. 4) as the
negative pressure (Eq. (5)). In order to simplify the calculation, we applied the negative pressure as a uniformly
distributed load. However, this is not the case in reality. Therefore, fluid-structure interaction analysis may be
employed in order to predict a more realistic pressure distribution for the large deformation problems. This will
be a task in further studies of the soft palate’s biomechanical response. Moreover, in our study, we neglected the
influence of the tongue on the deformation of the soft palate. According to the results in Kirkness et al. (2005),
a surface tension should be considered for the upper airway tissues. Hence, how this surface tension from the
tongue influences the deformation of the soft palate remains to be investigated in further work.

The gravity’s influence on two human body positions is estimated. The lying down position seems to
increase the motion of the soft palate towards the pharynx wall and the seated position may prevent the soft
palate from collapsing. Therefore, considering the gravity influence on the soft palate’s global response, we can
conclude that the lying down position will make the obstructive situation in the patient’s upper airway worse.

Finally, note that the specific patient CT images were obtained from the patient with his mouth closed. With
mouth open, the midsection profile and the position of soft palate with respect to the pharynx wall may be

different. Hence, the mouth open case needs to be investigated in the future research of the soft palate.
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Abstract

Obstructive sleep apnea (OSA) affects a large percentage of the population and is increasingly recognized as a
major global health problem. One surgical procedure for OSA is to implant polyethylene (PET) material into
the soft palate, but its efficacy remains to be discussed. In this study, we provide input to this topic based on
numerical simulations. Three 3 dimensional (3D) soft palate finite element models including mouth-close and
mouth-open cases were created based on three patient-specific computed tomography (CT) images. A simplified
material modeling approach with the neo-Hookean material model was applied, and nonlinear geometry was
accounted for. Young’s modulus for the implant material was obtained from uniaxial tests, and the PET implant
pillars were inserted to the 3D soft palate model. With the finite element model, we designed different surgical
schemes and investigated their efficacy with respect to avoiding the soft palate collapse. Several pillar schemes
were tested, including different placement directions, different placement positions, different settings for the
radius and the array parameters of the implant pillars, and different Young’s moduli for the pillars. Based on our
simulation results, the longitudinal-direction implant surgery improved the stiffness of the soft palate to a small
degree, and implanting in the transverse direction was evaluated to be a good choice for improving the existing
surgical scheme. In addition, the Young’s modulus of the polyethylene material implants has an influence on
the reinforcement efficacy of the soft palate.

Keywords: Palatal implants, soft palate, 3D modeling, numerical simulation, obstructive sleep apnea

1. Introduction

Recently, obstructive sleeping apnea (OSA) has become an active research topic due to the increasing preva-
lence of the disease, with up to 34% of men and 17% of women suffering from this respiratory syndrome
(Redline, 2017). Several medical conditions are linked to the development of OSA, with the most significant
being hypertension (Brooks et al., 1997), the development of insulin resistance (IP et al., 2002), and the risk for
increased daytime sleepiness and motor vehicle accidents (Tregear et al., 2009). In the upper airway, the soft

palate’s biomechanical behavior plays a key role in the investigation of OSA (Young et al., 2005; Cho et al.,
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2013). During the upper airway obstruction process, the drop in pressure will result in complete or partial ob-
structions (Ryan and Bradley, 2005), which, in turn, are responsible for periods of oxygen desaturations and
arousals during sleep.

The treatment of OSA is varied and is often based on differences in the individual upper airway anatomy
and in the severity of the disease. The conservative line of treatment consists of: physical weight loss and sleep
position altering. The interventional line of treatment consists of either some forms of positive airway pressure
(CPAP/biPAP), or surgery. CPAP/biPAP treatment inhibits the negative pressure drop by applying a pneumatic
splint and has been shown to have high success rates, but the long-term compliance of the patient may be a
problem (Kribbs et al., 1993). Surgical therapy by removing redundant tissue is called uvulopalatopharyngo-
plasty (UPPP) (Fujita et al., 1981), but the long-term success rates have been shown to be moderate (Sher et al.,
1996). In addition to tissue-removing surgery, the maxillomandibular advancement surgery (MMA) has been
found to improve OSA in selected groups of patients (Holty and Guilleminault, 2010).

In recent years, another surgical treatment called palatal implant surgery has been presented (Nordgard et al.,
2004). It has the advantage of being a minimally invasive procedure causing little discomfort for patients and is
easily performed under local anesthesia. The main characteristic of palatal implant surgery is that some pillar-
shaped implants are inserted into the soft palate through a specific implant system. The typical one is called
the Palatal Implant System (PillarTM System, Restore Medical,St Paul, MN), consisting of an implant device
and a delivery part. Through palatal implant surgery, the stiffness of the soft palate is thought to be increased
(Nordgard et al., 2004; Friedman et al., 2006a,b). The palatal implant surgery’s efficacy as a snoring treatment
has been clarified to be ideal (Friedman et al., 2008). However, as an OSA treatment, the success rate of palatal
implant surgery varies among patients and the efficacy remains to be discussed. It has been pointed out that the
overall effectiveness has not been confirmed (Steward et al., 2008). This conclusion is also supported by some
other research works, such as Maurer et al. (2012) and Choi et al. (2013).

Therefore, a study of the efficacy of palatal implants in OSA treatment is of interest. A clinical study
requires patient participation, and the study management and outcome validation are complex. However, in
recent years, computational biomechanics has been used to simulate the biomechanical behavior of human soft
tissue. Huang et al. presented a computational model of the upper airway to estimate the implant surgery
success rate and suggested that the computational modeling can be used to predict the efficacy of the clinical
implants surgery (Huang et al., 2007). However, only 2D and partial 3D models were presented in their study.
Recently, medical imaging technologies, such as computed tomography (CT) or magnetic resonance (MR), have
been used to create the upper airway’s 3D geometry (Mihaescu et al., 2008; Mylavarapu et al., 2009; Sera et al.,
2015).

To achieve more representative anatomical simulations, we present three patient-specific 3D models of
the soft palate based on the corresponding CT images including the mouth-close and mouth-open conditions
to estimate the efficacy of palatal implant surgery. Additionally, different surgical schemes can be designed

and tested including different placement directions of the pillar implants, different radiuses of the pillars, and



different interval spaces between the pillars. In comparing the efficacy of different schemes, we can determine
the most efficient surgical scheme. The objective of this study was to employ 3D patient-specific geometries
of the soft palate and numerical simulations to determine how different pillar insertions affect the soft palate
stiffness. Procedures providing increased stiffness may improve the OSA state for the patients. The comparison

of different surgical schemes may provide a guide for medical doctors to improve current treatments.

2. Materials and methods
2.1. Pillar implants surgery schemes

Table 1. Summary of palatal implants surgeries for OSA with different array parameters of the pillars previously presented in the literature

Reference Orientation  a (mm) b (mm) r (mm)
Nordgard et al. (2006) Longitudinal 5 18 0.75
Goessler et al. (2007) Longitudinal No data 18 1

O’Connor-Reina et al. (2008)  Longitudinal 3 18 0.75
Walker et al. (2006) Longitudinal 2 18 0.9
Friedman et al. (2006b) Longitudinal 3 Entire length (25) No data

Table 2. Summary of designed surgical schemes in this study. Implant positions are described in Fig. 2 (A) for the longitudinal orientation

and in Fig. 2 (B) for the transverse orientation.

No. Position a(mm) b (mm) r(mm) orientation  Number of pillars E (MPa)
Scheme 1 Anterior 5 18 0.75 Longitudinal 3 244
Scheme 2 Anterior 2 18 0.75 Longitudinal 3 244
Scheme 3 Anterior 5 25 0.75 Longitudinal 3 244
Scheme 4 Anterior 5 18 1 Longitudinal 3 244
Scheme 5 Anterior 5 25 1 Longitudinal 3 244
Scheme 6 Anterior — proximal 5 25 0.75 Transverse 3 244
Scheme 7 Anterior — distal 5 25 0.75 Transverse 3 244
Scheme 8  Anterior — proximal 5 25 1 Transverse 3 244
Scheme 9 Anterior — distal 5 25 1 Transverse 3 244

Scheme 10 Anterior 5 25 0.75 Longitudinal 3 2
Scheme 11 Anterior — distal 5 25 0.75 Transverse 3 2
Scheme 12 Posterior 5 18 0.75 Longitudinal 3 244
Scheme 13 Anterior 5 18 0.75 Longitudinal 5 244

In general, the common palatal implant surgical scheme presented in the literature involves three pillar-

shaped implants (a segment of braided polyethylene terephthalate [PET] ) implanted into the soft palate from



Longitudinal scheme Transverse scheme

Implants delivery
system

Fig. 1. Schematic of the palatal implant surgery: (A) the longitudinal and transverse implant surgeries adapted from the reference paper
(Friedman et al., 2006b), (B) the array parameters for the pillar shape implants, the parameters a, b, and r denote the interval space, the

length and the radius, respectively

the anterior side to the posterior side (see Fig. 1 (A) ) with an implants delivery device. Up to now, the presented
surgical schemes have all chosen the longitudinal implant type. In this study, we also investigated the alternative
transverse-direction implant surgery (Fig. 1 (A)) with the finite element (FE) model.

In addition to the different implant directions, the array parameters (Fig. 1 (B)) of these three implants
pillars also remained to be tested to investigate the efficacy of palatal implant surgery. Some of the surgical
schemes from the literature for these three parameters are listed in Table 1. To surgically place the pillars into

soft tissue with moderate trauma, the diameter cannot be too large. An implant diameter of 1.5-2 mm is optimal
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Fig. 2. Placement positions of the pillars. (A) Schematic of the longitudinal implant surgery with the midsagittal view of soft palate. The
pillars had a 5 mm interval to boundary section between the soft palate and the hard palate (Friedman et al., 2006b). (For patient 2, due to
the complex geometry, this interval was set to be 2 mm when the pillars’ length is set to be 25 mm.) The distance between the centerline
of the pillars and the anterior surface was set to be 1.75 mm for the anterior scheme and 6.75 mm for the posterior scheme. (B) Schematic
for the proximal and distal place positions in the transverse-direction case with the midsagittal view of the soft palate. 10 mm interval and
15 mm interval to the section connected to the hard palate were used for the proximal and distal positions, respectively. Note that the uvula

part was distinguished in the 3D models and transverse-placement positions of the pillars were deviated from the uvula part.

for a feasible insertion needle that does not cause unnecessary harm. The length of the pillars is typically set to
18 mm, which is approximately 50% of the mean length of the soft palate (37-45 mm) (Kurt et al., 2011; Lim
et al., 2017). This ensures that the placement of the pillars with the cylindrical tube does not protrude into the

distal end or interfere with the bony periosteal layer of the hard palate. In Table 1, in one case, the implants are



inserted along the entire length of the soft palate (Friedman et al., 2006b). This means the implants are inserted
as deeply as possible until they approach the posterior surface of the soft palate.

As Fig. 2 shows, different placement positions were investigated. In addition, the influences of the number
of pillars and the Young’s modulus of the implants were evaluated with our numerical 3D model. In total, the

summary of the tested schemes are listed in Table 2.

2.2. Numerical modeling

2.2.1. 3D patient-specific geometry

a Step 3:
air way part section profiles

[N,

Soft palate

Pharynx wall |

Step 1: patient-specific CT images
Step 4: refined mesh

Fig. 3. 3D geometry reconstruction of the soft palate with respect to patient 1’s CT images and Mimics. The markers "a’ and *b’ denote the
side between the soft palate and the hard palate and the distal edge of the soft palate, respectively. In addition, a refined mesh was assigned

to the pillars in the 3D FE model.

Table 3. Anatomy information of the soft palate for three patients. The thickness is the average of three sections along the length, and the
length is the distance between "a’ and ’b’ (Fig. 3). Note that, the width denotes the width of the airway in the section connected to the hard

palate. Body mass index (BMI) and apnea hypopnoea index (AHI) are included.

No. Gender Age Condition Thickness (mm) Length (mm) Width (mm) BMI AHI

Patient1 Male 67  Mouth — close 9 34 23 284 228
Patient2 Male 44 Mouth — close 10 36 24 314 224
Patient3 ~ Male 43 Mouth — open 8 37 30 24.3 18.0

In this study, based on the specific patients’ CT images, we presented a way in which to model the soft

palate. The academic use of these images was approved by the Norwegian Regional Committee for Medical
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Fig. 4. 3D numerical modeling: (A) schematic of the implants region partition in the 3D model for the longitudinal case (up-left) and
transverse case (up-right) and the collapse of the soft palate including the mouth-close condition (down-left) and mouth-open condition
(down-right) with the midsagittal view of soft palate, (B) boundary conditions for the numerical model of the soft palate, the external
surface of the pharynx wall, the lateral sides and the side connected to the hard palate were constrained in all directions, and the negative

pressure was distributed on the inner airway surface.

Research Ethics (REK) and was registered at Clinicaltrials.gov. (NCT01282125). To have a feasible study,

three patients’ CT images were used. Many OSA patients have been found to breathe with mouth open during



sleep, and mouth-open breathing during sleep has been clarified to be a risk factor for causing OSA (Lee et al.,
2007; Kim et al., 2011). Therefore, the mouth-open (patient 3) sleep condition was also investigated. The soft
palate anatomy characteristics and demographic information of these three patients are listed in Table 3.

In detail, for 3D modeling, first, the DICOM file was imported into the commercial software MIMICS.
Through some basic operations such as segmentation and mask editing, the soft palate was then isolated with
some parts of the pharynx wall. To obtain a smoother geometry and refined mesh, we exported the planar
polylines representing the airway and applied a smoothing edit on these polylines. Then, through importing
them into ABAQUS, the final geometry was generated and meshed (Fig. 3). The modeling method for patient
2 and 3 is the same as that for patient 1 shown in Fig. 3.

The 3D model includes the airway in the soft palate region and a part of the pharynx wall to account for the
airway’s obstruction (Fig. 4 (A)). The geometrical boundary between the soft palate and tongue was determined
manually according to the CT images, and the tongue’s influence on the soft palate’s biomechanical behavior
was neglected in this study. For the mouth-open condition, the soft palate moved in the anterior direction toward
the tongue. Then, part of the tongue was modeled for patient 3 (Fig. 4 (A)). The modeling of the pillar implants
was achieved through some partition operations in ABAQUS. We assumed that the implants pillars were fully
bonded to the soft tissue, i.e. the boundary surface of the pillars and soft tissue shared the same nodes in the FE

models (Fig. 3).

2.2.2. Material property and boundary conditions

The soft palate was modeled as a neo-Hookean material defined by the following strain-energy function:

WL = dh=3) 417 ()

isochoric—isotropic -
volumetric

where, I} is the first invariant of the modified right Cauchy-Green tensor C and ¢, D; are material parameters
derived from Young’s modulus £ and Poisson’s ratio v with the following relations (Berry et al., 1999):

- E - 6(1—2v)
c= m7 Dy = — 5 2

We used the Young’s modulus determined from the in vivo magnetic resonance elastography measurements
provided by Cheng et al. (2011) for the human soft palate. Assuming a Poisson’s ratio value of 0.49, the Young’s
modulus was calculated to be 7.539 kPa based on the measured shear modulus of 2.53 kPa. For patient 3, the
Young’s modulus of the tongue was determined using a shear modulus of 2.67 kPa provided by Cheng et al.
(2011). For simplicity, the pharynx wall part was assigned the same property as the soft palate was. In addition,
we performed uniaxial tension tests of the pillar implants, and the Young’s modulus was measured to be 244
MPa. This agrees with the description for PET materials in Lam et al. (2003). The Poisson’s ratio was assumed
to be equal to 0.49, and the corresponding material property was assigned to the pillars in the 3D soft palate
model (Fig. 4 (A)).

For the 3D soft palate model, the anatomical influence of the lateral-side tissue of the soft palate had to

be considered in the numerical simulation. In addition, the pharynx wall also was constrained considering



it is attached to the cervical vertebra. Therefore, the boundary conditions for the soft palate FE model were
as shown in Fig. 4 (B). In addition, the bottom surface of the tongue in patient 3’s numerical model was
constrained. Finally, for the negative pressure loading, we applied a uniform pressure field corresponding to the
pressure difference between the anterior and posterior sides of the soft palate (Fig. 2) on the surface where the
soft palate contacts the airway (Fig. 4 (B)). In this study, for the mouth-close condition, the negative pressure is

defined as

mouth—close __ P .
negative — 4 posterior

anterior- (3)
Note that the definition of the negative pressure for the mouth-open condition is

mouth—open
negative — Lanterior — Pposterior- (4)

When the negative pressure develops, the soft palate will have a posterior oblique deformation in the mouth-
close condition and an anterior oblique deformation in the mouth-open condition. If the negative pressure is
large enough, the soft palate will stick to the pharynx wall and the tongue for the above two conditions. Then,
OSA occurs. We call this critical negative pressure the closing pressure, which is regarded as a critical parameter
for evaluating the efficacy of palatal implant surgery because the more negative pressure value means it will be
more difficult for the soft palate to collapse. A normal closing pressure for persons not having OSA problems
has been found to be —13 cm HO (Schwartz et al., 1988). Typical closing pressures for OSA patients are

—4-(—8) cm HyO (Han et al., 2002). In addition, we use the following ratio to compare different procedures

P(:losing —implant — R:losing —reference (5)

Rstrengthening—rate = Prtosi f
closing—rererence

where Pelosing—implant denotes the closing pressure for the implants inserted model and Priosing —reference dé-

notes the closing pressure for the model without the implants.

2.2.3. Mesh convergence study

The 3D patient-specific FE models were meshed with four noded hybrid tetrahedral elements (C3D4H
ABAQUS type). A mesh convergence study was performed on the patient 1 3D model, and the displacement of
a point in the mid-section of the soft palate posterior surface was chosen as a critical parameter and compared
for different mesh densities. A —5 cm H»O negative pressure was applied, and the Neo-Hookean model with
the aformentioned material properties data was assigned to the 3D patient-specific model. Four mesh densi-
ties were tested with 139 338, 397 716, 651 742, and 852 870 elements, corresponding to Mesh 1, Mesh 2,
Mesh 3, and Mesh 4, respectively. The difference for the critical parameter between Mesh 3 and Mesh 4 was
0.7%. Therefore, considering the simulation accuracy and computational time efficiency, we use Mesh 3 in the

remainder of this paper, and the models for patient 2 and patient 3 share the same mesh density as Mesh 3 does.
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Fig. 5. Closing pressure for different surgical schemes in both the longitudinal and transverse orientation cases for three patients: (A)

patient 1, (B) patient 2, (C) patient 3. The same variation trend of different schemes for these three patients was presented, and the scheme

7 and scheme 9 were found to be more efficient than other schemes.

3. Results

3.1. Longitudinal direction surgery with three pillars

For commonly used longitudinal-direction surgery, five different schemes (schemes 1-5) based on different

array parameters of the implant pillars were designed. The detailed information is listed in Table 2. The
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Table 4. Summary for the strengthening percentage of the designed schemes including the longitudinal schemes and transverse schemes

based on the obtained closing pressures

No. Patientl (%) Patient2 (%) Patient3 (%)
Scheme 1 0.2 0.4 5.0
Scheme 2 0.5 0.5 4.4
Scheme 3 6.5 3.8 9.4
Scheme 4 0.8 0.9 6.2
Scheme 5 9.6 5.8 11.8
Scheme 6 7.7 7.2 4.1
Scheme 7 44.4 36.1 12.2
Scheme 8 9.0 9.5 4.7
Scheme 9 52.8 45.3 14.0
Scheme 10 4.2 4.0 4.6
Scheme 11 9.0 7.8 3.8

placement position is illustrated in Fig. 2 (A). Moreover, the reference closing pressures (without the implants
inserted) for these three patients were calculated to be —5.75 cm H20, —9.29 cm H,0, and —2.55 cm H,O
based on the patient-specific FE models, respectively.

According to the calculation results (Fig. 5), the implant surgery stiffened the soft palate because the closing
pressure was calculated to be more negative than the reference value. However, the strengthening rate (see Table
4) calculated with Eq. (5) is moderate, and the most negative closing pressure (among schemes 1-5) is obtained
from scheme 5, i.e. for the longest pillars with the largest radiuses. Therefore, based on the obtained simulation
results evaluated with the closing pressure (Fig. 5), we know that the radii of the pillars and the interval space
between the pillars have limited influences on stiffening the soft palate, but increasing the length of the pillars
contributes to improving the strength of the soft palate (scheme 3 and 5). In addition, as Fig. 2 (A) shows, the
influence of the anterior-posterior position of the implants pillars was investigated in scheme 12 using the same
pillar parameters as in scheme 1 (see Table 2). The calculation results showed a small closing pressure variation
between schemes 1 and 12. This indicates that the influence of the anterior and posterior positions for the pillars

on the global response of the soft palate is very small.

3.2. Transverse direction surgery with three pillars

Here, we investigate a new surgical scheme: the transverse-direction implant scheme. Because there is still
no transverse surgery being applied in the clinic, the investigation is interesting for further clinical research
to improve the surgical efficacy. Similarly to the longitudinal case, different schemes were tested. Here, for
simplicity, the length of the pillars for the transverse case was assigned with a length of 25 mm because it was

shown earlier that increased pillar length will improve the surgery efficacy (Fig. 5). Moreover, as Fig. 2 (B)
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shows, the difference between the proximal and distal positions can be tested. In total, four schemes (schemes
6-9) listed in Table 2 were addressed to investigate the efficacy of the transverse-direction surgery.

The simulation results are shown in Fig. 5 for schemes 6-9. According to Table 4, the strengthening
percentage of scheme 9 is calculated to be the most efficient. Except for patient 3, patient 1 and patient 2 show
a more-than-four-times improved efficacy compared with scheme 5, which is the most efficient scheme for the
longitudinal surgery schemes. Due to a larger width of the airway (30 mm) for patient 3, the improvement
was not so large but still increased significantly. In addition to scheme 9, the other schemes in the transverse
case also showed a strengthening effect of the soft palate. This means that the transverse implant surgery has a
higher efficacy compared with the longitudinal implant surgery based on our numerical simulation. Moreover,
for the transverse implant surgery, according to the simulation results (Fig. 5), a distal placement (scheme 7 and
scheme 9) of the implants might be preferable.

Additionally, the influence of the pillars in the soft tissue was investigated. Based on the simulation results,
we obtained the main stress distribution characteristics. Due to the fully coupled pillar to soft tissue, there was
a sharp transition in tissue stresses from the interface between the soft tissue and pillars into the surrounding
soft tissue. The stress concentrations due to the pillars were observed, but the stress level in most of the tissue
remained at the same level as for the tissue without implants. The detailed stress analysis is provided in the

supplementary material.

3.3. Simulation for five pillars implant surgery and the influence of the pillar Young’s modulus

Hypothetically, one can postulate that an increased number of implanted pillars might increase the strength-
ening efficacy. For simplicity, the array parameters of pillars for the five-pillar scheme (scheme 13 in Table 2)
were set to be the same as those for scheme 1, also in the longitudinal direction. As the simulation results (Fig.
6) showed, increasing the number of the pillars may not be an efficient way of stiffening the soft palate.

In addition, as mentioned in the material section, the Young’s modulus of the implants material was set to
be 244 MPa based on our experimental test result for some implants material samples. The Young’s modulus
of the palatal implants reported in Gillis et al. (2016) and Huang et al. (2007) was set to be 2 MPa. Therefore,
we compared the response for the different Young’s moduli. We denoted 244 MPa as the strong stiffening case,
while the 2 MPa was denoted the slight stiffening case. Scheme 3 for the longitudinal case and scheme 7 for
the transverse case were addressed for comparison. The corresponding slight stiffening schemes were named
scheme 10 and scheme 11 (see Table 2) respectively.

According to the simulation results (Fig. 5), the surgery with implants having a large Young’s modulus
showed a more negative closing pressure, especially in the transverse case. In detail, compared with scheme
10, scheme 3 had an average 2.3% lower closing pressure for these three patients. For the transverse case,
compared with scheme 11, scheme 7 improved the soft palate stiffness dramatically and had an average 23.4%
lower closing pressure. Therefore, the effect of increasing the Young’s modulus of the implants to improve

the soft palate stiffness in longitudinal direction was moderate. However, the larger Young’s modulus implants
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Fig. 6. Comparison between three and five pillars longitudinal implant surgery. A very limited strengthening efficacy was presented for the

five implanted pillars surgical scheme compared with the three pillars scheme.

contributed to stiffening the soft palate efficiently for the transverse distal implant surgery. In addition, a com-
parison study of the stress distribution for these two different material properties cases was addressed. In short,
the Young’s moduli of 2 MPa (slight stiffening case) and 244 MPa (strong stiffening case) had a large influence
on the stress levels in the pillars. The highest Young’s modulus led to about a factor of 10 higher stresses in the
pillars. However, except for the tissue near the interface to the pillars, the stress levels in the remaining tissue

were similar for the two pillar stiffness cases. The detailed results are provided in the supplementary material.

4. Discussion

In this study, we presented a method for evaluating the efficacy of the palatal implant surgical schemes
using 3D numerical simulations. A new scheme for transverse implant surgery was addressed. The simulation
results showed an improved stiffness of the soft palate when palatal implant surgery was applied. However,
the strengthening rate of the longitudinal direction implant surgery showed a moderate efficacy for OSA (see
Fig. 5 and Table 4) that agrees with clinical study results (Steward et al., 2008; Maurer et al., 2012). In
light of this, our 3D numerical simulation to some degree reflects the reality of clinical upper airway surgery.
Moreover, the transverse-direction implant surgical scheme showed higher efficacy with more negative closing
pressure compared with the longitudinal-direction implant surgery. A typical high efficacy close to a 50%
strengthening rate was observed in the transverse distal implant scheme (see Table 4). Note that the five pillars

for the transverse implant surgery were not addressed due to practical challenges with the surgery. In addition,
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the deviation of the uvula part was also considered for the arrangement of placement positions (proximal and
distal) in the transverse case. The transverse implant surgery schemes 7 and 9 was very efficient for patents
1 and 2. For patient 3 the improvement was moderate. Considering the palatal anatomy, it is noted that the
width is larger for patient 3. This could indicate that a longer transverse implant would be more optimal for this
patient. A further optimization study can reveal whether there is an optimal pillar length to width ratio.

Surgical treatment has favoured the longitudinal placement of pillars not only due to the easy handling of
the delivery instrument in the anterior axis to the posterior axis, but also due to the tradition of applying the
radiofrequency ablation of the soft palate in the same direction. In a clinical experiment, the placement of
the pillars in the new, transverse, and distal position should not be more time consuming or more surgically
challenging than placement in the longitudinal direction when patients are under general anaesthesia. However,
there might be a need for new commercial hardware that is more suited to placing transverse pillars. In this
regard, one should also consider the lengths of the pillars when performing the transverse placement in a future
clinical trial. One could try a strict midline placement with uniform and rather long pillars, or one could
try placing two shorter pillars laterally at each side of the midline. Our simulations did not show a definite
strengthening efficacy when using five instead of three pillars. This reduces both the surgical timescale and
the risk of adverse events, such as the chance of postoperative infection. Finally, one should remember that
the stiffness of the pillar material will influence the movement of the palate, and a too-stiff or too-soft pillar
could cause problems with successful ingrowth with the surrounding tissues, or even the extrusion of the pillars,
which will lead to surgical removal of the implants. Supplementary material provides stress distributions in the
pillars and soft tissue. It was observed that in the strong stiffening case (pillar Young’s modulus 244 MPa), the
stress concentration was large, and high stresses and strains occurred at the interface between the pillars and
the soft tissue. Still, the levels are not as high as the measured failure strains (Pefia, 2011; Martin and Sun,
2013). Further clinical studies using implants of different stiffness may reveal whether there is an optimal ratio
between pillar and soft tissue stiffness.

We defined different schemes based on the existing surgery scheme in the literature shown as in Table 1.
However, a more comprehensive optimization study of pillar designs is of interest and is proposed for further
work. A topology optimization can be used for the pillar arrangement when the complex 3D patient-specific
geometry is addressed. This current work shows a first step that provides general and comprehensive mechanical
knowledge for Palatal implant surgery. This also provides input for a next-step topology optimization study.

In our numerical study, because the corresponding experimental data of the human soft palate were not
available, the anisotropy from the muscle tissue and its neuromuscular activation effect were neglected. To
refine our implants surgery numerical model, a more accurate material model is needed in the future work to
obtain a more physiological simulation result for the global response of the soft palate. For simplicity, we
applied the negative pressure as a uniformly distributed load. However, this is not the case in reality. Therefore,
fluid-structure interaction analysis may be employed to predict a more realistic pressure distribution for the large

deformation problems. This will be a task in further studies of the soft palate’s response.

14



5. Conclusion

Based on the 3D FE models of the soft palate, we simulated different palatal implant surgical schemes with
the numerical method. Our main findings can be summarized as follows:

1. The existing longitudinal palatal implant surgery can improve the stiffness of the soft palate, but the
efficacy is moderate. This is coherent with clinical trials that showed moderate efficacy on OSA in adults
(Steward et al., 2008).

2. The influence of the pillars’ array parameters is small, but increasing the length of the pillars will increase
the strengthening efficacy. In addition, increasing the number of pillars may not be efficient.

3. Based on the obtained closing pressures, placement of the implants in the transverse direction strengthens
the soft palate more than placement in the longitudinal direction does.

4. Based on our numerical studies, we propose a possible clinical trial in which three palatal implants pillars
are placed in the transverse direction and distal position with the following array parameters: a=5 mm, r=1 mm.
The Young’s modulus of the implants material should be large and have a good compliance with the soft tissues

of the soft palate.
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Supplementary material

Stress analysis and influence of different material properties of
implants

Patient 1’s geometry model was addressed to show stress distribution in the soft tissue and pillar
implants. Patients 2 and 3 show similar characteristics. In addition, in order to analyze the influence
of different material properties of implants on the stress calculation, we displayed the stress results
for the strong stiffening and slight stiffening cases, respectively. In detail, based on Table 2,
schemes 3 and 7 using 244 MPa implants are strong stiffening cases for longitudinal and transverse
directions, respectively. Their corresponding slight stiffening cases using 2 MPa implants are
schemes 10 and 11. The load corresponds to the, the obtained closing pressures shown as in Fig.
5 for each cases. Hence, different cases have different closing pressures, but the deformation of
soft palate is the same (collapsed shape). Note that, kPa was used for all the following stress
contours. In addition, the contours were plotted on the undeformed body.

1, Longitudinal direction (comparison between schemes 3 and 10)

First, the longitudinal-direction simulation is presented with respect to implant scheme 3 and
scheme 10. We chose the mid-sagittal section to show the stress distribution along the length of
the implanted pillars and a transverse section 1 is chosen to show the stress in the cross-section of
pillars (Fig. S1). The detailed stress contours are shown in Fig. S2 and Fig. S3. In addition, we
defined a path shown in Fig. S1 to report a detailed stress distribution between the soft tissue and
pillars. The stress distribution from the nodes, including the Mises stress and the corresponding
stress components (o and o) in section 1 on the defined path 1 is reported. The

XX ?
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detailed results are shown in Fig. S4 and Fig. S5.

Based on Fig. S2 and Fig. S3, increasing the Young’s modulus of pillars leads to a higher stress
level for the implants pillars. In addition, since the anatomy is nonsymmetrical, the stress does not
distribute strictly symmetrically to the mid-sagittal section. For more detailed stress report along
path 1, according to Fig. S3, there is a sharp stress increase at the interface between the soft tissue
and pillars corresponding to the large property difference between these two materials. Moreover,
according to the comparison between the strong stiffening case and slight stiffening case,
strengthening stiffness of the pillars causes a higher stress concentration for the pillars, but the
overall stress in the soft tissue remains to be at the same level.



Mid-sagittal section

Section 1

\/

Fig. S1 Schematic for the path 1 and section 1 in the longitudinal case with respect to the
undeformed body. Six joint nodes (path 1 and the pillars external circle boundary) L1, L2, L3, L4,
L5, and L6 were chosen to report the stress distribution between the soft tissue and implants pillars.
Moreover, the coordinate system in section 1 is defined.

S, Mises

(Avg: 100%)
+2.903e+01
+2.540e+01
+2.177e+01
+1.814e+01
+1.451e+01
+1.089%e+01
+7.257e+400
+3.628e+00
+0.000e+00

(a) Strong stiffening case (scheme 3)



S, Mises

(Avg: 100%)
+1.276e+01
+1.116e+01
+9.567e+00
+7.972e+400
+6.378e+00
+4.783e+00
+3.189e+00
+1.594e+00
+0.000e+00

(b) Slight stiffening case (scheme 10)

Fig. S2 The stress contours in the mid-sagittal section for strong stiffening case (scheme 3) and
slight stiffening case (scheme 10), respectively. The pillars show higher stress level than the soft
tissue, and the pillar stress level for the strong stiffening case is higher than for the slight stiffening
case.

S, Mises

(Avg: 100%)
+5.755e+01
+5.036e+01
+4.317e+01
+3.598e+01
+2.879e+01
+2.159e+01
+1.440e+01
+7.213e+00
+2.147e-02

(a) Strong stiffening case (scheme 3)



S, Mises

(Avg: 100%)
+1.188e+01
+1.040e+01
+8.913e+00
+7.431e+00
+5.949e+00
+4.467e+00
+2.986e+00
+1.504e+00
+2.157e-02

(b) Slight stiffening case (scheme 10)

Fig. S3 The stress contours in section 1 for strong stiffening case (scheme 3) and slight stiffening
case (scheme 10), respectively. The stress concentration due to the pillars is illustrated.
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Fig. S4 The detailed stress distribution along path 1. A stress increasing at the joint nodes between
the soft tissue and pillars is presented. The stresses of the joint nodes (L1, L2, L3, L4, L5, and L6)
show the intermediate values between the lower soft tissue stress and higher pillar stress.
Comparing the strong stiffening case with the slight stiffening case, the stresses for nodes in the
soft tissue region have nearly the same stress level, but at the interfaces between soft tissue and
pillars, different stress levels develops.
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Fig. S5. Detailed stress distribution along path 1 in section 1 (cross-section of pillars). The stress
component in y direction shows a higher level and the strong stiffening case shows a stronger
stress concentration at the interface than the slight stiffening case. Apart from the interface regions,

the soft issue share the same stress level in these two cases.



2, Transverse direction (comparison between schemes 7 and 11)

Second, the transverse-direction simulation is presented with respect to implant scheme 7 and
scheme 11. We chose the mid-sagittal section to show the stress distribution in the cross-section
of pillars and a transverse section 2 was chosen to show the stress distribution along the length of
the implanted pillars (Fig. S6). A path in the mid-sagittal section was defined and six joint nodes
between the soft tissue and pillars on path 2 were chosen to report a more detailed stress description
between the soft tissue and pillars.

The stress contours in the mid-sagittal section and the section 2 are reported in Fig. S7 and Fig.
S8. The same stress distribution characteristics as in the longitudinal case are presented, such as
strong stiffening case giving a higher stress concentration and intermediate stress values for the
joint nodes. In addition, the detailed stress distribution along path 2 is presented in Fig. S9 and Fig.
S10. Moreover, for the transvers scheme, we found that the stress component (o, ) in the length

direction of pillars for the nodes in the pillars has the highest stress level. This is reasonable due
to significant bending of the pillars when the soft palate is collapsed.

Mid-sagittal section

Section 2

Fig. S6 Schematic for the path 2 and section 2 in the transverse case with respect to the undeformed
body. Six joint nodes (path 2 and the pillars external circle boundary) T1, T2, T3, T4, TS, and T6
were chosen to report the stress distribution between the soft tissue and implants. Moreover, the
coordinate system in the mid-sagittal section is defined.



S, Mises

(Avg: 100%)
+5.53%e+0?2
+4.846e+0Q?2
+4.154e+0?2
+3.462e+40?2
+2.76%9e+0?2
+2.077e+02
+1.385e+02
+6.,923e+401
+0.000e+00

(a) Strong stiffening case (scheme 7)

S, Mises

(Avg: 100%)
+7.875e+401
+6.890e+01
+5.906e+01
+4.922e+401
+3.937e+401
+2.953e+01
+1.969e+401
+9.843e+00
+0.000e+00

(b) Slight stiffening case (scheme 11)

Fig. S7. Stress contours for transverse placement schemes in the mid-sagittal section including the
strong stiffening case (scheme 7) and slight stiffening case (scheme 11). The pillar in the distal
part shows a higher stress concentration than the other two. This indicates that the distal pillars
plays an important role in preventing the soft palate collapse. This also can explain why the distal
placement schemes have a higher strengthening rate as shown in Table 4.



S, Mises

(Avg: 100%)
+5.309e+02
+4.645e+02
+3.982e+02
+3.318e+02
+2.655e+02
+1.991e+02
+1.328e+02
+6.640e+01
+4.056e-02

(a) Strong stiffening case (scheme 7)

S, Mises

(Avg: 100%)
+6.529e+01
+5.714e+01
+4.898e+01
+4.082e+01
+3.266e+01
+2.451e+01
+1.635e+01
+8.192e+00
+3.471e-02

(b) Slight stiffening case (scheme 11)

Fig. S8 The stress contours in section 2 for transverse placement schemes including the strong
stiffening case (scheme 7) and slight stiffening case (scheme 11).
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Fig. S9 Mises stress distribution.

Fig. S9 The detailed stress distribution along path 2. The same distribution characteristic as path
1 is presented. The stress increases gradually at the joint nodes between the soft tissue and pillars.
Moreover, distal pillar has the highest stress level.

As shown in Fig. S9, for the strong stiffening case the highest stress value is close to 150 kPa. We
investigated the corresponding strain distribution for the nodes on path 2 in the strong stiffening
case. According to the results in Fig. S11, we find that the strain level for the soft tissue mainly
remains in a small range close to 0.05. The peak strain 0.22 appears at the node located in the soft
tissue close to the interface of the distal pillar, which has the highest stress concentration. This
peak strain value 0.22 for soft tissue belongs to the large strain range. It is smaller than the failure
strain for soft tissues, which is tested to be 0.45 in Martin and Sun (2013) and close to 0.6 in Pefia
(2011).
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Fig. S10. Stress distribution along path 2 in section 2 (cross-section of pillars). The stress
components in x and y directions show the same stress level, but the highest component is in z
direction along the length of pillars. Apart from the interface regions, the soft issue stress level for
the strong stiffening is similar to slight stiffening case.
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Fig. S11 The logarithmic strain distribution for the nodes along path 2 in the strong stiffening case
(scheme 7). The strain level for the pillars is very low, and the strain is close to 0.05 for most of
soft tissue. The peak strain presents at the node locating in the soft tissue close to the interface of

the distal pillar.
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