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CHAPTER 1

Introduction

1.1 Vocal fold vibration during phonation

1.1.1 Physiology of human voice production

Human voice production is a complicated physical process that involves coordinated work
of a generator (the lung), an oscillator (the larynx), a resonator (the three-dimensional
space including the oral cavity, nasopharynx, sinuses, and nasal cavity), and articulators
(the tongue, cheeks, teeth, and lips). When the air driven by the pressure in the lung passes
through the trachea and then the glottis hosted in the larynx, the flow causes the vocal
fold (VF), a pair of elastic tissue folds stretched across the larynx, to oscillate. This flow-
induced vibration is called phonation, and it produces sound with a fundamental frequency
that is the same as the vocal fold vibration frequency. The sound then resonates in the
space of the resonator, forming harmonic waves, and is further shaped by the articulators
to become recognizable words.

In addition to the proper structural and material properties of the VF tissue, the onset of
healthy phonation requires that the lung pressure be above a threshold level (Titze, 1992)
and that the two sides of the VF be abducted toward the midline by the laryngeal muscles
to form a narrowed or closed glottis (Van den Berg et al., 1957). Under such conditions, the
air from the lung pushes the VF to open slightly so that it goes through the glottis. As the air
flows through the glottis at a fast speed, however, the intraglottal pressure drops due to the
Bernoulli effect. Thus, the VF recoils back to its position, and the glottis closes up again.
As long as the conditions are maintained, this opening-closing cycle repeats itself, and the
VF vibration is sustained without the necessary additional muscle input (Titze, 1994).

In terms of the roles of various muscles involved in phonation, the laryngeal muscles

including the thyroarytenoid, interarytenoid, and the lateral cricoarytenoid muscles are re-



sponsible for the VF adduction prior to phonation, and the posterior cricothyroid is re-
sponsible for the VF abduction (separation) (Saran et al., 2023). During phonation, the
thyroarytenoid and cricothyroid muscles work in a coordinated manner to control the pitch
of voice (Yin and Zhang, 2013). The cricothyroid muscle contraction causes the thyroid
cartilage to tilt forward, which elongates the VF and increases its tension, thus raising its
natural vibratory frequency. On the other hand, the thyroarytenoid contraction is more com-
plicated, and it may either increase or decrease the VF stiffness (and thus the frequency)
depending on the state of the VF and simultaneous contraction of the cricothyroid (Yin and
Zhang, 2013). Since all these muscles have distinct and important roles, any disruption to

their activation would cause abnormality in voice production.

1.1.2 Unilateral vocal fold paralysis (UVFP) and type-1 thyroplasty

Voice is the most important tool for our daily communications. Any disorder inside the
glottis may have adverse effects on phonation in addition to breathing or swallowing (Ruben,
2000; Wilson et al., 2021). Such voice disorders are debilitating and can lead to signif-
icant socioemotional consequences, loss of income, and long-term disability. One major
voice disorder is unilateral vocal fold paralysis (UVFP), which is mostly caused by dam-
age to the vagus nerve or the recurrent laryngeal nerve as a result of cancers, trauma, or
surgery (Kelchner et al., 1999; Paniello et al., 2011; Francis et al., 2014). Due to the nerve
damage, one side of the VF cannot be abducted or medialized toward the midline by the
neurological command. Thus, the glottis is unable to close up despite that the healthy side
is medialized. As a result, the VF vibration cannot be induced by the airflow normally by
the fluid-structure interaction (FSI) mechanism, or there is only a little vibration. In this
condition, patients have difficulty producing voice and may show symptoms of dysphonia,
dysphagia, and aspiration (Leder et al., 2012). Based on incidence rates and frequency of
thyroid and cervical spine surgeries, it is probable that over 20,000 new patients are diag-

nosed with UVFP due to surgical causes annually. These account for only 50% of incident



UVFP cases. Thus, conservative estimates place the annual incidence of UVFP diagnoses
upwards of 40,000 in the United States alone.

Otolaryngologists have several interventional options in UVFP treatment such as thyro-
plasty, arytenoid adduction, injection laryngoplasty and laryngeal reinnervation (Siu et al.,
2016). One of the most common methods for UVFP treatment is medialization, pushing
the paralyzed side toward the midline, using an implant in a surgical procedure (Francis
et al., 2014), i.e., type-1 thyroplasty. Payr (1915) originally described medialization thyro-
plasty for paralyzed VF by pressing inward the thyroid cartilage flap. Later, Isshiki et al.
(1975) modified the procedure by using a silastic implant through a window created in the
thyroid cartilage. This method was made popular by Koufman (1986), and since then it has

become standard care in the long-term treatment for UVFP (Woo et al., 2001).

1.1.3 Optimization of type-1 thyroplasty
Since its introduction in 1975 (Isshiki et al., 1975), type-1 thyroplasty has emerged as a
cornerstone of surgical interventions for UVFP. The procedure revolves around the experi-
ential placement of a medialization implant into the thyroid cartilage to restore VF vibration
and improve voice quality (Francis et al., 2014; Cameron et al., 2020; Reddy et al., 2022;
Daniero et al., 2014). Although it is generally a safe procedure, type-1 thyroplasty still has
significant limitations in restoring patients’ voice. Since the FSI of phonation requires the
intricate interplay of the airflow and the VF tissue, the implant needs to be designed and
placed carefully for it to have the maximal beneficial effect on the voice production of indi-
vidual patients. On the other hand, there is a lack of specific guidance for the best location,
size, and shape of the implant, and the surgeons have to rely heavily on their experience and
intraoperative assessments (Iwahashi et al., 2015). To date, the pre-operative optimization
of the implant for individual patients remains a complex and subjective endeavor.

From numerous studies on laryngoplasty revision (Woo et al., 2001; Netterville et al.,

1993; Maragos, 2001; Lundeberg et al., 2011; Andrews et al., 2008; Cohen et al., 2004;



Iwahashi et al., 2015), not all patients have been reported to achieve satisfactory outcomes
following type-1 thyroplasty. This situation highlights the need for a more thorough under-
standing of the factors that contribute to successful or unsuccessful outcomes.

Woo et al. (2001) identified a persistent posterior glottic gap as one of the most common
causes of unsuccessful type-1 thyroplasty. They recommended arytenoid adduction in ad-
dition to type-1 thyroplasty for patients with vocal fold level differences or a large posterior
glottic gap. Other studies have reported the common causes of failed type-1 thyroplasty due
to implant window misplacement on the thyroid cartilage (Maragos, 2001; Andrews et al.,
2008; Zapater et al., 2019; Desuter et al., 2020), oversized implant usage (Netterville et al.,
1993; Lundeberg et al., 2011), and inappropriate insertion depth of the implant (Maragos,
2001; Desuter et al., 2017). In addition, Cohen et al. (2004) discussed the failure due to
inadequate or excessive VF repositioning.

Medical imaging, e.g., computed tomography (CT) and magnetic resonance imaging
(MRI) scans, has proven to be very effective in assessing the pre- and post-surgical states
of the larynx for the individuals undergoing UVFP treatment (Zeiberg et al., 1996; Yumoto
et al., 1999; Hiramatsu et al., 2008). In addition, Yumoto et al. (1999) reported the ability
of CT endoscopic images to visualize sagging/thinning and adduction/augmentation of the
affected VF before and after type-1 thyroplasty. Hiramatsu et al. (2008) further demon-
strated the potential of CT images acquired during glottal closure and glottal opening to
provide insights into the underlying causes of unsatisfactory outcomes after type-1 thy-
roplasty. Furthermore, Hara et al. (2014) showed that preoperative determination of the
window position in type-1 thyroplasty using reconstructed CT images resulted in favorable
vocal outcomes. Iwahashi et al. (2015) discussed the importance of integrating CT images
in the comprehensive assessment of VF positioning for surgical planning.

A recent study by Desuter et al. (2017) points out the importance of the shape of
the larynx, and particularly the shape of the thyroid cartilage, in the outcome of type-1

thyroplasty. This study discussed that females have a distinct larger thyroid angle compared



to men and thus a gender-specific surgical approach is essential to improve the outcome.

Some earlier mathematical models may offer a means of approximating the VF loca-
tion (Tucker et al., 1993; Meiteles et al., 1992), but their reliability was limited due to
the individual differences in anatomy and physiology (Laccourreye et al., 2021; Zapater
et al., 2014). These differences are particularly discussed through experimental procedures
by Zapater et al. (2019), who extended beyond gender-specific differences and sought for
the optimal placement of the thyroid cartilage window.

These previous studies have shown that type-1 thyroplasty should be highly patient-
specific. On the other hand, even though many studies have focused on the effects of im-
plant parameters, such as implant material (Palaparthi et al., 2019; Wu and Zhang, 2023),
insertion depth (Smith et al., 2020), and shape (Zhang et al., 2015), there is still a lack
of effective approach to determine the optimal implant parameters for individual UVFP
patients (Movahhedi et al., 2021; Orestes et al., 2014). The challenges stem from sev-
eral inherent factors such as the complex effects associated with the implant parameters,
variations from individual anatomy, and limited trials during the surgery. As a result of
these challenges, although type-1 thyroplasty is currently the accepted gold standard for
the treatment of glottic insufficiency in UVFP, its outcome still needs to be improved. In
fact, a reported 4.5% — 16% of implant procedures require revision (Parker et al., 2015;
Wilson et al., 2021; Woo et al., 2011; Nasseri and Maragos, 2000; Cohen et al., 2004;
Maragos, 2001)

To address the challenges, there is a need to focus on developing surgical planning
tools that can accurately predict the effects of implant parameters such as location and in-
sertion depth on the VF vibration during phonation. Since the FSI is a mechanical process
involving fluid dynamics of the glottal airflow and solid mechanics of the VF tissue, com-
putational modeling of this FSI process would have the potential to predict the effects of
the implant using a physics-informed approach. Especially, the techniques of high-fidelity

computational modeling have advanced greatly in recent years because of the fast growth in



high-performance computing and also because of the availability of high-resolution medi-
cal imaging that can capture the specific laryngeal anatomy of individual patients. Now it
is possible to explore the potential of computational modeling as a surgical planning tool.
In clinical applications, such a physics-based computational modeling tool promises
to simulate the effects of different implant parameters on the VF vibration and could be
used to optimize those parameters for surgical planning. The resulting information can
provide surgeons with individualized predictions of implant effects, enabling them to make
informed decisions that help reduce the demand for surgeons’ experience and help improve

the surgical outcome.

1.2 Computational modeling of vocal fold vibration

Computational modeling of VF vibration has useful applications in the fundamental under-
standing, diagnostics, and management (e.g., surgical planning) of voice disorders (Titze,
1994; Mittal and Iaccarino, 2005; Mittal et al., 2013; Wilson et al., 2021; Yang et al., 2017).
With the growth of computational resources and improvement of the modeling approach,
computational models for the FSI of VF vibration have advanced substantially in recent
years. These models typically couple a 2D or 3D glottal airflow model and a finite-element
representation of the VF tissue (Alipour et al., 2000; Hunter et al., 2004; Thomson et al.,
2005; Cook and Mongeau, 2007; Luo et al., 2008, 2009; Zheng et al., 2010; Shurtz and
Thomson, 2013; Chang et al., 2013; Zhang, 2017; Yang et al., 2017, 2018). These models
adopt an increasingly high resolution and have provided an insightful fundamental under-
standing of the FSI system such as vortex dynamics, pressure on the VF surface, tissue
deformation pattern, energy transfer, and acoustic wave. In these references, the VF was
often represented by a schematic that captures only the overall characteristics of the laryn-
geal geometry. Such models are obviously not sufficient for realistic or subject-specific
representation.

The advancement of medical imaging technologies such as magnetic resonance imaging



(MRI) have permitted the subject-specific features in the laryngeal geometry. For example,
Wu and Zhang (2016) used an MRI-derived human VF model to perform a study of the
geometric parameters. A recent study by Xue et al. (2014) presented a 3D FSI simulation
using the subject-specific geometry of the human larynx based on MRI data. This research
particularly highlighted the importance of the use of actual geometries as compared with
simplistic models in the previous FSI studies. The authors pointed out the asymmetry
observed in the flow in the supraglottal region when viewed in the mid-sagittal plane. This
flow behavior was mainly attributed to the asymmetry in the geometry. A similar study was
carried out for avian phonation using subject-specific geometries (Jiang et al., 2020).

Despite their significant advancement, these studies have the limitation of being un-
able to prescribe the individual characteristics of the VF tissue’s material properties, and
the tissue specifications were primarily based on the general population’s data. Gener-
ally, there has been a lack of available experimental validation for subject-specific com-
putational models of VF in the literature. One of the reasons for very few studies on the
subject-specific FSI study of the VF is the high computational cost of simulating the prob-
lem. Even with the availability of high-performance computers for fast calculations, the
complex anatomy of the larynx and VF movement pose a huge challenge for meshing in
the 3D computational fluid dynamics of the glottal airflow. Another major challenge is
the uncertain material properties, which could be significantly different among individuals.
Within a species, every individual VF has unique material properties (Chan et al., 2007;
Riede and Titze, 2008). This unavailability of the individual tissue properties restricts the
validity of a subject-specific FSI model.

In addition to these difficulties on the modeling side, setting up corresponding experi-
ments to test and validate the subject-specific computational model has its own challenges,
especially for in vivo phonation, e.g., obtaining the 3D scan data and high-speed images of
VF vibration in addition to managing the VF adduction.

There have been a few computational studies that focus on the biomechanics of diseased



VFs such as vocal fold nodules (Jiang et al., 1998), scars (Berry et al., 2005), polyps (Ji
et al., 2022), and UVFP (Li et al., 2021b). Most of these studies were limited to greatly
simplified laryngeal geometries that do not represent the actual anatomy. One exception is
that of Li et al. (2021b), where a subject-specific model of the rabbit VF was developed
to model the UVFP mimicked in the animal experiment and to analyze the fundamental
frequencies of the two sides using an eigenmode approach.

To the best knowledge of the author, there is only one computational study available at
present for type-1 thyroplasty (Movahhedi et al., 2021), which presents the medialization
process and resulting phonation characteristics by using FSI modeling. In their study, the
muscle activation-enabled finite-element model is used besides the implantation process for
achieving the vocal fold pre-phonation posturing, and the subsequent FSI was simulated to
obtain the VF vibration. However, in their FSI model, a simple one-dimensional (1D) flow
model was used for the glottal airflow, and a generic tissue model was adopted to represent
the larynx. Furthermore, there was no experimental validation for their numerical model.

In summary, despite the progress on the computational modeling of phonation, there
is still much work to do toward patient-specific modeling of the VF vibration, especially
in incorporating the detail of the material properties of the tissue as well as in coordinated
experimental and computational efforts to validate such computational models. In my dis-
sertation, we will address this technical gap and advance the computational modeling of

vocal fold vibration toward patient-specific applications.

1.3 Summary of this research project

This research project is built upon the existing work in our group at Vanderbilt University
on computational FSI of phonation. In the past, our group has developed a 3D numerical
FSI method that is versatile and suitable for a range of biological and biomedical programs
involving flow at moderate Reynolds numbers interacting soft tissue deformations (Luo

et al., 2008, 2009, 2012; Tian et al., 2014; Chang et al., 2015; Chen and Luo, 2020). In



addition, a suite of computational modeling tools have been developed by our group to
address the FSI of phonation in a complementary manner, for example, simplified 2D (Luo
et al., 2008, 2009), 3D (Tian et al., 2014), subject-specific laryngeal geometries (Chang
et al., 2015), as well as a simplified 1D glottal flow model that was later enhanced by
machine learning (Li et al., 2020; Chen et al., 2020; Li et al., 2021a).

Along the same line of work by the previous group members, my project will extend the
use of subject-specific FSI models that are built from laryngeal image data and incorporate
individual sample’s tissue properties. Furthermore, my project will focus on the integrated
experimental/computational study and validation of the computational model. Although
the experiment is performed by our collaborators at the University of Pittsburgh, it is an
integral part of this research and will thus be included in this dissertation with necessary
acknowledgments.

Overall, our research can be divided into three separate parts in terms of specific objec-
tives and research tasks. Each part is briefly summarized below and will be expanded in a
chapter later.

In the first part of this dissertation (Chapter 3), we will consider modeling of healthy
VF vibration along with experiment validation. Specifically, a full 3D FSI study of the
subject-specific VF vibration will be carried out based on the previously reconstructed VF
models of rabbit larynges. The primary focuses are the vibration characteristics of the VF,
the unsteady 3D flow field, and a comparison with a recently developed 1D glottal flow
model that incorporates machine learning, as well as against the in vivo animal phonation
experiment. Five different samples of the rabbit larynx, reconstructed from MRI scans after
the in vivo phonation experiments, will be used in the FSI simulation. These samples have
distinct geometries and different inlet pressures measured in the experiment. Furthermore,
the material properties of the VF tissue have been determined previously for each indi-
vidual sample. we will discuss comparisons of the VF vibration and intraglottal pressure

against previous results including experiment data, the roles of the inferior and supraglottal



geometries, as well as the significance of the flow pattern.

In the second part (Chapter 4), we will conduct a subject-specific modeling for type-1
thyroplasty of an excised rabbit larynx. The VF model will be built using the preoperative
MRI scan. Two steps of simulations will be carried out in this work: 1) FEM simulation of
medialization (both type-1 thyroplasty and the healthy medialization that are mimicked in
the experiment), and 2) FSI simulation of vibration of the medialized VF. These two simu-
lations will be validated separately. The simulation of medialization is validated against the
postoperative MRI scan, and the simulation of vibration is validated against the high-speed
video data. To my knowledge, this is the first attempt of subject-specific FSI modeling of
the vF and also the first attempt of its experiment validation.

In the third part (Chapter 5), we will perform an optimization study of the implant
placement using the 3D FSI model that is built in the second part. Specifically, the window
location on the thyroid cartilage will be systematically varied, and for each location, the
two-step simulation (medialization and then FSI) will be repeated to obtain the new VF
configuration and the vibration characteristics. We will compare the degrees of VF me-
dialization as well as the vibratory characteristics of these cases and evaluate the optimal
design based on the results. Although experiment validation is not available for the opti-
mized design, this study represents a demonstration of using 3D subject-specific modeling
to perform optimization and planning of type-1 thyroplasty.

Finally, we will discuss in Chapter 6 the future work toward applying our computational

tools in the eventual application of surgical planning for type-1 thyroplasty.
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CHAPTER 2

Numerical method for fluid-structure interaction simulations

2.1 Introduction

A high-fidelity subject-specific computational model of phonation involves a complex 3D
geometry of the lumen surface reconstructed from images of the larynx, which will be used
in the computational fluid dynamics (CFD) of the airflow in the FSI simulation. The numer-
ical method in the CFD also has to deal with moving boundaries that are caused by dynamic
deformation of the vocal fold during vibration. Sometimes the glottis may fully close, thus
cutting the flow domain into two separate parts. Such complex and moving geometries are
extremely challenging for conventional CFD methods due to the requirement for frequently
re-meshing the domain during the simulation. For this purpose, I have adopted a versatile
immersed-boundary method that was previously developed and fully parallelized in our
lab. For the tissue mechanics, a nonlinear finite-element method has been incorporated to
perform coupled FSI simulations. In this chapter, I will summarize the methods for the
flow, the solid, and their coupling. Further details can be found in previous publications

from our group, especially in (Luo et al., 2012) and (Tian et al., 2014).

2.2 Governing equations and numerical method

2.2.1 Immersed-boundary method for the flow

Glottal airflow is a 3D pulsatile jet characterized by turbulence in the supraglottal re-
gion (Alipour et al., 1996; Lasota et al., 2021) and has an average speed on the order of 30
m/s. Therefore, its Mach number is low, and the jet can be approximated as an incompress-
ible flow for the purpose of flow-induced vocal fold vibration. Acoustic wave propagation
is not part of our flow model, and its effect on the vocal fold vibration is considered negli-
gible.

The flow is thus governed by the 3D viscous incompressible Navier-Stokes equation

11



that includes the momentum and continuity equations,

av; i 1dp 9%y,
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where v; is the velocity vector, p and v are constant density and kinematic viscosity of the
air, respectively, and p is the pressure. The lumen surface is assumed to be a no-slip and
no-penetration wall (Figure 2.1 (b)). At the subglottal inlet, a constant gage pressure of
around 1 kPa is assumed to drive the flow. At the supraglottal outlet, ambient conditions
are assumed where the gage pressure is 0 kPa.

A non-uniform cartesian grid with a cell-centered and non-staggered arrangement is
used to discretize the governing equations (Figure 2.2). The Navier-Stokes equation is
solved using a fractional-step method that includes three steps. An advection-diffusion
equation without pressure is solved in the first step by using the Crank-Nicolson scheme. A
second-order central scheme is used to discretize all the spatial derivatives which improves
numerical stability. A projection method approximates the pressure and then the pressure
Poisson equation is solved by using the multigrid method.

For the immersed-boundary method, a set of Lagrangian marker points and triangular
elements represent the solid body surface, which allows efficient geometrical quantity cal-
culations such as the surface normal, interpolation over the surface, and fluid/solid node
identification. As shown in Figure 2.2, each of the nodal points on the Cartesian grid is
identified either as a “fluid” node or a “solid” node. The fluid nodes immediately next to the
solid surface are further identified as “hybrid” nodes, and the solid nodes immediately next
to the solid surface are further identified as “ghost” nodes. For the fluid nodes away from
the solid surface, the second-order central finite-difference method can be implemented in
a standard manner. However, the hybrid nodes and ghost nodes require special treatment

as briefly described next.
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Figure 2.1: (a) The computational FSI model showing the flow domain (lumen) in the
blue surface mesh and the tissue domain in transparent orange. (b) 2D decomposition of

the flow domain for parallel computation, where each block represents a sub-domain for
parallel computing.
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Figure 2.2: Illustration of the immersed-boundary method using a 2D Cartesian grid.
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At a ghost node, flow variables, i.e., the velocity and pressure, are extrapolated from the
fluid nodes near the ghost node and its projection onto the boundary, where the boundary
conditions at the project point are involved in the extrapolation. At a hybrid node, both in-
terpolation and governing equations are used to obtain the flow variables. The interpolation
involves the fluid nodes nearby as well as the boundary conditions at the projection of the
hybrid node onto the boundary. To balance between the interpolation and the governing
equation, a weighted average is calculated based on the distance of the hybrid node to the
boundary. This approach handles a node switching its identity between an interior fluid
node and a solid ghost node as the boundary moves across the grid, and it alleviates the

numerical oscillations associated with the boundary movement (Luo et al., 2012).

2.2.2 Finite-element method for the tissue

The dynamic solid-body deformation is governed by the equation of elasticity:

82u,~ o'?u,- @

Psﬁ‘i‘ndw = Ix; (2.3)

where u; is the displacement vector, ps is the material density, 7, is the mass damping
coefficient, and o;; is Cauchy stress tensor.

During vibration, vocal fold displacement is on the order of 1 mm. In comparison, the
vocal fold length is about 1 cm in humans. The relative deformation is thus small. However,
previous studies have shown that the nonlinear strain may still play a significant role as a
small displacement of the medial surface of the vocal fold would significantly affect the
glottal flow and the pressure load, which would in turn influence the vocal fold vibration.
Therefore, we adopt the hyperelastic Saint-Venant Kirchhoff model to represent the elastic

tissue, which incorporates nonlinear strains due to finite displacements.
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2.2.3 Method of FSI coupling

The incompressible Navier-Stokes equation is solved on the fluid domain, while the struc-
tural dynamics equations are solved on the solid domain. The Lagrangian mesh of the solid
is independent of the Cartesian mesh used by the flow solver. The two domains are coupled
through the boundary conditions, which enforce the no-slip, no-penetration, and traction

conditions,

v=v, f=0o-n a X=X, 2.4

where X and v are, respectively, the position and velocity of the boundary, f is the traction
on the boundary which includes the pressure and viscous stress, O is the stress tensor in
the flow, and n is the surface normal. The no-slip and no-penetration conditions state that
the fluid velocity at the boundary must be equal to the velocity of the solid. The traction
condition states that the force exerted by the fluid on the boundary is equal to the load on
the solid.

An explicit coupling approach for FSI coupling is straightforward but can lead to nu-
merical instability. To improve stability, an implicit coupling approach based on iterations
is employed, where the flow and solid solvers are repeatedly iterated and the boundary con-
ditions are updated. Verification and validation studies of this FSI method can be found in

a previous work of our group (Tian et al., 2014).

2.3 The 1D flow model used for comparison
Recently, some former members of our group have developed a 1D pulsatile flow model
for glottal airflow that incorporates machine learning (Chen et al., 2020; Li et al., 2021a).

In this model, the continuity and momentum equation are written as

JA JdAu

GG =0 2.5)
du Ju  dp IJt
pa%-pua = —a—i—a (2.6)
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where u(x,t) and p(x,t) are the flow velocity and pressure, respectively, A is the effective
cross-sectional area of the vocal fold lumen, and 7 represents the pressure loss due to
viscous and flow separation effects. Since the entrance effect is considered as the flow
enters the narrow glottis from the subglottal region, A is based on correction of the actual
cross-sectional area (Li et al., 2020; Chen et al., 2020).

To incorporate the area correction, a correction coefficient, a, is defined so that a(x) =

A(x)/Ao(x), where Ag(x) is the actual cross-sectional area as shown in Figure 2.3.
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Figure 2.3: Schematic for the 1D pulsatile flow model, where the characteristics of the
vocal fold are described by a simple 2D converging-diverging channel. Here x. is the
narrowest section, x, is an inferior location, x; is the glottal exit, x, is an intermediate
location in the diverging section, and x, is a subglottal location.

In the 1D model, a(x) is assumed to be a parabolic function with o = 1 at x, and
doa/dx =0 at x,. Thus, only a(x;) needs to be determined. For the pressure loss, 7(x,) and
7(xp) are to be determined, and 7(x) follows an assumed 3rd-order polynomial function
between x, and x;,.

The non-dimensional variables describing the flow are the Reynolds number Re, the

divergence angle rp, the length of the divergence section /., the inferior section angle
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rq, the length of the convergence section /,., and the subglottal section angle r;. These

variables are defined as

rp, = A(Xb)/A()CC)

lbc = Ly / H
ra = A(xg)/A(xc) 2.7
lac = Lac / H

rg = A(Xd)/A(Xa)

Re = pucH/U.

Using these input variables, Li et al. (2021a) used a machine learning model to determine
the area correction coefficient ¢ and pressure loss parameters. The enhanced flow model
was used for FSI simulation of the vocal fold vibration, which produced agreeable results

with the experiment data (Li et al., 2021a).
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CHAPTER 3

Subject-specific modeling of healthy phonation

3.1 Introduction

In this chapter, we consider the computational modeling of healthy phonation and its ex-
periment validation. As discussed in Chapter 1, an integrated computational/experimental
study for model development and validation is still lacking. This issue will be addressed
here using healthy phonation as the first step.

The animal experiment and larynx reconstruction based on the MRI scan have been
done previously in our lab (Chang et al., 2015). This work is built upon the previous work
by using the rabbit larynx models constructed by Chang et al. (2015), but 3D FSI simula-
tion, validation, and detailed analyses are the main focus of the present work. The use of
rabbit models in this research is justified due to the similarities in laryngeal size and histo-
logical features between rabbits and humans (Thibeault et al., 2002; Henrich et al., 2003).
Previous studies have contributed to our understanding of the rabbit larynx’s phonatory
characteristics, making it a suitable model for studying vocal fold behavior and potential
interventions (Dollinger et al., 2018). The insights gained from this research can have
implications for future studies involving human subjects and further our understanding of
vocal fold function and voice disorders.

The overall study is summarized below. Live rabbits were used for evoked in vivo
phonation tests with simultaneous high-speed imaging and subglottal pressure measure-
ment Novaleski et al. (2016). The larynx was excised after the tests for MRI scan and ge-
ometric reconstruction. The finite-element model (FEM) of the vocal fold tissue was then
built for FSI analysis. Furthermore, the tissue stiffness properties were adjusted in a sim-
plified FSI model, i.e., a 1D flow coupled with 3D FEM, to match the vibration frequency

of each individual sample. The resulting FSI model therefore has both geometric and ma-
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terial features of individual subjects. 3D FSI simulations of such subject-specific models
are performed to investigate the flow and vocal fold behavior. The results will be compared
with the in vivo phonation data for validation, as well as with the previous 1D-flow FSI
for comparison. Furthermore, the flow analyses will provide an in-depth understanding of
rabbit phonation and lead to a constructive discussion on the validity of using rabbits as an

alternative to human study.

3.2 Construction of subject-specific models

MRI scans are performed on the excised larynx in the pre-phonatory and post-phonatory
states. These scans help capture the morphological details of tissue and distinguish carti-
lage. Following details are for the five samples discussed in the current chapter. The ex-
cised larynges are placed in a 12 ml syringe with Fomblin 06/6 perfluoropolyether (Solvay
Solexis, Thorofare, NJ) and having a 38-mm inner diameter radiofrequency coil. T2-
weighted-prep with an echo train length of 40 and repetition time of 550 ms is used. A
Varian 9.4 T horizontal bore imaging system (Varian Inc., Palo Alto, CA) provides multi-
scale scout images in the axial, coronal, and sagittal planes in the 512 x 256 x 256 matrix
size and a 32 x 17 x 17 mm? field-of-view. These details are extracted as it is from the
previously published work by Chang et al. (2015).

The MRI scans are then used for manual segmentation using the open-source software
ITK-SNAP. This allows us to construct the tissue and the three major cartilages viz. thyroid,
cricoid, and arytenoid as shown in Figure 3.1. The MRI scans used for evoked phonation
in the current chapter, are processed for smoothening operation using the Gaussian image
tool, and the tetrahedral mesh is achieved by using ANSYS ICEM. The thin cover of the
vocal fold was determined roughly based on its thickness identified from the MRI. A mesh-
refinement test with a static load and finer mesh near the vocal fold cover resulted in an
error of only 1.58%. This mesh model was used as the finite-element model of the vocal

fold tissue. The 3D model was then processed in MATLAB to extract the lumen as the
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flow domain, which was then extended in both subglottal and supraglottal directions to
incorporate the inlet and exit flow through the larynx. The entire process is shown in
Figure 2, where the vocal fold is seen to surround the flow domain except for the inlet and

outlet extensions.

Cricoid cartilage Aryt‘enoid cartilage

Supraglottal
. -
. Y
VF Body

Subglottal VF Z—»X

VF cover

EY
Thyroid cartilage

(A) (B) (€ (D)

Figure 3.1: (A) Manual segmentation of the MRI data for the vocal fold (VF). (B) Recon-
structed 3D VF mesh model. (C) Extracted lumen from the 3D larynx. (D) Extensions
added in both directions as the flow domain (only a small portion of inlet and outlet are
shown).

All five larynx samples have distinct geometries, which are shown in Figure 3.2 for
comparison. Table 3.1 lists the total number of tetrahedral elements in each vocal fold.
The finite-element model has all the exterior surfaces with the fixed boundary condition,
whereas the lumen surface from the inside has a free boundary subject to the forces from
the fluid. The vocal fold tissue is considered isotropic and described by the Saint Venant-
Kirchhoff model, which includes the finite strain for possible large displacements and ro-
tation (Tian et al., 2014; Chang et al., 2013). For each sample, Chang et al. (2015) used
an iterative method to determine the stiffness properties for the vocal fold body and lamina
propria. That is, Young’s moduli were determined by matching the vibration frequency and
amplitude between the 1D-flow-based FSI simulation result and the phonation experiment.
The tissue density and Poisson’s ratio are p; = 1000 kg/m?® and 0.3 respectively. The air
density is at p = 1.0 kg/m>, and the air viscosity is increased by four times to reduce the

Reynolds number and the demand for the simulation.
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Figure 3.2: Top row: the reconstructed larynx models for all samples as viewed from the
supraglottal side for samples 1 to 5 in [A-E] respectively; bottom row: the corresponding
extracted lumen. A scale of 0.5 cm is shown in (c¢).
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Table 3.1: Number of tetrahedral elements in the finite-element model of the vocal fold.

Sample 1 2 3 4 5

Elements 40,394 63,070 84,368 101,166 81,386

3.2.1 Phonation experiments

The experiments were conducted on five male New Zealand white breeder rabbits under
the approval of the Vanderbilt University Institutional Animal Care and Use Committee.
Readers can refer to Novaleski et al. (2016), Ge et al. (2009), and Swanson et al. (2010)
for detailed experimentation procedures and objectives. A bilateral Isshiki-type IV thyro-
plasty was performed, involving suturing of thyroid and cricoid cartilages to bring together
the two sides of the vocal fold. This procedure enables in vivo rabbit phonation when a con-
tinuous humidified airflow is delivered through the glottis. A high-speed camera recorded

the supraglottal view of vocal fold vibration at 10,000 frames-per-second (FPS). During
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this process, subglottal pressure and flow rate were also recorded. Figure 3.3 shows images

of the glottis from the high-speed camera for each larynx sample.

(a) (b) (c) (d) (e)

Figure 3.3: Images of the glottis during phonation (supraglottal view) from the high-speed
camera for the five samples 1 to 5 in (a-e) respectively. The left image for every sample
represents the vocal fold closure, and the right side represents the vocal fold opening.

3.2.2 Simulation setup and mesh refinement study

The flow domain in the 3D FSI is discretized using a non-uniform Cartesian grid, on which
the mesh is stretched in the lateral (Z coordinate in Figure 2.1) direction so that it is finest in
the glottis. For each sample, the mesh is approximately 200 in the axial direction, 130 in the
lateral direction, and 130 in the anterior-posterior direction. The rectangular flow domain is
decomposed into multiple subdomains to facilitate the parallel processing of the simulation.
We have used approximately 65 to 133 processors for each sample, and the simulations
were performed on Stampede2 at the Texas Advanced Computing Center (TACC). The
time step used was Ar = 10~* centisecond to achieve good temporal resolution and ensure
FSI stability, which leads to approximately 3000 time steps to resolve one vibration cycle.

The subglottal pressure is set to be constant and the same as in the phonation experi-
ment, and the exit gage pressure is set to be zero. Each sample has a different inlet gage
pressure, as shown in Table 3.2. In addition, Young’s modulus of the vocal fold body Ej,

and for the cover E, are given in Table 3.2. These parameters are used exactly as in the
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Table 3.2: Inlet pressure (gage) in the experiments and Young’s modulus for the vocal fold
body, E,, and for the vocal fold cover, E., which were previously determined for each
individual samples Chang et al. (2015).

Sample 1 2 3 4 5
Pressure (kPa) | 1.05 | 0.78 | 0.72 | 1.0 | 0.98

E;, (kPa) 60 80 80 | 90 | 90

E. (kPa) 12 8 8 9 9

previous study on the 1D flow-based FSI analysis by Chang et al. (2015). In both the 3D
FSI and 1D-flow-based FSI simulations, the flow is driven by the subglottal pressure, and
the pulsatile flow is established automatically once the vocal fold vibration is induced in
the process.

A mesh-independence study for Sample 3 is shown in the Fig. 3.4 with the baseline
mesh for the flow formed by a non-uniform Cartesian grid with 211 x 129 x 133 points
and the refined mesh with 371 x 154 x 144 points in the X, Y, and Z coordinates. The
displacement of a point at the mid-glottis is used to compare between the two mesh settings.
In addition, the pressure along the streamline in Fig. 3.9(a) is compared between the two
FSI simulations at = 0.6 cs when the VF is fully opened. In both the displacement and the
intraglottal pressure comparisons, the baseline-mesh result agrees well with the result from

the refined mesh. The mean error in the pressure value between the two meshes is 4%.
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Figure 3.4: (a) vocal fold displacement; (b) intraglottal pressure plot at = 0.6 cs for the
baseline and refined meshes (Sample 3).

3.3 Results and discussions
3.3.1 Vocal fold vibration

The vocal fold vibrations were observed to be fairly symmetric between the left and right

sides in the experiments. Thus, a marker point on one of the sides of the vocal fold around
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the halfway between the anterior and the posterior of the glottis is chosen from the output
to reflect the vibration amplitude. Figure 3.5a shows the vibration for this point for Sample
3. For comparison, we have included both the 3D FSI simulation result and 1D-flow-based
FSI result from our previous work (Li et al., 2021a). Within the time frame of 1 centisecond
(cs), approximately five to six vibration cycles are clearly visible for the sample. The
vibration waveform agrees well with the two FSI models.

Some differences in the vibration amplitude and the phase between the two FSI mod-
els can be seen and are understandable since the accurate characteristics of vibration are
dependent on the detail of the flow that is captured only in the 3D simulation. Indeed,
it has been shown previously by Luo et al. (2012) that the fluid forces on the vocal fold
could be fluctuating due to the vortices in the flow. For all the samples, the vibrations are
established when simulations are extended. We have calculated the vibration frequency
exhibited by each sample using the Fast Fourier Transform (FFT) and compared the result
with the previously published data from the experiments and 1D-flow FSI simulation, as
shown in Figure 3.5b. We see a good agreement between the frequencies reported from the
experiments, the 1D-flow FSI model, and the current 3D FSI model. Note that the vibration
frequencies for all five samples are in the range of generic vibration frequencies for rabbits

from experiments by other groups (Dollinger et al., 2018).
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Figure 3.5: (a) VF vibration for Sample 3 plotted for the mid-glottis point in both 1D FSI
model (blue line) (Chang et al., 2015) and 3D FSI model (orange line). (b) VF vibration
frequency comparison of all five samples among the experiments, 1D-FSI and 3D-FSI sim-

ulations.

3.3.2 Power and energy analysis

In our numerical study, the flow is driven by a constant subglottal pressure at the inlet,
which acts as the source of energy for the phonation process. In addition to providing
kinetic energy to the flow, part of the energy source is transferred to the vocal fold tissue

through the stresses on the vocal fold surface and the tissue’s dynamic deformation. To
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calculate the power transfer or rate of work, E, from the flow to the tissue, we integrate the
product of the fluid stress, f, which includes the shear and normal stresses, and the velocity
of the vocal fold surface, v, so that £ = [ £-vdS, where S is the vocal fold surface.

Figure 3.6 shows the work rate E along with the corresponding vocal fold vibration
cycles for Sample 3. In the plot, we notice that the first opening phase (from stationary)
consumes the maximum amount of power and then the instantaneous work rate oscillates
between positive and negative values. The accumulated work E is also shown as a ref-
erence. From the figure, the first cycle shows a relatively large amount of work being
transferred to the tissue, representing the initial opening of the vocal fold. Then, both E
and E start to oscillate around their mean values, indicating the elastic recoil of the tissue
structure. The average of E is small since the tissue is elastic and only a small amount of
damping is added to the tissue. Further, inspection shows that E is neither exactly in phase

nor out of phase with the vibration.
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Figure 3.6: Rate of work, accumulative work, and VF vibration for Sample 3.

To better understand the energy transfer and the vocal fold vibration, in Figure 3.7 we
plot the instantaneous pressure and velocity contours along with the contours of the power
per unit area, f- v, over the vocal fold surface at times 7 = 1.5 csand ¢ = 1.6 cs. As seen from

Figure 3.6, E is positive at f = 1.5 cs when the vocal fold is closing and is negative atf = 1.6
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when the vocal fold is near the maximum opening. The power contours in Figure 3.7 show
that most of the work is contributed by the sub-glottal surface for both time frames. Note
from the inset in this figure that the vocal fold has a gentle slope and thus a large surface
area subject to the pressure force. The corresponding pressure contours in Figure 3.7 show
that the surface pressure is predominantly positive in the inferior region (prior to the glottal
gap), and the glottal gap the pressure level is rapidly reduced. This pressure distribution
also facilitates most of the energy transfer through the inferior slope while this area of the
surface is deforming. Furthermore, since the pressure is positive at the inferior region,
the sign of power contours is consistent with the sign of the lateral velocity of the vocal
fold surface, w, as seen in Figure 3.7.

The insets in Figure 3.7 further show the instantaneous deformations of the vocal fold
in an XZ cut plane at these two time moments. At ¢t = 1.5 cs, the the glottis is closing
but the inferior region is expanding quickly, leading to an overall positive rate of work;
while at t = 1.6 cs, the inferior region is contracting quickly even though the glottis is
nearly fully open, which leads to overall a negative rate of work. The velocity vectors in
the insets indicate that the inferior region movement has a phase difference from the glottis
opening/closing. As a result, the rate of work also has a corresponding phase difference
from the glottal vibration, as seen in Figure 3.6. Similar inferior geometry and pattern of the
surface power distribution are also observed for the other samples. Therefore, from these
results, we learn that the region has an important impact on the energy transfer of the rabbit
vocal fold vibration. The effect of the inferior surface slope on the vocal fold vibration
and energy transfer was discussed in previous work using idealized geometries (Smith and
Thomson, 2012). The present finding of the rabbit phonation regarding the inferior surface
is consistent with the conclusion in that work. This chapter carries the material as it is from

recent publication (Avhad et al., 2022)
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Figure 3.7: Contours on the vocal fold surface for Sample 3 at (a) t = 1.5 cs (VF closed)
and (b) t = 1.6 cs (VF open). Top to bottom: pressure contour, lateral velocity w, power
per unit area on the vocal fold surface. The inset on the center picture shows the vocal fold
profile and the velocity vectors in the cut plane indicated by the thick bar in the picture.
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In addition to the energy transfer from the fluid to the tissue, it is also important to
examine the loss of mechanical energy, which can be evaluated using the total gage pressure
along the flow, defined as p;y;q; = p+0.5 sz. Note that this definition is the sum of static
pressure and dynamic pressure and is measured using gage pressure here. So, it is different
from the definition of the total pressure for gas mixtures (usually measured as absolute
pressure).

Since the rabbit vocal fold, as seen in Figure 3.7, has a long, gradually converging
inferior channel but a short and quickly diverging superior channel, it is expected that flow
separation could be strong and the loss of total pressure is significant in the supraglottal
area. To see this, from the 3D flow field we extract a streamline that goes through the
glottis as seen in Figure 3.8(a) and (c) for Sample 3 at time ¢ = 0.6 cs when the vocal fold
is open and at t = 0.66 cs when the vocal fold is closed. The pressure and the velocity
magnitude V along this streamline are plotted in Figure 3.8 (b) and (d).

It can be seen from Figure 3.8(b), where the vocal fold is open, that the total pres-
sure drops quickly from the glottis to the supraglottal region. Before the glottis, the total
pressure is well preserved. The peak velocity magnitude on the streamline in this figure
is 32 m/s around x = —0.48 cm, which is inside the glottal gap. At the same position, the
pressure drops to the minimum value, p = —75 Pa. According to Bernoulli’s equation,
the maximum flow speed should be at V ~ 39 m/s, using the inlet pressure P,, = 0.72 kPa
and air density p = 1.0 kg/m?, which is close to the simulated value considering the vis-
cous effect. In addition to the large expansion ratio from the thin glottal gap to the wide
supraglottal region, another factor that could have affected the total pressure loss in the
supraglottal region is that the overall shape of the lumen is curved and the flow impinges
on the anterior wall in the supraglottal region. This feature may have caused additional
losses in the flow.

When the vocal fold is closed, as in Figure 3.8(d), the flow velocity is low, and the

total gage pressure follows the pressure and quickly drops to nearly zero when reaching the
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glottis. This result is expected since the flow is nearly shut off and the supraglottal region is
dominated by large flow circulation as seen later in the 3D visualization. The total pressure

of the remnant flow is nearly all lost after exiting the glottis.
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Figure 3.8: Change of the total gage pressure along a streamline at open or closed state for
Sample 3. (a) A streamline at open state with t = 0.6 cs, and (b) the plots for p, V, and
Droral along this streamline; (c) A streamline at closed state with t = 0.66 cs, and (d) plots
for p, V, and p;,, along this streamline.

3.3.3 Pressure comparison between 1D and 3D FSI

The comparison of the vocal fold vibration in previous section shows that the 1D-flow-
based FSI produces a consistent vibration pattern of the vocal fold as in the current 3D FSI
simulation. To further examine the performance of this general 1D flow model, we compare

the intraglottal pressure predicated by the 1D flow model with that extracted from the 3D
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flow field. To the comparison, we first extract a streamline through the glottis, as shown
in Figure 3.9(a) for an opening or closing state. The arc length of this streamline is used
as the x-coordinate in the 1D flow model in Equation The sequence of the dynamic vocal
fold shapes from the 3D FSI simulation is used to calculate the cross-sectional area in the
1D flow model, which is subject to correction due to the entrance effect (Li et al., 2021a).
The 1D flow model, which includes its machine learning derived functions for the pressure
loss and entrance effect, is then used to calculate the pressure along the same streamline.
Figure 3.9(b) and (c) show the comparison of the flow pressure between the 3D FSI
simulation and the 1D flow model. In Figure 3.9(b), the time is t = 0.6 cs, and the vocal
fold is open; in Figure 3.9(c), the time is t = 0.66 cs, and the vocal fold is closed. In both
of these cases, it can be seen that the 1D flow-based pressure calculation generally agrees
with the pressure from the 3D simulation. Further inspection shows that at the open state,
the 1D flow model slightly under-predicts the pressure prior to the narrowest gap; at the
closed state, the difference is more pronounced, and the 1D flow shows lower pressure
in the inferior region and some negative pressure in the glottal gap. Fortunately, such a
difference did not significantly impact the vocal fold vibration during the 1D flow-based

FSI simulation since the closed state is quite short in a vibration cycle.
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Figure 3.9: (a) Sample 3 model showing a streamline and the points (black markers) on it,

along with the 1D flow model applied. (b) and (c) Gage pressure plot on the points from

the 1D flow model (dashed) and 3D FSI model at an open state (¢t = 0.6 cs) (b) and closed
state (f = 0.66 cs) (¢).

3.3.4 Flow field analysis

One of the major objectives of this study is to visualize and analyze the 3D flow in rabbit

phonation. This was not done previously in Chang et al. (2015), who focused mainly on
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the reduced-order modeling for the FSI. There has been limited research that employed
subject-specific larynx models in the 3D FSI analysis. A few previous experimental (Triep
et al., 2005; Khosla et al., 2008) have found that in general the downstream flow in the
supraglottal region is highly 3D. In the numerical study by Xue et al. (2014), it was found
that significant asymmetry in the flow exists in the supraglottal region for the subject-
specific human larynx model.

Figure 3.10 shows several time snapshots from ¢t = 0.56 to 0.66 cs, representing vocal
fold opening, fully open, closing, and fully closed, respectively. An important observation
is that since the flow tends to follow the generally reversed Z-shaped geometry of the lar-
ynx, the majority of the flow is directed toward the anterior side after exiting the glottis.
This skewed direction forms the major cause for the flow asymmetry in the supraglottal
region. Fortunately, the vocal fold has an inclined orientation with respect to the larynx
and remains approximately perpendicular to the flow direction. This alignment facilitates
the interaction between the vocal fold and the flow and is beneficial to the flow-induced
vibration. The inclination angle 6 is illustrated in Figure 3.10, and Table 3.3 lists the value

of 8, which is between 20 and 45 degrees for all five samples.
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(c) (d)

Figure 3.10: Time sequence of flow for Sample 3. a-d: r = 0.56, 0.6, 0.64, and 0.66 cs.
Inset figures show the corresponding glottal shape along with the velocity vectors through
the glottis.

Due to the flow skewness, a large circulation persists on the posterior side of the supra-
glottal region throughout the vibration cycle, and this major vortex is strengthened as the
flow speed increases following the vocal fold opening. On the other hand, a much smaller
vortex may develop at the anterior side, e.g., at t = 0.62 cs when the vocal fold is clos-
ing. This vortex is due to the closure of the anterior side of the glottis while the posterior

side remains open (the posterior side of the vocal fold has minimal displacement and does
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not close completely), allowing the flow to continue going through. Such a vortex pair is

repetitively observed at the start of vocal fold closure during each cycle.

Table 3.3: VF inclination angle 0 from the transverse axis (Y-axis).

Sample 1 2 3 4 5

0 (degrees) 41 24 43 20 29

In addition to Sample 3, we also have a similar observation for the other four samples,
which are shown in Figure 3.11. In this figure, we see the notable geometry differences
among the samples, especially in the alignment of the subglottal and supraglottal channels.
The anterior-end vortex in the supraglottal region is prominent in Samples 1, 2, and 4
due to a protruded space in the region. In all the five samples, the large posterior-end
vortex is distinctly identified. This flow feature is caused by the overall orientation of
the subglottal-supraglottal channels and the inclination of the vocal fold. Such anterior-
posterior flow asymmetry was also reported in a subject-specific computational analysis of
the human larynx due to the similar geometric asymmetry (Xue et al., 2014), and it was
believed that the flow asymmetry produced the anterior-posterior (longitudinal) asymmetry
in the vocal fold vibration. In our study, we also observed longitudinal asymmetry in the
vibration. However, there may be additional factors that have caused this behavior, for
example, varying shapes of the vocal fold tissue structure in the transverse plane along the
longitudinal direction, well as differences in the cartilages that the vocal fold is attached to
at the anterior and posterior ends. Further study may be needed to better understand the

longitudinal differences in the vibration.
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(c) (d)

Figure 3.11: Flow pattern in the supraglottal region and the anterior, posterior vortices in
Samples 1, 2, 4, and 5 in (a), (b), () and (d) respectively. The vocal fold is at an open state.

There have been extensive discussions on the supraglottal flow jet symmetry in the lat-
eral direction. Previously, studies conducted both numerically and experimentally have
reported varying asymmetrical glottal jet in the lateral direction when using simplified lar-
ynx models (Tao et al., 2007; Luo et al., 2008; Zheng et al., 2009, 2011; Xue et al., 2012),
and the phenomenon was explained using the bifurcation of the confined jet in a large ex-
pansion (Luo et al., 2008). It was found that the presence of the false vocal fold helps
reduce the expansion ratio of the geometry and maintain the symmetry of the flow (Luo

et al., 2009; Zheng et al., 2009). The subject-specific 3D FSI study by Xue et al. (2014)
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(A) (B)

Figure 3.12: 3D flow pattern in Sample 3 at (a) vocal fold opening (t = 0.6 cs) and (b)
vocal fold closing (t = 0.66 cs). Bottom row: corresponding velocity field in the cut plane
(blue lines) shown in the top row.

observed a fairly symmetrical jet flow in the lateral direction during most of the vibration
cycle, which is consistent with the effect of the false vocal fold. In the current study, we
report a symmetrical downstream flow pattern in the lateral direction, owing majorly to
similar geometrical factors. In Figure 3.12, a 3D view of the flow is shown at # = 0.6 cs
(open) and t = 0.66 cs (closed) stages, respectively. For each 3D view, a YZ cut plane is
made, in which the velocity vectors downstream the vocal fold are shown. These pictures
show the lateral symmetry of the flow domain and the presence of the false vocal fold helps
maintain the flow symmetry in the lateral direction.

At the open condition (Figure 3.12(A)), we see that some of the flow is reversed in the
ventricle region before the false vocal fold, which is due to the circulation of two lateral
vortices in that region. Further downstream, a fairly uniform and symmetric outgoing flow

is formed. At the closed condition (Figure 3.12(B)), we see in the cut plane that the two
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lateral vortices are still present in the ventricle region. Between the false vocal fold and
immediately downstream, there is significant reversal flow due to the large posterior-end
vortex. Despite the strong asymmetry in the anterior-posterior direction that was discussed
early, the flow is able to retain symmetry in the lateral direction.

The 3D characteristic flow patterns observed here have significant similarities to those
from human phonation, e.g., the anterior-posterior asymmetry and the lateral symmetry.
This finding has important implications. Our current efforts are focused on the study of
vocal fold vibration in unilateral vocal fold paralysis (UVFP) as well as in the implanted
configuration that aims to improve the implant design for individual subjects. The rabbit
and its evoked phonation are being used in such efforts before similar studies can be done
on human subjects. One important consideration in the UVFP and implant study is the
restoration of symmetric vibration between the left and right sides of the vocal fold and
the lateral symmetry in the flow. The present findings from the 3D analyses would help

support the use of the rabbit as an intermediate step toward a human study.

3.4 Chapter conclusions

Full 3D FSI simulations have been performed on the five subject-specific samples of the
rabbit larynx, which were previously used for in vivo phonation experiments and a 1D-flow-
based FSI study. These samples vary in size, geometry, and tissue properties, and are sub-
jected to different inlet flow pressure during evoked phonation. Through the simulation, we
obtained detailed vibration characteristics and 3D flow patterns. The simulation-predicted
vibration agrees with the experiment result for each individual subject. Furthermore, both
the vocal fold displacement and intraglottal pressure agree with those from the 1D-flow
model based simulation.

In the present rabbit phonation study, it was found that the gentle-slope inferior surface
of the vocal fold plays a major role in the energy transfer between the fluid to the vocal

fold tissue during vibration. For the flow field, we found that the flow in the supraglottal
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region is significantly skewed to the anterior side due to the asymmetrical geometry of the
larynx and the inclination of the vocal fold with respect to the axis of the larynx. However,
the flow is fairly symmetric in the lateral direction thanks to the presence of the false vocal
fold, which limits the expansion ratio of the geometry for the flow exiting the glottis. Such
3D flow patterns are generally consistent with those found previously in subject-specific
modeling of healthy human phonation. Therefore, the use of rabbits may provide helpful

insight into the study of human phonation.
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CHAPTER 4

Computational modeling of Unilateral Vocal Fold Paralysis (UVFP) and type-1

thyroplasty

4.1 Introduction

In the past, computational modeling of phonation has largely contributed to the understand-
ing of its physical process and provided insights into various aspects such as vibratory char-
acteristics, geometric and material parameters, and acoustic output (Xue et al., 2014; Avhad
et al., 2022; Movahhedi et al., 2021; Li et al., 2021b; Wu and Zhang, 2023; Cameron et al.,
2020) that were not available from experiments (Luo et al., 2009). Earlier computational
FSI studies using much simplified or idealized structural models of the larynx were able to
simulate generic vibratory characteristics of the VF (Alipour et al., 2000; Thomson et al.,
2005; Zorner et al., 2013; Tao et al., 2007; Yang et al., 2018). Recently, several studies have
started to employ more realistic laryngeal models that were based on magnetic resonance
imaging (MRI) or computerized tomography (CT) scans of individual subjects (Xue et al.,
2014; Avhad et al., 2022). With the subject-specific anatomical details incorporated, such
computational models may potentially be used to evaluate the effect of the implant on vocal
fold vibration prior to the operation, thus serving as a planning tool to improve the surgical
outcome.

Along with this line of research, in recent years our lab has performed a series of
integrated studies combining rabbit vocal fold experiments and computational models to
explore issues such as experiment protocol, model construction, computational efficiency
and accuracy, model validation, and outcome assessment. For example, Chang et al. (2015)
modeled and validated the healthy phonation condition that was created in vivo in rabbits;
Li et al. (2020) developed a simplified 1D pulsatile flow model that was enhanced by ma-

chine learning and also validated it against the same set of in vivo phonation data; Wilson
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et al. (2021) created different vocal fold configurations in rabbits including bilateral medi-
alization, UVFP, and type-1 thyroplasty; and Li et al. (2023) used a computational model
to optimize the implant location for type 1 thyroplasty, and through a controlled experi-
ment, they demonstrated the computational modeling and optimization led to improvement
in implant medialization. The use of rabbit models in investigating phonation and voice
disorders is justified due to their similarities in anatomical, biological, and biomechanical
vocal fold properties with those in the human larynx (Thibeault et al., 2002; Ge et al., 2009;
Dollinger et al., 2018).

Despite the recent progress in the subject-specific modeling of vocal fold vibration
and the efforts in the modeling of thyroplasty, there is still a lack of work in combining
computational modeling with experiments to validate the model and to assess the models’
performance in capturing the effect of the implant on the VF’s vibratory characteristics.
There have been a few recent works that used computational modeling to investigate im-
plant medialization. For example, Smith et al. (2020) studied the insertion depth of the
implant on the VF vibration and acoustic output using an idealized VF model, and their
results agreed qualitatively with available experiment data. Wu and Zhang (2023) stud-
ied the effect of implant stiffness on the VF vibratory characteristics using an MRI-based
model, and their results also had qualitative agreement with the ex vivo experiment of hu-
man larynges by Cameron et al. (2020). A more recent work by Movahhedi et al. (2021)
studied the effect of the implant and performed virtual optimization by incorporating flow-
structure-acoustics interaction and muscle activation of the VF, but there was no experiment
validation in their study.

Following our previous works, in this study we have utilized an integrated approach to
develop and validate the computation model based on rabbit phonation. However, different
from previous works Li et al. (2023), the current study is focused on modeling of implant
medialization as well as subsequent VF vibration with the implant included. In the experi-

ment, a rabbit larynx is used to simulate the type-1 thyroplasty, where one side of the vocal
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fold is medialized with trans-muscular suture to mimic the healthy side while the other side
is medialized with a silastic implant as in type-1 thyroplasty. Vocal fold vibration is then
achieved by flowing air through the larynx and is filmed with a high-speed camera. The 3D
computational model is built upon the pre-operative scan of the laryngeal anatomy. This
subject-specific model is used to simulate the vocal fold medialization and then FSI of the
vocal fold. Model validation is done by comparing the vocal fold displacement with post-
operative scan (for medialization), and by comparing the vibratory characteristics with the

high-speed images (for vibration).

4.2 Method of experiments

The animal procedures were approved by the University of Pittsburgh’s Institutional Ani-
mal Care and Use Committee (#21220467) and were performed on a New Zealand white
rabbit. The rabbit was sedated with an intramuscular injection of 17.5 mg/kg ketamine and
0.125 mg/kg dexmedesed, laid supine, shaved from sternal notch to sternum, with a single
incision made down the midline of the neck. This was followed by dissection of the skin,
muscle, and fascia to expose the larynx. The larynx was excised for ex vivo procedures
following euthanization by intravenous overdose of Sodium Pentobarbital.

The excised larynx was placed in perfluorocarbon oil and scanned before the medial-
ization procedure (i.e., pre-operative) using MRI with a Bruker® AV3HD 11.7 tesla/89mm
vertical-bore microimaging system. T-2 weighted images at an isotropic resolution of 60u
were obtained using a fast spin-echo sequence. Additional details for the MRI scanning are
described in our previous work (Li et al., 2021b). The pre-operative scan was performed for
the rest state with both VF sides abducted, i.e., rest configuration (or configuration 0), and
a post-operative scan was performed with the implant on one side and suture medialization
on the other side (configuration 3, as described next). An intermediate configuration was
also introduced with one side medialized with the suture and the other side at the rest state.

This configuration represented the phonation position at the UVFP configuration (configu-
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ration 2), where the paralyzed side (the rest side) could not medialize on itself. The healthy
condition with both sides medialized naturally using laryngeal muscles did not need to be
modeled in this study (a previous work of ours was concerned with this condition, or con-
figuration 1). Figure 4.1(a) shows the MRI scan of the post-operative VF at configuration
3. The pre-operative scan of the rest configuration was used to build the finite-element
method (FEM) model for the subsequent numerical analyses, while the post-operative scan
was used to compare vocal fold displacement from actual medialization with the numeri-
cally simulated medialization.

During thyroplasty surgery, an implant was inserted unilaterally via a window cut into
the thyroid cartilage and secured below the VF muscle to medialize that side of the VE. In
the current study, a laser-cut silastic implant having a simple cuboidal implant shape of 1
mm X 1 mm X 2 mm was inserted. The opposing side was medialized using a transmucosal
suture that entered the larynx via the thyrohyoid membrane and secured by suturing through
the thyroid cartilage and securing with a knot to maintain tension. This suture method was
used to mimic medialization of the healthy side in the UVFP.

Following the post-operative MRI, the sample was removed from perfluorocarbon oil
and rinsed with phospho-buffered saline, and ex vivo phonation was elicited. In this proce-
dure, the larynx was mounted to pseudo-lung in an excised larynx cabinet and humidified
air was supplied using a Neptune Conchatherm system (Medline, Northfield, IL) to elicit
phonation, with subglottal pressure determined by an in line digital pressure meter (Cole-
Parmer, Vernon Hills, IL). Phonation was initially captured for configuration 3 at 8000 fps
using a stabilized AX50 high-speed video (HSV) camera (Photron, Tokyo, Japan). Fol-
lowing this, a control test was done for configuration 0 by removing the implant and the
suture to recover the rest condition. Subglottal air pressure was consistent for all config-
urations, with air pressure maintained at the same level (2 kPa) that produced phonation
in configuration 3. Additional details of the experimental setup and methodologies can be

found in Novaleski et al. (2016) and Ge et al. (2009). The HSV was processed using a
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Figure 4.1: : (a) Post-operative MRI scan showing VF medialized by a unilateral suture
(left side) and by silastic implant insertion (right side). The length between the anterior
and posterior commissure is represented by L. (b) Image from the HSV showing an instan-
taneous moment of the VF vibration. The red line is where the kymograph was taken.(c)
Kymograph showing VF vibration over time at the medialized state (configuration 3).

custom MATLAB code generously provided by Dr. Dimitar Deliyski from Michigan State
University to Dr. Rousseau for digital kymograph analysis, as shown in Figure 4.1(c) In the
kymograph, the vocal fold waveform, with time represented on the x-axis, was extracted

from the HSV.

4.3 Method of computational modeling

4.3.1 Model construction
The laryngeal geometry was reconstructed from the pre-operative MRI scan at the rest con-
figuration, where both VF sides were abducted. Manual segmentation was used in this pro-

cess (Lietal., 2021b), during which thyroid cartilage, arytenoid cartilage, cricoid cartilage,
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vocal fold body, and vocal fold cover were identified from the images and were separately
segmented. Here, a two-layer structure, i.e., cover (lamina propria) and body (vocal fold
ligament and muscles), was assumed for the vocal fold (Xue et al., 2014; Chang, 2016;
Hirano et al., 1981). Another segmentation was done for the entire larynx, in which the lu-
men surface of the airway was excluded, and all the tissue components were not separated.
The entire larynx and individual components were separately meshed in COMSOL Mul-
tiphysics (COMSOL Inc., Burlington, MA, USA); then each individual component was
registered on the unified mesh model of the entire larynx (Figure 4.2) by comparing the
unified mesh with the mesh of that component. Such an approach ensured that meshing of
all the components was matched at the interface. Overall, the geometrical model contained
a tetrahedral mesh of 94593 elements.

The unified mesh model, with individual components identified on it, was then im-
ported into COMSOL for medialization simulation and subsequent eigenmode analysis.
The implant was modeled as a rectangular block of length 2 mm and a width and depth
of 1 mm each (Figure 4.3). The suture line was modeled as a flexible cylinder embedded
in the tissue with a 0.3 mm diameter and 2 mm length. The specific locations of the im-
plant and suture line are shown in Figure 4.3(b). These precise locations were obtained
from the post-operative scan of the larynx. A rectangular window on the thyroid cartilage
was created to facilitate implant insertion in the numerical simulation. To mimic the tissue
separation from the thyroid cartilage, a gap was created between the thyroid cartilage and
the connecting tissue adjacent to it. This gap spanned approximately 2 mm away from
the implant edges in the longitudinal and anterior-posterior directions. A similar gap was
created on the suture side. The region of tissue separation was approximated based on the
observation in the post-operative MRI scan (Figure 4.1; also highlighted in Figure 4.5).

For tissue mechanics, the deformation of all the tissue components was assumed to be
governed by the Saint-Venant Kirchhoff model, while Young’s moduli of the VF cover and

VF body were estimated based on the eigenmode analysis of the medialized state that is
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Figure 4.2: Reconstructed geometrical model showing the individual components from a
supraglottal view (a) and from a posterior view (b). For clarity, the VF body and other
connecting tissue were not shown here.
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Figure 4.3: Solid model with implant and suture. (a) shows the 3D subject-specific FEM
model with the implant. (b) shows the slice in the transverse plane showing the positions
of implant and suture.

described next.

4.3.2 Simulation Setup

The numerical simulation was divided into three steps: (1) a quasi-static simulation of
medialization in which both the implant side and the suture side were adducted toward
the midline; (2) an eigenmode analysis of the vocal fold to check if its natural frequency
agrees with the vibration frequency obtained from High-Speed Video (HSV); (3) an FSI
simulation in which the glottal airflow and VF vibration were simulated. Steps (1) and (2)
were iterated a few times in which Young’s moduli of the VF were adjusted accordingly and
the eigenmodes were re-calculated (Chang, 2016; Latifi et al., 2014). To repeat (1) and (2),
the mesh model of the larynx, on which individual components identified, was imported
into COMSOL to perform medialization simulation, and determine the eigenfrequencies
at the medialized configuration (i.e., the prestressed state). The first step of VF adduction
simulation was attained by using a force ramp that gradually pushed both the implant and

suture line towards the midline. The simulation was continued until the implant and suture
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line reached the equilibrium. In the FEM model, the outer surfaces of the thyroid and
cricoid cartilages were fixed, and they had little deformation due to their high stiffness.
The arytenoid cartilage and the inner lumen surfaces were free to move. Young’s modulus
for the cartilages and the suture line were assumed to be £ = 2000 kPa, while the implant
had a modulus of £ = 20000 kPa representing a stiffer material (Movahhedi et al., 2021).
The densities for tissue and cartilage were 1040 kg/m> and 1100 kg/m?3, respectively. For
all the components, Poisson’s ratio was set at v = 0.3.

Once Young’s moduli of the VF body and VF cover were determined from steps 1 and
2, the FEM model was then imported to our in-house code for the 3D FSI simulation of the
vocal fold vibration. These was conducted on Stampede 2 of TACC (allocation provided
through the NSF XSEDE program). The 3D FSI simulation was performed at configuration
3, where the two VF sides were respectively medialized by the implant and suture line.
The initial flow domain was extracted from the lumen surface of the medialized laryngeal
geometry as shown in Figure 4.4, and the inlet and outlet were extended to accommodate
the boundary conditions. At the inlet, the air pressure was set to be 2 kPa (gage). The
time step for the FSI simulation was Ar = 10~* centi-seconds (cs). The mesh used in
flow simulation was 156 in the axial direction, 108 in the lateral direction, and 108 in
the anterior-posterior direction. The mesh resolution was verified in our previous study
of the healthy phonation. The time required for completing 2 centi-seconds, or around 15
vibration cycles, of 3D FSI simulations was 50 hours when using 122 processor cores.

The airflow was assumed to be governed by the 3D viscous incompressible Navier
— Stokes equation and was solved by using a Cartesian grid-based immersed-boundary
method (Xue et al., 2014; Luo et al., 2008, 2009). For the FSI simulation, the flow solver
and the FEM solver were coupled using a partitioned method (Tian et al., 2014), in which
the two solvers were modular and were iterated until convergence was reached at the end
of each time step. Readers can refer to our previous works (Chang, 2016; Tian et al., 2014)

for detailed descriptions of the numerical method and extensive validation of the code.
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Figure 4.4: Boundary surface for the flow simulation shown as the blue mesh, where the
inlet and outlet were extended from the extracted lumen surface. The 3D laryngeal tissue
model is shown here as a semi-transparent structure surrounding the flow domain.

4.4 Results and discussions

4.4.1 Results of vocal fold medialization
The function of the medialization process is to reduce the glottal gap by positioning the
two sides of the VF closer to the midline in order to promote and sustain the flow-induced
VF vibration for phonation. The post-operative scan showed that our experiment achieved
type 1 thyroplasty medialization using the implant (Figure 4.5(b)). As measured from the
pre-operative scan in Figure 4.5(a), the narrowest gap between the two sides at the rest
configuration was 1.63 mm. After implant and suture medialization, this gap was reduced
effectively by 1.33 mm, which could be measured from the pre- and post-operative scans.
The corresponding simulation result showed that such medialization was captured by
the FEM model (Figure 4.5(d-f)). The initial glottis from the reconstructed larynx at the rest
configuration (Figure 4.5(d)), as well as the medialized glottis from the FEM simulation
(Figure 4.5(e)), closely resembled their respective shapes from the scan as seen from the
axial view in Figure 4.5(a,b). To achieve the medialization in the simulation, the total

forces of 0.6 N and 0.85 N were used to displace the implant and the suture, respectively,
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by approximately 2 mm towards the midplane. The forces maintained the two sides at
the equilibrium state, at which the medial surface (the outer surface of the VF cover) was
displaced by 0.43 mm on the implant side and by 0.82 mm on the suture side. These results
agreed with the measurements from the post-operative scan. The higher displacement on
the suture side was mainly because of localized tissue displacement surrounding the suture
line. The asymmetric adduction of the two sides was expected since two different methods
of medialization were employed in the current study.

The overall extent of medialization could be also measured by the amount of area re-
duction at the glottal section. From both the MRI scans and simulation results, the glottal
areas were reduced from 11.6 mm? to 5.5 mm? and 6 mm?, respectively, by the medial-
ization. A unilateral medialization by suturing alone (i.e., the UVFP configuration without
implant insertion) led to a greater glottal area of 8.4 mm?. The degree of area reduction
would have significant effects on the VF vibration as shown later.

Some differences between the experiment and simulation could be observed from the
coronal view (Figure 4.5(c,f)), especially for the suture side. Note that in Figure 4.5(c), the
tightened suture line created significant displacement of the false vocal fold that is above
the true vocal fold, which led to narrowing of the supraglottal region. In the simulation,
the suture line was not as soft as in the experiment and thus did not curve as much to
cause deformation of the false vocal fold. Such differences were deemed acceptable since
the medialization of the true vocal fold, were reasonably captured by the simulation. In
addition, the false vocal fold deformation of the suture side did not significantly affect the
VF validation for the implant side.

One specific issue was caused by VF tissue separation from the thyroid cartilage when
the VF was being pushed toward the midline. Such tissue separation was evident from the
post-operative scan (Figure 4.5(b,c)). To incorporate the presence of the separation, the gap
between the thyroid cartilage and the VF body was created as described in Section 4.3.1.

From the simulation results shown in Figure 4.5(e,f), the enlargement of these gaps during
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Table 4.1: VF frequency from the eigenmode analysis (both rest and medialized configura-

tions), 3D FSI simulation, and high-speed videoendoscopy of phonation experiment.

VF frequency | Eigenfrequency | Eigenfrequency Phonation 3D FSI
(Hz) for rest for medialized experiment simulation
configuration configuration
Implant Side 595 768 820 733
Suture Side 575 770 819 733

medialization had significant effects on the VF displacement and thus was necessary to

include in the modeling process.

4.4.2 Eigenmode analysis and vocal fold stiffness

Eigenfrequencies from the eigenmode analysis were to adjust the tissue stiffness properties,
or Young’s moduli of the vocal fold, of the sample, and also to study the asymmetries in
the vibration mode between the two sides of the VF. The vibration frequency of the current
sample at the medialized configuration was approximately 820 Hz according to the high-
speed video. Although the eigenfrequency of the rest state is related to Young’s modulus
by fo o< 1/1? \/m, where [ is the VF length, E is the material stiffness, and p is the
density (Zhang et al., 2009; Kelleher et al., 2010), the presence of the internal stresses due
to medialization may change the relationship by stiffening the tissue effectively (Palaparthi
et al., 2019; Smith et al., 2020). After a few iterations of medialization simulation and
eigenmode analysis, the Young’s moduli of the VF cover and VF body were adjusted so
that eigenmode analysis of the medialized configuration produced frequencies of the both
sides that were close to the experimentally observed frequency. The final results are listed
in Table 4.1 for clarity. The corresponding eigenmodes of the two sides are shown in
Figure 4.6. Although there were multiple modes from the eigenmode computation, only
the mode that corresponded to the opening and closing of the glottis was chosen to guide

the analysis.
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Figure 4.5: Comparison of VF displacement between the MRI images (a-c) and the numer-
ical simulation (d-f). (a,d) The initial rest configuration; (b,e) medialized configuration in
the axial view; (c,f) medialized configuration in the coronal view. The yellow dashed line
in (b) and (c) indicates the tissues separation from the medialization.
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This study resulted in Young’s modulus for the VF cover E. = 60 kPa and for the VF
body E; = 150 kPa, which led to an eigenfrequency of 768 Hz on the implanted side and
770 Hz on the suture side. Previously, experiments with the rabbit VF by Latifi et al.
(2014) showed that Young’s modulus could be as high as 174 kPa for the VF cover. Oren
et al. (2014) explained tissue stiffness value as a function of strain and several other studies
have reported higher E (Miri, 2014; Bauer and Konig-Heidelberg, 1967; Chan et al., 2007,
Perlman et al., 1984; Chang et al., 2013) when tested for high strain values. In comparison,
Young’s moduli adopted in the current work were in the ballpark of available data.

As areference, eigenfrequencies of the rest configuration were also computed and listed
in Table 4.1. The two sides corresponding to the implant side and suture side had an eigen-
frequency of 600 Hz and 575 Hz, respectively, which were much lower compared to the
frequencies at the medialized state. This result shows that medialization caused significant
internal stresses, leading to tissue stiffening and increase of the vibratory frequency. After
medialization, the Von-Mises stress was approximately 21 kPa and 30 kPa on the implant
side and suture side VFs, indicating presence of significant stresses in the tissue. At the
medialized state, the eigenfrequencies of the two sides became much closer to each other.
This frequency symmetry would be beneficial in general for restoration of VF vibration
from the UVFP condition and thus could be a factor for consideration in addition to the

extent of glottal area reduction.

4.4.3 Results from the 3D FSI Simulation

Two cases were considered for 3D FSI simulation: 1) the medialized condition (config-
uration 3), where both the implant and suture medializations were present; 2) the UVFP
condition (configuration 2) with only the suture medialization present, which served as a
reference case for comparison. In both cases, an inlet gage pressure of 2 kPa was used to

initiate flow-induced vibration.
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Figure 4.6: (a, b) Eigenmodes of the rest configuration for the implant and suture sides,
respectively. (d, e) Eigenmodes of the medialized configuration for the implant and suture

sides, respectively.
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4.4.3.1 The Unilateral Vocal Fold Paralysis (UVFP) configuration

At this diseased condition, onset of phonation becomes difficult even though the healthy
side can be medialized. This is because the glottal gap is wide, and the subglottal pressure is
insufficient to induce VF vibration. This situation was reflected from the FSI simulation of
this configuration. As shown in Figure 4.7(a), the vibration amplitude of both rest side and
suture side was small and less than 0.05 mm. An FFT analysis showed that the vibration
frequency was 733 Hz for the suture side and 595 Hz for the rest side, which generally
matched the respective eigenfrequencies of that side. Since the amplitude of vibration was
small and the glottal gap was relatively constant, a consistent jet of airflow was created from
the glottis. At the narrowest cross-section in the glottis, the flow velocity was about 57 m/s
(Figure 4.7(c,d)). This jet became asymmetric in the coronal plane and skewed toward the
suture side (Figure 4.7(c,d)). Since the VF was inclined at an angle of 23 degrees from
the axial direction (Figure 4.7(b)), the jet was guided toward the anterior side of the vocal
fold and impinged on the supraglottal region’s anterior end (Figure 4.7(e,f)). Like the flow
velocity, the pressure distribution along the axial direction also remained largely steady and

did not change much between opening and closing phases Figure 4.7(g,h).

4.4.3.2 Results from the medialized configuration
At the rest configuration, no clear VF vibration was observed in the experiment. With
the suture and implant medialization, significant vibration was observed from the HSV,
although the vibration was dominated by the implant side and the suture side had little
vibration as seen from the kymograph in Figure 4.1(c).

The corresponding 3D FSI simulation achieved similar vibratory characteristics. From
Figure 4.8(a), the implant side had an amplitude about twice as high as the amplitude
of the suture side. The vibration frequency in the simulation was 733 Hz and close to
the frequency of 820 Hz that was measured from the HSV. Furthermore, the amplitude

of the implant side was 0.15 mm, or 2.1% of the length of the glottis (L). In the HSV, the
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Figure 4.7: FSI simulation results for the UVFP configuration. (a) Displacement of the
two VF sides measured around mid-point of the glottis. (b) The flow domain showing the
coronal plane (horizontal slice in the figure) and the mid-sagittal plane (vertical slice) for
visualization; also included is the orientation of the glottis. (c, d) Velocity magnitude at
the closing phase (c) and opening phase (d) in the coronal plane. (e, f) Velocity magnitude
at the closing phase (e) and opening phase (f) in the mid-sagittal plane. (g, h) Pressure
distribution in the coronal plane for the closing (g) and opening (h) phases.
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amplitude of the implant side was 2.6% of L (note that the HSV did not have a length scale;
thus, a relative measurement was used here). One difference between the simulation and
experimental results was that the suture side in the experiment had less vibration than in the
simulation. This was like because in the experiment, the suture line created a significant
tissue tear around the line (Figure 4.5(b,c)). This torn region was not incorporated in the
model but may have limited the amplitude of that side since there was less mass involved
in the vibration.

Overall, the amplitude, frequency, and left-right asymmetry of the simulated vibratory
characteristic agreed with those from the phonation experiment. Therefore, the current
computational model of type 1 thyroplasty was validated by the experiment in our study.

We point out in human patients that the healthy side of the VF normally has a greater
vibration amplitude than the implant side (Qiu et al., 2003; George et al., 2008), which
is opposite to the current rabbit study. We attribute this difference to the way that the
‘healthy side’ was mimicked in the current study. Since a suture line was used to pull
the VF toward the midline, the thin line had caused large displacements around the line
and thus localized glottal narrowing (see Figure 4.5(b)) as opposed to overall narrowing
of the glottis. Furthermore, the localized displacements may have created significantly
uneven tension in the tissue that did not necessarily promote the vibration. As a result, the
suture side had a much lower amplitude as compared to the implant side in our study. The
implication of this issue will be discussed further in the next section.

Flow visualization of the medialized configuration using the simulation data showed
certain characteristics as observed in healthy phonation that was studied previously for rab-
bits (Avhad et al., 2022). As seen in Figure 4.9(a), the flow rate was pulsatile and overall
periodic, although it did not reduce to zero at the closing phase due to incomplete closure
of the VF. In the current configuration, the mean airflow rate was 235 cm?>/s, while for
the UVFP condition it was 330 cm?/s. The lack of significant vibration amplitude in the

UVFP configuration contributed to less variations in the flow rate between phonatory cy-

59



cles compared to the medialized configuration. From Figure 4.8(c,d), the jet was mostly
symmetric as viewed in the coronal plane despite the fact that the VF vibration was asym-
metric. This improvement from the UVFP configuration was a result of medialization on
both sides of the VF (so that the overall geometry was more symmetric in the medialized
state). The presence of the false vocal fold in the supraglottal region also helped maintain
the symmetry of the jet, which was beneficial for phonation (Luo et al., 2009; Zheng et al.,
2009).

Comparing temporal characteristics of the flow field with that of the UVFP, the jet
velocity had more variations between the VF opening and closing phases for the medialized
configuration (Figure 4.8(c,d)). Like the UVFP, the jet in the medialized configuration was
also directed toward the anterior side (Figure 4.8(e,f)), a feature that was also observed in
the healthy phonation of rabbits (Avhad et al., 2022).

Because of a narrower glottal gap, the pressure in the glottis became negative and was
significantly lower than that in the UVFP (Figure 4.8(g,h)), especially when the VF is clos-
ing ((Figure 4.8(g)). This comparison could be further seen from the pressure oscillations
in the glottis ((Figure 4.9(b)). Not only the pressure oscillations had a greater magnitude
in the medialized configuration, but also its time average became negative. Such tempo-
ral characteristics was a direct result of VF vibration, and it in turn helped to sustain the
flow-induced vibration. In Figure 4.9(b,c), both the velocity and pressure displayed nearly

periodically, corresponding to the improved vibration of the VF from the UVFP.

4.5 Further Discussion

This study has a few important limitations. For example, the experiment was carried out
ex vivo because of difficulties associated with the in vivo surgery. Note that previously we
had performed an in vivo study phonation and high-speed imaging using a rabbit model
(Avhad et al., 2022; Chang, 2016). However, the current study involved different adduction

methods for the two sides of the VF, the in vivo approach thus would be significantly
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Figure 4.8: FSI simulation results for the medialized configuration. (a) Displacement of
the two VF sides measured around mid-point of the glottis. (b) The flow domain showing
the coronal plane (horizontal slice in the figure) and the mid-sagittal plane (vertical slice)
for visualization; also included is the orientation of the glottis. (c, d) Velocity magnitude at
the closing phase (c) and opening phase (d) in the coronal plane. (e, f) Velocity magnitude
at the closing phase (e) and opening phase (f) in the mid-sagittal plane. (g, h) Pressure
distribution in the coronal plane for the closing (g) and opening (h) phases.

61



400 ‘ 300
—UVFP —UVFP
— —Bilateral Medialization 200 —Bilateral Medialization
n L 1
2350 =
S o 100
3] =
2300 S o0
ke 2
£ 2 -100
2 250 o
-200
200 ' : - -300 . . .
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (107 s) Time (1072 s)
(a) (b)
80 :
—UVFP

Velocity (m/s)
[} ~
o o

[$)]
o

—Bilateral Medialization

S
o

0 0.5

1 1.5 2

Time (1072 s)

(c)

Figure 4.9: Comparison between UVFP and medialized configurations for the flow rate (a),
pressure (b) and flow velocity (c) around mid-point in the glottis.

62



more difficult to carry out. Thus, an ex vivo approach was adopted. Furthermore, the
suture method was used here to mimic the VF adduction of the healthy side, which created
unnatural local stress and strain concentrations. As a result, this side of the VF did not
produce significant vibration as the implant side did, which was different from human
patients. Lastly, we did not perform an optimization study to test the best insertion location
or shape design parameters for the implant, as such a study would require repeated FSI
simulations to assess the effect of the implant on the VF vibration (albeit an optimization
study of the implant location on the extent of medialization was performed previously by
our group (Li et al., 2023)). Such optimization will be deferred to a following study.
Despite these limitations, the current study still represents an important step toward
integrating animal experiment with computer simulation to explore the development of a
computational modeling based, individual-specific, surgical planning tool for type 1 thy-
roplasty. In this study, we have developed the key steps of the procedure that included
pre-operative scan, construction of the computational model, estimate of the tissue stiffness
properties, post-operative scan, phonation experiment, and validation of the computational
model. Although the surgical adduction of the healthy VF side was not natural, the current
study successfully demonstrated the capability of modeling the effect of the implant on the
VF vibration. We anticipate that a similar procedure could be developed for a physical
experiment that mimics the type 1 thyroplasty more closely. Furthermore, a following op-
timization study would be straightforward to determine the best location and design of the

implant, despite the high computational cost that could be involved.

4.6 Chapter conclusions

An integrated experimental and computational study of type 1 thyroplasty was carried out
using an ex vivo rabbit larynx. The experiments included various vocal fold configura-
tions that were created surgically to mimic the unilateral vocal fold paralysis as well as

the medialized configuration using a silastic implant. Additionally, both pre- and post-
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operative MRI scan of the larynx were performed, the flow was introduced to excite the
vocal fold, and high-speed imaging was conducted to film the vocal fold vibration. On the
computational side, a FEM model was built based on the preoperative scan, and medializa-
tion of both sides were simulated to achieve the adducted glottis. Young’s moduli of the
vocal fold were estimated by performing the eigenmode analysis and adjusting the eigen-
frequencies. Finally, a 3D FSI simulation was performed to simulate the vibration, and the
vibratory characteristics agreed with the phonation experiment, thus validating the compu-
tational model. Furthermore, the medialized vocal fold after thyroplasty showed favorable
characteristics in vibration and the flow field when compared to the UVFP. These results
demonstrate the potential of using the current approach for surgical planning of implant

design and placement in type 1 thyroplasty.
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CHAPTER 5

Computational optimization of type-1 thyroplasty through FSI simulations

5.1 Introduction
Performing computational study and optimization of the implant for type-1 thyroplasty
prior to the surgical operation and generating useful guidance for the surgeon is the overar-
ching goal of this research project. In previous chapters, we have conducted computational
modeling studies of the healthy phonation condition, diseased or UVFP condition, as well
as type-1 thyroplasty or surgical condition. At each of these conditions, we have performed
an integrated experimental/computational study for model construction and validation. In
this chapter, we will build upon these previous steps and move toward computational opti-
mization of the implant as if this optimization were for pre-surgical planning. Here, surgical
planning is in a hypothetical sense because no corresponding experiment is being carried
out currently to test the numerically optimized implant and validate its optimality. The
objectives of the numerical study in this chapter are to investigate the sensitivity of the im-
plant window placement on the vocal fold vibration for the present animal model, to gain
physical insight into the effects of the implant location and depth, and to explore practical
issues related to numerical optimization such as parameter space and computational cost.
To summarize this study, we utilize the subject-specific larynx model built in Chapter
4 as the baseline case, which includes the 3D laryngeal geometry, tissue properties, im-
plant location, medialization of the healthy side, as well as the simulation setup. Then,
we systematically vary the window location of the implant in the anterior-posterior and
the inferior-superior directions. FEM simulation of implant medialization is repeated for
each case, and the degree of the vocal fold closure is measured. Then, FSI simulations
are performed for each case to assess the effect of the implant location on the fundamental

frequency, vibration amplitude, and other characteristics including the flow behavior. The
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result of optimization and its implications will be discussed in the end.

5.2 Computational model and optimization setup

The 3D laryngeal geometry was reconstructed from the pre-operative MRI scan at the rest
configuration as discussed in detail in Section 4.3.1 of Chapter 4. The vocal fold was
assumed to be a two-layer structure, i.e., cover (lamina propria) and body (vocal fold lig-
ament and muscles). Here we aim to study the effects of the implant location. Thus, the
implant window location described in Chapter 4 formed the ’baseline’ case in our current
study (refer to Figures 4.2, 4.3 and 5.1(a)) in which the specific location of the implant and
suture line were obtained from the post-operative scan of the larynx. Figure 5.1(a) provides
the quantitative information on the implant location in the baseline case. Specifically, the
implant was 3.2 mm from the inferior end of the thyroid cartilage and 4.1 mm from the
midplane.

To study the effect of the implant location on vocal fold vibration, we systematically
adjusted the initial (prior to insertion) implant location either in the subglottal-supraglottal
(SS) direction, or in the anterior-posterior (AP) direction. In the subglottal-supraglottal
(SS) direction, we moved the implant by 1 mm or 2 mm from the baseline location toward
the supraglottal direction (SS-1 or SS-2, respectively), or 1 mm or 2 mm toward the sub-
glottal direction (SS+1 or SS+2, respectively), as shown in Figure 5.1(b). Similarly, we
moved the implant by 1 mm or 2 mm from the baseline location toward the anterior direc-
tion (AP+1 or AP+2, respectively), or | mm or 2 mm toward the posterior direction (AP-1
or AP-2, respectively), as shown in Figure 5.1(c,d). Therefore, there were nine cases of
implant location.

For all the cases, the suture side representing the “healthy side” of the vocal fold re-
mained the same in terms of the location of the suture and magnitude of adduction. As dis-
cussed in Chapter 4, significant tissue separation from the thyroid cartilage was observed

in the post-operative scan. Since this separation has a significant effect on the degree of VF
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adduction, it was incorporated here in each case. In doing so, we created a gap between
the thyroid cartilage and the VF tissue adjacent to it as described in Section 4.3.1. This gap
spanned approximately 2 mm away from the implant edges in both the inferior-superior
and anterior-posterior directions.

The material properties of the tissue and air are both the same as those in Chapter 4.
Specifically, Young’s modulus for the VF body and cover are E;, = 150 kPa and E. = 60
kPa, respectively. For all the components, Poisson’s ratio was set at v = 0.3.

The implant shape in this study is somewhat different from that in Chapter 4 and is
tapered toward the anterior direction to conform to the general shape of the thyroid cartilage
(Figure 5.3). This shape is also commonly used in human thyroplasty (Desuter et al., 2017;
Daniero et al., 2014; Zapater et al., 2019). In the experimental study described in Chapter
4, a rectangular shape of the implant was used for convenience due to the small size of the
rabbit larynx and of the implant.

In addition to the nine implant locations, we also explored two variations of implant
insertion depth. In the first group, the implant apex (the posterior edge) penetrates 2 mm
into the tissue, while the anterior edge penetrates 1 mm (Figure 5.3(a)). In the second
group, the implant apex reaches 3 mm inside the tissue, and the anterior edge reaches 2
mm (Figure 5.3(b)). For the second group, only five implant locations were considered,

i.e., SS+1, AP+£1, and the baseline.

5.3 Simulation setup
As described in Chapter 4, here the numerical simulation followed a two-step procedure:
(1) a quasi-static medialization simulation, replicating the implant insertion in type-1 thy-
roplasty surgery (depicted in Figure 5.3) on the paralyzed side of the VF, and (2) a fluid-
structure interaction (FSI) simulation of the VF vibration at the medialized state.

The simulation parameters were consistent with those described in Section 4.3.2. At

the inlet, the pressure was set to be 2 kPa (gage). At the outlet, the pressure was kept at
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Figure 5.1: Illustration of various implant positions considered in this study with their
nomenclature. (a) The baseline location from Chapter 4, (b) new implant positions along
the subglottal-supraglottal direction, (c) and (d) new implant positions towards the anterior

and posterior directions, respectively.
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Figure 5.3: (a) Illustration of implant shape and insertion depth. (a) Insertion depth of 2
mm, and (b) 3 mm.
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Table 5.1: Glottal Area, VF curvature radius (implant side), and VF displacement at the
midpoint (implant side) in various cases after type-1 thyroplasty medialization simulation.

Implant location Glottal area (mm?) | VF curvature radius | VF displacement
(mm) and shape (mm)
Group 1 (insertion depth 2 mm)

Baseline 6.5 32 (Concave) 0.29
SS+1 6.4 36 (Concave) 0.27
SS-1 6.6 35 (Concave) 0.3
AP+1 5.8 20 (Convex) 0.4
AP-1 6.8 17 (Concave) 0.23
SS+2 7.1 32 (Concave) 0.2
SS-2 7 22 (Concave) 0.14
AP+2 6.6 21 (Convex) 0.36
AP-2 6.9 11 (Concave) 0.18

Group 2 (insertion depth 3 mm)

Baseline 5.7 74 (Convex) 0.48
SS+1 6.3 53 (Concave) 0.36
SS-1 6.5 67 (Concave) 0.32
AP+1 5.5 14 (Convex) 0.51
AP-1 6.2 24 (Concave) 0.3

0 kPa (gage). For the solid mechanics, each laryngeal model consisted of approximately
90,000 tetrahedral Tet10 elements and 150,000 mesh points. The FSI simulation employed
a time step of Ar = 10~* centi-seconds (cs).

These simulations were conducted on Stampede2 of TACC (allocation provided through

the NSF ACCESS program).
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Table 5.2: Effect of implant position on VF vibration frequency and amplitude following

3D FSI simulation.

Implant location

Implant side VF vibration

Implant side VF amplitude

frequency (Hz) (mm)
Group 1 (insertion depth 2 mm)

Baseline 686 0.04
SS+1 626 0.061
SS-1 649 0.057
AP+1 700 0.105
AP-1 652 0.035
SS+2 643 0.059
SS-2 595 0.02
AP+2 693 0.053
AP-2 667 0.025

Group 2 (insertion depth 3 mm)

Baseline 769 0.11
SS+1 654 0.1
SS-1 693 0.03
AP+1 795 0.05
AP-1 700 0.06
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5.4 Results

For the quasi-static simulation of the implant medialization, we evaluated the degree of
VF adduction by measuring: (1) the glottal area, (2) displacement at the mid-point of the
VF length, and (3) curvature of the displaced medial surface. All three variables were
measured in a plane cutting through the narrowest section of the VF shown in Figure 5.2.
In general, more displacement and a smaller glottal area correspond to a greater extent
of medialization, which is more helpful for flow-induced vibration. The results of these
variables for all fourteen cases considered in this study are presented in Table 5.1.

For the subsequent FSI simulations, we obtained the VF vibration frequency and ampli-
tude of the implant side for each case. The results are presented in Table 5.2. The following

sections discuss the detailed effects of the implant position and depth.
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Figure 5.4: Effect of implant shape and insertion depth. (a) 2D shape of the glottis viewed
in the cut plane shown in Figure 5.2(a). (b) 2D shape of the lumen surface viewed in the

coronal plane cut through the midpoint of the VF. (¢) Displacement of the VF in the FSI
simulation. The rectangular-shaped implant was used in the study in Chapter 4.
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5.4.1 Effect of implant shape and depth for baseline position
We first discuss the effects of the implant shape and insertion depth for the baseline posi-
tion.

Figures 5.4(a) and (b) show the glottal outline in the transverse and coronal views,
respectively (refer to Figure 5.2 for locations of the view planes). Comparing with the
rectangular implant whose insertion depth is 2 mm, the tapered implant with insertion of 2
mm has a reduced VF displacement at the medial surface (0.29 mm vs. 0.43 mm at the VF
mid-point). This is because the anterior edge of the implant is shorter and has only been
inserted by 1 mm, thus displacing less tissue volume. Increasing the depth to 3 mm for the
tapered implant produced more displacement than the rectangular implant. As anticipated,
the 3-mm depth results in the highest glottal closure among the three cases in terms of the
glottal area, measuring at 5.7 mm?.

Importantly, implant insertion induces a 3D glottal displacement, as evident in Fig-
ure 5.4 (b), where the implant has caused significant displacement in both subglottal and
supraglottal regions. The subglottal displacement may have an impact on the glottal flow.

As the tapered implant depth is increased from 2 mm to 3 mm, the curvature radius of
the glottis on the implant side has changed from 32 mm to 73.5 mm, and the outline of the
glottis has changed from a concave shape to a convex shape. As a reference, the rectangu-
lar implant case has a curvature radius of 133 mm and has a concave shape. Generally, the
greater the curvature radius is, the more uniform the VF displacement is along the longi-
tudinal direction. This observation underscores the significance of the implant shape and
insertion depth in achieving not only local glottal displacement but also glottal curvature
characteristics that are closer to those of healthy VFs.

Comparing VF vibration for the implant-medialized side, as depicted in Figure 5.4(c),
the tapered implant with 2-mm depth demonstrates the lowest vibration frequency and
amplitude among the three cases. Increasing the implant depth to 3 mm has significantly

improved the vibration amplitude. On the other hand, the vibration frequency has increased
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from 686 Hz for the 2-mm depth to 769 Hz for the 3-mm depth. The rectangular implant
shows the greatest vibration amplitude (0.15 mm) among all three cases. For the tapered
implant, the 3-mm depth has led to significant improvement as compared to the 2-mm
depth.

As seen in these comparisons, the implant shape and insertion depth have to be con-
sidered at the same time to achieve significant vibrations of the VFE. Furthermore, more
displacement of tissue volume does not necessarily produce greater VF vibration, as seen
by comparing the tapered implant with a 3-mm depth and the rectangular implant with a

2-mm depth (the former implant has more volume displacement).

5.4.2 Effect of implant shifting toward the supraglottal direction

Building upon the previous analysis, we now examine the effects of implant position varia-
tions towards the supraglottal direction (SS-), i.e., shifting up along the axial direction from
the baseline position. Four cases are considered here for comparison: baseline, SS-1, and
SS-2, with all three at 2 mm depth, and SS-1 at 3 mm depth.

The implant SS-1 with 2 mm depth demonstrates a static VF displacement at the mid-
point that is comparable to the baseline case with the same depth (0.3 mm and 0.29 mm,
respectively). As illustrated in Figure 5.5(a,b), the glottal shape at the narrowest section
has little change either in the axial plane or in the coronal plane. Further increasing the
SS-1 implant insertion depth to 3 mm only slightly changed the shape in the coronal view;
in the axial view, there is almost no visible change to the glottal shape.

In comparison, shifting the implant further, as in SS-2, reduces the VF medialization
as seen from the glottal outlines. The quantitative information is detailed in Table 5.1.
From Figure 5.5(b), in this case there are significant tissue displacements in the supraglottal
region where the false vocal fold (FVFs) is. Thus, the supraglottal region becomes more
asymmetric.

Figure 5.5(c) shows the vibration amplitude of the implant side for these four cases.
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Figure 5.5: Effect of the implant shifting in the supraglottal direction. (a) and (b) Glottal
outlines in the axial view and coronal view, respectively. (c) Vibration of the implant side
as measured at the mid-point.
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Compared to the baseline position, SS-1 has significantly improved vibration, suggesting
that some shift in the superior direction is favorable without much difference in their vibra-
tion frequencies (approximately 5% different). However, increasing the insertion depth to
3 mm for the same SS-1 position only results in a higher VF vibration frequency (693 Hz
vs. 649 Hz) but has reduced the vibration amplitude to nearly half.

Note that the static displacements of medialization for these three cases are very close to
one another. However, their vibration amplitudes are quite different. Another observation I
that for the baseline case, the mean displacement of the VF during oscillation is the greatest
among these cases, but its amplitude is not necessarily greater than the other cases. These
results highlight the importance of evaluating the performance of implant medializaton
using the vibration characteristics as criteria in addition to the degree of medialization.

Figure 5.5(c) shows that shifting the implant further in the supraglottal direction, i.e.,
the SS-2 case, does not help with the vibration. The amplitude is actually reduced as

compared with SS-1.

5.4.3 Effect of implant shifting toward the subglottal direction

We now examine the effects of implant position variations towards the subglottal direction
(S8S+), i.e., shifting downward along the axial direction from the baseline position. Four
cases are considered here for comparison: baseline, SS+1, and SS+2, with all three at 2
mm depth, and SS+1 at 3 mm depth.

The case of SS+1 with 2 mm depth yields VF displacements (0.27 mm) that are close
to the baseline (0.29 mm), as shown by the outlines in Figure 5.6(a,b). In contrast, SS+2
exhibits reduced VF displacements in the glottis region as compared to the baseline. On
the other hand, SS+2 results in significantly larger displacements in the subglottal region.
With a deeper implant insertion to 3 mm, the SS+1 case shows increased VF displacements
in the glottal region (0.36 mm at the mid-point of the VF) compared to the other three

cases, and the subglottal region also becomes narrower. Furthermore, this case displays an

77



Tapered implant

Baseline (depth 2mm)
SS+1 (depth 2mm)
SS+2 (depth 2mm)

|

é Q SS+1 (depth 3 mm)
E ‘; Implant sid
N
Suture side
(a) (b)
% :0; o \’A ‘ f ’ '\ / ‘ ‘*
U Brainaiin
005 b Ots.“me (;1 N 12 14 16 18 2
(c)

Figure 5.6: Effect of implant shifting in the subglottal direction. (a) and (b) Glottal out-
lines in the axial view and coronal view, respectively. (c) Vibration of the implant side as
measured at the mid-point.

78



improved VF curvature radius, as outlined in Table 5.1.

The vibration of the implant side has a lower vibration frequency for all three SS+ cases
compared to the baseline (refer to Table 5.2). However, their vibration amplitudes are all
greater than the baseline case as shown in Figure 5.6(c).

Note that the implant cannot be further shifted toward the subglottal direction since the

implant window would be too close to the inferior edge of the thyroid cartilage.

5.4.4 Effect of implant shifting toward the anterior direction

Now we consider the effects of implant position variations towards the anterior direction
(AP+). Four cases are included here for comparison: baseline, AP+1, and AP+2, with all
three at 2 mm depth, and AP+1 at 3 mm depth.

All three cases (AP+1, AP+2, and AP+1 with 3 mm depth) resulted in improved glottal
closure compared to the baseline position (refer Table 5.1). This effect is evident from the
glottal outlines in Figure 5.7(a,b). Comparing AP+1 and AP+2, both at 2 mm depth, AP+1
has slightly better displacements in the glottal region as seen in Figure 5.7(b). This is at-
tributed to the implant apex in the AP+1 position prominently influencing the midsection of
the VF. In contrast, for the AP+2 case, the implant is too close to the anterior commissure,
and the anterior implant edge has a minimal effect on VF displacement.

It is worth pointing out that for the AP+1 case, even with a 2 mm insertion depth the
current tapered implant produces a narrowed glottal area that is comparable to the rectangu-
lar implant from Chapter 4 (5.9 mm? vs. 6 mm? after medialization). The current implant
is advantageous because it displaces less tissue volume than the rectangular implant but
still leads to a similar degree of medialization in terms of area reduction.

Increasing the implant depth to 3 mm for AP+1 results in even more medialization.
The glottal outlines show that in this case, the VF has significant displacements in both
the glottal region and the subglottal region. Another observation from Figure 5.7(a) and

Table 5.1 is about the VF curvature radius and shape in the axial plane. All three cases
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Figure 5.7: Effect of the implant shifting in the anterior direction. (a) and (b) Glottal
outlines in the axial view and coronal view, respectively. (c) Vibration of the implant side
as measured at the mid-point.
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of anterior shift exhibit a convex shape on the implant side. While the AP+1 (2 mm) and
AP+2 cases have a larger curvature radius, the AP+1 (3 mm) case shows a smaller curvature
radius, indicating a more localized medialization.

For the vibration characteristics, the three cases with 2 mm depth (baseline, AP+1,
AP+2) have similar frequencies (Table 5.2). However, their vibration magnitudes are quite
different, with AP+1 showing the greatest magnitude and the baseline showing the lowest
amplitude, as seen from Figure 5.7(c).

When the insertion depth is increased to 3 mm, we observe that the vibration frequency
for AP+1 increases, while the vibration amplitude decreases. These results suggest the VF

has become stiffer following implant medialization.

5.4.5 Effect of implant shifting toward the posterior direction

Figure 5.8(a,b) shows the glottal outlines in the axial and coronal planes for the implant po-
sitions shifting toward the posterior direction. This comparison group includes the baseline,
AP-1, AP-2 at 2 mm depth, and AP-1 at 3 mm depth.

Compared to the baseline case, AP-1 and AP-2 at 2 mm depth yield a decreased VF
displacement of 0.23 mm and 0.18 mm, respectively, at the mid-point. Further inspection
of the implant location shows that the implant at these positions interacts with the arytenoid
cartilage and has a weaker direct effect on the VF displacement. As a result, they produce
less medialization than the baseline. Additionally, the VF curvature radius for AP-1 and
AP-2 are low (Table 5.1), and the glottis maintains a concave shape in the axial view.

AP-1 at 3 mm depth displays a slight improvement in the displacement at the mid-
point (0.3 mm) compared to the baseline (0.29 mm) and in the glottal closure (6.2 mm?
in the area) than the baseline (6.5 mm?). This enhanced glottal closure is attributed to
the medial displacement of the arytenoid cartilage due to implant insertion, indicating a

stronger implant-arytenoid interaction.

AP-1 with 2 mm depth shows comparable vibration frequency (652 Hz) and amplitude
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Figure 5.8: Effect of the implant shifting in the posterior direction. (a) and (b) Glottal
outlines in the axial view and coronal view, respectively. (c) Vibration of the implant side
as measured at the mid-point.
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Figure 5.9: Comparing the VF displacement (a,c) and vibration frequency (b,d) for
supraglottal-subglottal (SS) variations (a,b) and for anterior-posterior (AP) variations.

(0.035 mm) to the baseline. In comparison, for AP-2 the vibration frequency and amplitude
are 667 Hz and 0.025 mm, respectively; thus, its magnitude is significantly lower than AP-
1. AP-1 with 3 mm depth exhibits both elevated vibration frequency (700 Hz) and increased

amplitude (0.06 mm) compared to its corresponding 2 mm depth case and the baseline.

5.5 Discussions

5.5.1 Comparison of all cases considered

All the cases considered in this Chapter are grouped in Figure 5.9 according to the supraglottal-
subglottal variations or the anterior-posterior variations. We compare the VF displacement
that is measured at the mid-point of the VF and vibration frequency. This figure shows that

if we fix the implant shape and insertion depth, then there is generally an optimal implant

location for the greatest VF displacement and an optimal implant location for the greatest
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vibration amplitude. These two optimal locations are not necessarily the same, as the fig-
ure shows. For example, at 3 mm depth and along the AP direction, the AP+1 location has
the greatest VF displacement, but the baseline case has the greatest vibration amplitude.
Therefore, using the simulation of medialization to generate the results for the assessment
of surgery would not be sufficient, and one should perform FSI simulation as well to predict
the effect of the implant on vibration.

Overall, the implant position with a 1 mm shift from the baseline exhibits better me-
dialization and vibration characteristics as compared to the position with a 2 mm shift in
the same direction. Therefore, mm-scale adjustments of the implant location would be
significant for outcome improvement.

Increasing the insertion depth from 2 mm to 3 mm generally results in more VF dis-
placement and better glottal closure. Also, raising implant insertion depth consistently
increases vibration frequency. However, its impact on amplitude varies depending on the
implant location.

Although in this study we have focused primarily on the effects of the implant location
and depth, the tapered shape effect could be compared with the rectangular shape used in
Chapter 4. All the cases with the tapered shape have a lower vibration amplitude than the
rectangular shape at the baseline location and with a 2 mm depth.

In summary, the implant location, depth, and shape are all important in the vibration
of the VF and should be considered together during optimization. This explains the lack
of consensus on the optimal implant shape in various studies (Orestes et al., 2014; Zhang
et al., 2015; Reddy et al., 2022; Movahhedi et al., 2021), when the shape is considered

alone.

5.5.2 Relevance of current results to previous experiment studies
Based on the anatomy of the larynx and underlying physical principle for flow-induced VF

vibration, it is understandable that the implant positioning is important for type-1 thyro-
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plasty to work. Indeed, many studies have emphasized the crucial importance of implant
positioning in type-1 thyroplasty surgery in humans (Laccourreye et al., 2021; Desuter
et al., 2017; Orestes et al., 2014; Maragos, 2001; Iwahashi et al., 2015). However, there is
no single location that could be used for all patients given the unique laryngeal features of
each individual patient.

Studies by Desuter et al. (2020) and Rapoport and Courey (2022) have advocated for
placing the implant window in the inferior region of the thyroid cartilage for humans. This
recommendation is further supported by Laccourreye et al. (2021), who suggested that op-
timal implant placement should be as anterior and inferior as possible to minimize the risk
of arytenoid cartilage tilt and associated respiratory complications. In our computational
study of the rabbit larynx, the AP+1 and SS+1 positions from Group 1 (2mm depth) yield
favorable vibratory characteristics and are generally consistent with the previous studies.

A crucial parameter, the thyroid angle (¢), represents the angle between the two lam-
inae of the thyroid cartilage. It serves as a distinctive identifier of larynx shape and is
depicted in Figure 5.10. Multiple studies have discussed the significance of the thyroid an-

gle and thyroid cartilage shape in the type-1 thyroplasty surgical planning (Desuter et al.,
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2017; Aronson and Bless, 2009; Blake Simpson and Sulica, 2006). A larger thyroid an-
gle necessitates deeper implant insertion compared to a smaller thyroid angle at a specific
landmark position on the thyroid cartilage(Desuter et al., 2017). Females typically exhibit
wider thyroid cartilages and higher thyroid angles, with a mean of 91° for women vs. a
mean of 77° for men (Desuter et al., 2017). This necessitates generally distinct implant
locations and sizes for males and females.

In our subject-specific geometric model, the thyroid angle is 87°. Consequently, placing
an implant window towards the posterior results in a greater distance between the implant
and the medial surface. On the other hand, an anterior location would allow the implant
to have a shorter distance to the medial surface and affect the surface displacement more.
This explains that in our study, the AP+1 location has achieved the most VF displacement.
Overall, our computational study supports the previous findings about the impact of thyroid
angle on medialization. Patients with higher thyroid angles may benefit from implants with
a greater insertion depth.

Finally, experimental findings by Noordzij et al. (1998) and Orestes et al. (2014) on
canine larynges emphasize that the optimal implant shape is contingent on the insertion
depth, while no single best implant shape fits everyone. In agreement with this, our study
demonstrates that the implant shape should be considered along with other variables such
as position and depth. Therefore, a broader optimization than the current study considering

all these parameters would be necessary in the future for patient-specific design.

5.6 Chapter conclusion

Using computational FSI modeling, we have investigated the optimal implant position and
depth for type-1 thyroplasty. A subject-specific laryngeal model, based on rabbit MRI data,
was used to generate different implant positions along the axial and anterior-posterior axes
in addition to the insertion depth. We have used both the VF displacements and vibration

amplitude as criteria to assess the performance of the implant. The results show that the
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optimal implant for vibration is not necessarily the same optimal implant for maximal VF
displacements. Thus, FSI modeling is needed besides the modeling of medialization to
predict the comprehensive effects of the implant in type-1 thyroplasty. Our computational
modeling predictions are aligned with existing experimental data from previous studies,
and the findings emphasize the importance of subject-specific considerations in type-1 thy-
roplasty planning and the need to include the location, depth, and shape parameters together

during implant optimization.
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CHAPTER 6

Conclusion and future work

6.1 Lessons and conclusions from this research

In this dissertation, we have worked with our collaborators to carry out an integrated com-
putational/experimental study and explore the feasibility of using computational model-
ing of phonation to perform surgical planning for type-1 thyroplasty. All the experimental
work was done by Dr. Rousseau’s group, which included animal samples, MRI scans, surg-
eries, and phonation tests. I personally was responsible for all the computational modeling-
related work, which included image segmentation, model construction, model simulations,
flow and tissue visualization, data processing, etc, unless otherwise noted. Given the nature
of integrated research, the conclusion and future work are given here for experiment and
computational modeling together.

To our knowledge, this was the first attempt to combine experiment and computational
modeling to build subject-specific phonation models, predict the effects of the implant in
type-1 thyroplasty, and validate the computational model. We have taken logical steps to
advance the overall objective. First, we studied healthy phonation and validated the FSI
model by an in vivo phonation experiment. Then, we studied the diseased/UVFP condi-
tion and the implant-medialized VF condition, and we validated by an ex vivo experiment.
Lastly, we used the implanted model and performed an optimization study to test the capa-
bility of computationally determining the optimal implant placement in a virtual surgery.
Although the outcome of the optimization was not compared with any experiment, the
study itself still relied on experimental data (e.g., MRI scan) to build the subject-specific
model.

Since they relied on each other, the experimental and computational tasks had to be

well coordinated in the process, and the workflow depended on the specific objective of the
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study. For example, in Chapter 3 where we studied healthy phonation, since the VF adduc-
tion was not part of the primary focus and we were mainly interested in the FSI modeling
of the vibration, the computational models were built on the postoperative scan. However,
in Chapter 4 where we studied UVFP and type-1 thyroplasty, the effects of implant medial-
ization were part of the investigation and had to be modeled; therefore, the computational
models were built on the preoperative scan (the exact implant and suture locations were
still taken from the postoperative scan to ensure the consistency between the model and the
experiment). To determine the optimal placement of the implant for surgical planning, the
model in Chapter 5 was naturally built on the preoperative scan.

In order to match the experimental results and validate the computational models, sev-
eral issues had to be considered in this research. First, in addition to the subject-specific
laryngeal anatomy that could be built from 3D scans, subject-specific tissue properties
should be incorporated as well for the individual samples. Typically, these properties are
not available and thus have to be estimated. In this project, we have shown that simple
computational models, e.g., eigenmode analysis and 1D flow-based fast FSI simulations,
could be used for that purpose. With this step, the resulting model may match the exper-
iment much better than one that merely adopts material properties from population data.
Second, the tissue separation due to medialization should also be incorporated to correctly
capture the VF displacement at the medial surface and subsequently VF vibration in the
FSI simulation.

Through the model simulation, we gained important information regarding physical
insight into the FSI processes of healthy, diseased, and surgically altered phonation. For
example, the subglottal shape of the VF has a significant effect on the energy transfer
between the flow and the tissue. The inclined orientation of the VF in the larynx has a large
impact on the airflow through the glottis and in the supraglottal region. The false vocal
fold helps maintain the flow symmetry and is instrumental for VF vibration. In addition

to vibration frequency and amplitude, the implant placement also affects the glottal flow
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characteristics. A better implant placement not only leads to greater vibration amplitude
of the VF but also produces a more pulsatile flow and greater flow efficiency. Finally, the
optimal placement of the implant should be highly subject-specific and depends on many
factors of the individual such as the 3D vocal fold shape and the shape of the thyroid
cartilage. This feature underscores the need to use computational modeling to determine
the implant placement for individual patients.

Overall, the present research investigated the potential application of computational
modeling to enhance the efficacy of the type-1 thyroplasty procedure. This interdisciplinary
exploration involved a concerted effort between engineers and medical scientists, and it
encompassed animal experimental design, image processing, and computational modeling
and simulation. The results from this research have shown computational modeling of

phonation could be a promising tool for pre-surgical planning.

6.2 Limitations of present research and future work

Although the integrated study in this research represents a significant contribution toward
the development of a computational modeling-based tool for surgical planning of type-1
thyroplasty, there are a few important limitations in our work, which lead to directions of

the future work as described below.

6.2.1 Validation of the model-based optimization
Due to limited resources, the optimized implant placement was not validated in the exper-
iment. In the future, the resulting implant, including its placement and shape parameters,
could be tested using the same larynx sample that the model is built upon. Such a study
would prove the reliability of the model-based optimization.

Another kind of and very important validation is to demonstrate that the computational
models can indeed provide useful guidance for the surgical procedure as compared to the
current standard procedure without using model-based guidance. Recently, our group (Li

et al., 2023) demonstrated that the preoperative modeling of medialization led to a better
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outcome (in terms of the degree of medialization) as compared to the procedure by the
same surgeon without relying on the model prediction. A similar study could be done to
validate the FSI modeling and optimization. This type of study needs special considerations
to design the workflow to coordinate the experimental and computational tasks, and to

eliminate all kinds of potential human biases.

6.2.2 Integration of in vivo experiment and computational models

In Chapter 4, we only considered ex vivo animal experiment where the excised larynx was
used for MRI scan, medialization, and phonation test. Preferably an in vivo experiment
of live animals would be used to develop and evaluate the capability of the computational
model. To conduct such an experiment, the modality and protocols of scans will have
to be redesigned. Furthermore, the type-1 thyroplasty procedure on the animal including
the implant medialization and the “healthy side” medialization would have to be explored.
For the computational side, not much has to be changed. As long as the preoperative
and postoperative scans are available and have sufficient resolution, the same method as
described in this dissertation can be used to build the FSI model and to perform model

simulation.

6.2.3 Combining multi-fidelity models for implant optimization

In Chapter 5, we employed 3D FSI simulations to perform the model-based optimization
for the implant placement. This approach is extremely computationally expensive and not
suitable in practice if a large parameter space is considered and if limited time is available
in reality for surgical planning purposes. Fortunately, we have developed multi-fidelity
models that could be combined to reduce the computational cost and accelerate the op-
timization process. For example, we may use the 1D-flow coupled with 3D FEM tissue
model to perform fast FSI simulations as done recently by our group (Li et al., 2021a). The
high-fidelity, full 3D FSI models like the ones in this dissertation could be used for lim-

ited search or for verification of the low-fidelity model-based search. In addition, parallel
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searches could be conducted in the parameter space using modern computing resources.

6.2.4 Moving to human study

Finally, only animal study was used in this dissertation. Moving to a study of live human
subjects will certainly have additional challenges. For example, modality and protocols of
scans, turnaround time of model-based optimization, in vivo phonation and flow measure-
ments, etc, will all have to be carefully considered in addition to the obvious safety issues

related to human study.
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