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ABSTRACT

Phonatory-related mechanical trauma to the vocal folds can initiate benign
changes to tissue components irrevocably altering the fold vibratory function. Crosslinked
hyaluronan-gelatin (HA-Gtn) scaffolds have been engineered to regenerate defected
vocal folds and restore afflicted individuals communication ability. Of the many prop-
erties considered when designing engineered biomaterials, identifying parameters that
yield a scaffold which mimics the natural extracellular matrix (ECM) requires the op-
timization of a prohibitively large number of factors. Computer simulation methods,
including agent based modeling (ABM), are being used increasingly for controlled
systematic studies in scaffold design to reduce empirical testing combinations, de-
creasing time and cost. The objectives of this study were to: model inflammatory
and healing response to phonotory injury using ABMs, expand the model to simu-
late cellular interactions in bioactive hydrogels, perform global sensitivity analysis
for parameter estimation as well as calibration and validation. The model demon-
strated highly nonlinear behavior with strong therapy-dependent sensitivity of model
outputs to parameter values. Cell chemsynthesis-related parameters were shown to
have greatest influence. Initial calibration and validation indicate the need for more
robust calibration methods and agent rules regarding biochemical signaling. Future
work in optimizing the current model for a heterogeneous platform programming as
well as real time visualization of large scale biologically representative environments

are important steps in establishing a clinically relevant technology.
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ABREGE

Lorsque les plis vocaux vibrent, ils sont exposés a un traumatisme phona-
toire. Cela peut provoquer des changements dans la structure et la fonction des
tissus. L’acide hyaluronique gélatine réticulé (HA-Gtn) est un biomatériau qui peut
régénérer et réparer les plis vocaux endommagés. La conception d'un biomatériau
qui imite les tissus naturels est difficile. Les modeles informatiques peuvent aider
réduire les cotuts et le temps. L’objectif de cette étude est de développer un modele
de simulation numérique basé sur des regles d’intéraction entre différents agents pour
biomatériau HA-Gtn. Nous émetteons une hypothse que le ABM peut étre utilisé

pour prédire régénération et remodelage du plis vocal.

v



TABLE OF CONTENTS

ACKNOWLEDGEMENTS] 1

iv

viii

ix

2

2

3

(1.1.2  Vocal Fold Cellularityl . . . . ... ... ... ... ... .. 6

(L.1.3 Phonation and Phonotraumal . . . . . . .. ... ... ... 8

(1.2 Inflammation and Wound Healingf . . . . . ... ... ... ... .. 9
(1.3 Vocal Fold Lesions and Scarring| . . . . .. ... ... ....... 10
(1.4 Current Treatment and Therapy for Vocal Fold Scars| . . . . . .. 11
(1.4.1 Behavioral Therapy| . . . . . . .. ... ... ... ..... 12

[1.4.2 Bioactive Injectable Tissue Scaftolds . . . . . . . . ... .. 13

[1.4.3 Crosslinked Hyaluronan-Gelatin Hydrogel| . . . . . . . . .. 14

(1.5 Translational Systems Biology| . . . . . . .. ... ... ... ... 16
(Lb.1  Inflammation Models . . . . ... .. ... ... ... 17

[1.5.2 Agent Based Models|. . . . . ... ... ... ... ..... 18

[1.5.3 Agent Based Model of Vocal Fold Inflammation and Healing| 19

(1.5.4 Current Challenges and Limitations of Agent Based Models| 20

(1.6 Research Objectives|. . . . . . .. ... ... ... ... ... .. 21
(1.7 Original Contributions| . . . . . . . . . ... .. ... ... .... 22
[2 Computational Methods| . . . . . . .. ... .. .. ... ... .. ..., 26
(2.1 Vocal Fold Acute Phonotrauma Agent Based Model . . . . . . .. 26
[2.1.1 Purpose, . . . . . . .. .. 26




[2.1.2  Programming Environment| . . . . . . .. ... ... .. .. 27

2.1.3 Scale and Environment| . . . . . . ... ... ... 27

2.1.4 Fntities and State Variablesl . . . ... ... ... ... 27

[2.1.5 Process Overview and Schedulingl . . . ... ... ... .. 30

[2.1.6  Design Concepts| . . . . . . ... .. ... .. ... ... . 30

2.1.7 Initializationl . . . . . . . . . ..o 33

2.1.8 Input Datal . . . . . . ... ... ... 33

2.1.9 Submodeld . . . . ..o 33

(2.2 Hyaluronic Acid-Gelatin Tissue Scaffold Agent Based Model . . . 40
[2.2.1 Purposel . . . . . ... 40

[2.2.2  Programming Environment| . . . . . ... .. ... 40

2.2.3 Scale and Environment] . . . .. ... ..o 40

[2.2.4  Entities, State Variables and Scales| . . . . . ... ... .. 41

[2.2.5  Process Overview and Schedulingl . . . . ... ... .. .. 41

[2.2.6  Design Concepts| . . . . . . ... .. ... ... ... 41

2.2 7 Initializationl . . . . . . . . ..o 43

2.2.8 Input Datal . . . . . . ... ... oo 43

2.29 Submodeld . . . ..o 43

2.3 Agent Based Model Analysis for Verification and Validation| . . . 54
[2.3.1 Morris Parameter Screening| . . . . . ... ... ... ... 55

[2.3.2  Sobol Sensitivity Analysig|. . . . . . . .. ... ... o7

[2.3.3  Sensitivity Index for Correlated Factors| . . . . . . . . . .. 59

2.4 Model Calibration and Validationl . . . . . . ... ... ... ... 61
2.4.1 Multivariate Calibrationl . . . . ... ... ... ... ... 61

2.4.2 Predictive Validationl . . . . . .. ... ... .. ... ... 63

[3 Experimental Methods| . . . . . . . ... ... ... o000 69
B.1  Materialsl. . . . . . .. 69
3.2 Human Vocal Fold Fibroblast Cell Culturel . . . . . . . ... . .. 70
[3.3  HA-Gtn Fabrication and and Cell Encapsulation| . . . . . . .. .. 70
[3.4 Biochemical Analyses . . . . . .. . ... ... ... ... ... .. 71
[3.4.1 Total Protein Assay| . . . . . .. ... .. ... ... .... 71

[3.4.2  Soluble Collagen Assay| . . . . ... ... ... ... .... 71

[3.4.3 Cell Proliferation Assay| . . . . . . .. ... ... ... ... 72

[3.4.4 Viability Assay|. . . . . . . ... ..o 73

vi



[4.1 Vocal Fold Agent Based Model. . . . . .. ... ... ... .... 74
[4.1.1 Morris Screening Plots | . . . . . . ... ... ... ... .. 74

[4.1.2  System Dynamics tor Model Outputs across Treatment |

Groups|. . . . . .. 75

4.1.3 Parameter Classificationl . . . . . .. ... ... ... ... 76

[4.1.4 Sobol Sensitivity Analysig|. . . . . ... ... ... ... .. 7

4.1.5 Figure of Merit as Sensitivity metric| . . . . . . . . . . . .. 78

(4.2 HA-Gtn Scaffold Agent Based Model| . . . . . .. ... ... ... 79
421 Overview] . . . . . . . . . .. 79

4.2.2 Event Validationl. . . . . . . .. ... ... 0L 79

4.2.3 Face Verificationl . . . . . . . ... ... ... ... .. ... 80

424 Model Calibration| . . . . . . . .. .. ... ... ... 81

B Discussionl . . . . . ... e 94
b1 Vocal Fold ABMI . . . ... ... . oo 94
[>.1.1 Sensitivity Analysis| . . . . . . . ... 94

(b.1.2  Figure of Merit| . . . . .. ... ... .. 0. 95

H.1.3  Model Limitations| . . . . . . . ... ... ... 96

[b.1.4  Model Significance|. . . . . . .. ..o 97

(5.2 HA-Gtn Scaffold Agent Based Model | . . . . . . . ... ... ... 97
H.2.1 Validation and Verification| . . . . . . . .. ... ... ... 97

H.2.2 Model Limitations| . . . . . . ... ... ... 98

[b.2.3  Model Significance|. . . . . ..o o000 99

6 Conclusions . . . . . . . . . 100
6.1 Future Workl . . . . . . . .o 101
[Appendix A: Vocal Fold Agent Based Model Agent Rules|. . . . . . . ... .. 102

[Appendix B: Vocal Fold Agent Based Model Chemsynthesis Agent Rules and

[Appendix C: Hyaluronic Acid-Gelatin Agent Based Model Agent Rules| . . . . 108

[Appendix D: Vocal Fold Agent Based Model Morris Screening Results] . . . . 110

vil



Table

LIST OF TABLES

bage

[2-1 Vocal Fold ABM and HA-Gtn ABM agents and state variables.| . . . . 45
[2—2  Vocal Fold and HA-Gtn ABM agent sensing abilities.|. . . . . . . . .. 48
2=3 Vocal Fold ABM and HA-Gtn ABM initialization . . . . . . ... .. 49
[2—4  Overview of chemical agent rules|. . . . . . . ... ... ... ... .. 50
[2-5 Overview of HA-Gtn Agent Based Model agent rules.| . . . . ... .. 52
[2-6 Overview of Vocal Fold Agent Based Model parameters.| . . . . . . .. 64
[2-7 Evaluation of sensitivity analysis methods with respect to analysis aims.| 66
[2-8  Morris and Sobol sensitivity analysis applicability.| . . . . . . . . . .. 67
2-9 First (.5;) and Total (St;) sensitivity index equations for variance-based |
Sobol methods.) . . . . . . . . . oo 68

4—1 "Top ranked influential parameters according to Figure of Merit.|. . . . 87
[4—2 Comparison of Sobol Jansen and Figure of Merit sensitivity rankings |
for pro-inflammatory model output.| . . . . ... ... 88

[4—3 Comparison of Sobol Jansen and Figure of Merit sensitivity rankings |
for anti-inflammatory model output.f. . . . . . .. ... ... 89

[6-1 Vocal Fold Agent Based Model parameters nomenclature and default |

valueld . . . . 105

viii



LIST OF FIGURES

Figure page
[1.1 ~ Coronal section of the vocal fold layered structure.|. . . . . . . . . .. 23
(1.2 Phases of the wound healing cascade.| . . . . . .. .. ... ... ... 24
(1.3 Cell population profile during wound healing.|. . . . . . .. ... ... 25
[2.1 Three dimensional rendering of (a) vocal fold (b) Vocal Fold Agent |

[ Based Modell . . . . . . . .. o 44
[2.2  Flowchart of Vocal Fold Agent Based Model,| . . . . . . ... ... .. 47
2.3  Flowchart of cell tunction) . . . . . . ... ... ... ... ... ... 51
2.4 Flowchart of HA-Gtn Agent Based Model.| . . . . . . ... ... ... 53
[2.5  Complexity and applicability of sensitivity analysis methods.| . . . . . 65
4.1 Vocal Fold Agent Based Model parameters sensitivity indices for TNF |

| model output in the voice rest case.f. . . . . . . .. ... ... ... 82
1.2 Average Morris sensitivity indices (A-B) absolute mean and (C-D) |

| coefficient of variation for pro- and anti-inflammatory chemical |

| populations.|. . . . . ... .. 83
1.3 Identification of influential parameters for voice rest (VR), resonant

| voice (RV) and spontaneous speech (SS) using Morris screening

[ methods) . . . . .. 84
4.4 Sobol-Jansen first and total order sensitivity indices for TNFE model |

[ output for the voicerest case.| . . . . . . . ... ... ... 85
1.5 Sobol-Jansen total order sensitivity indices (A) ranked in descending |

| order (B) compared to Figure of Merit sensitivity indices.| . . . . . 86
[4.6  Vocal Fold Agent Based Model cell population profiles.| . . . . . . .. 90

X



[4.7  Hyaluronic-Acid Gelatin Agent Based Model time-varying mechanical |
| properties (A) elastic modulus, (B) swelling ratio, (C) mass loss for |
[ different scaffold compositions.| . . . . . .. ... 91

4.8 Black box validation of calibrated Hyaluronic Acid-Gelatin Agent |
| Based Model outputs (A) fibroblast, (B) collagen, (C) total protein.| 92

[4.9  Calibrated Hyaluronic Acid-Gelatin Agent Based Model population |

[ response prediction. . . . . . ... ... Lo 93
[A1 Vocal Fold Agent Based Model agent rules.|. . . . . . ... ... ... 102
[B1 Vocal Fold Agent Based Model chemical synthesis agent rules| . . . . 104
[C1  HA-Gtn Agent Based Model agent rules.| . . . . . .. ... ... ... 109

ID1 Morris parameter screening with respect to output (A) TNF (B)

| TGF, (C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) IL8, (H) IL10

for voice rest casel . . . . ... 110

D2 Morris parameter screening with respect to output (A) TNF (B)

| TGF, (C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) IL8, (H) IL10

| for spontaneous speech case.| . . . . . . ... ... ... 111

D3 Morris parameter screening with respect to output (A) TNF (B)

| TGF, (C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) IL8, (H) IL10

for resonant voice casel . . . . . ... 112




Acronyms
2D

3D

ABM
AU

COL
CcPruU
CUDA
DLP
ECM
ELA
FGF
GAG
GPU

Gtn

HA
HGABM
101

1010

NOMENCLATURE

2-dimensional

3-dimensional

Agent Based Model

Arbitrary Units

Collagen

Central Processing Unit

Compute Unified Device Architecture
Deep Lamina Propria

Extracellular Matrix

Elastin

Fibroblast Growth Factor
Glycosaminoglycans

Graphics Processing Unit

Gelatin

Hyaluronic Acid

HA-Gtn Tissue Scaffold Agent Based Model
Interleukin-1 g

Interleukin-10

xi



IL6
IL8
ILP
LP
MM P8
RVIS
RVVS
sECM
SLP
SSIS
SSVS
TGF
TNF
VFE
VEFABM
VFF
VFEI

Interleukin-6

Interleukin-8

Intermediate Lamina Propria
Lamina Propria

Matrix Metalloproteinase-8
Resonant Voice Impact Stress
Resonant Voice Vibratory Stress
Synthetic Extracellular Matrix
Superficial Lamina Propria
Spontaneous Speech Impact Stress
Spontaneous Speech Vibratory Stress
Tumor Growth Factor

Tumor Necrosis Factor-a

Vocal Fold

Vocal Fold Agent Based Model
Vocal Fold Fibroblast

Vocal Fold Injectable

Chemical Agents (v, w)

FGF
IL1
1010
IL6
IL8

Fibroblast Growth Factor
Interleukin-1/
Interleukin-10
Interleukin-6

Interleukin-8

xii



MM PS8 Matrix Metalloproteinase-8
TGF Tumor Growth Factor
TNF Tumor Necrosis Factor «

Extracellular Matrix Agents (x)

COL Collagen
ELA Elastin
HA Hyaluronic Acid

Cellular Agents (y)

F Fibroblast
M Macrophage
N Neutrophil
P Platelet

Patch Agents (z)

cap Capillary
HG HA-Gtn
tiss Tissue

Agent Based Model Parameters

a¥+ Probability of cell y activation for local concentration of chemical v
a¥- Probability of cell y deactivation

dy Probability of cell y death

e’ Fibroblast synthesis rate of extracellular matrix x

EY Fibroblast secretion of chemical w in response to local concentrations

of chemical v

xiii



Half life of chemical v

Number of cell y recruited to patch z

Macrophage secretion of chemical w in response to local concentra-
tions of chemical v

Neutrophil secretion of chemical w in response to local concentrations
of chemical v

Cell y proliferation rate

Platelet secretion of chemical w in response to local concentrations
of chemical v

Time interval of cell y recruitment to patch z

Threshold level of chemical v



CHAPTER 1
Introduction

Voice disorders are among the most common communication disorders across a
lifespan, with an estimated 3 - 9% of the population exhibiting some form of voice
dysfunction [13]. Although the precise pathophysiology of voice disorders remains
largely unknown, the majority of voice disorder cases follows injurious mechanical,
chemical or phonatony-related stimuli resulting in lesions or scars. The associated
injuries can inhibit the production of a normal mucosal wave and significantly impair
vocal fold oscillatory function, decrease voice quality, reduce vocal stamina and cre-
ate physical discomfort. In an attempt to better understand the highly diverse and
unpredictable formation as well as treatment response of vocal fold scars, an agent
based computation-model (ABM) characterizing the inflammatory and healing re-
sponse to vocal fold injury is being developed with the ultimate application being a
clinical tool to prescribe and optimize patient-specific treatment.

This chapter provides background information from the literature. A review of
acute phonotrauma-related inflammation, wound healing and current biotechnolog-
ical treatments as well as associated computational models is presented in addition
to objectives and hypothesis of this research project.

1.1 Vocal Folds
Vocal folds (VF) are a mucous membrane stretched across the larynx, consist-

ing of an epithelium, connective tissue or lamina propria and vocalis fibers of the



thyoarytenoid muscle [86]. The vocal folds can be anatomically classified into dif-
ferent layers going from superficial to deep: epithelium, superficial lamina propria
(SLP), intermediate lamina propria (ILP), deep lamina propria (DLP) and the thy-
roarytenoid muscle (Figure [1.1). Lamina propria (LP) tissue is composed of various
proteins and cells. Together the cells and their secreted extracellular matrix form a
histological framework, providing the vocal folds” unique tissue-level vibratory func-
tion [57), 121 [64].
1.1.1 Vocal Fold Extracellular Matrix

Vocal fold tissue components can be classified as either cellular or extracellular.
The extracellular matrix (ECM) is an organized network of structural and regulatory
proteins which together provide structural and biochemical support to surrounding
cells. These proteins can be classified as either fibrous (collagen, elastin), interstitial
(proteoglycans, glycoproteins) or other molecules (lipids, carbohydrates). Cell-ECM
interactions play a fundamental role in cell adhesion, migration, growth, differenti-
ation, death, chemokine secretion and protein synthesis, all of which are important
in determining the spatial and temporal ECM turnover. Imprecise, unregulated or
interrupted ECM remodelling can have detrimental effects on tissue structure and
function. Researchers have explored the role of collagen [136] [78, 82, 63, [66] 38,
hyaluronic acid (HA) [62], elastin [65, [78, 62] in animal models and human LP.
The following sections summarize the current understanding of the biological and
biomechanical function of each of these key proteins as it pertains to vocal folds.

Hyaluronic Acid. Hyaluronic acid (HA) is polyanionic glycosaminoglycan

(GAG) consisting of repeating disaccharide units of /5 - 1,4-D-glucuronic acid and 3



- 1,3, N-acetyl-D-glucosamine [90]. Like most interstitial GAG proteins, its major
biochemical property is its ability to attract cations and water with its negatively
charged units. They are primarily interspersed between fibrous structural proteins
and aid in resisting mechanical stress during deformation. As such, HA lends to vis-
cous dissipation of stress and tissue-level structural integrity [54) 47]. Additionally
it acts as space-filling molecules as well as a means for controlling hydration, tissue
flow resistance, osmosis, and nutrition diffusion [53] [47]. In addition to its role in
determining tissue mechanics, HA also has been shown to act as a signaling molecule.
Its effect on cell-cell and cell-matrix interactions is critical in the stabilization and
organization of ECM [50} 47, 40], the regulation of cell adhesion and motility [40}, 27]
as well as the mediation of cell proliferation and differentiation [43] [108] in angio-
genesis and wound healing. In vocal folds, although its concentration and spatial
distribution is fairly uniform across LP layers, HA has a significant influence on vis-
coelastic and biomechanical properties [23]. It has frequently been hypothesized to
play a role in energy dissipation in response to impact and compressive stresses [95].
It has been shown to regulate the effectiveness of growth factors such as TGF-/31 as
well as elastin, collagen and versican synthesis by fibroblast cells [37]. Hyaluronic
acid is one of the first macromolecules to appear in VF ECM during wound healing
[2], an indication of its critical role in the initiation of the inflammation cascade and
the coordination of tissue repair [25].

Elastin. Elastin fibers are a lysine-mediated cross-linked polymer of tropoe-
lastin monomers [3]. Elastin fibers within the ECM help it retain shape and resist

stress. Often intertwined and/or collocated with inelastic collagen fibrils, together



collagen and elastin prevent tissue damage and enable compressive-tension cycles [3].
Following crosslinking, elastin is insoluble and is metabolized by proteolytic elastase
enzymes including serine, aspartic, cysteine and metalloproteinases (MMPs). The
homeostatic function of the ECM requires a balance between elastin monomer syn-
thesis and MMPs to regulate matrix degradation and turnover. In vocal folds, elastin
constitutes 9% of tissue total protein compared to 2 - 4% in the skin, 30% in the
lungs and 70% in large arteries [62]. The density and organization of elastic fibers
regulate tissue pliability and resilience [87] and as such have been found to vary in
concentration within the LP layers according to biomechanical needs. Quantiative
analysis of elastin distribution has demonstrated how high concentrations of mature
elastic fibers in deep layers decrease towards the epithelial layer where they are found
in their less elastic form [62, 55]. Elastin has a natural half-life on the order of years.
While the turnover in healthy native tissue is slow, changes in metabolism following
aging or disorders can result in excessive degradation and altered function [45].
Collagen. Collagen is an abundant fibrous protein consisting of triple a-helix
tropocollagen units of repeating amino acid sequence Glycine-X-Y, where X and
Y are proline or hydroxyproline. These tropocollagen units facilitate high order
fibril assembly into various fibrils, sheets or cross-link, each of which lend different
tissue properties. Considered a load bearing protein, in soft tissue these collagen
structures lend tensile and compressive strength [48]. Additionally, collagen has
been shown to modulate cell function, encouraging cell adhesion and consequently
controlling cell morphology, migration, and in some cases differentiation. In vocal

folds, collagens’ complex fibrillar assembly varies throughout the different layers of



the LP [53]. While non-fibrillar collagen types associated with ECM stabilization
and angiogenesis have been found in the basement membrane zone [I1§], structural
fibrillar collagen types I, II and III have been identified in the LP [56]. Delicate
reticular collagen (type IIT) fibers in SLP are highly branched with empty space filled
with GAGs and elastic fibers to provide a support network [135]. Thicker fibers such
as type I and III are generally aligned in a direction parallel to the anterior-posterior
free margin of vocal fold and are more abundant in DLP [56] 53], [67]. These non-
elastic collagen fibers form a basket-like woven network to guarantee tensile strength,
permitting deformation and elongation during frequency modulation to maintain
tissue structure, especially important during VF phonation [38].

1.1.2 Vocal Fold Cellularity

The major cellular components of vocal fold lamina propria (VFLP) include:
fibroblasts, myofibroblasts and macrophage cells [53]. Fibroblasts were originally
believed to be the only cells to produce proteoglycans (aggrecan, versican, decorin,
fibrobmodulin, heparin sulfate) [I2I]. Since then, macrophage and myofibroblasts
have been shown to be involved in their synthesis [121], highlighting the importance
of several different cell types, not solely fibroblast cells, in the manufacturing and
maintenance of VFLP.

Vocal Fold Fibroblasts and Myofibroblasts. Human vocal fold fibroblasts
(VFFs) are an abundant and predominant cellular component of VFLP [21], and are
present with uniform population density in all layers of the vocal folds [53]. They
contribute to the general maintenance of connective tissues through the deposition,

degradation and rearrangement of ECM [21] 53]. In vocal folds, they have been



shown to enter an active state where they produce collagenous and elastin fibers
[68]. Additionally, as mature mesenchymal cells VFFs can differentiate into my-
ofibroblasts following injury or damage [36] 2I]. These myofibroblast cells provide
periodic or continuous reorganization of actin and fibronexus to repair collagenous
and elastic connective tissues [53]. They also regulate the intensity and duration of
inflammatory response by secreting cytokines [3]. Their population density is highest
in the superficial layer of LP and decreases with depth within the LP. Increased pro-
liferation following injury and high population in areas of high stress are indicative
of the importance of their role in the reparative process.

Macrophages. Macrophages are a specialized cell type formed and recruited
in response to infection or damage. They populate a fraction of native human vocal
folds in moderate concentration below the basement membrane zone and in the
SLP [53] 21] in response to the greater presence of mucosal irritants and mechanical
stress. When exposed to specific chemical signalling molecules, macrophages enter
an activated state. These activated cells function as antigen-presenting cells that
respond to and combat inflammatory response through the secretion of both pro-
and anti- inflammatory cytokines [21] 53] in addition to polyamines and proline [33].
These secreted inflammatory mediators play a role in immunoregulating fibroblast
behavior and ECM protein secretion [89].

Neutrophils. Neutrocytes or neutrophils are granulocyte cells. An essential
part of the innate immune system, they accumulate in large numbers at tissue dam-
age sites and act as scavengers to remove irritants and damaged or excess extracel-

lular deposits. Found in low density in native vocal fold tissue relative to other cell



types, they are recruited following injury during inflammation but disappear prior
to active fibroblast-mediated mucosa remodeling [105]. When exposed to chemo-
tactic agonists, neutrophils migrate into extravascular space and enter an activated
state where they change shape, adherence, enzyme secretion and display directed
movement [9].
1.1.3 Phonation and Phonotrauma

Vocalization is a result of air flow-excited oscillations of the vocal folds. Air
expelled from the lungs creates a pressure difference yielding a inferior to superior
high frequency (100 - 1000 Hz) vertical shear wave [I58]. This small amplitude
vibration primarily occurs in the vocal fold cover (epithelium and SLP) with the vocal
fold body (DLP and muscle) remaining largely stationary. During phonation, areas
of the vocal fold undergoing oscillations are under various stresses including tensile,
shear, contractile, inertial, aerodynamic (pressure) and impact [I57]. Prolonged
phonatory-related and/or nonphonatory stress without sufficient rest periods can
result in vocal fold injury, triggering a host tissue wound healing response [12§].
Injury in vocal folds can be classified into four broad categories based on the source
and chronicity: nonphonatory (mechanical or chemical) injury, acute phonotrauma
and chronic phonotrauma [128].

Nonphonatory trauma can occur following mechanically or chemically trau-
matic events including endotracheal intubation, phonomicrosurgery, external laryn-
geal trauma or inhalation of chemical irritants. These are generally characterized by

disruption of epithelium, basement membrane and underlying LP requiring full host



repair response [155, 154, 138]. On the other hand, phonatory-related or phono-
trauma occurs as a direct result of voice use. Acute phonotrauma is associated
with temporary vocal abuse yielding in the disruption of vascular network, basement
membrane zone and ECM components [I7]. Chronic phonotrauma on the other
hand is classified as extended and/or focal regions of acute phonotrauma resulting
in a relatively permanent state of inflammation. The VFLP microstructure has a
high reparative capacity that enables it to accommodate a limited amounts of acute
phonotrauma-related microstructural damage without requiring a full scale wound
healing response [17]. Long term or heightened inflammation however is believed
to contribute to the development of benign tissue changes such as vocal fold lesions
or scars. One of the major remaining challenges treating vocal fold lesions include
understanding complex wound healing processes and large variations in individual
inflammation response to phonotrauma.
1.2 Inflammation and Wound Healing

Wound healing is a common mechanism to maintain homestatic conditions
consisting of three major overlapping phases: (1) inflammation, (2) ECM deposi-
tion/epithelialization and (3) remodeling [128, 17, B32] (Figure [1.2). Inflammation
refers to response of living tissue to local injury through containment, neutralization
or dilution of injurious agents. In vocal folds, inflammatory response is typically ini-
tiated by injury disrupting local vasculature. Leakage of blood from disrupted blood
vessels fill tissue deficits and provide a provisional matrix to signal cells to migrate to
the site of the injury. Recruited inflammatory cells enzymatically clear contaminants

and promote recruitment of fibroblast cells for reconstitution of ECM through the



secretion of collagen, elastin, and HA. The final stage of the wound healing cascade is
a dynamic remodeling process in which further deposition and reorganization of ma-
trix components occurs. In proper healing of vocal folds, the total collagen content is
highly controlled and stable after inflammatory stages followed by increased degra-
dation and deposition along lines of mechanical stress [I13]. Meanwhile pathological
healing following premature stasis or arrest of healing processes, elevated levels of
procollagen production in early wound healing followed by remodeling of thick dis-
organized collagen bundles and fragmented elastin fibers in late stages are observed
[T7]. These histological changes are associated with the formation of benign vocal
fold lesions or scars.
1.3 Vocal Fold Lesions and Scarring

Vocal fold lesions and scars manifest as benign tissue changes resulting in differ-
ent biomechanical properties, mass and/or irregularly shaped vocal fold edge. This
can impair neuromuscular control and disrupt vocal fold vibratory function resulting
in dysphonia [I1]. There are four general vocal fold structural abnormalities: nod-
ules, polyps, cysts and scars. Nodules are believed to arise from trauma disrupting
the basement membrane and separating epithelial layer from underlying tissue [52]
resulting in stiffening of the vocal folds [01]. Polyps are associated with acute vas-
cular injury with less severe basement membrane disruption [35]. Vocal fold cysts
follow high impact stress [17], resulting in basement membrane thickening between
that found in polyps and nodules [35]. Vocal fold scars are a stiff fibrous segment
replacing normal vocal fold tissue. They often are formed following a large disrup-

tion of the epithelium beyond a critical size requiring secondary healing or ulceration
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whereby fibrin deposition by inflammatory cells is followed by excessive fibrous col-
lagen deposition [12].

The inflammatory response to high-effort vibration or phonotrauma is a common
factor associated with the formation of midmembranous benign vocal fold lesions
[130, 163]. Although this study focuses on the treatment of vocal folds scars, it
has been hypothesized that scars and lesions are simply a continuum of vocal fold
injury, with differences arising from the chronicity of phonotrauma, diffuse nature
of injury and/or premature arrest of acute inflammatory or wound healing [I57,
130), 163, 9T, 159, R3]. Currently, precise inflammatory mechanisms responsible for
regulating fibroblast gene expression governing ECM component synthesis and scar
formation remain unclear. While specific biochemical marker levels in laryngeal
secretions following phonotrauma can reflect an acute inflammatory process [164]
providing insights into the nature of the development of vocal fold scars, a better
understanding of underlying mechanisms is needed. This can then be used to improve
current clinical techniques and therapeutic targets used to minimize vocal fold scar
formation.

1.4 Current Treatment and Therapy for Vocal Fold Scars

Currently, there exist few effective treatment options for vocal fold scarring.
Behavioral voice therapy is used as a conservative first-line approach. It focuses on
ceasing injurious activity and modulating natural wound healing reparative processes
to restore biomechanical function. Cccasionally more invasive treatments are used to

treat resistant lesions. These treatments include growth factor therapies [93] [7T], 69],
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cell therapies [93], [71), 28, 22], 84] and injectable augmentation substances [112, 8], 30]
which attempt to re-establish mucosal pliability through LP replacement [I72].
1.4.1 Behavioral Therapy

The purpose of behavioral therapy is to restore vocal function by adapting voice
production to produce the best possible sound while preventing further phonotrau-
matic injury. This is typically accomplished through a series of voice rest and voice
production exercises in varying combinations. Classical approaches encourage voice
rest facilitated recovery which minimizes impact stresses normal to the epithelial
surface [20]. Absolute voice rest on the range of days to weeks is recommended for
acute phonotrauma while partial voice rest is prescribed for vocal fatigue resulting
from chronic abuse. This is hypothesized to enhance tissue healing phenotype, al-
lowing time for the tissue to heal while minimizing the aggravation or introduction
of any new injury [60]. Despite voice rest being prescribed more widely clinically, a
second theory has been proposed that argues large-amplitude low impact vocal fold
vibratory exercises can promote active mucosal healing by stimulating the produc-
tion of anti-inflammatory mediators reducing chronic inflammation [I]. Despite the
practice of both theories, behavioral therapy remains a preventative measure for the
development of vocal fold lesions. Behavioral therapy alone rarely yields substantial
improvement or resolution of fully formed lesion or scars arising from chronic phono-
trauma [73]. Most patients must either live with unresolved conditions or undergo
surgery. As such, there remains an unmet clinical need for vocal fold restoration.

Current research in tissue engineering attempts to fulfill this unmet need through
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injectable bioactive biomaterials to promote long-term repair and tissue regeneration
for the treatment of tissue defects.
1.4.2 Bioactive Injectable Tissue Scaffolds

Phonosurgery uses vocal fold injections (VFIs) of biomaterials to augment tissue
biochemical and mechanical properties in two ways. The first is used as a filler sub-
stance in the lateral aspect of thyroartyenoid/lateral cricoarytenoid muscle. These
treat glottal insufficiency by displacing the free edge of the vocal fold cover [112]. The
second are used for LP replacement or regeneration to correct vibratory defects from
mid-to-moderate severity vocal fold lesions in the superficial subepithelial space [112].
This work focuses on the latter VFI for vocal fold augmentation. Current injectables
for vocal fold regeneration still require great advancements in delivery method, in-
strumentation, rheological /biomechanical properties and incorporation of bioactive
agents for long-term ECM turnover and regeneration [112]. This section will focus
on the unmet need of a bioactive hydrogel-based injectables in cases of vocal fold
scarring.

Cell therapy relies on the introduction of autologous or genetically engineered
cells with division and differentiation potential to facilitate long term tissue remod-
eling without immunorejection. In vocal folds, the introduction of autologous mes-
enchymal stem cells (MSCs) [85] and autologous fibroblasts [29] has shown to yield
favourable morphological and histologic changes in the regeneration of injured vocal
folds. Many are now exploring the local release of bioactive molecules in conjunction
with cell therapy to manipulate temporal and spatial variations in cell activity. Mod-

ulation of VFF activity has been shown through administration of hepatocyte growth
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factor (HGF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF)
and transforming growth factor-beta-1 (TGF-51) [110, 37, [72]. Growth factors (GFs)
are bioactive proteins expressed by cells for cell-cell signaling. They can be used as a
regulatory factor to increase VFF ECM production [42]. Repeated administration of
HGF has shown to be antifibrotic decreasing fibroblast production of collagen type I
while administration of TGF A1 increased both collagen I and fibronectin production
[70]. Extended administration using time-controlled release of heparin bound GFs
in injectable hydrogels has been explored in vivo [123]. Controlled spatiotemporal
release has been reported to yield more organized cellular angiogenic response. As
such, injectable therapies ideally use a combination of cells and growth factors in a
matrix scaffold for controlled long term tissue regeneration and remodelling. Natu-
ral, synthetic, or mixed materials have been applied as synthetic extracellular matrix
(sECM) scaffold to support three-dimensional (3D) tissue regeneration [128] 96 [§].
Various materials have been applied for vocal fold regeneration and augmentation
including teflon [116], collagen [46], autologous fat [144] and HA-based materials
[81]. These scaffolds must provide appropriate mechanical and viscoelastic support
as well as biochemical, physical and cellular stimuli to guide the proliferation, differ-
entiation and migration of cells. Of the materials investigated, HA-based materials
remain among the most promising for their excellent biocompatibility, biodegrad-
ability, tunable mechanical and viscoelastic properties [61, 143], 160, 173].
1.4.3 Crosslinked Hyaluronan-Gelatin Hydrogel

Hyaluronan or hyaluronic acid (HA) and its derivatives have been widely used

in clinical medicine [10} 18, 19, 109, 119, 122, 125, 162, 147, 150, 124] as implants for
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surgical repair of ECM defects in soft tissues [149] 170, [34]. Hydrogels derived from
chemically modified HA have been shown to provide cells with a microenvironment
that promotes cell-guided tissue remodeling and regeneration. Hyaluronic acid-based
scaffolds have been shown to be biocompatible and nontoxic to VFFs in vitro as well
as shown to enhance healing and regeneration in in vitro 2D environments and n
vivo animal models [20] [42], 41] [T42]. Fibroblasts encapsulated in crosslinked thiol-
modified-HA have remain viable for over 4 weeks while retaining a proliferative and
synthesis phenotype, actively secreting new ECM [149]. There remain significant
limitations in HA-based hydrogels as negatively charged glucuronic acid residues im-
part highly poly-anionic behavior at physiological pH, hampering cell attachment
and adequate ECM synthesis necessary for formation of new tissue [120] 148]. Many
have explored the addition of biomolecules through in situ crosslinking for additional
functionalization [149] [146]. In an effort to introduce cell adhesion functionalization,
researchers have developed hybrid scaffolds by combining HA with biomolecules con-
taining the Arg-Gly-Asp (RGD) peptide sequence such as collagen [88, [09], chitosan
[1770], silk fibroin [49], directly covalently binding RGD peptides [127, [51] and gelatin
[98, 74, [6]. Addition of RGD tripeptide sequences promotes integrin receptor binding
and cellular attachment to aid in regulating cell growth and differentiation. These
hybrid scaffolds have been used to successfully fabricate 3D scaffolds for skin [31],
cartilage [24], liver [94] and bone [106].

Gelatin (Gtn) is a denatured form of collagen and a major component of natural
ECM. In addition to being low-anitgenic, it has been shown to retain RGD sequence

of native collagen [104]. Crosslinked HA-Gtn sponges seeded with human tracheal
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scar fibroblasts and implanted into the flanks of nude mice have been shown to grow
healthy new human fibrous tissue at 4, 8, and 12 weeks [107], proving non-toxic to
cells in wvitro. Other injectable forms of HA-Gtn sECM when seeded with NIH 3T3
fibroblast cells have grown 1-cm diameter healthy fibrous tissue 8 weeks following
subcutaneous implantation in nude mice [145].

The design of tissue scaffolds must consider the complex heterogeneous hier-
archical structure of the host tissue. These include factors such as porosity, pore
size and compliant mechanical properties. Recent research focuses on developing
biomaterials with microenvironments that closely approximate the biomechanical,
biochemical and viscoelastic properties of native tissue. Many groups have demon-
strated how varying HA-Gtn hydrogel composition can yield a wide range of tunable
rheological, biochemical and mechanical properties [161], [173]. However, the system-
atic assessment of the optimal material composition for vocal fold augmentation is
costly. It often requires the optimization of a prohibitively large number of biochem-
ical and biomechanical factors. Additionally, scaffold parameters and properties are
often not independent and decoupling them experimentally is time and cost expen-
sive.

1.5 Translational Systems Biology

Recent improvements in computer technology have enabled the use of high-
performance computing for developing models of complex biological systems. Trans-
lational Systems Biology (T'SB) is a multidisciplinary approach to apply predictive
computational and dynamic in silico simulation methods to improve understand-

ing of molecular, cellular, tissue and clinical-level behavior [166]. These numerical
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simulations often incorporate the structure, organization and behavior of in vivo
biological systems including their various interacting components, control feedback
loops, multiple levels and non-linear dynamics. In the current study, TSB principles
were employed to numerically simulate the biological response of vocal folds follow-
ing phonotrauma and biomaterial injection as a complex biological system with the
intention of coupling mechanism with tissue function to aid in improving clinical
practice.

1.5.1 Inflammation Models

There are two general approaches to modeling inflammation as a complex sys-
tem. These include: data-driven methods and mechanistic methods. Examples of
data driven models include regression based, principal component analysis or hi-
erarchial clustering. These methods infer the molecular network interactions and
organizational dynamics by modeling abstract features of system response [I11], [79).
In addition to lacking mechanistic insight, data-driven models are generally linear
within training data, making model outputs difficult extrapolate and apply to wider
data sets.

Mechanistic models focus on individual parts and their coupled interactions.
Examples of these models include partial differntial equations (PDEs), ordinary dif-
ferential equations (ODEs), rule-based and agent based models (ABM) [4, [5]. While
straightforward, numerically inexpensive ODEs do not allow for modeling spatial
variability. Although methods for numerical and analytical solutions of PDEs are
well developed, computational time are longer than that for ODEs and differential

functions break down at small length scales. Agent based models (ABMs) do not
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have these limitations allowing for modular and scalable architecture. ABMs are a
rule based discrete event modeling technique where cell-as-agent resolution allows
for integration of basic cellular level mechanistic knowledge. These yield emergent
system properties not obvious from encoded interactions. The major benefit is that
outputs are theoretically predictive outside of conditions and time points in which
they were trained. However this is assuming the model is correct, used within its
intended context and free parameters are appropriately selected. These assumptions
are non-trivial and if are not met, the model is not generalizable. In the current
project, mechanistic models of agent-based simulation were used. A review of ABMS
in modeling complex biological systems are reviewed below.
1.5.2 Agent Based Models

Agent based models (ABM) are a bottom-up approach to modeling. The three
primary components of an ABM include: (1) autonomous agents at varying scales,
(2) decision-making heuristics agent rules, (3) virtual environment. Low level com-
ponents (agents) and their interactions (agent rules) are specified, while high-level
behaviors arising from local mechanisms are observed at different spatial and tem-
poral scales. Agent based models have been applied in disciplines involving complex
systems of autonomous entities including social sciences, economics, geography and
political sciences. In biology ABMs have been used to simulate various inflammatory
diseases such as diabetes, spinal cord injuries and sepsis.

Agent based models are advantageous when modeling cellular-level biological

systems for a number of reasons. Firstly, elements of a system can be represented
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as discrete autonomous agents that move and interact according to a series of deter-
ministic and/or stochastic rules based on their state and environment. This is gen-
erally advantageous for complex systems where deterministic and stochastic events
occur with spatial or temporal heterogeneity, such as biological systems. Secondly,
given their non-analytical nature ABMs can directly incorporate low level knowl-
edge or hypotheses about components not easily expressed mathematically. This is
particularly important in cases where it is difficult or unfeasible to isolate and di-
rectly measure all biologically relevant parameters. Additionally, critical underlying
molecular properties can be incorporated explicitly or implicitly to capture poorly
understood cell-matrix interactions. Thirdly, emergent properties arising from low
level entities and their low level states may reflect behavior not apparent by simple
aggregation. These emergent properties may be essential in coupling dynamics oc-
curring at different time and length scales to better understand cellular mechanisms.
Finally, statistical simulations with different initial conditions can be used to explore
the distribution of possible outcomes. Additionally, the high modularity of agent
populations and agent rules allow the disabling of specific mechanisms, relative con-
tribution adjustments and sensitivity analysis of parameters to identify connections
between intracellular descriptions and multicellular dynamics.
1.5.3 Agent Based Model of Vocal Fold Inflammation and Healing

An ABM of inflammation and tissue healing in skin was previously developed [115]
and later adapted for the vocal folds [101, 102]. The preliminary model was built
using freeware Netlogo (Center for Connected Learning and Computer-Based Mod-

eling, Northwestern University, Evanston, IL) representing a two-dimensional (2D)
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1.8mm x 1.8mm grid populated by 110 resting cells (macrophage, neutrophil, fi-
broblast) within tissue and blood, ECM protein (collagen) and chemical mediators
(tumor necrosis factor-a (TNF-«), interleukin-15 (IL-17), interleukin-10 (IL-10),
TGF-$1). Simulations were shown to qualitatively reflect relevant generally-accepted
mechanisms of wound healing. These were validated against relevant changes in cell
population and effector cytokines during normal wound healing (Fig. . Ex-
perimental measures of inflammatory mediators in laryngeal secretions were used
to adapt the model for inflammation in response to acute phonotrauma [103] and
surgical injury [I02]. This required extending the previous model with additional
inflammatory mediators (interleukin-6 (IL-6), interleukin-8 (IL-8), bFGF, MMP-8)
as well as ECM components (elastin, HA). Population- and individual-based “Leave-
One-Out-Cross-Validation” calibration used for iterative parameter estimation and
model calibration [I03]. Simulation levels within a 95% confidence interval of empir-
ical results were used for model validation. Model simulations agreed qualitatively
with known aspects of inflammation and healing with individual based calibration
yielding improved model prediction than compared to population based claibration
[165]. The biosimulation was shown to reproduce trajectories of experimental inflam-
mation biomarkers in laryngeal secretions of individuals subjected to phonotrauma
24h post-injury [165].
1.5.4 Current Challenges and Limitations of Agent Based Models
Despite initial efforts, various problems and limitations remain in modeling bi-
ological systems using ABMs. Firstly, the freeware agent-based toolkit NetLogo

not designed for extensive simulations, limiting its performance and application. For
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large number of agents, there are significant drops in execution speeds. Secondly, the
analysis of complex dynamics of ABMs require sophisticated high-dimensional ana-
lytical approaches. ABMs use behavior of individually encoded micro-level rules and
dynamic interactions to observe macroscopic phenomena. These often yield complex
non-linear interactions with non-normal output distributions and high-order effects.
Comprehensive and compelling statistical analysis of ABM outputs is fundamental
to the model design, implementation and the understanding of dynamic properties
and model structures. Given the stochastic property of the ABM, repeated random
sampling such as Monte Carlo sampling is required to attain pseudo random samples
of parameter settings to adequately achieve statistical robustness. Most ABMs only
apply simple visual analysis, or classic local techniques that assume linear or mono-
tonic relationships between model factors (input, parameters) and model outputs,
while neglecting the interaction effects. More recently, researchers have begun to
adopt more robust statistical analysis methods to explore the sampling space of un-
certain model factors. Sensitivity analysis and parameter estimation are two types
of statistical analyses which have become critical steps for proper calibration and
validation of computational models (Section [2.3)).
1.6 Research Objectives

In this thesis project, a computer-aided tissue engineering approach was hy-
pothesized to capture and predict cellular behavior using agent based modeling in
an attempt to simplify behavioral clinical treatment and injectable biomaterial opti-
mization for vocal fold augmentation. The specific aims of the present study were to

(1) integrate the current understanding of HA-Gtn hydrogels on cell behavior into the
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existing vocal fold ABM (2) apply variance-based analysis methods for global sen-
sitivity analysis to examine model dynamics and identify key influential parameters
for model calibration as well as (3)conduct first pass attempts at model calibration
and black box validation.
1.7 Original Contributions

To achieve the research objectives outlined above, several original contributions
were made including: model implementation using a low-level programming lan-
guage, expanding the model to include assumed effects of scaffold composition on
cell activity and ECM productions as well as performing and interpreting model
sensitivity analysis. The above contributions create a complete and functional im-
plementation of in vivo and in vitro model of inflammation and tissue remodeling in
vocal fold. These contributions are unique and have never before been presented to
our knowledge. Implementation using a low-level lightweight programming platform
ensures a fast, efficient simulation. This establishes a base model necessary for model
parallelization and speedups on heterogeneous computing platforms [140] as well as
large scale 3D simulations and real time visualization [139]. Results from the sensitiv-
ity analysis are important steps in reducing model complexity and simplifying model
calibration which are both important steps for patient specific calibration. As such,
this work served a critical milestone in creating a clinically relevant computational

technology for patient-specific vocal fold augmentation.
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Figure 1.2: Phases of the wound healing cascade.
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CHAPTER 2
Computational Methods

This chapter aims at providing an overview of the proposed agent based models.
It will be divided into two seperate models: the base ABM of inflammation and
wound healing following acute phonotrauma in vocal folds and the extended ABM
simulating vocal fold fibroblast tissue remodeling when seeded in hyaluronic acid-
gelatin tissue scaffold constructs. The proposed ABMs will be described following
the Overview, Design concepts and Details (ODD) standard protocol for describing
agent based models components, general logic flow and simulation conditions [58, [59].
As the ODD protocol was originally developed to describe ecological models of social
systems, a modified version of ODD is used herein.
2.1 Vocal Fold Acute Phonotrauma Agent Based Model
2.1.1 Purpose

The vocal fold acute phonotrauma ABM (VFABM) is used to dynamically rep-
resent molecular, cellular and organ level dynamics of inflammation and repair pro-
cesses in vocal fold tissue following acute phonatory damage. The VFABM aims to
couple molecular mechanisms with tissue-level response for three different behavioral
therapy exercises: (1) voice rest, (2) resonant voice, and (3) spontaneous speech. The

goal is to predict healing response and help prescribe behavioral treatment.
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2.1.2 Programming Environment

The model was previously implemented on the ABM toolkit, Netlogo (Center
for Connected Learning and Computer-Based Modeling, Northwestern University,
Evanston, IL) [I01}[102]. Given the need for larger simulations with a greater number
of agents, the Netlogo VFABM was re-architectured. The model was implemented on
a computer processing unit (CPU) platform using object-oriented C++. It was later
extended with Open Multi-Processing (OpenMP) to enable concurrent operation
executions on multi-core Graphics Processing Units (GPUs) [141].
2.1.3 Scale and Environment

The VFABM is a 3D representation of the lamina propria of an average adult
human (Fig. R.1]A). For simplicity, the LP is mapped onto a Cartesian coordinate
system with the x-y plane representing a coronal plane of the VF (Fig. )
The virtual environment or world represents a 24.9mm X 1.6mm X 17.4 mm space
discretized into 0.015mm x 0.015mm x 0.015 mm spatial grid cells or patches. For
our purposes, given constraints in computational complexity and execution time,
the world structure was limited to a 2D domain (x-y plane). As ABMs iteratively
execute rules and commands, a time step or tick of 30 minutes was chosen as the
time scale for agents to perform actions in agent rules. With intentions of modeling
injurious, therapeutic and inflammatory processes following acute phonotrauma, a
time course of 24 hours was chosen.
2.1.4 Entities and State Variables

Entities refer to individual agents, attributes describing agents or collections of

agents. Each agent has a set of attributes or state variables that define its current
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state. This set of state variables are consistent for a given agent type, although
values of these state variables may vary across individuals of the same type and/or
vary for an individual over time.

The VFABM contains five agent classes: world (environment), patches (spa-
tial unit), chemicals (spatial unit), ECM (spatial unit), cell (individual) and agent
populations (collective). A summary of agent classes and their corresponding state
variables are shown in Table[2-1] Note, it was chosen to use “encapsulated complex-
ity” to form aggregated descriptive variables abstracting several molecular species
into one state variable. For example collagen types I, II, III are abstracted under
“collagen”. This was chosen as the VFABM does not take into account specific molec-
ular interactions but instead consequences of the interactions of cell and chemical
populations behavior.

World. A world represents the high-level environment that drives the behav-
ior of agents and grid units within it. A world is characterized by the state variables:
length, width, height, clock, wound and behavioral therapy treatment. Clock repre-
sents the current time in ticks. The “wound” is a set of patches flagged as having
phonatory-related tissue damage while “treatment” is either voice rest (no tisue mo-
bilization), resonant voice (high vibratory stress, low impact stress) or spontaneous
speech (high vibratory stress, high impact stress).

Patchs. Patches are discrete spatial grid units in the vocal fold world. They
can represent different biological tissue types (epithelium, SLP, ILP, DLP or capil-
lary). In addition to tissue type, each patch is characterized by the state variables:

spatial coordinates, cell occupancy and damage. Cell occupancy is a boolean variable
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representing the presence or absence of a cell on a given patch. The volume of a single
patch matches the approximate dimensions of a single biological cell to simplify co-
ordination of patch occupancy. All alarm or danger biochemical signals arising from
necrosed tissue or fragmented ECM proteins following phonatory-related mechanical
stress is abstracted under an arbitrary “damage” variable. Patches with damage
act as a pseudo inflammatory mediators to attract and induce cellular inflammatory
response.

Chemicals. A total of eight pro- and anti-inflammatory cytokines, growth
factors and collagenases are considered in the model (tumor necrosis factor (TNF),
transforming growth factor (TGF), fibroblast growth factor (FGF), matriz metallo-
proteinase - 8 (MMPS8), interleukin-1 beta(IL-13), interleukin-6 (IL-6), interleukin-
8(IL-8), interleukin - 10(IL-10)). Collectively they will be referred to as chemicals.
Chemicals are modeled as discrete spatial grid units undifferentiated from patches,
with state variables characterizing the diffusivity constant and local patch concen-
tration of each chemical.

ECM. FECM managers are discrete spatial grid units undifferentiated from
a patch which contain information regarding major ECM components on a given
patch(collagen, elastin, HA). They are characterized by the state variables spatial
coordinates as well as protein content(tropocollagen, fibril collagen, fragmented col-
lagen, tropoelastin, elastin fibers, fragmented elastin, HA and fragmented HA).

Cells. A world is occupied by a group of biological cell types involved in in-
flammation and wound healing processes (platelet, neutrophil, macrophage, fibrob-

last). They are characterized by a set of state variables: remaining life, spatial
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coordinates and activation state. Cells are created with a lifespan on the order of
either hours, days or months according to the average lifespan of their given cell
type. The remaining natural lifespan is stored in units of ticks. Activation state is
a boolean variable establishing cell phenotype and/or activity level. Macrophages
have the additional attribute denoting if they originate from blood or tissue.
2.1.5 Process Overview and Scheduling

Within each tick or time step, several submodels are processed in the following
order: chemical diffusion, cell function, ECM function, synchronous attribute up-
date (Algorithm (1} Figure . Details of these modules are described in Section
2.1.9 Within each submodel, individual agents are processed serially in a stochas-
tic manner. Any changes to state variables values are stored until all agents have
executed all processes whereupon the state of all agents are updated at once. This
synchronous updating ensures the model output is independent of order in which
individual agent are processed.
2.1.6 Design Concepts

Basic Principles. Inflammation and wound healing is a multi-scale complex
biological system that involves a series of interacting cascades of signaling events
(Section. This includes coordinated signaling network of cell responses as well as
production of inflammatory signaling molecules (chemicals and ECM proteins). This
model abstracts all signaling cascades as interactions between autonomous agents
using agent rules (Section . Patient-specific calibration and validation may
provide insights about how inflammation and wound healing varies between individ-

uals.
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Emergence. In literature collective cell populations reflect events within the
wound healing signaling cascade (Figure [1.3). In the VFABM, collective cell and
ECM protein populations are similarly used as emerging outputs reflecting the as-
sembly of agents, their states and consequential interactions. Collective chemical
populations dynamics are similar to that of laryngeal secretions in reflecting average
cell response and wound healing events, however are more tightly imposed by model
rules and boundary conditions and are thus more-so built in rather than emergent.

Adaptation. Cells have adaptive traits that change in response to changes
in their own states or their environment. These include chemical/ECM synthesis
rate, proliferation rate and activation probability, which change in response to the
presence of damage as well as number of chemical and ECM protein agents. These
adaptive traits cause individuals to reproduce observed behaviors that implicitly re-
flect different phenotypic states cells undergo throughout the wound healing process.

Learning, Objectives and Prediction. Currently, individual agents do not
change their adaptive traits or learn as a consequence of experience in an attempt
to maximize some predictive objective.

Sensing. Sensing refers to state variables of other individuals and entities that
an agent can perceive and consider in decisions. In the VFABM, different agents
classes have the ability to sense different state variables as summarized in Table
[2l All sensing is local and limited to agents on the same or immediate neighboring

patches.
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Interaction. Cell-ECM and cell-chemical interactions in which individuals en-
counter and affect others are assumed to be direct. The interactions involve commu-
nication through sensing the presence and/or state variables corresponding to local
agents. Cell-cell interactions are indirect via production and subsequent diffusion of
chemotactic chemicals.

Stochasticity. A few processes within cell submodel are modeled assuming
they are partly random: activation, deactivation, death, proliferation, ECM synthe-
sis. This stochasticity is introduced to natural variability of these processes.

Collectives. Collectives are aggregation of individuals agents and represent
intermediate levels of organization. In the VFABM, collective populations are defined
as a set of chemical, ECM and cell individuals with the same agent class and type.
These collective populations are used to indicate emergent property of individuals
assembling and interacting.

Observation. Two types of data were collected from the ABM for testing and
validation. Collective cell and ECM population outputs were collected at each time
point or tick. This was to be compared to widely accepted population dynamics in
the wound healing literature [129]. Collective chemical populations were sampled
at 4 time points: baseline, immediately following phonatory loading, 4-hr following
treatment and 24 hours post baseline. This sampled data was compared to laryngeal
secretions collected in an empirical study following the same initial, loading and

treatment conditions [I].

32



2.1.7 Initialization

The VFABM initialization reflects the number and spatial distribution of cells
and ECM proteins of average healthy adult VFLP tissue in the absence of phonotrau-
matic perturbation (Table . State variables of cells, ECM and patches are set
according to user inputs. Chemicals are uniformly distributed with collective pop-
ulation reflecting baseline laryngeal secretions (no loading). Unlike cell and ECM
protein initialization, this may vary among simulations and are chosen to reflect
patient-specific baseline measurements. Tick 0 represents time immediately follow-
ing an acute phonotraumatic event. This includes injury-related ECM catabolism
(conversion of collagen, elastin, HA to their fragmented form), exudation of platelets
to and accrue of damage on patch entities within the wound site. System trajecto-
ries following tick 0 correspond to subsequent treatment, inflammation and wound
healing response.
2.1.8 Input Data

The model uses input from data files for model initialization. This input data
includes patient-specific collective chemical levels (TNF-«, TGF, FGF, MMPS, IL-
16, IL-6, IL-8, 1L-10), wound dimensions (length, depth, severity) and prescribed
behavioral treatment (voice rest, resonant voice, spontaneous speech) from laryngeal
secretions of individuals subjected to experimental phonotrauma up to 4 hrs post-
injury [101].
2.1.9 Submodels

Three modules are constructed in the VFABM, including chemical diffusion,

cell function, ECM function. As mentioned in section [2.1.4] there are four cell types
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involved in inflammation and wound healing processes: fibroblasts, macrophages,
neutrophils and platelets. The rules for each of these processes as well as cell agent
subtypes constitute a sub-model in the VFABM. Details of these sub-models are
presented in this section. A summary of the agent rules directing and flow chart
illustrating the cellular sub-models can be found in Table and Figure 2.3 re-
spectively.

Platelets. In native tissue, platelets circulate through capillaries and blood
vessels. Upon injury, platelets are rapidly deployed to the damage site whereby they
modulate imflammatory processes through secretion of cytokines (IL-18, TGF') and
other inflammatory mediators(MMPS). Platelets have a lifespan between 12 and 24
hours. This life state variable decreases with time until it reaches 0, at which time
the platelet dies and is removed.

Neutrophils. Similar to platelets, in native vocal fold tissue neutrophils move
randomly through blood capillaries where upon injury are recruited to the damage
site. Neutrophils respond to pro-inflammatory stimuli by turning on their activation
state variable. Activated neutrophils migrate along pro-inflammatory signal gradi-
ents, which triggers the pro-inflammatory kinase cascade which results in release of
pro-inflammatory cytokines (TNF-a, MMPS8). Neutrophils have a lifespan between
12 to 20 hours. Like platelets this is represented with a life state variable. This rate
of aging can change in response to mechanisms (removal of tissue debridement, high
I1L-10 levels) that can speed up apoptosis.

Macrophages. In native healthy tissue, macrophages move randomly through

LP tissue and through capillaries. Macrophages represent both pro-inflammatory and
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anti-inflammatory state signaling pathways (receptors, kinases, genes and transcrip-
tion) that drive response to and release of chemicals during inflammation. Patch
and chemical state variables contain information regarding pro-inflammatory stim-
uli sensed by macrophages. In the presence of pro-inflammatory stimuli (damage,
TNF-«, IL-13, IL-6, IL-8), macrophages migrate towards the site of inflammation
whereby they enter an activated state and release both pro-inflammatory and anti-
inflammatory mediators (TGF-3, IL-10). High pro-inflammatory stimuli activate
negative and positive feedback control systems resulting in increased production
of anti-inflammatory cytokines and inhibiting production of pro-inflammatory cy-
tokines. Macrophages originating in blood have a life span between 8 and 70 hours
while those originating in tissue have one from 60 to 120 days.

Fibroblast. Fibroblasts are located throughout the LP, predominantly within
the superficial layer or in regions withstanding high mechanical stress. In the ab-
sence of damage or inflammatory signal they move following a Brownian motion and
maintain natural ECM turnover. In the presence of necrosed or damaged tissue, they
enter a proliferative state where, based on the local environment (TNF, TGF, FGF,
IL-13, fragmented HA on surrounding neighbor patches), they have an increased
probability of proliferating. If they are within close proximity to the wound, fibrob-
last cells will migrate along any TGF gradients as opposed to Brownian motion. Low
TGF-S promotes the probability of fibroblasts entering an activated state. Activated
fibroblast are responsible for maintaining the distribution of protein and interstitial

molecules. In addition to making tropocollagen, tropoelastin and HA molecules,
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fibroblasts synthesis pro-inflammatory(TNF-a, IL-6, IL-8) and anti-inflammatory
chemicals (TGF-3, IL-10).

Extracellular Matrix. Extracellular matriz(ECM) individuals represent all
structural and regulatory proteins that makeup a cells microenvironment. These
include monomer, polymer and fragmented forms of each collagen and elastin as well
as polymer and fragmented forms of HA. Activated fibroblasts make monomers of the
proteins or tropocollagen, tropoelastin and HA. Above a given threshold tropocollagen
and tropoelastin monomeric units form collagen and elastin polymers respectively.

Collagen, elastin and HA can undergo accelerated catabolism to form frag-
mented form following high impact stress or high local TNF concentration. Ad-
ditionally, collagen catabolism can be further accelerated for high local MMPS8 con-
centrations.

Chemical Diffusion. In the VFABM, cells act as a source of cytokines and
growth factors. These chemicals diffuse from their source creating chemical gradients
to attract and facilitate directed migration of inflammatory cells to site of phonatory
damage. Through the development of the VFABM, different numerical methods
were explored to model diffusion in an attempt to increase accuracy and reduce
computational load.

A generalized partial differential equation (PDE) for diffusion in 2-dimension

(2D) is stated as

p(z,y,t)

Pplz,y,t) | Pplr,y,t)
ot -

ox? 0y?

= D(

), (x,y,t) € |a,blx[c,d]z[0,T). (2.1)
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with initial conditions

p(z,0) = po(z) (2.2)
and boundary conditions

pla,t) = ga(t), (2.3)

p(b,t) = gy(1) (2.4)

where t is a time variable, z and y are state variables, p(z,t) is an function satisfy-
ing the equation, D is the diffusion coefficient and g, g,, g» are continuous functions.
With the imposed initial conditions (equation and boundary conditions (equa-
tion , there exists a unique solution to equation . A numerical solution
can be found using finite difference schemes to approximate solutions to the PDE.
There are three basic classes of schemes for approximating p,: forward, backward
and central difference approximation.

Previous versions of the VFABM on the software system Netlogo [168], used
its built in diffusion library to simulate transient and steady-state distribution of
chemicals [I67]. Simply, for each call of the NetLogo diffusion model every patches
diffuse 50% of its chemicals equally to its 4 neighbouring patches. This method is
advantageous in its simplicity and being not computationally intensive. Addition-
ally, this scheme can simulate high spatial resolution with no restriction on time-
step. This scheme is however limited in terms of its accuracy. Computational speed
ups achieved using lower level programming language (C++) and parallelization
(OpenMP), provided an opportunity to implement a more computationally intensive

but more accurate scheme of chemical diffusion.
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An explicit FTCS (forward in time, central in space) finite difference discretiza-

tion was chosen. For a set of grid points in the domain S(z,y,t) = [a, bjz[c, d[z[0,T)

are defined as having a state step size Az = b_T“ and Ay = dﬁ: where a set of hor-

izontal and vertical lines across S yield intersection points (x;,y;,%,). A time step

size is chosen At = % or t, =nAt,n=0,..., M. The FTCS of equation is

n+1 n
Pij — Pij

Pivry — 2Pey + Py | Py — 2P P
Al *

Ax? Ay? )

= D( (2.5)

where p(i, j,n) = p};. For a = DAt/Az* and 3 = DAt/Ay?, a harmonic ansatz

er; = gre'b=rithyi) can be used to analyze the diffusion equation, giving an ampli-

fication factor g(k):

ky Az k, Ay

g(k) = 1 — 4dasin® — 4Bsin? (2.6)
A stable solutions holds true for
1
whereby the stability condition on time step is
Ax? Ay?
At < . 2.8
~ 2D(Ax? + Ay?) (28)
For the case Ax = Ay, the stability condition reads:
Ax?
At < ——. 2.9
~ 4D Ax? (2:9)
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An explicit FTCS finite difference is relatively simple, computationally fast and is
first-order accurate in time and second-order in space with its main drawback be-
ing that it must satisfy stability conditions which limit time step size. Alternative
schemes, second order accurate in time and space, such as Crank-Nicholson are sig-
nificantly more computationally and time intensive. Given diffusion is already one
of the computational bottlenecks, these schemes are not ideal. Similarly, implicit
schemes such as FTBS (forward in time, backward in space) while having no re-
strictions on time steps, are only first-order accurate in time and space where larger
time steps generate inaccurate solutions. Alternative numerical methods to further
decrease work complexity using a FFT-based convolution diffusion on a graphics
processing unit (GPU) concurrently with central processing unit (CPU) threads are

currently being explored [141].
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2.2 Hyaluronic Acid-Gelatin Tissue Scaffold Agent Based Model

The Hyaluronic Acid-Gelatin Tissue Scaffold ABM (HGABM) is an extended
version of the VFABM with additional agent rules. This section will provide an
overview of difference in work flow and logic than that of the VFABM outlined in
Section 2.1
2.2.1 Purpose

The HGABM is used to simulate cellular level dynamics of new tissue formation
and remodeling processes in a PEGDA crosslinked thiol-modified HA-Gtn hydrogel
for vocal fold reconstruction. The HGABM aims to couple hydrogel parameters with
viscoelastic, biochemical properties and cellular proliferative/synthesis response. The
goal is to predict cellular phenotype over time to help identify the most significant
hydrogel parameters for design optimization.
2.2.2 Programming Environment

The model was implemented on the same platform and programming languages
as described in section 2.1.2
2.2.3 Scale and Environment

The HGABM represents a 3D HA-Gtn hydrogel construct seeded with vo-
cal fold fibroblasts (Table 2-3)). Similar to the VFABM, the space is discretized
into 0.015mm x 0.015mm x 0.015mm patches. The dimensions of the world is
3mm X 3mm X 3mm. However, given constraints in computational complexity and
execution time the world structure was limited to a subset of the entire world, rep-
resenting 0.6 mm x 0.6 mm x 0.6 mm. Each tick or time step represented 30 minutes

while the entire time course of the simulation was set at 9 days.
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2.2.4 Entities, State Variables and Scales

As mentioned previously, the HGABM is an extension of the VFABM. Many
of its entities and state variables are a subset of those in the VFABM (Section [2.1).
The HGABM contains five different agent classes: world(environment), patches (spa-
tial unit), chemicals (spatial unit), ECM (spatial unit), cell (individual) and agent
populations (collective). Although a large number of state variables are the same
as those in the VFABM, there are some differences (Table 2-1]). Variables related
to behavioral treatment, wound and capillary are no longer applicable. Attributes
related to macrophage, neutrophil or platelet cell agent type are not included while
additional patch attribute type HA-Gtn and associated mechanical and biochemical
properties were added.
2.2.5 Process Overview and Scheduling

The HGABM follows the same process and scheduling as the VFABM (Section
as outlined in Algorithm |1, Additional agent rules integrating cell signalling
from scaffold viscoelastic and biochemical properties are summarized in Table
and illustrated in Figure [2.4]
2.2.6 Design Concepts

Basic Principles. Tissue scaffolds mimic the ECM of native tissue encour-
aging cell attachment, migration, delivery/diffusion of biochemical factors and exert
mechanical and biological influences to direct cell behavior for 3D tissue formation.
Similar to inflammation and wound healing in vivo, this requires a signaling net-

work of cell response to HA-Gtn and production of inflammatory signaling molecules
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(chemical, ECM proteins). Empirical calibration and validation may provide insights
how variations in scaffold composition can influences tissue formation in vitro.

Emergence. Similar to the VFABM, collective agent populations emerge from
traits and behaviors of individuals. Cell and ECM proteins populations are expected
to vary in complex and unpredictable ways in response to changes in individuals
characteristics or environment to reflect formation of new functional tissue. Collec-
tive chemical populations are more tightly imposed to reflect changing culture media
and less dependent on individual behaviors.

Adaptation. Cells have similar adapative traits outlined as outlined in the
previous section. These traits reflect different phenotypic states fibroblasts can enter.

Learning, Objectives and Prediction. Individual agents do not learn from
experience nor change adaptive traits over time.

Sensing. Agents’ ability to sense state variables of nearby agents is the same
as those in the VFABM (Table [2-2).

Interaction. Cell-ECM and cell-chemical interactions are assumed direct and
achieved through sensing while cell-cell interactions are indirect via production of
chemical mediators.

Stochasticity. Activation, deactivation, death, proliferation and ECM syn-
thesis processes within the cell submodel are modeled as partly random to introduce
variability.

Collectives. Collagen and fibroblast cell agents form collective aggregation

indicating assembly and interaction of individuals during new tissue formation.
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2.2.7 Initialization

The initial state of the model world represents a fibroblast seeded 3D HA-Gtn
scaffold submerged in culture media for 24 hours (Table 2-3). The initialization
remains the same among simulations although initial patch state variables corre-
sponding to scaffold composition may vary among simulations according to input
data.
2.2.8 Input Data

The model uses input from external data files to direct model initialization. The
input data include culture media collective levels, half lifes and diffusivity constants
of chemical agents (TNF-«, TGF, FGF, MMPS8, IL-13, IL-6, IL-8, IL-10), number
of immortalized cells (fibroblast), volume of 1% (w/v) HA, volume of 1% (w/v) Gtn,
volume of 1.67% (w/v) PEGDA.
2.2.9 Submodels

The fibroblast, ECM and diffusion submodels outlined in Section in the
VFABM remain the same in the HGABM.
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Figure 2.1: Three dimensional rendering of (a) vocal fold (b) Vocal Fold Agent
Based Model.
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Table 2—1 Vocal Fold ABM and HA-Gtn ABM agents and state variables.

Vocal Fold ABM HA-Gtn ABM
Agent State Variables State Variables
World Length Length
Width Width
Height Height
Clock Clock
Treatment (Voice Rest, Resonant | -
Voice, Spontaneous Speech)
Wound (Length, Depth, Severity) -
Patch Health Health
Type (Tissue, Epithelium, Capillary) | Type (HA-Gtn, Tissue)
Spatial Coordinates Spatial Coordinates
Occupancy (None, Fibroblast | Occupancy (None, Fibroblast)
Macrophage, Neutrophil, Platelet)
Damage Damage
- Composition(PEGDA, HA, Gtn conc)
- Elastic Modulus
- Crosslink Density
= Swelling Ratio
- Mass Loss
- Pore Width
Chemical Chemical concentration(TNF, TGF, | Chemical concentration(TNF, TGF,
FGF, MMPS8, IL18, IL6, IL8, IL10) FGF, MMPS, IL13, IL6, IL8, IL10)
Chemical Diffusion coefficient Chemical Diffusion coefficient
Fibroblast chemogradient (TGF) Fibroblast chemogradient (TGF)
Macrophage chemogradient (IL173, | -
TNF, TGF, FGF, IL6, IL8, frag. col-
lagen)
Neutrophil  chemogradient  (IL15, | -
TNF, TGF, FGF, frag. elastin)
ECM tropocollagen content tropocollagen content
Collagen content Collagen content
Frag. collagen content Frag. collagen content
tropoelastin content tropoelastin content
Elastin content Elastin content
Frag. elastin content Frag. elastin content
HA content HA content
Frag. HA content Frag. HA content
Cell Age Age
Type (Fibroblast, Macrophage, Neu- | Type (Fibroblast)
trophil, Platelet)
Location Location
Activation State Activation State
Origins (Blood or tissue) -
- Migration Speed
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Algorithm 1 Overview of Vocal Fold Acute Phonotrauma ABM.

1: procedure VFABM

2:

3:

10:

11:

12:

Initialization of patches
Initialization of chemicals
Initialization of cells
Initialization of ECM
Initialization of damage
while time < 1lday do

Diffuse Chemicals

Cell Function

ECM Function

Update Attributes

return

> Cell, ECM, Patch and Chemical Attributes
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Figure 2.2: Flowchart of Vocal Fold Agent Based Model.

Modified from [102].
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Table 2—2 Vocal Fold and HA-Gtn ABM agent sensing abilities.

Agent Class
World Patch Chemical ECM Cell

State Variables

World Length

Width

Height

Clock

Treatment (Voice Rest, Resonant
Voice, Spontaneous Speech)
Patch Health X X
Type (Tissue, Epithelium, Capil- X X X
lary)
Spatial Coordinates X X X X
Occupancy  (None, Fibrob- X X
last Macrophage, Neutrophil,
Platelet)

Damage X
Composition(PEGDA, HA, Gtn
cone)

Elastic Modulus

Crosslink Density

Swelling Ratio

Mass Loss

Pore Width

Chemical | Chemical  concentration(TNF, | x X X
TGF, FGF, MMP8, IL1j, IL6,
IL8, TL10)

Chemical Diffusion coefficient X X
Fibroblast chemogradient (TGF) X X
Macrophage chemogradient X X
(IL13, TNF, TGF, FGF, IL6,
IL8, frag. collagen)

Neutrophil chemogradient (IL1f, X X
TNF, TGF, FGF, frag. elastin)
ECM tropocollagen content

Collagen content

Frag. collagen content
tropoelastin content

Elastin content

Frag. elastin content

HA content

Frag. HA content

Cell Age

Type (Fibroblast, Macrophage,
Neutrophil, Platelet)

Location X
Activation State X
Origins (Blood or tissue)
Migration Speed
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'x” represents state variables of local agents each agent class can perceive and
consider in decisions.
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Table 2—3 Vocal Fold ABM and HA-Gtn ABM initialization.

Vocal Fold ABM HA-Gtn ABM
Parameter Default  Units Default  Units
Value Value
Time Scale
Time Step 0.5 Hours 0.5 Hours
Time Horizon 24 Hours 216 Hours
‘World Dimensions
Length 24.9 mm 3 mm
Width 1.6 mm 3 mm
Height 174 mm 3 mm
Lamina Propria Morphology
LP Wet Weight 1 g WwW
Epithelium Thickness 0.05 mm
Capillary Radius 0.045 mm
SLP width 13 % of width
ILP width 51 % of width
DLP width 36 % of width
Cellularity
Fibroblast 16.4 10% per gww | 1 10° cells/mL
Macrophage 1.3 108 per g ww
Myofribroblast 3.1 108 per g ww
Neutrophil 2.3 10 per g ww
Behavioral Therapy Treatment
Voice Rest Vibratory Stress (VRVS) 0 AU
Voice Rest Impact Stress (VRIS) 0 AU
Resonant Voice Vibratory Stress (RVVS) | 5 AU
Resonant Voice Impact Stress (RVIS) 10 AU
Spontaneous Speech Vibratory Stress | 10 AU
(SSVS)
Spontaneous Speech Impact Stress (SSIS) | 10 AU
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Table 2—4 Overview of chemical agent rules.

Chemical Cell Agent Source Function in ABM
Agent
VFABM HGABM
Inhibit expression of TNF-« in fibroblasts
Fibroblasts Activate resting fibroblasts
TGF-81 Macrophages | Fibroblasts | Mitogenic to fibrobalsts (proliferation)
Neutrophils Chemotactic to fibroblasts
. Mitogenic to fibroblasts (proliferation)
Fibroblasts .
bFGF Ml FODISES | Fibroblasts Stimulate fibroblast migration
acrophages
Stimulate fibroblast expression of TGF-3
Fibroblasts Mitogenic to fibroblasts (proliferation)
TNF-« Macrophages | Fibroblasts | Stimulate fibroblast expression of IL-6
Neutrophils Induce tissue damage
Macrophages . . . .
IL-18 Platelets Mitogenic to fibroblasts (proliferation)
Fibroblasts . o o e
IL-6 Macrophages | Fibroblasts Stimulate collagen synthesis in fibroblasts
Fibroblasts o ..
IL-8 Macrophages | Fibroblasts Inhibit collagen synthesis in fibroblasts
Inhibit expression of TNF-« in fibroblasts
Inhibit expression of IL-6 and IL-8 in
fibroblasts
IL-10 Macrophages Stimulate fibroblast expression of TGF-3
Inhibit activation of neutrophils and
macrophages
VNP Platelets ]f)egrades collagen to produce collagen
) Neutrophils ragments
Collagen Fibroblasts | Fibroblasts Repair tissue damage
Elastin Fibroblasts | Fibroblasts Repair tissue damage
Repair tissue damage
Inhibit expression of TNF-a and IL-8 in
HA Fibroblasts | Fibroblasts | LProblasts o
Fragments are mitogenic to fibroblasts
(proliferation)

Adapted from [102]. Refer to Appendix A Figure for full list of agent rules.
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Figure 2.3: Flowchart of cell function.
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Table 2—5 Overview of HA-Gtn Agent Based Model agent rules.

Design Parameter

1 Total Protein (% w/v)
T HA (% w/w)
1T PEGDA (% w/w)

J Thiol:Double Bond

T HA (% w/w)
1 Time (Hours)

1+ HA (% w/w)
1 Time (weeks)

L HA (% w/w)

Scaffold Properties

1 Elastic Modulus (Pa)

1 Crosslinking  density
(mmol/mL)

1 Swelling Ratio (w/w)

1 Mass Loss Fraction (%)

1 Pore Size (pm)

Function in ABM

" Decreases Vocal Fold Fibroblast

migration speed
Increases fibroblast synthesis rate
of collagen, elastin and HA

Increase in shear modulus

Increased retention of water and
diffusion of oxygen and nutrients

Instable hydrogel degrades, re-
placed with cell-synthesized ECM
proteins

Decreases fibroblast synthesis
rate of collagen, elastin and HA
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Figure 2.4: Flowchart of HA-Gtn Agent Based Model.

Modified from [102].
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2.3 Agent Based Model Analysis for Verification and Validation

The above proposed VFABM (Section has 213 model parameters to be
considered for model calibration (Table . Given the time and labour inten-
sive nature, manual or human-guided exploration of parameter and solution space
is infeasible. Systematic, automated and unbiased approaches can greatly simplify
this exploration strategy [97]. Sensitivity analysis (SA) refers one type of system-
atic input-output space exploration to identify parameters for which small variations
most impact model output. This can then be used to perform factor fixing or reduc-
tion of insensitive parameters to numerical constants is often used to reduce model
dimensionality allowing for improved model accuracy, reduction of output variance
and model simplification. There exist different SA methods, best suited according
to model complexity, simulation time and range of parameter space to be explored
(Figure . A few sophisticated sensitivity analysis methods for solution-space
exploration have been applied to ABMs [77]. These include one-parameter-at-a-
time (OAT), standardized regression coefficients and variance-based decomposition
[153, [77]. Each of these methods are best suited to different SA aims as outlined in
Table R=1

Variance-based methods are advantageous in cases of non-linear, non-monotonic
models with interaction among factors that require full range of factor variation.
However its major disadvantage is computational load from requirement of a large
number of model evaluations (Table Figure . Consequentially for high di-
mensional and non-linear models, OAT and variance-decomposition methods are

commonly used in combination for comprehensive quantitative analysis with reduced
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computational load. In the current study, OAT-based Morris and variance-based
Sobol sensitivity analyses were used for solution-space exploration of the ABM, with
the purpose of identifying of insensitive parameters for factor fixing and model sim-
plification prior to model calibration.
2.3.1 Morris Parameter Screening

The Morris method is a randomized OAT SA method. It is both an efficient
and robust technique for identifying and ranking important variables. The Morris
method can be used to classify variables into one of three groups: inputs with negli-
gible effects, inputs with large linear effects and inputs with large non-linear and/or
interaction effects. The assumption of the Morris method is that for small changes in
variable values, variables that yield the largest variation in the model output are the
most important. This is evaluated by modifying each variable individually, changing
the variable value incrementally between pairs of model simulations. Experiments
and variation direction in the input space are chosen at random. These form sam-
pling trajectories through space where several trajectories are chosen to adequately
span the parameter and solution space. From the repeated sampling, elementary
effects for each input can be estimated from which sensitivity indices are derived.

For a generalized model
y = f(X) (2.10)

where X = (z1,9,...,x) is an array of input factors under consideration. Vary-
ing the input factors across n selected levels, Y is the corresponding model output
time series or objective function. The elementary effect of its i-th parameter can

be estimated by changing the i-th parameter with step A while keeping all other
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parameters unchanged. FE;(X7) is the elementary effect of the i-th variable at the

j-th repetition, defined by

Y(zg,...,2;+ A, . xp) = Y(21,. ., 24, TE)

E;(X%) = , 2.11
(x7) : (211)
where A is the magnitude of step and multiple of ﬁ, n is the number of levels,
(x1,...,2; + A, ... xx) and (x1,...,2;,...,x,) are random sample sets within the

defined n dimensional hypercube space. There are three major sensitivity metrics
from the elementary effects: mean of the absolute value (x}), mean (u;) and standard

deviation (o;). These are given by

1 — .
*__ i ¥ ‘:
ui—TZ‘EZ(X),z 1.k, (2.12)
7=1
1 ,
i = — E(X7),1=1,...,k, 2.13
Iz r; (X7), i (2.13)

and
1 ,
;= — VIE(X?)),i=1,...,k (2.14)
R NICEON

where k is the number of input factors, r is the number of randomly sampled trajec-
tories (between 4 and 10 [I34]), u; is a measure of the average direction of dependence
of model output on the i-th feature. A positive u; value reflects positive correlations
between feature and output while negative values reflect negative correlations. In
the case where the distribution contains negative elements, the mean may not be
very useful because of self-cancellation. Thus when ranking overall factor influence

on the output, the mean of the absolute value (1) must be considered. For pf equal
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to zero, represents zero dependence of output on the i-th feature is suggested. Addi-
tionally, if ] and ; are equal, the output is understood to have a linearly monotonic
dependency on the i-th feature. The o; reflects any non-linear interaction effects of
the i-th feature with other factors. For zero value o;, a feature is said to have a
linearly dependency while a magnitude equal to uf or coefficient of variance (o;/u)
reflect high non-linearity.
2.3.2 Sobol Sensitivity Analysis

Sobol is a Monte Carlo variance-based sensitivity analysis method which assigns
Sobol sequences such that successive points are chosen with prior knowledge of previ-
ously sampled points. It uses a Sobol quasi-random sequence generator to produce a
uniformly distributed set of points in the N-dimensional unit cube [75]. This method
outperforms crude Monte Carlo sampling methods in the case of multi-dimensional
exploration, especially in the case of ABM [92].

Sobol sensitivity measures are based on the decomposition of variance (V') of
model output, y. For a generalized model (Equation , the Hoeffding decom-
position [7] can be used for functional decomposition into constituent components

using

F=fod fit DD fit ot fro (2.15)

i g>1
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where f; = f;(X;), fi; = fi;(Xi, X;) for a total of 2F terms. The constituent compo-

nents are obtained from

fi=Ex . (Y|X;) — E(Y), (2.16)
fii=Ex ,(Y|X:, X;) = fi — [; — E(Y).

The Sobol method postulates the variance of model output y can be decomposed

using

V= Vit Y > Vij+ .+ Vio i, (2.17)

i >t

where

V;j = VXinj (EX ij (YlXMXJ) - Vi— VJ (2'19)

Here V(.) is variance, E(.) is expectation, Vy,[Ex ,(Y|X;)] is the expected reduction
in variance for fixed X; and Vi, x,(Ex ,(Y|X;, X;) is the expected reduction in
variance for fixed X; and X;. Normalizing equation by the unconditional output

variance V yields
1= "Si+> Y Sij+ ..+ S (2.20)
i i i

The sensitivity metrics can be defined as

S, = % 1<i<k, (2.21)

58



and

and similarly for higher orders. These can be used to determine two common sensi-
tivity indices: the first order index or main effect (.S;) and the total sensitivity index

or total effect (St;)

Sri=Si+> S+ Skt (2.23)
J J ok

where S; represents the average output variance reduction achieved when X is fixed
and S7; represents the output variance for unknown X; or total contribution of X;
to output variance [152]. The difference between Sp; and S; indicates the strength
of variable interaction between the i-th and other factors.

While first order effects are weakly dependent on k and computationally eco-
nomical, estimating higher order effects is strictly k-dependent and is very expensive
(Table . Approaches such as using meta-modeling, emulators or sample-based
have been used to estimate total sensitivity indices. The best estimator has been
reported to be the Sobol Jansen estimator [132] (Table 2-9). Therefore it is the one
used in the current study.

2.3.3 Sensitivity Index for Correlated Factors

In the Sobol sensitivity analysis method, inputs are assumed to be independent.
As such, there exists a unique decomposition scheme, given by equation 2.15 In
the case of dependent or correlated factors, the response variance for a given factor
may be influenced by its dependence on other inputs. Consequently, it is misleading

and difficult to interpret classical Sobol sensitivity indices for dependent variables.
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Although it has been reported that the factor priority setting, Vj, constitutes a
proper metric whatever the correlation and interaction structure of the model [133],
it ignores possible emergent interaction effects. Alternatively, Saltelli and Tarantola
[133] proposed an adjusted sensitivity index or figure of merit (M;) given by

Ve = Ve

Mj = S(R;)(1 — mazjeu)|ci| (1 + VNC

)2 (2.24)

where R; is the rank of candidate factor from sensitivity index S;, S(R;) is a Savage
score [137], ¢;; is the correlation coefficient of factors X; and X, VT; refers to the
partial total order variance the i-th factor, V; refers to the first order partial variance
of the i-th factor, V refers to the unconditional variance of the output y, NC' refers
to sensitivity indices for the the non-correlated case. The M, coefficients act as
a relative sensitivity metric adjusted for correlated parameters. It can be used in
identification of smallest number of factors to fix to achieve a target reduction in
output variance. This is achieved by penalizing a candidate factor proportional to
the degree of correlation or prized depending on its interaction effects with other
factors. The M; have empirically been shown to be most effective when prize for
interaction is squared [I33]. The method proposed by Saltelli and Tarantola [I33] of
using M; to quantitatively identify significant parameters for the correlated factor
case involves the following four steps:
1. “Rank factors in order of importance using V; to obtain a sequence Vg1, Vga, ..., Vg
where Vg1 > Vizy > ... > Vi, If Vg1 > V — V. where Vj,, is the target re-
duction in variance, Xg; is identified as the only sensitive parameter. If not,

continue to step 2
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2. Compute the reduction in variance if Xp; and X; are fixed (Vz1;), where X
is the factor that exhibits the highest figure of merit. If Vzi; > V — Vj,,, then
fixing factors (Xgi, X;) would reduce the variance of Y to equal or smaller
than the target variance. Otherwise go to step 3

3. Compute the reduction in variance if Xz, X;, X,, are fixed (Vgijm), where X,
is the factor that exhibits the next highest figure of merit. If Vg1, > V Vi,
then (X1, X;, X,,) are the most significant parameters enabling V;ar reduction
in unconditional variance.

4. Continue fixing additional factors in order of highest figure of merit until target
reduction in variance is achieved.”

2.4 Model Calibration and Validation

All models are abstracted representations of real systems. While they the ab-
stracted model and the real system are fundamentally different, abstracted models
can still useful in their approximation of these real systems. It is important to de-
fine conditions under which these approximations are accurate and useful. This is
accomplished through different model verification and validation methods. Model
verification refers to if the model is implemented correctly while model validation
refers to the accuracy and consistency in which a computerized model represents the
system of study within its intended application.
2.4.1 Multivariate Calibration

One objective of this research project is to develop a model to predict patient-
specific biomarker population dynamics and population response. Consequently, it

should have the capacity to predict biomarker profiles that reflect both events of
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real system inflammation and wound healing processes as well as inter-patient vari-
ability. Inter-patient variability may arise due to differences in vocal fold geometry,
behavioral therapy compliance, variability in phonatory stress susceptibility and ac-
cumulation of acute inflammatory response. These factors contribute to the system
and agent heterogeneity necessitating model calibration for accurate predictions.
Calibration is the systematic adjustment of model parameter estimates such
that model outputs more accurately reflect real system benchmark biomarkers. The
calibration steps include: 1) identify inputs, 2) identify calibration targets and 3)

define goodness of fit. Top ranked parameters following sensitivity analysis (Section

2.3.1} [2.3.2| and [2.3.3)) will be included in the calibration parameter set with the rest

being fixed as constants. The calibration targets are cytokine measures from human
patients following phonatory loading matching that of our treatment groups [1]. We
define a goodness of fit to be minimizing the weighted mean percentage deviation
(w) between model and real system measures given by

n *
. Yi — Y;
w = W;
*
=1 ¢

Y

(2.25)

where w; is the weight assigned to the i-th endpoint, n is the number of endpoints,
y; is the model-based estimate of the i-th endpoint and y; is the data-based target
value of the i-th endpoint. For our purposes, we have three time points at 1, 4 and 24
hours with all time points weighted equally. The approach of minimizing deviations

was chosen due to its ease of implementation as well as capture magnitude deviation.
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2.4.2 Predictive Validation

Model validation is an essential step to ensure the clinical relevance of the model.
Validation ensures that the model is sufficiently accurate. There exists various types
of validation: data, white box, visual check and black box. In this study, black box
validation methods were used where for a model under the same conditions (inputs)
as the real world system, outputs should be sufficiently similar assuming there is
accurate real world data. Although this approach does not guarantee absolute con-
fidence for the currently limited data, it is a good first approximation. In the ABM,
validation can be accomplished at three levels: the level of individual response (in-
dividual dynamic), the level of the behavior of a population with respect to intrinsic
variables (population dynamic), and finally the behavior of the population with re-
spect to an intervention (population response). In this study, we are interested in
the population response as those are measurable behavior in voice clinical and our
current benchwork.

Our verification and validation of the VFABM focused on predictive and simu-
lation potential of model to simulating population dynamics and comparing results
to trends in literature. Predictive capacity of the calibrated HGABM focused on
population dynamics of collagen, fibroblast and total protein as well as response of

these population to changes in initial conditions defined by HA-Gtn composition.
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Table 2—6 Overview of Vocal Fold Agent Based Model parameters.

Resonant Voice vibratory stress
Resonant Voice impact stress

Spontaneous Speech vibratory stress
Spontaneous Speech impact stress

Platelet recruitment to tissue
Neutrophil recruitment to capillaries

High TNF threshold
High MMP8 threshold

Neutrophil recruitment interval

Neutrophil recruitment

Damage-regulation neutrophil recruitment
Macrophage recruitment to capillary interval
Macrophage recruitment to capillary
Damage-regulated macrophage recruitment
Macrophage recruitment tissue interval
Macrophage recruitment to tissue
Fibroblast recruitment interval

Fibroblast recruitment

Damage-regulated fibroblast recruitment

Probability of TNF-mediated activation
Probability of deactivation

Probability of TNF-mediated activation
Probability of deactivation

IL10 inhibition of viability

Probability of death

TGF stimulated proliferation
Probability of proliferation

Probability of TGF-mediated activation
Probability of deactivation

Collagen synthesis interval

Elastin synthesis interval

HA synthesis interval

trNF
t vvips

10
10

0.01
0.01

25
50
25
12
12

2, 200]
0.1, 10]

[1, 100]
1, 100]

0.2, 20]
0.8, 80]
0.001, 0.1]
[0.4, 40]
0.1, 10]
0.001, 0.1]
(0.6, 60]
0.1, 10]
1.2, 120]
[0.1, 10]
0.0001, 0.1]

(10, 1000]
0.3, 30]

[2.5, 250]
0.001, 0.1]
[0.001, 0.1]
1, 100]

0.1, 10]
[2.5, 250]
[5, 500]

[2.5, 250]
1.2, 120]
1.2, 120]
0.1, 10]

Cells
Cells
AU
AU

Cells
AU
Hours
Cells
AU
Hours
Cells
Hours
Cells

%
AU

%
%
%
Hours
Hours
Hours

Refer to Appendix B for list of chemical agent parameters.
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Table 2—7 Evaluation of sensitivity analysis methods with respect to analysis aims.

SA Type

Sensitivity Analysis Aim

Rating

Evaluation

OAT

Examine Patterns

Examine Robustness

Quantify Output Variability

+

+/-

Qualify effect of individual parameter
changes on emergent patterns giving
insight into model monotonicity, non-
linearities, tipping points.

Display robustness of patterns to individ-
ual changes. Does not include interaction
effects.

Does not consider interaction effects and
consequentially variability.

Regression-
Based

Examine Patterns

Examine Robustness

Quantify Output Variability

+/-

+/-

+/-

Descriptive relationships of model out-
put, providing insight into model behav-
ior. Conditional on regression model fit.
Descriptive relationships provide insight
into robustness accounting for interaction
effects. Conditional on if good fit is found.
Output variance decomposed attributed to
(combination of) parameters. Conditional
on fact good fit is found.

Variance-Based

Examine Patterns

Examine Robustness

Quantify Output Variability

Averaged effect of parameter over param-
eter space. Does not explore patterns
within space.

Does not describe robustness of output,
but instead the effects.

Decompose output variance attributable
to (combination of) parameters

+ = Well suited, - = Poorly suited for SA Aim. Modified from [I53].
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Table 2—8 Morris and Sobol sensitivity analysis applicability.

Sensitivity Analysis Method Morris Sobol
SA Type OAT Variance-based
Sampling Strategy Monte-Carlo Sobol quasi-random
Computational Requirement n(k+1) n(2k + 2)

Cheap Expensive
Sensitivity Measure Screening Quantitative

Variance Decomposition

Global Measure Yes Yes

Qualitative Quantitative
Applicability Model-Independent ~ Model-Independent
Reliability High High

Modified from [I71].
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Table 2-9 First (.S;) and Total (S7;) sensitivity index equations for variance-based
Sobol methods.

Vx,(Ex ,(Y|X;)) for S; Reference
& Zoe f(A) 1 (BY); — 18 Sobol [151]
V(Y) = 55 SN (F(B); — F(AD);)? Sobol Jansen [S0]
Ex ,(Vx,(Y|X ;)) for Sr; Reference
1 (A);(F(A); - F(A);) Sobol [I51]
= (f(A); — F(AD))2 Sobol Jansen [80]

Modified from [I32]. Sampling matrices A and B with generic elements a;; and bj;,
1 <i<kand1l < j < N where k is the number of factors and N is the number

of simulations. Matrix Ag)(BX)) where all columns are from A (B) except column @
from B(A).
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CHAPTER 3
Experimental Methods

Training and testing data is required to calibrate the proposed ABM prior to
model validation and verification. In vitro experimental methods are advantageous
when generating training and testing data because of the ease of culture, relatively
inexpensive as well as high throughput and high reproducibility. For this study, the
HGABM models remodeling processes in a PEGDA crosslinked thiol-modified HA-
Gtn hydrogel. As such, in vitro methods were used to quantify cellular behavior
in HA-Gtn hydrogels with a wide range of biomechanical and chemical properties
to train and test the HGABM. Quantitative empirical results regarding collagen, fi-
broblast and total protein concentration in fibroblast seeded HA-Gtn constructs was
required for the calibration and validation of the HGABM (Section 2.2]and [2.4). This
chapter outlines the experimental methods taken to synthesize PEGDA crosslinked
HA-Gtn hydrogels from components in variable concentration and characterize cel-
lular response in vitro.

3.1 DMaterials

Thiolated HA (Glycosil or CMHA-S, MN = 200 kDa kDA, 40 % thiolation), thio-
lated Gtn (Gelin-S or Gtn-DTPH, MN = 25kDa, 40 % thiolation) and poly(ethylene
glycol) diacrylate crosslinker (PEGDA MW 3400 g - mol™!) were purchased from ES-
[Bio (Alameda, CA, USA). Dulbecco Modified Eagles Medium (DMEM), MEM Non-

essential Amino cid Solution (NEAA), Fetal Bovine Serum (FBS), sodium pyruvate
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(SP), Penicillin/Streptomycin Solution (P/S), 0.25% Trypsin EDTA solution, Dul-
beccos Phosphate Buffered Saline (PBS) were purchased from Sigma Aldrich (St
Louis, USA).
3.2 Human Vocal Fold Fibroblast Cell Culture

Immortalized human vocal fold fibroblast (ihVFF) were grown in DMEM cell
culture medium with 5% (v/v) FBS, 1% (v/v) 1X NEAA, 1% (v/v) SP, 1% (v/v)
P/S at 37°C in a humidified atmosphere with 5 % CO2 and 95 % air. Fresh media was
replaced every 3 days. Immortalized cells were used because they are a reproducible,
characterized [156], and easily obtainable source of human vocal fold fibroblasts
(hVFF) relative to primary human vocal fold fibroblasts.
3.3 HA-Gtn Fabrication and and Cell Encapsulation

A semisynthetic ECM hydrogel based on cross-linked CMHA-S and Gtn-DTPH
was prepared as per the recommended manufacturer’s protocol [44]. In short, firstly
CMHA-S and Gtn-DTPH were allowed to reach room temperature. Under aseptic
conditions, 1 mL of degassed, deionized water (DG) water was added to each vial
using a syringe and needle. The vials were inverted and gently vortexed to fully
dissolve. A solution containing CMHA-S and Gtn-DTPH was prepared by mixing
1% (w/v) CMHA-S and 1% (w/v) Gtn-DTPH in volumetric ratios of 2:1, 5:1 and
10:1 (referred to as GH2, GH5, GH10 respectively). Cells were added to the HA-Gtn
mixture for a final concentration of 1 x 10%cells/mL. A crosslinker, PEGDA, was
added to the HA-Gtn-cell solution for a final crosslinker concentration 0.25% (w/v)

and prepared for homogeneity. Cell-gel constructs were grown in ihVFF cell culture
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medium described in Section with added 1% (v/v) ascorbic acid and changed
every 3 days.
3.4 Biochemical Analyses
3.4.1 Total Protein Assay

The total protein concentration in the culture medium was measured using a
Bradford Protein Assay following the manufacturer’s protocol (Quickstart, Bio-rad).
Unknown samples were mixed with Bradford working reagent followed by incubation
for 5min at room temperature. The total protein concentration was quantified by
reading the absorbance of the unknown sample along with standard curve from known
protein standards.
3.4.2 Soluble Collagen Assay

The amount of deposited collagen at specified time intervals was quantified us-
ing the Sircol Collagen Dye Binding Assay kit (Biocolor Assays). The recommended
manufacturers protocol was followed [14]. Briefly, at the time of sacrifice hydrogel
samples were transferred to screw top vials, weighed, flash frozen in liquid nitrogen
and stored at —80°C. For acid-pepsin extraction, samples underwent incubation in
1 mL acid-pepsin solution (0.1 mg/mL 0.5M acetic acid pepsin) at —80°C for 24 h.
Following incubation, samples were sonicated for 30 min followed by centrifugation
at 14500 rpm for 15 min after which the acid extract were passed through a 0.4 pm
filter. Acid Neutralizing Reagent (TRIS-HCl, NaOH) and cold Isolation and Con-
centration Reagent (Polyethylene glycol in TRIS-HCI, pH 7.6) were added to 0.5 mL
acid extracts. Tubes were mixed by inversion then incubated in an ice-water mix at

4°C for 48 h. Samples were centrifuged at 12 000 rpm for 10 min and supernatant was
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slowly removed to precipitate collagen from the acid extract solution. Afterwards,
0.5 mL of Sircol Dye (Sirius Red in picric acid) was added to each sample tube and
mixed in a mechanical shaker for 30 min. The collagen-dye pellet was precipitated
by centrifugation at 12000 rpm for 10 min and dissolved in alkali releasing reagent
(0.5M NaOH). The absorbance of the sample was measured at 540 nm using a mi-
croplate reader (Molecular Devices Spectramax Mb5) at 502/523 nm. The absorbance
of the sample against a known standard curve were used to determine the amount
of collagen.
3.4.3 Cell Proliferation Assay

To evaluate cell proliferation, quantification of DNA was performed using the
PicoGreen double-stranded-DNA quantification kit (Invitrogen). At time interval of
interest, the 3D cell-hydrogel construct was suspended in an extraction buffer (1 N
NH40H, 0.2% (v/v) Triton x-100) and treated with a tissue disrupter to release
DNA. The extract was used for the PicoGreen assay following the manufactuers in-
structions [76]. In short, TE buffer (10mM Tris-HCl, 1mM EDTA, pH 7.5) was
diluted 20 fold with sterile distilled water. Quant-iT PicoGreen reagent was diluted
200 fold with the TE buffer. The experimental DNA solution was added in equal
volumes to the aqueous working solution of Quant-iT PicoGreen reagent. The sam-
ples were then incubated at room temperature for 2min to 5min , protected from
light. The sample fluorescence was measured using a microplate reader. A standard
curve generated from a cell suspension of known density was used to determine the

number of cells.
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3.4.4 Viability Assay

Cell viability was determined using a two-probe fluorescence LIVE/DEAD Vi-
ability /Cytotoxicity Assay kit (Molecular Probes) for mammalian cells. The two
probes Calcein AM and Ethidium homodimer-1 (EthD-1) measure intracellular es-
terase activity and plasma membrane integrity and as such are used to identify live
and dead cells respectively. Cell viability was measured following the manufacturer’s
protocol [126]. In short, samples were washed in D-PBS for three times for 5min
to remove serum esterase activity in serum supplemented growth media. A working
solution (2pM calcein AM and 4 pM EthD -1 in tissue culture grade D-PBS) was
added to cover the 3D cell-hydrogel construct samples. Samples were incubated for
30min at room temperature in covered petri dishes. Following incubation, samples
were washed in D-PBS three times for 5min. The labeled cells were viewed under
a fluorescence microscope (Zeiss LSM710) at 525(33) nm and 664(77) nm for calcein

and EthD-1 respectively.
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CHAPTER 4
Results

4.1 Vocal Fold Agent Based Model
4.1.1 Morris Screening Plots

The VFABM had 24 measurable model outputs; 8 collective chemical popula-
tions (TNF, TGF, FGF, MMPS8, IL-1, IL-6, IL-8, I1L-10) for 3 treatments groups
(voice rest, resonant voice and spontaneous speech). The Morris screening analysis
assigned each of the 213 model parameters a qualitative sensitivity metrics corre-
sponding to each of these model outputs. Figure is a graphical representation of
sensitivity metrics of all parameters for one of the measurable model outputs; TNF
population levels for the voice rest case. Each parameter is represented on the plot
by a point with the coordinate (y, o;) defined in Section [2.3.1] Parameters with
with pf > 0 were classified as important and influential on the output. A large co-
efficient of variance (o; /4f) implies that there are interaction effects between input
¢ and the other inputs. All influential parameters display a coefficient of variance
0 < o;/uf <1, suggesting significant non-linear effects. Many of the top influential
parameters ranked by p; values in Figure were related to macrophage, fibroblast
and platelet cytokine synthesis. Less influential parameters with lower p display

higher non-linear behavior.
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4.1.2 System Dynamics for Model Outputs across Treatment Groups

Averages of absolute mean (u}) and coefficient of variation (o; /u}) metrics were
compared for different collective chemical populations and treatment groups (Figure
. Chemical populations were classified as representing proinflammatory (Figure
[.2tA, C) and anti-inflammatory system response (Figure [4.2}B, D).

The absolute mean reflects the dependence of the model output on model pa-
rameters, where higher values reflect higher dependence. The average absolute mean
varied greatly across treatment groups for both anti- and pro-inflammatory mark-
ers (Figure :A, B). Average values were significantly greater than the threshold
w: = 0.05, suggesting all chemical populations for all treatment groups are greatly
dependent on parameter estimation. Pro-inflammatory biomarkers TNF, ILS8, as
well as anti-inflammatory biomarkers TGF, MMPS8 and IL6 had significantly higher
mean y;* values for the voice rest case. Pro-inflammatory FGF and IL-1beta as well
as anti-inflammatory IL-10 output biomarkers demonstrated similar mean pu;* values
for all treatment groups.

The coefficient of variation reflects the linearity of output dependency on model
factors. The model outputs across all treatment groups demonstrated non-linear
dependency (Figure [1.2C, D). Voice rest treatment had the highest degree of non-
linearity, for both pro-inflammatory markers (TNF, IL-1beta) and anti-inflammatory
markers(TGF, MMP8 and IL6). FGF, IL8 and IL10 has similar degree of linearity

across treatment groups.
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The relative mean (u;/p;) reflects both positive/negative correlation as well as
monotonicity of the system, where p;/pf = 1 represent a linearly monotonic depen-
dency. None of the model outputs suggested linearly monotonic dependency. There
was no strong positive or negative correlation for any model output or treatment
group.

Three major types sensitivity analysis methods are available (Table , .
Information regarding system dynamics from the Morris sensitivity analysis can aid
in choosing an appropriate sensitivity analysis method with the smallest compu-
tational complexity. Given the non-linear and non-monotonic behavior of system,
it would be the best to use variance-based sensitivity analysis methods owning to
their ability of quantifying non-linear responses and full exploration of input space.
Variance-based method parameters was chosen allowing for consideration of non-
uniform factor probability distribution as well as minimization of number of model
evaluations and computational time.

4.1.3 Parameter Classification

The Morris method is not quantitative and therefore cannot be used reliably
for factor prioritization. It can however be used to fix non-influential factors within
their range of uncertainty without any effects on model output variance allowing for
significant reductions in model complexity as well as computation cost for subsequent
sensitivity analysis and model calibration. Each of 213 model parameters (Table
@ was classified as either influential or non-influential with respect to 8 chemical
populations for 3 different treatment groups (Figure . A threshold of pf <

0.05 was used to classify non-influential factors. Although this cutoff value is not
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distinctly defined in literature, 0.05 is frequently accepted for this type of analysis in
distinguishing unimportant parameters in complex models [I74]. Many parameters
related to cell activation, high chemical related damage threshold, chemical half-life
and cytokine synthesis were classified as non-influential across the three treatment
groups. Parameters related to cell recruitment, ECM synthesis and platelet cytokine
synthesis were classified as influential. The influence of stress and cell cytokine
secretion related parameters were identified as highly treatment dependent. This is
as expected given that agent-rules governing agent behavior varies between treatment
groups.
4.1.4 Sobol Sensitivity Analysis

The Morris method can only identify qualitatively important parameters with
respect to the responses of interest. The Sobol variance-based sensitivity method was
used subsequently to quantify the variance contribution of influential parameters to
model outputs. Sobol sensitivity analysis yields two sensitivity metrics for each
parameter: 1) first order (5;), and 2) total order (ST;). The first order sensitivity
metric S; = V;/V(y) is widely regarded as a proper measure of sensitivity to rank
input factors in order of importance for non-additive models with correlated input
factors [133]. The total effects sensitivity metric provides information on non-additive
contributions of factors to model dynamics. For a purely additive model we anticipate
Zle S; = 1 whereas for non-additive models with the difference between ST} and
9S; reflecting non-additive contributions.

Figure is a graphical representation of first and total sensitivity indices of

influential parameters for one of the measurable model outputs; TNF population
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levels for the voice rest case. All Sp; are significantly greater than S; indicating the
strong non-additive effects of parameters on model output. The S; do have negative
values due to their high variance relative to unconditional output variance. Addi-
tionally, the sum of all first order indices yields Zle S; > 1. This is mathematically
inaccurate and suggest correlation between various parameters. The assumption of
independent parameters is violated and the Sobol metrics are no longer an accurate
quantitative metric of parameter sensitivity.

4.1.5 Figure of Merit as Sensitivity metric

Figure shows the Sp; for model factors ranked in descending order. Boot-
strap replicates were used to approximate confidence intervals. There are fairly large
variations in total order indices with non-statistically significant differences in indices
for consecutively ranked parameters. This further highlights the fact that Sobol total
order indices alone are not an adequate measure of factor ranking. Figure shows
the total order sensitivity indices ranking in descending order and the figure of merit
(M;). The adjustment by the figure of merit as a sensitivity metric takes into consid-
eration factor correlation and interaction. The relative importance of factor changes
greatly, suggesting great correlative and interactive effects and the importance of
considering them when performing sensitivity analysis.

A Figure of Merit was used as the sensitivity measure for model parameters
(Table . Pro-inflammatory response reflected by TNF, FGF, IL-138 and IL8
model outputs were greatly sensitive to cell chemical synthesis, specifically fibroblast
TGF, IL8, IL6 synthesis and neutrophil MMP8 synthesis. Additionally, neutrophil

and macrophage recruitment as well as collagen synthesis, elastin synthesis and high
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TNF damage were the most significant parameters. Anti-inflammatory response
given by TGF, MMPS, IL8 and IL10 model outputs were most sensitive to fibrob-
last TNF, TGF and IL8 synthesis, neutrophil MMPS8, macrophage TNF, IL10 and
platelet TNF synthesis. In addition, neutrophil and macrophage recruitment were
among the most significant events modulating anti-inflammatory response. The iden-
tification of these key factors allow for model simplification and reduction in number
of parameters requiring calibration prior to validation.
4.2 HA-Gtn Scaffold Agent Based Model
4.2.1 Overview

The HA-Gtn Scaffold ABM (HGABM) is an extension of the existing VFABM.
The HGABM maintains all cell and ECM related agent rules within VFABM while
integrating mechanical and biochemical characteristics created by crosslinked thio-
lated HA-Gtn hydrogels and cellular response. Manual adjustment of top ranked
sensitive parameters from Sobol analysis were used to conduct comparative calibra-
tion minimizing deviations against experimental data. Under the hypothesis that a
model is validated when for the same input conditions the real system and simula-
tion will have sufficiently similar outputs, first pass attempts at black box predictive
validation were conducted against the real system in vitro experimental data.
4.2.2 Event Validation

Various validation techniques are available for model verification and valida-
tion. Prior to the integration of the mechanical, viscoelastic and biochemical cues

pertinent to the biomaterials, event validation was conducted as an initial validation
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of in vivo VFABM against general inflammation response dynamics. Event vali-
dation uses occurrences of benchmark events in simulation model and compare to
those of the real system to determine if they are similar. Predominant cell types
present at various stages of inflammation are well documented in literature. In
general, neutrophils predominate the first several days following injury after which
they disintegrate and disappear 24 - 48 hours following migration. They are then
replaced by monocytes through chemotactic factors from vasculature. Monocyte mi-
gration continues for days or weeks following injury, whereupon they differentiate
into macrophage cell types. It is important to note that the intensity and time vari-
ables of cell recruitment are highly dependent on tissue type as well as on the severity
of injury. A comparison between VFABM and reports in the wound repair literature
(Fig and show that there are notable similarities in cell populations over
time. Namely, the VFABM captures the dynamics in the recruitment of platelets,
neutrophils, macrophages followed by fibroblasts in a sequential fashion as reported
in wound repair literature.
4.2.3 Face Verification

Time-varying HA-Gtn hydrogel properties and consequential biomechanical cues
such as elastic modulus, swelling ratio and mass loss in the HGABM were bench-
marked against those found in literature. The HA-Gtn hydrogels follow rules of
mixture, where gelatin acts to dilute HA concentration. As such for decreasing
Gtn:HA volumetric ratios there is a lower elastic modulus (Fig[4.7). The mechanical

properties follow that of literature, namely the swelling ratio follows a logarithmic
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change over time, reaches within 90% of swelling equilibrium within 24 hours. Ad-
ditionally, mass loss reflects that reported in literature, degrading up to 60% by 14
days (Figure 4.7)).
4.2.4 Model Calibration

The HGABM used the experimental conditions as input factors into the model
(HA concentration, Gtn concentration, PEGDA concentration) and baseline output
biomarkers (collagen content, cell population, total protein). The top ranked pa-
rameters from the sensitivity analysis as well as new parameters from additional
rules related to biomaterial micro-environment properties were manually calibrated
iteratively to minimize deviation between model simulation and experimental results
for collagen content, fibroblast population and total protein at time points 2 (72
hours) and 3 (144 hours) (Fig[4.8). Comparison between calibration model profile,
the HGABM was not sufficient to accurately capture all cell population dynamics.
In Figure [1.8A, depsite similarities in trends, the magnitude and rate of cell popula-
tion dynamics are notably different. In Figure following calibration, the model
failed to reflect an initial synthesis phenotypic stage of the cells at 72 hours. It is
unclear whether this is due to shortcomings of the model or flaws in the calibration.

The predictive power of the calibrated HGABM was tested for different initial
hydrogel compositions. Experimental and simulation data for relative concentrations
of HA:Gtn for 2:1, 5:1 and 10:1 case were compared (Figure . The deviation
from experimental bench marks were greater for all output biomarkers for lower
higher HA:Gtn concentrations. The HGABM was able to more accurately predict

population profiles for hydrogels with a higher proportion of HA.
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Figure 4.1: Vocal Fold Agent Based Model parameters sensitivity indices for TNF
model output in the voice rest case.

Complete Morris Screening Results for all model outsputs in three treatment cases
in Appendix D.
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Figure 4.2: Average Morris sensitivity indices (A-B) absolute mean and (C-D) co-
efficient of variation for pro- and anti-inflammatory chemical populations.

Bar values represent average sensitivity index; Error bars represent standard devia-
tion.
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Figure 4.3: Identification of influential parameters for voice rest (VR), resonant
voice (RV) and spontaneous speech (SS) using Morris screening methods.

Each row represents a model parameter, related to a event or process in the VFABM.
Black represents parameters with pf > 0.05 for all outputs indicating significant
influence on the model output.
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Figure 4.4: Sobol-Jansen first and total order sensitivity indices for TNF model
output for the voice rest case.

Each data point represents the average sensitivity index and error bar represents
standard error for 100 bootstrap replicates for a given model parameter. A full list
of model parameters can be found in Appendix B.
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Table 4—1 Top ranked influential parameters according to Figure of Merit.

‘ Model Output
M Ranking TNF  TGF FGF  MMPS8 IL1 IL6 1L8 IL10
1 PN | FEME e oy | NMMES oM NptEs
2 FiLS Z?Z{es pi ig{p ifzss tTNF Zihz[ss AI{%ISJr
T O T Wy
+ Fe e | PO e TR pror )
5 e s | weve Cpils il | agftl o pi
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Table 4—2 Comparison of Sobol Jansen and Figure of Merit sensitivity rankings for
pro-inflammatory model output.

TNF FGF
Factor M (Ranking) S7; (Ranking) | Factor M (Ranking) S7; (Ranking)
a 56.2 (1) 0.69 (1) FITLJY(;T 14.2 (1) 0.88 (48)
Fils 11 9 (2) 0.71 (8) p+ 12.4 (2) 0.65 (16)
FILS 7 (3) 0.73 (12) rk. 10 (3) 0.68 (44)
F{Ho 9 (4) 0.73 (14) | F{°F 9.9 (4) 0.8 (53)
eﬁrl“ 1 (5) 0.67 (3) NINF 8.3 (5) 1.34 (50)
15 IL8
Factor M (Ranking) Sp; (Ranking) | Factor M (Ranking) Sr; (Ranking)
trne 260.2 (1) 0.69 (31) TN 7.84e+06 (1) 0.68 (43)
i 82.3 (2) 0.68 (41) M 2820 (2) 0.69 (23)
NMMPES 32 (3) 1.33 (45) e 448.5 (3) 0.67 (22)
. 20.3 (4) 0.69 (1) FTGF 91.1 (4) 0.83 (64)
NMIPS 181 (5) 1.34 (47) Pt 27.1 (5) 0.68 (26)
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Table 4-3 Comparison of Sobol Jansen and Figure of Merit sensitivity rankings for

anti-inflammatory model output.

TGF MMPS8
Factor =M (Ranking) Sp; (Ranking) Factor M (Ranking) S7; (Ranking)
PN 158¢+09 (1) 0.68 (43) trxr | 212.2 (1) 0.69 (31)
MO 16902 (2) 0.69 (23) M 25.4 (2) 0.69 (1)
FTGF 2054 (3) 0.83 (64) M 13.3 (3) 0.69 (23)
el 195.5 (4) 0.67 (22)  NMMPS 117 (4) 1.33 (45)
NMMPS 461 (5) 1.33 (45) Fits 11.3 (5) 0.71 (8)
IL6 IL10
Factor ~ M (Ranking) Sr; (Ranking) | Factor M (Ranking) Sr; (Ranking)
NMMPE 12139 (1) 133 (45) | NMMPS 174 (1) 1.33 (45)
trnp 78.5 (2) 0.69 (31) M3, 12.1 (2) 1.03 (51)
MINEL 119 (3) 1.33(79) | FINE 114 (3) 0.88 (48)
i 11.5 (4) 0.69 (23) rE. 10.6 (4) 0.68 (44)
Mo 1 (5) 0.93 (49) | PINF 7.6 (5) 2.2 (61)
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Figure 4.6: Vocal Fold Agent Based Model cell population profiles.
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Figure 4.7: Hyaluronic-Acid Gelatin Agent Based Model time-varying mechanical
properties (A) elastic modulus, (B) swelling ratio, (C) mass loss for different scaffold
compositions.
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CHAPTER 5
Discussion

5.1 Vocal Fold ABM
5.1.1 Sensitivity Analysis

In complex models, most factors exhibit non-linear, non-monotonic relationship
with output responses. However, most practices only explore simple main effects,
evaluating the effect of one factor at fixed values of the other factors. This pooling
of high-level interactions in standard ANOVA or Bayesian ANOVA methods do not
sufficiently emcompass the complexity of the system. Despite criticism analysis of
simple effects, it remains the most frequent practice due to limitations in software
packages which do not enable isolation of interaction effects. Interaction effects
between factors exist when changes in one factor have different effects on the response
variable, depending on the value of the other factor [39]. Adding interaction terms to
a regression model can greatly expand understanding of the relationships among the
variables in the model and allows more hypotheses to be tested. Global sensitivity
analysis methods that consider higher order statistics to understand intricacies of
complex systems.

In the case of ABMs, two main motivations for extensive sensitivity analysis are
to explore uncertainties in actual values of model parameters and model non-linearity.
There are three components that introduce uncertainties to a model: (1) variations

in noise level and random seed, (2) variations parameter values, (3) variations in the
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model. In this study, we focus on the first two; the effects of intrinsic variation due
to the stochastic nature of the model and external variations of model parameters.
The aim is to search parameter space for stable and inactive states where model is
insensitive to parameter changes and tipping points where there are dramatic changes
in system behaviors.

Global variance-based analysis was used to sample the entire parameter space
to obtain information about external variations from parameter values. The sum of
first-order sensitivity indices shows that the ABM was not additive and had signif-
icant interaction effects. Based on total effect indices, we can observe factor inter-
activity, stability in relative significance of inputs. Significant correlations between
input parameters in the sample were evident. As such, unique decomposition was
impossible to fully separate and quantify contributions of those parameters to the
output. Consequently Figure of Merit metric was used to quantify interaction and
correlation effects.

5.1.2 Figure of Merit

Figure of Merit (M) considers both factor interaction and correlation effects
between factors while classical Sobol Jansen total effect indices (St;) only consider
interaction effects. Comparing factor rankings according these two methods high-
light differences in paramaterization (Table , . Many top ranked parameters
according to figure of merit were ranked poorly according to Sobol. This highlights
the importance of considering parameter correlations when performing sensitivity

analysis.
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Importance assessments for correlated inputs require significantly more evalua-
tions of the model than the non-correlated case. The Figure of Merit used to analyse
variance-based sensitivity metrics for the correlated case. The procedure followed to
estimate conditional variances was on the order of k. Better results can be obtained
by computing all possible conditional variances, although these procedures are sig-
nificantly more expensive [114]. A few groups have proposed different alternative
schemes [169, 100, 117, 15, 16]. However none of the work proposed an exact and
unambiguous definition of functional ANOVA for correlated inputs. However these
required different sampling methods which were infeasible for this research project
given time restraints.

5.1.3 Model Limitations

The VFABM is a 3D representation of an average adult human vocal fold. Given
constraints in computational complexity, the world structure was limited to a 2D
domain x-y plane. This introduces limitations of a physiologically relevant and pre-
dictive model as it greatly reduces the world size, number of agents, movement is
limited to a single plane and consequentially frequency of agent interactions. Addi-
tionally boundary effects on chemical diffusion are greater, exaggerating intra-cellular
signaling.

This 2D assumption is analogous to 2D monolayer and 3D cell cultures. Al-
though 2D models are easier to control, observe, measure and manipulate relative to
3D models there are limitations in ability to accurately represent in vivo systems.
However higher degree of structural complexity and greater tendency to retain home-

ostasis make 3D models physiologically relevant and predictive as biomimetic models.
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Integration of flow and barrier tissues allow for more accurate cell signaling and inter-
actions which inspire differentiation and metabolic adaptation. Understanding these
limitations and uncertainty they introduce to predictive capability is important in
applying the model to complex 3D tissue systems.
5.1.4 Model Significance

The long term aim of the present work is to predict cellular and ECM protein
trajectories using agent based modeling to simplify behavioral clinical treatment
and injectable biomaterial optimization for vocal fold augmentation. The obtained
results serve greatly to better understand cellular cytokine synthesis as dominant
processes driving the model. Additionally identification of key parameters allow for
prioritization and consequentially simplification of number of calibration parameters.
These greatly reduce computational complexity and time, a major barrier to the
adoption of such a technology in a clinical setting.
5.2 HA-Gtn Scaffold Agent Based Model
5.2.1 Validation and Verification

The model did not closely predict fairly simple linear system dynamics of cell-
scaffold behavior. This is presumable because of the small size of the simulation as
well as the simplicity of the rules. The agent rules integrated relating cell phenotype
and hydrogel properties can be simply represented mathematically. Agent based
models are better suited for cases where rules are difficult to integrate and require a
degree of abstraction. In its current state, biomaterial modeling is better suited for

less computationally intensive methods, such as ODE or population-based methods.
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However as the rules grow in complexity and as the need to integrate and abstract
rules from different time and spatial ABM scales may be more useful.
5.2.2 Model Limitations

There exist major differences between simulation and experimental systems
which may account for poor predictive capability. One such difference is that exper-
imental methods required changing of medium every 3 days to ensure cell viability.
This removes cumulative signaling molecules significantly changing the interaction
of cells and the surrounding microenvironment. Thus the assumption that the real
world data is accurate and sufficiently similar is not met for black box validation.
Another major difference is the integration of rules related to biomechanical signal-
ing. Most research regarding HA-Gtn hydrogels has been focused on viscoelastic
and mechanical properties. However biochemical properties have a significant role
in determining cell phenotype. Although the model could better approximate popu-
lation response for high HA:Gtn volumetric ratio, it was unable to predict synthesis
or proliferative phases in hydrogels with higher concentrations of Gtn. As explained
in section [I.4.3, Gtn has significant role in modulating cellular attachment and con-
sequentially cell growth and differentiation. Expansions of model agent rules related
to hydrogel-cell adhesion and consequential impact on cell phenotype should be in-
tegrated.

Another source of uncertainty may be in the calibration method. Manual cali-
bration was labor intensive, inefficient and likely inaccurate given highly non-linear
and non-monotonic behavior and high parameter interaction effects of the system.

As such, it is recommended that a more robust calibration method is needed. Given
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the model dynamics, derivative or genetic algorithm optimization algorithms can aid
greatly in the efficacy of parameter calibration and predictive capacity of the model.

Finally, there were limitations in size of simulation given the large computational
load. Work has been done to optimize and parallelize the model. Speedups on the
order of 10x have been achieved through parallelization and streamlining pipeline
workflow on multi-processor platforms using OpenMP, CUDA-C for model enabling
larger simulations and real time visualization [140] 141], T39]. This reduced memory
requirement allowed for computational speed ups which in the future would allow
for tissue-level representative simulation environments. Additionally, development
of real time in situ visualization for animation of model operational behavior would
aid in better simulating spatial events for users
5.2.3 Model Significance

The HA-Gtn Scaffold Agent Based Model was developed to model tissue remod-
eling processes by vocal fold fibroblast cells in HA-Gtn hydrogel. This study served
to identify and integrate current understanding from literature the relationship be-
tween tunable hydrogel composition, biomechanical and chemical properties with
cellular response. Quantitative empirical results regarding collagen, fibroblast and
total protein concentration in fibroblast seeded HA-Gtn constructs was collected to
train and test the current model. Following calibration of the top influential param-
eters against experimental data, the model was not able predict biomarker profiles
accurately across the range of test conditions. However, this shortcomings of the
ABM indicated the need of integrating additional agent-rules of cell-biochemical in-

teractions in the model.
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CHAPTER 6
Conclusions

Agent based models are a flexible bottom-up modeling method that is being used
increasingly to model complex biological systems. Its modular design and flexibility
in integrating abstract features at various time and spatial scales is advantageous
over traditional mechanistic models. Additionally, emergent system properties not
obvious from encoded interactions enable it to predict behaviors outside of training
conditions and time points. This is advantageous in personalized medicine and be-
havioral therapy for vocal fold lesions as well as biomaterial design. In this project
we extend previous acute phonotrauma ABM modeling cellular-level inflammation,
wound healing and remodeling processes in vocal folds to predict healing and new
tissue generation in vivo as well as in vitro. Model validation against clinical and
experimental data necessitated model calibration. Prior to model calibration model
parameters were screened and sensitivity analysis was conducted to identify and rank
high order effects of parameters on model outputs. For the in vivo case, initial results
suggested strong therapy-dependent sensitivity to model parameters. Model param-
eter were shown to have greater influence on anti-inflammatory model biomarkers
with parameter displaying high non-linear effects with respect to both pro- and anti-
inflammatory markers. Sensitivity analysis methods indicated high influence of cell

chemsynthesis-related parameter on both pro- and anti-inflammatory markers. The
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choice of sensitivity analysis method and sensitivity metric was important in adjust-
ing correlated parameters for accurate factor priority setting. Identification of key
parameters from sensitivity analysis allowed for simplification and speed up of event
calibration. Initial black box validation against clinical and experimental data for
the in vivo VFABM and in vitro HGABM was performed following calibration of
key parameters. There were many limitations of the current work that should be
addressed in the future.
6.1 Future Work

Speed ups from heterogenous platform programming are currently being ex-
plored [140]. Real time visualization as well as full scale simulation enabled by these
speed ups may be key tools for face verification in the future. Sensitivity analysis
was applied to the VFABM. We can assume the subsequent results are sufficiently
accurate for the model’s intended purpose over the domain of the model’s intended
applicability. However, results ranking key influential parameters were used to cal-
ibrate the HGABM. Additional rules and new parameters may change the order of
effects of a parameter. Ideally sensitivity analysis is applied to the HGABM sepa-
rately in the future. Currently manual iterative calibration methods are slow and
inefficient. In the future, optimization algorithms such as the genetic algorithm may

reduce calibration time as well as increase predictive accuracy.
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Appendix A: Vocal Fold Agent Based Model Agent Rules

Substances  Cell Sources Functions in Wound Healing Used in the ABM

Chemotactic to neutrophils and macrophages
Fibroblasts Mitogenic to fibroblasts (proliferation)
bFGF Macrophages Stimulate fibroblast migration
Inhibit collagen and elastin synthesis in fibroblasts
Stimulate hyaluronan synthesis in fibroblasts

Chemotactic to neutrophils and macrophages
Activate macrophages

Stimulate expressions of TNF-a, IL-1b, IL-6, and IL-8 in macrophages
Mitogenic to fibroblasts (proliferation)

Inhibit collagen and elastin synthesis in fibroblasts

Stimulate hyaluronan synthesis in fibroblasts

Macrophages
IL.-1B Platelets

Macrophages Chemotactic to neutrophils

IL- " . S
8 Fibroblasts Stimulate collagen synthesis in fibroblasts

Neutrophils
Platelets

MMP-8 Degrades collagen to produce collagen fragments

Elastin repairs tissue damage
Elastin fragments are chemotactic to macrophages

Elastin Fibroblasts

ABM = agent-based model; TGF = transforming growth factor; TNF = tumor necrosis factor; MMP = matrix
metalloproteinase; IL = interleukin; bFGF = basic fibroblast growth factor; HA = hyaluronan.

Figure A1: Vocal Fold Agent Based Model agent rules.
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Table 6—1 Vocal Fold Agent Based Model parameters nomenclature and default
value.

Parameter Number Treatment Nomenclature Chemsynthesis Nomenclature Default Value Range ‘
1 VR,RV,SS pPINE PO 0.1 001 [to 1
2 VR,RV,SS P P1 0.1 001 |to 1
3 VR,RV,SS  pMMIS P2 0.5 005 |[to 5
4 VR I NO 1 0.1 |to 10
5 VR NTNE N1 1 0.1 |to 10
6 RV NINF N2 20 2 |to 200
7 RV NINE N3 1 0.1 |to 10
8 Ss R N4 1 0.1 |to 10
9 Ss NTNE N5 1 0.1 |to 10
10 VR I N6 1 0.1 |to 10
11 VR N MAMPS N7 250 25 | to 2500
12 VR I A N8 1 0.1 |to 10
13 VR N MMPs N9 1 0.1 |to 10
14 VR R B N10 1 0.1 |to 10
15 RV N MATPS N1l 1 0.1 |to 10
16 RV s N12 10 1 |to 100
17 RV N MAMES N13 2 02 |to 20
18 RV N MMPs N14 1 0.1 |to 10
19 RV / N15 0.5 005 [to 5
20 Ss N16 15 15 |to 150
21 Ss N17 100 10 | to 1000
22 SS N18 3 0.3 [to 30
23 Ss N19 1 0.1 |to 10
24 Ss N20 1 0.1 |to 10
25 VR MO 0.5 005 [to 5
26 VR M1 1 0.1 |to 10
27 VR M2 1 0.1 |to 10
28 VR M3 1 0.1 |to 10
29 RV M4 0.5 005 [to 5
30 RV M5 2 02 |to 20
31 RV M6 1 0.1 |to 10
32 RV M7 0.1 001 |to 1
33 RV M8 1 0.1 |to 10
34 RV M9 0.1 001 |to 1
35 Ss M10 1 0.1 |to 10
36 Ss M1 1 0.1 |to 10
37 Ss M12 5 0.5 [to 50
38 Ss M13 0.1 001 |to 1
39 Ss M14 1 0.1 |to 10
40 VR,RV,SS M15 1 01 [to 10
41 VR,RV,SS M16 1 0.1 |to 10
42 VR,RV,SS M17 1 01 [to 10
43 VR M18 2 02 |to 20
44 VR M19 1 01 [to 10
45 VR 1 M20 15 15 |to 150
46 VR Wi M21 15 1.5 |to 150
47 VR M M22 1 0.1 |to 10
48 RV M, M23 0.5 005 |to 5
49 RV M M24 1 0.1 |to 10
50 RV M M25 1 0.1 |to 10
51 RV ML, M26 0.5 005 |[to 5
52 RV M M27 1 01 |to 10
53 SS M. M28 13 13 |[to 130
54 Ss s M29 1 0.1 |to 10
55 Ss MIE M30 1 0.1 |to 10
56 Ss M1 M31 1 0.1 |to 10
57 VR M. M32 0.01 0.001 | to 0.1
58 VR MIEe M33 1 0.1 |to 10
59 VR M 26 M34 1 0.1 |to 10
60 VR M 1E6 M35 1 0.1 |to 10
61 RV M6 M36 0.5 005 |to 5
62 RV ML M37 1 0.1 |to 10
63 RV MIES, o M38 10 1 |to 100
64 RV MIES M39 0.5 005 |[to 5
65 RV M6 M40 1 0.1 |to 10
66 RV M 1E6 M4l 1 0.1 |to 10
67 Ss M6 M42 1 0.1 |to 10
68 Ss M6 M43 1 0.1 |to 10
69 Ss MILS . M44 10 1 |to 100
70 Ss M L6 M45 1 0.1 |to 10
71 Ss M IS M46 1 0.1 |to 10
72 Ss M, M47 4 04 |to 40
73 Ss M 16 M48 1 0.1 |to 10
74 Ss ML M49 0.5 005 |[to 5
75 VR MIEB. M50 2 02 |to 20

M
[em
[




Parameter Number Treatment Nomenclature Chemsynthesis Nomenclature Default Value‘ Range

76 VR M8 M51 1 01 |to 10
7 VR M1 M52 10 1 to 100
78 VR M, M53 5 05 |to 50
79 VR MIES, M54 5 05 |to 50
80 VR M8 M55 1 01 |to 10
81 RV M M56 1 01 |to 10
82 RV M8 M57 100 10 | to 1000
83 RV M IS, M58 100 10 |to 1000
84 RV . M59 0.1 0.0l |to 1
85 RV M M60 1 0.1 |to 10
86 RV M MG61 0.5 005 |to 5
87 Ss M M62 10 1 to 100
88 Ss M M63 1 0.1 |to 10
89 SsS ML, M64 7 0.7 |to 70
90 Ss Mo M65 0.1 001 |to 1
91 Ss M M66 1 0.1 |to 10
92 SS M MG67 0.5 005 |to 5
93 VR MIE L M68 0.01 0.001 |to 0.1
94 VR Mz M69 1 0.1 |to 10
95 VR M Lo M70 1 0.1 |to 10
96 VR o M71 0.1 001 |to 1
97 RV MIES M72 0.01 0.001 |to 0.1
98 RV Ry M73 1 01 |to 10
99 RV M 10 MT74 4 04 |to 40
100 RV M M75 0.001 0.0001 |to 0.01
101 RV M IEL, M76 0.001 0.0001 |to 0.01
102 Ss MO, M77 0.05 0.005 |to 0.5
103 SS M E10 MT78 1 0.1 |to 10
104 Ss M iz MT79 1 01 |to 10
105 Ss ML MS80 0.0005 0.00005 | to  0.005
106 SS ML, MS81 0.0005 0.00005 | to  0.005
107 VR PINE 10 1 to 100
108 VR FTNE 1 0.1 |to 10
o W e S
11i to
111 RV pINE 1 01 |to 10
112 Ss I 1 0.1 |to 10
113 SS FINE 1 0.1 |to 10
114 VR,RV,SS akic 10 1 to 100
115 VR,RV,SS FTCF 0.5 0.05 |to 5
116 rrer 1 0.1 |to 10
117 Frer 5 05 |to 50
118 [P 0.01 0.001 |to 0.1
119 ik 1 0.1 |to 10
120 Fls 1 01 |to 10
121 P16 1 01 |to 10
122 [P 1 0.1 |to 10
123 P o0 10 1 to 100
124 FPIe 0.5 005 |to 5
125 F1e 1 01 |to 10
126 F16 1 01 |to 10
127 SS Fle 1 0.1 |to 10
128 SS FILs 1 01 |to 10
130 s 0 Lt 100
to

131 SS F KLH 1 01 |to 10
132 Ss P16 1 01 |to 10
133 VR FIs 1 0.1 |to 10
134 VR Pl 1 01 |to 10
135 RV P 0.05 0.005 |to 0.5
136 RV P 1 0.1 |to 10
137 SS Firs 5 05 |to 50
138 Ss Fis 1 01 |to 10
139 RV RVIS 5 05 |to 50
140 RV RVVS 10 1 to 100
141 SS SSIS 10 1 to 100
142 Ss SSVS 10 1 to 100
143 VR,RV,SS trne 10 1 to 100
144 t ararps 10 1 to 100
145 i 2
146 i M]; 4
147 iy 2

cap
148 i 4
149 VR,RV,SS i 6
150 VR,RV,SS (7% 12

106



P
arametle;lNumber Trfe{e&rg;nt Nomilzclature Chemsynthesis Nomenclature Default Value ‘ Range
i A 2 20 2 [to 200
153 VR.RV.SS o : 08 |t 50
154 VR.RV.SS il - D ey
155 VR,RV.SS A ‘ 08 |10 5
156 VR,RV.SS o ; oot |60
I RS iy 0.01 0.001 | to 0.1
158 VR.RV.SS ol 1 50D omo
159 VR,RV.SS r il o o e D
160 VR.RV.SS ol 1 o
161 VR.RV.SS P o e
162 VR.RV.SS e . 01 [t 10
163 VR.RV.SS i 0 001 [ o 01
163 VERYSS o 0.01 0.001 | to 0.1
165 VR,RV,SS ke . E
16r 10 1 |to 100
166 VR,RV.SS afr,
167 VR,RV,SS akip 0 h e 10
168 VRRVSS  alep y 2 | 1o
169 VR,RV.SS ot . R
1 s ks 25 025 [to 25
1 VRS9 o 0.1 001 [to 1
5 o a
172 VR,RV.SS i y 25 |t 1
eV arrio 25
173 VR,RV,SS airio 0 e
174 VR,RV.SS o M- = R
175 VR,RV.SS atho ; o
17 ZES 4 0.1 001 [to 1
177 VR,RV.SS Py ) 25 | 1o
RV.S¢ atho 25 2.5
178 VR,RV,SS ayh S e 100
179 VR,RV.SS " 0 L e 0o
180 VR,RV.SS ay y: ot |t o1
] VLS o 0.01 0.001 | to 0.1
182 VR.RV.SS o g i R
183 VR,RV.SS col i o1 | ve o4
153 VRRSS iy 0.01 0.001 | to 0.1
185 VR,RV.SS e » s |t 100
186 VR,RV.SS oo o o2 |t 2
187 VR,RV.SS el f IR
188 VR,RV.SS e = R
189 VR,RV.SS oo ! 01 v 10
190 VR,RV.SS eda : 01 [t 10
191 VR,RV.SS eda ) 25 |te 10
192 VR,RV.SS e o i ]
193 VR,RV.SS A : 01 |t 10
194 VR,RV.SS chia 0 O
195 VR,RV.SS cha O e o
196 VR,RV,SS ol 5 5t 50
197 VR,RV,SS olia f IR T
198 VR,RV.SS el P R
199 VR,RV.SS elia h o1 |o 10
200 VR,RV.SS oE > o
E VRS k- 24 24 |to 120
202 VR,RV.SS pF 0 IS
203 VR,RV.SS ok 0 01 |t 10
204 VR.RV.SS i ’ o R
205 VR,RV.SS ok 5 o3 10 50
206 VR,RV.SS hrxr y vot |t 60
207 VR,RV.SS hrer 0 001 | to 60
208 VR,RV.SS Rer ¥ o R
B VRRVSS  ror 0.2 0.01 |to 60
00 VERYSS o 0.2 0.01 [to 60
211 VR,RV.SS e 0 TR
212 VR,RV,SS hrss 0 001 |t 60
213 VR,RV.SS B 1110 0 001 | o 60
0.5 0.01 [to 60
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Appendix C: Hyaluronic Acid-Gelatin Agent Based Model Agent Rules
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Figure C1: HA-Gtn Agent Based Model agent rules.
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Appendix D: Vocal Fold Agent Based Model Morris Screening Results
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Figure D1: Morris parameter screening with respect to output (A) TNF, (B) TGF,
(C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) IL8, (H) IL10 for voice rest case.
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Figure D2: Morris parameter screening with respect to output (A) TNF, (B) TGF,
(C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) IL8, (H) IL10 for spontaneous speech
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Figure D3: Morris parameter screening with respect to output (A) TNF, (B) TGF,
(C) FGF, (D) MMPS, (E) IL1, (F) IL6, (G) ILS8, (H) IL10 for resonant voice case.
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