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ABSTRACT

DEVELOPMENT OF AN ARTIFICIAL TEMPOROMANDIBULAR JOINT DISC

REPLACEMENT

The temporomandibular joint (TMJ) is a complex bilateral ginglymoarthroidal joint
containing a fibrocartilaginous disc and is essential for chewing, speaking, and swallowing. Due
to the high loading frequency, small imbalances in joint homeostasis can overcome the natural
capacity for adaptation and lead to a cascade of degenerative changes. For progressive TMJ
disorders, resection of the TMJ disc is the leading treatment, but disc resection inherently increases
stress and friction on the articular cartilage surfaces, leading to a progression to total joint
replacement in 11.7% of patients. The current methods of treatment for disorders of the TMJ
musculoskeletal complex are predominantly palliative and do not reliably address disorders of
arthrogenous origin. Unfortunately, no synthetic TMJ disc replacements currently exist due to
profound implant failures in earlier attempts. Introduction of a robust artificial TMJ disc
replacement after resection will prevent further joint degradation and improve patient outcomes.
Rigorous preclinical evaluation of artificial TMJ disc replacement strategies must be conducted to
support future translation to humans. Therefore, the following aims are proposed: (1) Characterize
the biomechanical behavior of the ovine temporomandibular joint soft tissues, (2) identify and
evaluate a material candidate for a temporomandibular joint disc replacement, (3) develop in silico
and in vitro methods for evaluating design candidates for artificial TMJ disc replacement, and (4)

implement a temporomandibular joint disc replacement strategy in an ovine model.
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CHAPTER 1 - BACKGROUND

1 The temporomandibular joint

The temporomandibular joint (TMJ) is the bilateral synovial joint between the mandible
and skull that is critical for communication and mastication. The articulating surfaces of the TMJ

are separated by a fibrocartilage disc which helps to distribute stress in the TMJ.

1.1 Development

Prenatal development of the human temporomandibular joint (TMJ) begins at
approximately 7 weeks gestation and stems from a mass of mesenchymal stem cells at the center
of the maturing joint [1]. Development of the TMJ is unique from other articular joints because it
forms from the convergence of two blastemata, rather than one [2]. Active mouth opening has been
observed in utero as early as 7-8 weeks gestation and likely involves the articulation of the early
TMIJ structures by the lateral pterygoid muscle [1, 3]. During the cavitation stage of TMJ gestation
(9-10 weeks), the lower joint and synovium of the TMJ begin to form, followed by the formation
of the upper joint (11 weeks) which marks the start of the maturation phase. Although the joint
capsules and cartilage have already formed, the TMJ is not considered to be fully developed at
birth [4]. As with all joints, the development of the TMJ is influenced by genetic and mechanical
factors [5]. Mechanical signaling in the maturing TMJ tissues begins with active mouth opening
and helps to direct growth and adaptation. Throughout life, changes in mechanical homeostasis
stimulate postnatal morphological changes in the TMJ [6-8]. The capability of the TMJ to adapt
to its dynamic mechanical environment is critical to lifelong joint function given that changes in
dentition/occlusion, diet, and speech patterns are natural disruptions of joint homeostasis which

drive development [9].



1.2 Anatomy

The human TMJ is a ginglymoarthroidal joint between the cranium and mandible. The
cranium and mandible are both single bones, meaning the joint is most correctly identified as the
craniomandibular articulation [10]. However, the term TM1J is widely used to refer to a single side
of the joint [10-12]. The TMJ contains a fibrocartilaginous disc that separates superior and inferior
synovial joint capsules and acts to distribute stress induced by jaw movements such as mastication
and communication (Figure 1) [13]. The TMIJ disc is secured to the mandibular condyle and fossa
by a circumferential sheath of connective tissue which forms the joint capsule, and its movement
is constrained by the shape of the mandibular condyle and articular eminence as well as the

dentition [14].

Articular disc regions
1

| ! 1
Posterior Intermediate  Anterior

Superior joint cavity

External acoustic meatus

uperior

S
Retrodiscal Iaminae‘{—_ Inferior

Temporomandibular joint capsule Superior head

Lateral pterygeid

Inferior head

“joint cavity'

Figure 1: Anatomy of the fully closed right TMJ in anteroposterior cross section. Reprinted from
Comparative Kinesiology of the Human Body with permission from Elsevier [15].

The masticatory muscles drive the motion of the TMJ. The temporalis, masseter, and

medial pterygoid act to close the jaw; the lateral pterygoid muscles close, open, and stabilize the



joint and disc. Although masticatory muscles vary from individual to individual, their general
shapes, origins, and insertions can be generalized. The temporalis exhibits a dispersed- and shell-
shaped origin on the temporal fossa and a planar, triangular insertion on the coronoid process. The
masseter origin is a thin arc along the zygomatic arch, and its insertion on the angle of the mandible
is planar and elliptical. The origins of the medial and lateral pterygoids are co-located on the lateral
pterygoid plate. The medial pterygoid insertion is on the internal face of the ramus of the mandible
near its angle. The lateral pterygoids insert on the condylar neck, TMJ disc, and ramus of the
mandible (Figure 1). Although the lateral pterygoids are grouped in name, the superior and inferior
heads have been shown to function independently. The superior belly of the lateral pterygoid is
involved in jaw closing movements, while the inferior belly is active during jaw opening

movements [16].

Branching networks of veins, arteries, and nerves also surround the TMJ. Of particular
significance to the TMJ due to their proximity are the trigeminal nerve (particularly the mandibular
branch) and the facial nerve which partially control the masticatory muscles [17-19]. The
superficial temporal and maxillary vessels provide blood to, and are also closely associated with,
the TMJ [20]. Maxillofacial surgeons must be acutely aware of these nerves and vessels during
invasive procedures in the TMJ from arthroscopic surgery to total TMJ replacement to protect

patients from nerve damage and excessive blood loss.

1.3 Physiology

The physiological environment of the TMJ dictates tissue mechanical behavior and the
ability of the cellular components to adapt the extracellular matrix (ECM) composition and

geometry to maintain mechanical homeostasis. In terms of cellularity, the TMJ disc appears



fibrocartilaginous with approximately 70% fibroblastic cells and 30% cells with chondrocyte-like
morphology dubbed “fibrochondrocytes” [21]. Fibrochondrocytes have been shown to exhibit a
fibrocyte-like phenotype in rat, cow, and marmoset TMJ discs [22, 23]. Fibrochondrocytes have
also been observed in similar tissues such as the human knee meniscus [24]. The distribution of
fibrochondrocytes in the TMJ disc varies regionally, with the central zone expressing the highest
relative density [21]. Unlike the disc, the joint capsule of the TMJ is entirely fibroblastic [25-27],
containing mainly fibroblast-like cells similar to synovial tissues in other articular joints, as well
as macrophage-like cells which increase in number if the synovium is inflamed [28]. The articular
cartilage of the TMJ contains a stratified distribution of cells typically seen in hyaline cartilage
and fibrocartilage. The articular cartilage contains fibroblasts, osteochondral progenitor cells, and
chondrocytes stratified into a superficial fibrocartilage-like layer over a deeper hyaline-like

cartilage [26, 27].

Importantly, the TMJ articular cartilage and joint capsule have more readily available
nutrient supply than the disc, either through increased vascularity, in the case of the joint capsule
[29], or through perfusion of nutrients through the synovial fluid and possibly subchondral bone
in the case of the articular cartilage [30]. The TMIJ tissues are generally avascular, and their high
relative cell density has the potential to create a hypoxic microenvironment. Thus, cells in the TMJ
disc are particularly vulnerable to periods with insufficient nutrient supply [31]. Nutrient delivery
and waste removal from the synovial fluid is driven by osmotic pressure and mechanical
stimulation of the TMJ disc [32]. Accordingly, mechanical stimulation of the TMJ disc is not only

critical for cell signaling and tissue adaptation, but also for the survival of the TMJ disc cells.

The biochemical makeup of the TMJ disc [23, 33-36], articular cartilage [29, 37], and joint

capsule [28, 38, 39] have been assessed in a number of species. The majority of experiments have



focused on the TMJ disc, which is biochemically distinct from the joint capsule and articular
cartilage. The ECM of the TMJ disc is made up primarily of water (~70% wet weight) and type |
collagen, as well as regional distributions of elastin, glycosaminoglycans (GAGs), and collagen
type 1I, II, VI, IX, and XI [40]. Regional evaluations of the TMJ ECM have demonstrated a
heterogeneous distribution of these constituents throughout the joint, which implies regional
variations in biomechanical loading across the joint tissues [34, 40]. Analysis of the TMJ disc
attachments, which form the synovial membrane or joint capsule, show a similar water content to
the disc (68.5% to 82.2% wet weight) but a lower concentration of collagen per dry weight (71.2%
vs. 80.6%) [39]. In the articular cartilage ECM, type I collagen is most prevalent, and
proteoglycans, lubricin, GAGs, and types II, IX, and XI collagen also present [29]. This
combination of biomolecules is distributed into layers, with a surface layer exhibiting more
fibroblastic ECM over a hyaline-like cartilage that transitions into subchondral bone as its depth

increases.

1.4 Motion

Efforts to understand the complex motion of the TMJ have utilized a number of mechanical
and optical techniques. Tools such as cone beam computed tomography (CT) and magnetic
resonance imaging (MRI) can be used to observe the joint morphology and motion for diagnosis
of pathological or normal motion [41]. Techniques utilizing dental splints can also be used to track
TMJ motion, as well as sensors mounted directly to the dentition [42]. Muscle activity involved in
various TMJ motions has been measured using electromyography (EMG) [43, 44]. Through these
different sensing modalities, researchers have been able to characterize the range of motion and

muscular activity for biomechanical analysis of the TMJ.



TMJ movement can be simplified into the following actions: depression/elevation,
retrusion/protrusion, and lateral motion [45]. Normal function of the TMIJ requires complex
coordination of these movements in order to accomplish functions such as chewing, speaking, and
swallowing. During depression/elevation of the joint (mouth opening and closing), the mandible
rotates and translates anteriorly, which causes the TMJ disc to slide forward along the articular
eminence as the condyle rotates. Healthy individuals will rotate the mandible up to 30° between
the fully open and fully closed position, which corresponds to linear translations of the mandible
of 15.4 mm - 17.6 mm for men, 12.4 mm — 12.7 mm for women. Optoelectrical measurements
have shown sex differences in the linear condylar translation distance, which are dependent on
mandible size [46, 47]. Travers et al. found that the average maximum incisor opening was highly
dependent on condylar rotation in healthy women and also observed high variability in condylar
translation for normal opening motions [48]. High person-to-person variability suggests that
“normal” function of the TM1J is difficult to define for the general population. Depression/elevation
of the mandible induces additional compressive and frictional forces through the joint which
translate with condylar movement [49, 50]. The medial and lateral aspects of the joint capsule
constrain the disc to a hinge-like motion over the mandibular condyle, while the retrodiscal tissues
constrain the forward motion of the disc. In humans, compressive forces in the TMJ are predicted
to be up to 94N during biting, which was 13% of the measured bite force [51]. Additionally,
chewing and biting typically induce larger forces on the contralateral joint, which may move
medially or laterally as a result of deflection in the mandible [49, 51, 52]. Retrusion/protrusion of
the mandible allows for alignment of the teeth with maximum displacements of 8 mm to 12 mm

[53]. Lateral motion of the jaw in normal patients is limited to about 7 mm to 10 mm [53].



Retrusion/protrusion and lateral motion of the jaw are involved in swallowing and chewing,

respectively.

1.5 Mechanical behavior

The TMJ is one of the most frequently loaded joints in the human body [45]. Thus, small
disruptions in joint homeostasis may have an accelerated influence on joint health and may initiate
a degenerative cascade. The motion of the TMJ is complex, involving simultaneous rotation and
translation constrained by the joint capsule, dentition, and contralateral joint [14]. The ranges of
motion induced on the TMJ exert dynamic tensile, frictional, and compressive forces on the TMJ
disc and articular cartilage. The heterogeneity of cellular makeup across the joint tissues and even
regionally within the joint disc emphasizes important differences in tissue function; the TMJ disc
and articular cartilage experience more compressive and shear loading, while the joint capsule
loading is predominantly tensile. In addition, the joint is configured like a type 3 lever, where the
muscle force is applied between the fulcrum (TMJ) and load (gravity, incisal biting forces). Thus,
there is a constant passive compressive force through the TMJ articular cartilage and disc [54].
The tensile and compressive behavior of the TMJ soft tissues, particularly those of the TMJ disc
and condylar cartilage, have been studied extensively across species [33, 55-63]. The cartilaginous
tissues of the TMJ exhibit viscoelastic behavior in compression and tension which correlates with
regional collagen and proteoglycan content [61, 64-66]. The friction and wear characteristics of
the TMJ disc tissue have also been a primary area of research [67-70]. Coefficients of friction
(COF) between the articular cartilage and TMJ disc are similar to those found in other healthy
articular joints, reported to be between 0.01 and 0.20 depending on testing the conditions [71, 72].

Taken together, these biomechanical data describe an articular joint that has developed to support



and survive significant and continuous compressive, tensile, and frictional forces in response to

frequent and varied articulations.

1.5.1 Temporomandibular joint disc

Tensile evaluations of the TMJ disc reveal anisotropic behavior, with larger elastic moduli
in the anteroposterior (AP) direction than mediolateral (ML) direction, with anisotropic ratios of
11.9:1 in ovine TMJ discs [59, 61]. This behavior correlates well with the type I collagen
orientation in the TMJ disc, as collagen fibers are arranged predominantly in the AP direction
through the central portion of the disc [64]. Tensile elastic moduli for the TMJ disc have been
reported from 5 MPa (rabbit) to 250 MPa (ovine) in the AP direction, and from < 1 MPa (bovine)
to 20 MPa (ovine) in the ML direction [33, 61]. Values for the elastic moduli of human TMJ discs
fall within this range, with central section AP moduli of 8-21 MPa and ML moduli of 5-12 MPa
depending on strain magnitude [59]. Biaxial tensile experiments on ovine [61] and human [63]

TMJ disc tissues have shown non-linear, viscoelastic, inhomogeneous material behavior [66].

There has been a focus on the compressive properties of whole and partial TMJ disc
because the predominant mode of loading in the disc is compressive [33, 56, 63, 65]. Barrientos et
al performed static and cyclic compressive experiments on whole porcine TMJ discs to develop a
streamlined method for assessing the whole TMJ [56]. These experiments highlighted the
importance of the viscoelastic behavior of the disc in compressive studies and identified a range
of relaxed compressive moduli of the discs from 40-100 kPa. Further cyclic compressive testing
on porcine TMJ discs has demonstrated an increase in the tangent modulus with increased loading
frequency, and higher moduli in the posterior aspect of the disc for all loading conditions [73].

Allen and Athanasiou measured a range of instantaneous compressive moduli from 371 + 435 kPa



(lateral-inferior region) to 1924 + 2390 kPa (posterior-inferior region) and relaxed moduli from 99
+ 59 (lateral-inferior region) to 173 + 151 kPa (medial-inferior region) using a single strain step
viscoelastic model fitting of compressive data collected from submersed porcine discs at a
physiologically relevant temperature (37 + 1.5 °C) [65]. Overall, compressive experiments on the
TMIJ disc demonstrate regionally variable non-linear viscoelastic behavior with significantly lower

compressive moduli than tensile moduli.

Indentation has been used to evaluate the TMJ disc material properties in ovine [61], human
[55], and porcine [74] tissues. In ovine tissues, there was regional variation in the instantaneous
and relaxed moduli, with averages of 1200 + 800 kPa and 200 + 190 kPa, respectively. The highest
indentation moduli were observed in the anterior and posterior bands. In porcine discs, the average
indentation modulus was 36.17 + 19.43 kPa [74]. Indentation experiments on human TMJ discs
investigated the dynamic regional tissue properties, finding the highest tissue stiffness in the
intermediate zone rather than the anterior and posterior bands. Hysteresis was observed with
increasing loading cycles in all locations, with 50% relaxation occurring within the first 10 cycles

[55].

The COF for the TMJ disc have been reported from 0.0145 + 0.0027 [70] to 0.074 (no
standard deviation provided) [68]. In one experiment, the COF between the TMJ articular surfaces
increased from 0.0177 £0.0021 to 0.0361 + 0.0063 after porcine TMJ disc excision [69]. Frictional
and wear evaluations of the TMJ disc surface exhibit wide variation due to differences in
experimental protocol [70]. The COF in the TMJ are dependent on the movement speed and
magnitude of the applied load, the duration of the friction test, and the type and presence of
lubrication [67]. However, all measured COF data fall within the range of values reported for

normal articular cartilage (0.001-0.1) [71]. For a joint that experiences high rates of loading, a



sufficiently low COF must exist to reduce wear and degradation of the continuously loaded

articular cartilage and disc surfaces.

The aforementioned mechanical evaluations of the TMJ disc emphasize the significant role
that the viscoelastic component plays in the tissue’s tensile and compressive behavior, which is
linked to its regionally variable ECM composition. Thus, time-dependent analyses are necessary
for full characterization of the native tissues. In addition, the COF of the TMJ are on the order of
COF values that have been reported for other articular joints. Published values for the tensile,
compressive, indentation, and friction analyses of the TMJ disc tissues vary due to differences in
experimental protocol and the inherent dynamic nature of the TMJ disc tissue. Since the
mechanical behavior of the TMJ disc is dependent on many factors, paired experiments utilizing
standardized experimental protocols should be used to draw appropriate comparisons between the

TMJ disc, joint tissues, and candidate materials for tissue replacement.

1.5.2 Articular cartilage

The mandibular and fossa cartilage have also been mechanically evaluated through tensile,
compressive, indentation, and frictional experiments [75]. The tensile and compressive properties
of the porcine condylar cartilage superficial layer demonstrated non-linearity, with tensile and
compressive moduli of 30.73 + 12.97 MPa and 0.023 + 0.016 MPa, respectively. The more
internal, hyaline-like condylar cartilage exhibited relatively reduced tensile moduli of 2.43 + 1.75
MPa and compressive moduli of 0.14 +0.09 MPa [76]. Singh and Detamore also studied the tensile
properties of the porcine TMJ condylar cartilage, which exhibited a 2.4 times higher elastic moduli
in the AP than ML direction and no statistically significant differences in the regional tensile

properties [57]. Stribeck curve analysis of the TMJ condylar cartilage on glass measured COF
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between 0.009 and 0.19 depending on anatomic location, fluid pressurization, and sliding
direction, with the lowest values observed in the posterior aspect [60]. Atomic force microscopy-
nanoindentation techniques were used to evaluate the regional distribution in the indentation
properties of murine TMJ discs [77]. These experiments showed the surface of the murine condylar
cartilage exhibited higher elastic moduli (306 + 84 kPa) as compared to the TMJ disc surfaces (85

+ 23 kPa superior, 45 + 12 kPa inferior).

1.5.3 Temporomandibular joint capsule

The purpose of the TMJ capsule is to maintain the synovial fluid and constrain motion of
the TMJ disc during dynamic mandibular motions [14]. The joint capsule does not experience
direct compressive or frictional loading during normal function. Thus, the geometric and tensile
properties of the joint capsule are most pertinent to the overall joint function. Histological analyses
of the TMJ attachments reveal a higher proportion of aligned collagen fibers than in the disc,
suggesting tensile loading in the joint capsule is a more dominant mode of loading than in the TMJ
disc [39]. Six distinct sections (medial, lateral, posterior-inferior, posterior-superior, anterior-
inferior, and anterior-superior) of the porcine TMJ disc attachments were evaluated by Willard ez
al., who found an anisotropic distribution in collagen fiber alignment in all but the anterior inferior
section [58]. Elastic moduli of the distinct regions ranged from 1.4 MPa (medial and anterior-
superior sections) to 16.3 MPa (posterior-superior section). One group investigated the failure
strength of the human inferior lateral joint capsule and found an average load of 54N was necessary
for attachment failure [78]. However, failure strength in other sections of the human TMJ capsule

have not been investigated.
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1.6 Pathology

The tissues of the TMJ are subject to persistent mechanical stresses to which the TMJ ECM
must adapt geometrically and biochemically to maintain healthy function. Even small disturbances
in joint homeostasis can progress to temporomandibular joint disorders (TMDs) when mechanical
stresses exceed the limit of adaptability of the TMJ tissues [79, 80]. The term TMD encompasses
a wide range of signs and symptoms and is not a diagnosis, but rather a classification of symptoms
including pain, and muscle and joint dysfunction that may lead to chronic joint disorders [81].
Mechanisms for the degeneration of TMJ health are complex and poorly understood, involving
multiple pathways for deterioration that advance simultaneously. For instance, bruxism (jaw
clenching) may be the result or the cause of myofascial pain, and only intermittently lead to chronic
degenerative joint disease (DJD) [9]. In addition, individuals will respond differently to disruptions
like internal derangement, with some cases progressing towards pain or joint disorder and others
returning to normal function [82]. Of course, disorders and malformities of the TMJ can also arise
during development [83] or as the result of traumatic injury [84-86]. Research has also shown that
psychological factors such as stress may predispose individuals to TMDs and orofacial pain [87,
88]. A 2016 meta-analysis estimated that the prevalence of clinical signs of TMDs is 16% among
children and adolescents [89]. Further research reveals the incidence rate for orofacial pain is 4%
per year for adults aged 18-44 years [90]. A study conducted in 2018 found that 11.2 to 12.4
million U.S. adults experienced TMJ pain over a three month period [91]. Of individuals
suffering from TMJ pain, approximately 42% report high pain intensity [92]. Despite the high
incidence TMDs, the TMJ and related disorders are relatively under-studied as compared to

other articular joints such as the knee, which has a six-fold higher published article count [93].
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The complex and poorly understood etiology of TMDs has led to some controversy over
TMD classification methods and even the term TMD itself [94]. The classification method
proposed by Dimitroulis forms the basis for the following discussion [95]. TMDs have been
classified into three major categories: myofascial pain and dysfunction (MPD), TMJ functional
derangement, and TMJ degenerative/inflammatory joint disease. Subclassifications of these
categories include ankylosis (bone growth), dislocation, multiple types of arthritis, and localized
and dispersed pain in the TMJ tissues. Some of the most common TMDs are MPD and internal
derangement (ID) of the TMJ disc [96]. Cases involving arthritis typically involve degeneration
and inflammation, while joint structural changes are associated with growth disorders, which may

occur through natural tissue adaptations [84].

MPD is believed to originate in the masticatory muscles and can be the result of myriad
external factors and behaviors [97]. This type of pain presents clinically as an intermittent or
continuous dull ache or, more infrequently, as a sharp radiating pain in the masticatory muscles
that is exacerbated by muscular activation [98]. For patients with TMDs, approximately 45.3%
experience some form of pain in the masticatory muscles [99]. Myofascial pain is poorly correlated
with pathological changes in the TMJ. For 75 — 90% of patients, MPD can be treated with therapy

or dietary changes [95].

ID of the TMJ disc is also prevalent, with the most common derangements occurring
anteriorly [100]. To summarize the progression of ID, initial signs of TMJ disc ID begin with a
clicking or popping noise emanating from the disc space as the TMJ disc travels forward off of the
condyle. Further progression of ID can lead to a “closed lock” of the jaw, where the TMJ disc is
displaced anteriorly, preventing jaw opening. If left untreated, it is possible for the disc to adhere

to the condyle or articular eminence leading to ankylosis and tearing of the disc [101]. If the joint
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disc begins to adhere, minimally invasive surgical treatments such as arthroscopic lysis and lavage
will be pursued [102]. However, most patients with ID exhibit only preliminary stages, which
may not progress beyond simple TMJ noise such as clicking or popping [97]. In fact, ID was
observed in 33% of otherwise asymptomatic individuals in one cohort of 76 volunteers [103].
Stages of ID have been broken down to inform diagnosis and treatment initially by Wilkes in 1989
[104] and further built upon by Dimitrulious in 2013 [105] and Hegab et al. in 2021 [106] for
surgical and non-surgical interventions, respectively. Where less invasive treatments are not

successful, a disc excision will likely be performed [107, 108].

2 Treatments for temporomandibular joint disorders

TMD severity and responsiveness to treatment can be difficult to predict. Understanding
the factors that lead to pathological changes in a patient’s TMJ are critical for choosing an
appropriate treatment [79, 80]. Wright and Klasser have published an updated “Manual for
Temporomandibular Disorders”, which serves as a resource to help surgeons correctly identify
TMDs with formal diagnostic criteria and treat them using the most effective therapies [109].
Perhaps the most widely adopted criteria for identifying TMD is the “Diagnostic Criteria for
Temporomandibular Joint Disorders” (DC/TMD) which was developed by an international
consortium of specialists [110]. Typically, more conservative non-surgical treatment options are
preferred [111, 112], particularly for MPD [113]. However, these approaches are typically only
palliative, or they do not address the underlying cause of joint dysfunction [114, 115]. Figure 2
shows a flowchart for surgeons to identify the appropriate treatment, based on patient symptoms
[116]. This figure emphasizes the conservative approach to TMD treatment, for which surgery is
considered an undesirable and final option in traumatic cases, or when conservative treatments do

not successfully prevent joint deterioration.
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Figure 2: Flow-chart of suggested diagnosis and treatment strategies for TMJ pain and dysfunction
based on categorized severity. Reprinted from Temporomandibular joint (TMJ) arthroscopic lysis
and lavage: Outcomes and rate of progression to open surgery, with permission from Elsevier
[116].

Conservative treatments for TMDs include pharmacotherapy, occlusal splints, and physical
therapy [87, 117-121]. The purpose of pharmacotherapy is primarily to reduce pain, typically
utilizing non-steroidal anti-inflammatory drugs, which may take several weeks to provide a full
benefit [122]. Occlusal splints are a controversial TMD treatment; their benefit is served under the
assumption that the root cause of TMJ dysfunction is “incorrect” occlusion [123]. Meta-analyses
have demonstrated a reduction in pain and increased maximum mouth opening as the result of
occlusal splint therapy [124]. However, most evidence supporting the use of occlusal splints and
physical therapy for TMDs 1s of moderate to low quality or limited in scope [125, 126] . Likewise,

there is a lack of high-quality studies on the efficacy of pharmacological treatments [117].

If mild TMDs do not resolve on their own or in response to conservative treatments, more
invasive arthroscopic treatments may be employed to halt disease progression. Arthroscopic lysis
and lavage is a minimally invasive method to remove osteophytes growing on the bony surfaces
of the TMJ, to prevent ankylosis, and to reduce friction [127]. Arthroscopic surgery has been

shown to increase TMJ range of motion and reduce pain for patients [102, 128]. Long-term success
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rates of 77.7% (cases requiring no further surgery) for arthroscopic lysis and lavage procedures
have been reported [116]. Arthroscopic injection of platelet-rich plasma [129] and hyaluronic acid
[130] have only been shown to be slight to moderately effective treatments. In cases of ID of the
TMJ disc, the disc may be repositioned using surgical techniques, which may be performed
arthroscopically [131]. Repositioning the disc requires that sutures be passed through the posterior
(for anterior displacement) aspect of the disc, and a small anchor to be inserted into the posterior
aspect of the mandibular condyle in order to draw the disc tissue posteriorly in an effort to aid the

TMJ ligament in resisting further anterior displacement [132-134] (Figure 3).
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Figure 3: Stages of TMJ disc repositioning surgery using sutures and a mini anchor. Reprinted
from Disc Repositioning Does it Really Work?, with permission from Elsevier [135]

Discectomy, or disc excision, is currently the most common treatment for advanced TMDs
[95, 104], with some surgeons using skin, fat, or temporalis muscle tissues as an interpositional
material between the joint surfaces following disc removal. These tissues are intended to reduce
wear on the articular surfaces of the joint, which would otherwise be in direct contact [136-138].
Discectomy is shown to be effective in reducing acute pain [111, 136], but it inherently increases
friction in the joint [69] , which can cause or exacerbate osteoarthritis, sclerosis, adverse condylar
remodeling, and/or ankylosis [108, 139, 140]. Unfortunately, there are currently no artificial TMJ

disc replacements approved for human use [141], and discectomy failure rates (progression to total
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joint replacement) of 11.9% have been reported [142, 143]. In these instances, highly invasive
surgeries such as total joint replacement become necessary [142]. Although total TMJ
replacements are relatively rare and only necessary for treating a small number of TMDs [144],
these procedures are highly invasive, requiring tissue removal and reshaping of bone near the
brain, facial nerves, and facial/cranial blood supply [12, 145]. Fortunately, global revision rates

for custom total TMJ replacements are low, with approximately 1.19 per 100 prosthesis-years

[146].

3 Animal models for TMJ research

Numerous animal species have been utilized for preclinical TMJ research including ovine,
caprine, canine, primate, bovine, porcine, leporine, and murine models. Investigation in murine
and leporine models has been the focus in earlier research [147]. Murine models are good for
studying osteoarthritis [148], pain [149], and genetic factors [150] in basic research, but translation
of surgical procedures and mechanical characterization is limited [147]. Leporine models have
been used to study TMDs [151-153] and TMJ regenerative strategies [154]. Low cost and simple
access to the TMJ are advantages of leporine models. However, forces in the leporine TMJ are
substantially lower than they are in the human TMJ, with the ipsilateral joint experiencing
negligible loading during chewing motions [147, 155]. Thus, murine and leporine models are not
ideal models for studying relevant stresses experienced by TMJ implants. Porcine (particularly
Yucatdn minipigs) and ovine species are more translatable to humans for basic science and
preclinical research purposes [33, 156-158]. Due to their omnivorous diet, as wells as genetic and
biomechanical similarities to humans, porcine species have been suggested as an excellent model
for TMJ research [159, 160]. Porcine models have been used extensively to study TMJ

biomechanics [56, 161-163], ECM composition [34, 39, 40, 164], cellular composition and
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signaling [21, 165, 166], as well as numerous surgical [69, 167, 168] and tissue engineering
strategies [169-171]. However, porcine species never reach skeletal maturity, and they possess a
zygomatic arch which folds over the TMJ disc space that complicates lateral access to the joint
[158]. Ovine and caprine models have not been studied as extensively [160]. However, lateral
surgical access to the ovine TMJ approximates the optimal approach in human TMJ surgery [158,
172], suggesting that they may be a more appropriate model for preclinical surgical and implant
development. In addition, ovine and caprine species chew approximately 30,000 -50,000 times a
day [173] due to their ruminate behavior, which allows for accelerated studies of wear in implant
development. Ovine models have been used to investigate TMJ biomechanics [61], joint

morphology [157], TMDs [140, 174, 175], and surgical strategies [176-178].

4 Finite element modeling of the temporomandibular joint

Finite element (FE) models are widely accepted tools for mechanical evaluation of articular
joints, artificial implants, and surgical procedures in silico [179-182], including for the TMJ [183,
184]. Such models provide a method for assessing joint mechanics in simulations of diseased and
healthy joints and are used to predict the mechanical behavior of implanted structures. Wu et al.
used a FE model to assess the biphasic properties of the TMJ disc tissue, emphasizing the
importance of fluid pressurization as a key loading support mechanism of the TMJ disc [185]. FE
studies of TMJ internal derangement have shown increased stress for displaced discs over normally
placed discs [186], with highest stresses measured for posterior disc displacement [187],
particularly in the contralateral side [188]. In silico studies also showed that stress in the TMJ disc
tissues increased with joint COF [189]. Models focused on the mandibular condylar cartilage
demonstrated the importance of the load distribution capability of the TMJ disc tissue, which was

aided by the fibrocartilage surface layers [190]. A review of FE modeling of off-the-shelf and
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patient-specific total TMJ disc replacements demonstrated a decrease in stresses for more
customized implants [184]. Overall, FE models have been successfully used in the study of TMJ

biomechanics, disorders, and implant design.

S Summary

The TMIJ is a complex bilateral ginglymoarthroidal joint that is critical for human function.
Dynamic stresses are induced in the TMJ during activities such as chewing and communication,
which act to distribute nutrients to the TMJ cellular components as well as to drive normal
adaptation of the joint. Mixed cell phenotypes and regional distribution of biochemical
constituents, paired with unique motion profiles, differentiate the TMJ from most other articular
joints. Mechanical behavior of the TMJ soft tissues has been well characterized across species with
a focus on more translatable porcine and ovine models. Disorders of the TMJ are complex, and the
root cause may be difficult to identify as symptoms and severity can range significantly and may
be poorly correlated. FE modeling has also been used to study the normal and pathologic TMJ
states, as well as the effect of artificial implants introduced in the TMJ space. In the field of TMJ
research and artificial TMJ disc replacement there is great potential for reducing human suffering

and economic burden.

6 Specific aims

The purpose of this research project is to design and implement an artificial TMJ disc
replacement strategy, and to develop methods for implant evaluation. The goal of TMJ disc
replacement is to arrest degenerative changes in the TMJ after disc excision by successfully
replacing the TMJ disc with a robust artificial replacement. The following specific aims are

proposed to support this objective.
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Specific Aim 1: Characterize the biomechanical behavior of the ovine
temporomandibular joint soft tissues. In depth mechanical investigation of the TMJ disc tissues
is paramount in setting design targets for an artificial TMJ disc replacement. The soft tissues of
the TMJ comprise articular fibrocartilage, a circumferential ligamentous joint capsule, and a
fibrocartilaginous disc which act to constrain motion, reduce friction, and distribute joint stresses.
A rigorous mechanical characterization of the ovine joint capsule, articular cartilage, and disc will
be performed. Tension, indentation, unconfined compression, and friction experiments will be
performed on freshly harvested ovine TMJ discs. The regional biomechanics of the TMJ capsule
and articular cartilage will also be investigated though uniaxial tensile tests to failure, and
indentation-stress relaxation testing, respectively. These data will inform FE modeling efforts and

be used to set design targets for an artificial TMJ disc implant.

Specific Aim 2: Identify and evaluate a material candidate for a temporomandibular
joint disc replacement. A literature review of numerous biocompatible polymeric material
candidates for disc replacement will be completed. Cursory evaluation of candidates will be
performed through indentation-stress relaxation experiments. The leading material candidate will
undergo a comprehensive mechanical analysis. Specifically, unconfined compression, uniaxial
tension, and friction experiments will be completed using the same experimental protocol used for
the TMJ discs. Specific aim 2 will be achieved through an in-depth literature review focused on
non-degradable, biocompatible polymers, followed by mechanical analysis of promising material
candidates leading to a primary material candidate for TMJ disc replacement. The data from the
mechanical characterization will be used to determine if the material candidate is suitable for

implantation as an artificial TMJ disc replacement.
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Specific Aim 3: Develop in silico and in vitro methods for evaluating design candidates
for artificial TMJ disc replacement. A FE model of the ovine TMJ will be developed utilizing
the mechanical properties determined in Specific Aims 1 and 2. Simulation of jaw clenching will
be used to compare the contact area and stress response between the native tissue and an artificial
TMJ disc replacement. The model will be validated by ex vivo experiments mimicking jaw
clenching on freshly excised ovine TMJs. The FE model predictions of stress with respect to
applied clenching load for both the native and artificial TMJ discs will support the further
refinement of implant design. Additionally, a mechanism for ex vivo evaluation of implant
candidates simulating the in vivo conditions will be designed. The apparatus will replicate the
chewing motion in a cadaveric skull using a four-bar linkage. Motion capture of ovine mastication
will be used to design the four-bar linkage motion. This will allow for expedited, ex vivo
comparison of tensile- or compressive-based implant failure in a simulated in vivo condition. The
accomplishment of Specific aim 3 will provide tools for evaluating TMJ disc replacement design
candidates in silico and ex vivo to expedite future development of a successful TMJ disc

replacement.

Specific Aim 4: Implement a temporomandibular joint disc replacement strategy in
an ovine model. First, an iterative approach to implant design will focus on creating a finalized
implant geometry and surgical strategy with the help of maxillofacial and veterinary surgeons. The
finalized implant geometry will be implanted in a cohort (n=1 control, n=2 implant) of otherwise
healthy sheep to investigate the efficacy of the surgical strategy, fixation technique, and native
tissue response in a six-week pilot study. Patient-specific TMJ discs will be implanted in two of
three sheep following unilateral disc resection, contralateral joints will be left intact. Prior to

implantation, clinical CT scans will be used to define the artificial TMJ disc replacement geometry.

22



Throughout the pilot study, the body weight, masticatory motion, and rate of mastication of each
specimen will be recorded. At study conclusion, indentation-stress relaxation experiments and
histological evaluation will be performed on bilateral TMJ tissue samples and evaluated by a
trained veterinary pathologist. Completion of a pilot study will allow for refinement of in vivo and

ex vivo experiments to determine the success of a TMJ disc replacement strategy.
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CHAPTER 2 - BIOMECHANICAL ANALYSIS OF THE OVINE TEMPOROMANDIBULAR
JOINT TISSUES

The mechanical properties of the TMJ soft tissues have been extensively evaluated in
several species, demonstrating regional, anisotropic, and viscoelastic behavior in tension and
compression. These properties are inherently linked to the ECM composition arrangement as
described in Chapter 1. However, further analyses of ovine TMJ tissue properties are needed to
establish ovine-specific targets for preclinical study of an artificial disc replacement and to inform
a FE model for in silico analysis. Previously, Labus et al. have performed uniaxial and biaxial
tensile experiments, as well as regional indentation-stress relaxation tests of the ovine TMJ disc
[61]. This chapter describes additional efforts to characterize the ovine TMJ, including: (1)
unconfined compression and frictional evaluation of the TMJ disc, (2) tensile testing of the TMJ
capsule, and (3) indentation-stress relaxation experiments on the TMJ articular cartilage. For all
tests, TMJ tissues were harvested from skeletally mature female Columbian Rambouillet sheep
that were euthanized for unrelated studies and obtained via a tissue sharing protocol governed by
Colorado State University (CSU) Institutional Animal Care and Use Committee (IACUC) protocol

KR104.

1 Temporomandibular joint disc

Unconfined compression experiments were performed on cylindrical samples of 10 excised
ovine TMJ discs (n=5 right, n=5 left). A cylindrical sample was removed from the central portion
of each TMJ disc using a 2 mm diameter biopsy punch. TMJ disc samples were mounted in a
hydraulic testing system between two parallel compressive platens (Model 858, MTS, Eden
Prairie, MN) outfitted with a 220 N load cell (661.09 B-21, MTS, Eden Prairie, MN). Each sample

was loaded to a minimum of 60% strain at a strain rate of 0.005 s, and paired force-displacement
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data were collected. MATLAB (MATLAB 2019, MathWorks, Natick, MA) was used to analyze
the force-displacement data. Stress was calculated as the axial force divided by the sample cross-
sectional area, and stretch was calculated as the displacement of the upper platen divided by the
initial height of the sample. Incompressibility was assumed due to the high water content of the
TMI discs [191]. The experimental stress-stretch data between A = 1.00 and 4 = 0.56 were fit to a

2-term Yeoh model:
1/) = Cl(Il - 3) + CZ(II —_ 3)2 Equation 2]

where y is the strain energy density, C; and C2 are material constants, and /; is the first invariant

of the right Cauchy-Green deformation tensor:

L=2+2+23 Equation 2.2

where 4;, A2, and A3, are the principal stretches. For the purposes of fitting, all materials were
assumed to be transversely isotropic. Thus, for unconfined compression, 1; =4, 12=43 = 2712 and
022=033 = 0. Therefore, the axial Cauchy stress (g7;) can be related to the axial stretch (1) according

to the following equation:

1 2
o011 = 2 (/1 - F) [Cl + 2C, (/12 + 1 3)] Equation 2.3

The values of C; and C> were determined using a least-squares fit of Equation 2.3 to the
stress-stretch data. In addition, the tangent moduli at stretch values from 4 = 1.00 to 4 = 0.96 and
from 4 = 0.60 to 4 = 0.56 were calculated using a localized linear regression. Stretch ranges were
chosen to represent an initial tangent modulus (4 = 1.00 to 4 = 0.96) and tangent modulus at a

physiologically relevant maximum strain based on FE modeling of the human TMJ while
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clenching (4 =0.60 to A = 0.56) [192]. A t-test, assuming unequal variance, was used for statistical

comparison of the calculated tangent moduli.

The COF of freshly harvested ovine TMJ discs were tested against a bearing surface of
ovine TMJ fossa cartilage. Six (n=3 right, n=3 left) ovine TMJ discs were excised for friction
testing. A cylindrical osteochondral plug with a 3.2 mm radius was extracted from an ovine TMJ
fossa using a drill-press mounted hole saw and kept hydrated with phosphate buffered saline
(PBS). The same osteochondral specimen was used for all tests to keep protocols consistent and
comparable. This osteochondral plug was mounted in a hydraulic testing machine (MTS Bionix™,
MTS, Eden Prairie, MN) with an offset of 90 mm from the center of rotation (Figure 4). A mass
was applied above the cylindrical plug to induce a uniform pressure of 100 kPa throughout the test
to match a physiologically relevant joint pressure [193]. All samples were fixed to a polished brass
surface with a cyanoacrylate adhesive and immersed in artificial synovial fluid consisting of 30g/L

newborn calf serum diluted with PBS, 2g/L sodium azide, 3g/LL Ethylenediaminetetraacetic acid,

and 3g/L hyaluronic acid [194].
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Figure 4: Experimental setup for friction experiments showing (A) the entire apparatus, (B) the
installed osteochondral plug, and (C) a testing specimen submerged in artificial synovial fluid.

The fossa cartilage was drawn back and forth across the TMJ disc sample surface five times
at rates of 0.4 mm/s, 4.0 mm/s, and 40 mm/s to match speeds expected for mandibular motion
[195, 196]. The normal and transverse forces were measured using an axial and torsional load cell
(Model 661.19H-03, MTS, Eden Prairie, MN). MATLAB was used to calculate the sample COF.
The COF was calculated as the absolute value of the transverse force, divided by the normal force.
The average COF was calculated over the central 90% of the total stroke length for the five cycles
at each speed. A one-way ANOVA was performed on COF values for each speed to determine if
there was any significant difference in the COF across testing speeds. A logarithmic transformation

was applied to the data to satisfy assumptions of normality and equal variance.

The C;and C: terms from fitting the unconfined compression data of the TMJ discs were
80.6 £ 41.8 kPa and 75.0 + 58.7 kPa, respectively. The percent root mean squared error (%RMSE)
for the 2-term Yeoh model fits of the unconfined compression data was 3.5% for the TMIJ disc.
The difference between the initial (A = 1.00 to 4 = 0.96) and physiological (4 = 0.60 to 4 = 0.56)

tangent moduli was significantly different (p < 0.001), demonstrating nonlinearity in the
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compressive behavior of the ovine TMJ disc. The measured tangent moduli in these experiments
compare well with published values for TMJ discs of other species [33, 65, 197]. The average
tangent moduli for unconfined compression in the TMJ disc at higher values of stretch exceeded
the indentation moduli found by Labus et al. [61]. The observed non-linearity and discrepancies
between unconfined compression and indentation values are attributed to the collagen fiber
component in the TMJ disc, which suggests that the sample stiffness will increase to a greater

extent in macro-scale unconfined compression as compared to micro-scale indentation [198].

The friction experimental conditions approximate the in vivo environment by including
ovine TMIJ cartilage as the contacting material and lubrication with artificial synovial fluid.
However, hydration, applied pressure, translation speed, and contacting material can all influence
measured COF [199, 200]. These factors underscore the motivation for comparative experiments
that can be repeated on candidate materials for artificial implants. These friction experiments
showed a lower average COF (0.058 £ 0.047) between the TMJ fossa cartilage and disc than what
was reported by Zimmerman et al. [68] and greater than those measured by Tanaka et al. [69, 70]
in porcine discs. No significant differences in COF were observed for the three different translation
speeds used in this evaluation, despite the fact that these speeds spanned two orders of magnitude.

Results from the friction and unconfined compression experiments are shown in Figure 5.
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Figure 5 : Summary of and frictional and unconfined compression data of TMJ disc tissues.

2 Temporomandibular joint capsule

To assess the geometry and tensile behavior of the TMJ capsule, six TMJs (n=3 left, n=3
right) were excised en bloc and meticulously dissected into eight distinct regions based on
anatomic position. The following sections were isolated: anterior superior (AS), inferior lateral
(IL), superior lateral (SL), inferior medial (IM), superior medial (SM), posterior inferior medial

(PIM), posterior inferior lateral (PIL), and posterior superior lateral (PSL). Each capsule section
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was gripped in a custom uniaxial loading system comprising a linear actuator and load cell

mounted on a rigid frame (Figure 6).

20 mm 10 mm
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Figure 6 : Lateral joint capsule sections of the dissected TMJ capsule (left) and testing setup used
to perform uniaxial tensile analysis on distinct anatomical regions of the TMJ capsule (right).

All samples were kept hydrated with phosphate-buffered saline and refrigerated; all testing
occurred within 36 hours of animal sacrifice. Physical measurements of the length, width, and
thickness of each capsule section were made using digital calipers (Series 500, Mitutoyo America
Corporation, Aurora, IL). Samples were pre-cycled 20 times to 5% strain at 1 Hz and then loaded
uniaxially to 100% strain at a rate of 1% strain/s using a calculation of strain based on the measured
initial, unloaded length. Force and displacement data were collected throughout the uniaxial tensile
test. Sample stiffness was defined as the slope of the linear portion of the force-displacement curve

for each sample. The regional stiffness values were compared using a one-way ANOVA.
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A summary of tensile testing results, including representative median stiffness force-
displacement curves for each location is shown in Figure 7. Of the joint capsule components tested,
the stiffest was the SM region, and the least stiff was the IM region. Some regional variation in the
joint capsule mechanical properties was expected based on biochemical analyses [39], however no

statistically significant (p < 0.05) differences in regional stiffnesses were found in this experiment.
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Figure 7: Capsule section stiffness (left), and representative median stiffness force-displacement
curves for TMJ capsule sections (right).

3 Articular cartilage

Fresh ovine TMJs (n=3 left, n=3 right) were excised en bloc; joint capsules were opened,
and their articular discs were removed to expose the fossa and condylar cartilage regions (Figure
8). During indentation, cartilage surfaces were submerged in PBS at room temperature (20°C) and

mounted perpendicular to the indenter motion using an adjustable clamp. Indentation testing was
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performed using the MTS Bionix™ system outfitted with a calibrated 2 1b load cell (Futek,
Irvine,CA). A stainless-steel indenter tip with a 0.4 mm radius was used to indent the cartilage
surface in five locations spaced equally across the width of the sample surface. A preload of SmN
was used to confirm contact with the cartilage surface. The specimens were then indented in each
location to a 0.2 mm depth at a rate of 0.2 mm/s to approximate the rate of mastication [201, 202],
followed by a 100 s hold to allow for tissue relaxation before indenter retraction. Force and
displacement data were collected during the stress-relaxation test. MATLAB was used to analyze
the force displacement data collected during indentation testing according to the method described
by Labus et al. [61]. The instantaneous and equilibrium elastic moduli (E) were calculated using

Hertzian contact mechanics (Equation 2.4) [203]:

1—v2

E =

1 3 /
WREZ 1 p2 Equation 2.4
3F E;

Where v is the Poisson’s ratio of the sample, viis the Poisson’s ratio of the indenter tip, E; is the
Young’s modulus of the indenter tip, F is the measured force, and d is the indenter tip displacement.
For this analysis, Ei =210 GPa and vi = 0.29 were assigned to represent the stainless-steel indenter
tip, and v = 0.49 was ascribed to the TMJ articular cartilage to simulate near-incompressibility.
The instantaneous modulus was calculated using a least-squares fit of Equation 2.4 to the loading
portion of the force-displacement data. Force-displacement data from the end of the 100 s hold
period was used to calculate the equilibrium modulus using Equation 2.4. Any indentations for
which the %RMSE for the least-squares fit was greater than 5% were ignored. Two-sample t-tests
were used to compare equilibrium and instantaneous moduli of the condyle and fossa, and a one-

way ANOVA with post hoc Tukey test was performed to investigate statistical differences in the
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regional properties of the fossa and condylar cartilage. For these analyses, p < 0.05 was considered

significant.

Adjustable Clamp

-

A

Figure 8: Cartilage surfaces of the ovine TMJ disc (left) and indentation testing apparatus (right)

The average instantaneous and equilibrium moduli for all cartilage indentations were 1200
+ 800 kPa (n=27) and 200 + 190 kPa (n=23), respectively. No statistically significant differences
between regions in the fossa or regions in the condyle were found for equilibrium or instantaneous
moduli (Figure 9). However, the central portion (location 3) of the condyle and fossa tended to
have higher indentation moduli than the peripheral regions (locations 1 and 5). Moduli calculated
from indentation data are comparable in magnitude to compressive moduli for condylar cartilage

that have been reported for other species [33, 75, 197].
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Figure 9: Summary of regional instantaneous and equilibrium moduli from indentation of the TMJ
fossa and condylar cartilage.

4 Summary

A robust characterization of the mechanical behavior of the ovine TMJ discs using
unconfined compression and friction experiments has been performed, which complements the
indentation and tensile evaluation of Labus et al [61]. Data on the tensile behavior of joint capsule
regions was collected and stress-relaxation experiments on the mandibular and fossa cartilage were
also performed. This in-depth analysis of the ovine TMIJ soft tissues provides the requisite inputs
for FE model development, which will play a key role in the successful development of TMJ disc
replacement strategies. In addition, the mechanical properties of the TMJ disc, articular cartilage,
and joint capsule have been defined, providing target values for implant development to support

long-term implant survival.
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CHAPTER 3 - IDENTIFICATION OF BIOMATERIAL CANDIDATES FOR TMJ DISC

REPLACEMENT

1 Polymers

The term polymer refers to a broad class of materials characterized by chains of smaller
monomer subunits that are chemically linked with covalent bonds. Classification and design of
polymers is complex, as the structure and size of each molecule can vary significantly, which
results in a wide range of properties from the same monomer subunit. Some of the important
features to consider are the polymer molecular weight and hierarchical architecture. The molecular
weight of a polymer is the sum of the molecular mass of the monomer constituents. Polymers with
high molecular weight typically exhibit greater failure properties and melting temperatures. The
architecture of a polymer refers to both the nature of its individual molecules as well as the
structure of its assembled molecules. Placement of repeated monomer groups within a polymer
may be random (atactic), alternating (syndiotactic), or uniform (isotactic). Assembled polymer
molecules may have linear or branched structures that can be random (amorphous), highly ordered
(crystalline), or a combination of these two arrangements. Polymers may be assembled from single
monomers (homopolymers) or multiple monomers (copolymers). Molecular weight and
architecture can be controlled during synthesis to create a wide variety of structures from the same

monomer or monomers [204, 205].

Polymers are ubiquitous in biomedical applications due to their versatility and tunability.
Recent applications include tissue engineering, tissue replacement [206-213], and targeted drug
delivery [214-217]. Regardless of application, implanted polymeric materials must be

biocompatible, have predictable degradation behavior, and possess sufficient mechanical strength
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to survive in vivo. By definition, a biocompatible material should not cause damage to the
surrounding cells and tissues [218]. For this reason, the target for most long-term implantable
materials is chemical and biological inertness [219, 220]. Poorly biocompatible materials will elicit
an immune response in the surrounding cells in an attempt to isolate or remove the foreign object
from the body [221]. The definition of biocompatibility, however, must be expanded when
considering bioactive or multi-material implants for which a tissue response is intended. Thus,

biocompatibility is a function of the desired in vivo response [222].

Mechanical strength is also an important consideration in implant design. In this
discussion, the term mechanical strength is used broadly, referring to the ability of an implanted
device to withstand appropriate physiologic loading throughout its in vivo lifecycle. The necessary
strength varies based on application; orthopedic materials such as total hip and total knee
replacements must withstand significant and frequent loading without failure [223, 224], whereas
subcutaneous drug-eluting implants may only experience slight and infrequent loading [225]. As
previously discussed, the TMJ experiences relatively large and frequent stresses, suggesting that
high mechanical strength is an important factor in material selection. A deep understanding of the
native tissue behavior can be used to set target values for implant mechanical properties to ensure

an implant will not be destroyed prematurely.

Degradability of an implanted material refers to the rate of, and mode by which, an implant
will be dissociated naturally in the body. Degradation rate of a polymeric material can typically be
modified through manipulation of synthesis conditions and implant geometry, which allows for
controlled release of molecules like degradation byproducts or encapsulated drugs [226, 227].
Long term implantation of materials requires exceptionally low degradation rates. The primary in

vivo degradation mechanisms are hydrolytic and enzymatic in nature [228-230]. In some cases,
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particularly as the result of a significant immune response, oxidative degradation may also occur
[231, 232]. Most polymeric materials are susceptible to oxidative degradation, but numerous
artificial polymers are not susceptible to hydrolytic or enzymatic degradation, which makes them
highly resistant to in vivo degradation in the absence of a pronounced tissue immune response
[231]. Biocompatibility, degradability, and mechanical strength are also intimately related:
degradable materials will not maintain mechanical strength and may create toxic concentrations of
wear particles; materials with low mechanical strength may fragment and degrade sooner than
intended; and poorly biocompatible materials can elicit a significant immune response resulting in
accelerated degradation. Therefore, biocompatibility, mechanical strength, and degradability of an
implanted material must be appropriately understood and balanced in the design of polymeric

implants.

For replacing the TMJ disc, a polymeric implant should be sufficiently robust to survive
the natural environment as effectively as possible, but biological tissues are incredibly complex
and dynamic structure of biomolecules and cells that may not be possible to replicate with a single
material. As a result, some implant design targets may need to exceed the natural tissue properties
to be a successful solution. Thus, the dominant role of biological materials must be identified in
order to prioritize target materials for tissue development. Beyond biocompatibility and general
mechanical strength, the frictional and compressive properties of the TMJ disc are primary design
targets for artificial implant development. A non-degradable implant or a bioactive degradable
scaffold should possess appropriate mechanical strength and appropriate degradation rate to allow
for the surrounding tissue to recover and, in the case of a bioactive scaffold, replace the scaffold

over time.
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Several polymer candidates for artificial TMJ disc replacement have been identified,
including polyvinyl alcohol (PVA), polyethylene glycol diacrylate (PEGDA), and gelatin
methacrylate (GelMA). Polycaprolactone (PCL) and Polypropylene (PP) have also been
considered as structural reinforcement for PEGDA, GelMA, and PV A hydrogels. Figure 10 shows

the skeletal formulae of these polymer candidates.
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Figure 10: Monomer skeletal formulae of candidate TMJ disc replacement candidates
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1.1 Polyethylene glycol diacrylate

PEGDA is synthesized from polyethylene glycol monomers by replacing the polyethylene
glycol hydroxyl end groups with two acrylate groups [233]. PEGDA and PEGDA hydrogels have
been used in biomedical applications of both photosensitive and functionally graded materials
[234-236]. PEGDA monomers are polymerized through covalent bonding at acrylate ends through
chain polymerization facilitated by a catalyst such as a thermal or photo initiator [237]. The
primary in vivo degradation method of PEGDA is via hydrolytic degradation, although oxidative
degradation is also possible in the presence of a tissue immune response [238, 239]. Unbonded
PEGDA monomers are not biocompatible. In polymer form, however, PEGDA and PEGDA
hydrogels exhibit good biocompatibility given that excess unbonded PEGDA and catalyst

molecules are removed [240].

1.2 Gelatin methacrylate

Gelatin, the backbone of GelMA, is a product of collagen degradation and has excellent
biocompatibility [241, 242]. Methods of GelMA synthesis vary, but reacting gelatin with
methacrylic anhydride is one common approach [243]. Similar to PEGDA, acrylate groups on the
GelMA molecules may be utilized to create covalent bonds between GelMA molecules through
catalyzed chain polymerization [244]. This technique can also be used to create GelMA hydrogels
when GelMA is dissolved in water prior to polymerization. It also allows for the creation of
complex geometries from liquid GelMA via digital light projection 3D printing techniques [245,
246]. Without reinforcement, however, structures synthesized with GelMA possess relatively low
mechanical strength [247]. In addition, GelMA is rapidly degraded both hydrolytically and

enzymatically, contributing to a short in vivo lifespan [244]. Thus, GeIMA is typically used for

39



cell transplantation [248] in tissue engineering approaches that are focused on short-term
therapeutics for the regeneration of native tissues (such as skin and blood vessels [244]), rather

than long-term implantation [248].

1.3 Polyvinyl alcohol

PVA is synthesized through hydrolysis of polyvinyl acetate, rather than through the
assembly of vinyl alcohol monomers, which are inherently unstable [249]. The solubility of PVA
is inversely related to the degree of hydrolysis, with high degrees of hydrolysis (96%-99%)
exhibiting lower solubility [250]. Hydrogels may be synthesized from PVA by dissolving PVA
molecules in water at elevated temperatures (~80°C, for high degrees of hydrolysis). Once
dissolved, PVA is poured into molds and put through freeze-thaw (FT) cycling during which
physical crosslinking of the PVA molecules occurs due to ice crystal expansion [251]. PVA
hydrogels have been identified as a promising candidate for musculoskeletal soft tissue
replacement [252]. They can also be formulated to exhibit low friction, retain biomimetic water
content, and possess mechanical properties similar to a range of cartilaginous tissues [252-255].
Furthermore, PV A is considered non-degradable in vivo [256, 257]. PV A hydrogels and associated
wear particles exhibit excellent biocompatibility and hemocompatibility [258], and they have been
shown to exhibit a lower tissue immune response than ultra-high molecular weight polyethylene
[259]. Among other applications, PVA hydrogels have been investigated as a replacement for
intervertebral discs [260], meniscus [261], vasculature [262], and articular cartilage in load bearing
joints [263-265]. To our knowledge, PVA hydrogels have only recently been investigated
application in the TMJ. Jiang et al demonstrated the ability to maintain stability of the TMJ and
prevent cartilage and bone damage associated with disc resection using a partial disc repair patch

comprising PVA hydrogel reinforced with a PCL mesh [266].
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1.4 Polycaprolactone

PCL is a polymer with well documented biocompatibility that has been used to develop
tissue engineering scaffolds and implantable devices [267, 268]. PCL has a relatively low melting
temperature (60° C) and excellent processability, which makes it facile to implement in additive
manufacturing technologies [268-270]. PCL is synthesized through ring opening polymerization
of epsilon-caprolactone, which can be facilitated by a broad range of catalytic systems [271].
Degradation rates of PCL are well documented in vitro and in vivo and are related to implant
structure and PCL molecular weight [272]. PCL is hydrolytically degraded in vivo at an
exponential rate through scission of the polymer backbone leading to a loss in molecular weight
and mechanical strength over time [273]. Thus, PCL is not recommended for long-term ( > 3 years)
implantable devices, but it is an excellent candidate for the development of tissue engineering

strategies [274].

1.5 Polypropylene

PP is a polymer created from propylene monomers that are joined using a metallocene
catalyst under controlled temperatures and pressures [275]. Propylene is a gas produced during
petroleum refinement and contains only carbon and hydrogen molecules [275]. Most commercially
available PP is linear and isotactic [275]. Biomedical uses of PP include sutures [276, 277] and
meshes for hernia and pelvic organ prolapse repair [278, 279]. PP, a petroleum-based polymer, is
considered non-degradable in vivo, but it can be susceptible to oxidative degradation [232, 280].
Biocompatibility of PP implants can be influenced by molecular weight and implant structure

[281]. In the case of implanted meshes, lower molecular weight PP is typically more biocompatible
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than higher molecular weight blends [282]. Surface coatings and functionalization have been

shown to effectively reduce immune response to implanted PP structures [276, 283].

2 Mechanical properties of polymer candidates

The relationship between synthesis conditions, molecular architecture, and mechanical
strength is well documented for PCL [284] and PP [275, 285]. The use of PVA, PEGDA, and
GelMA hydrogels in biomedical engineering, however, is relatively limited and therefore, they
have not been characterized as extensively. The goal of this evaluation was to characterize relevant
properties of PEGDA, GelMA, and PVA to evaluate their suitability for an artificial TMJ disc
replacement. Preliminary evaluation of PEGDA, GelMA, and PVA hydrogels was performed
through indentation stress-relaxation experiment. During their synthesis and molding prior to
indentation testing, the low mechanical strength of PEGDA and GelMA hydrogels was apparent,
which may explain the lack of published mechanical data available for these hydrogels without
additives [286-288] or structural reinforcement [289, 290]. In contrast, PVA hydrogels
demonstrated excellent toughness, were simple to produce, and were less costly. It was intractable
to study the frictional, compressive, and tensile properties of PEGDA and GelMA hydrogels
according to the same method used for ovine TMJ tissues due to their low mechanical strength.
Thus, we focused additional mechanical investigation of frictional, compressive, and tensile

properties on the PVA hydrogels.

2.1 Hydrogel synthesis

PVA hydrogels were synthesized with 15%, 20%, or 25% initial polymer weight
concentrations at mixing. PVA (molecular weight 89,000-98,000, 99+% hydrolyzed) was mixed

with deionized water in a sealed beaker and heated to 80°C for at least two hours while being
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stirred. Sheets of PVA hydrogel were molded between two glass microscope slides with a
thickness of 2 mm for friction testing specimens and 1 mm for compressive, indentation, and
tensile testing specimens. All groups were subjected to 6 FT cycles (12 hours at -18°C, 3 hours at
20°C). After cycling, gels were removed from their molds and submerged in PBS for at least 24
hours prior to testing. Molded PVA sheets were cut to the appropriate geometries immediately
before testing. PEGDA (Mn = 700) hydrogels with polymer concentrations of 10%, 20%, and 30%
and GelMA (degree of substitution: 60%) hydrogels with 10% and 20% polymer concentrations
were mixed with DI water and 1% phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
photoinitiator. GelMA and PEGDA hydrogel formulations were injected into 24 well plates in 2
ml aliquots, then fully cured with an ultraviolet light source (Exakt 402, Exakt Technologies,
Oklahoma City, OK) for one hour. Prior to testing, all PEGDA and GelMA hydrogels were kept
hydrated in deionized water. All chemicals were purchased from Sigma-Aldrich (Merck KGaA,

Darmstadt, Germany).

2.2 Indentation

Indentation stress-relaxation testing was performed using the same method described for
the TMJ articular cartilage in Chapter 2. Briefly, a stainless-steel indenter tip with a 0.4 mm radius
was used to indent hydrogel surfaces to a depth of 0.2 mm at a rate of 0.2 mm/s, followed by a 100
s hold to allow for tissue relaxation before indenter retraction. Force and displacement data were
collected and used to calculate the instantaneous and equilibrium elastic moduli using Hertzian
contact mechanics (Equation 2.4). The total number of indentations varied between groups due to
initial sample size and the number of indentations which met the inclusion criteria (< 5% RMSE
of loading data). Table 1 shows the number of indentations used for analysis for each hydrogel

group. Data collected from the TMJ discs were non-normal and exhibited higher variation than the
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hydrogel groups. Thus, a Kruskal-Wallis test with post hoc Wilcoxon rank-sum tests at
significance level a = 0.05 were implemented to compare instantaneous and equilibrium moduli
between the hydrogel groups and TMJ disc (Figure 11). Previously published indentation data

collected regionally on the ovine TMJ disc [61] were grouped for these comparisons.

Table 1: Summary of indentation number for each hydrogel group

GelMA PEGDA VA

polymer concentration
[weight %)
number of indentations | 5 3 10 63 48 17 19 18

10 20 10 20 30 15 20 25

The instantaneous and equilibrium moduli of all hydrogels increased with polymer
concentration, and mean equilibrium moduli were smaller than mean instantaneous moduli for all
hydrogels. There were statistically significant differences between the TMJ disc and all GelMA
hydrogels for both the instantaneous and equilibrium moduli. The instantaneous moduli of both
the 10% and 20% PEGDA hydrogels were significantly different from that of the TMJ disc, and
only the 10% PEGDA approximated the TMJ disc equilibrium modulus. The indentation
properties measured for the 10% and 20% PEGDA hydrogels fell within the range of TMJ disc
values (Figure 11). Therefore, PEGDA formulations between 10% and 20% may approximate the

TMJ disc tissue’s mechanical behavior.

The instantaneous moduli of both the 15% and the 20% PVA hydrogels were similar to
that of the TMJ disc. Additionally, the 15% PV A group was not significantly different from the
TMI disc for equilibrium modulus. These results suggest that the 15% PV A most closely matches
the behavior of the TMJ discs in indentation. However, the ratios of instantaneous to equilibrium

modulus for the PVA hydrogels were 2.9 (15% PVA) to 4.3 (25% PVA) times greater than the
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ratio for the TMJ disc tissue (0.19 ratio). This discrepancy emphasizes the high degree of relaxation
observed in the native TMIJ disc tissue as compared to the PVA hydrogels. However, all
experimental groups fell within the range of observed instantaneous moduli of the TMJ disc.
Activities such as chewing or talking induce larger dynamic stresses on the TMJ disc than more
static, distributed forces such as those that occur during clenching [56]. The dynamic mechanical
behavior of the TMJ disc is primarily governed by its instantaneous properties rather than its
equilibrium properties. Therefore, it may be argued that the instantaneous modulus may be a more

relevant consideration for a TMJ disc replacement material than the equilibrium modulus.
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Instantaneous Modulus [MPa]

p-values 15% PVA 20% PVA 25% PVA 10% GelMA  20% GelMA 10% PEGDA 20% PEGDA 30% PEGDA
TM]J Disc 0.10 0.31 0.03 <0.001 <0.001 0.04 <0.001 <0.001
15% PVA <0.001 <0.001 <0.001 <0.001 0.07 <0.001 <0.001
20% PVA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
25% PVA <0.001 <0.001 <0.001 0.02 <0.001
10% GelMA 0.008 <0.001 <0.001 <0.001
20% GelMA <0.001 <0.001 <0.001
10% PEGDA| <0.001 <0.001
20% PEGDA <0.001
Equilibrium Modulus [MPa]
p-values 15% PVA 20% PVA 25% PVA 10% GelMA 20% GelMA 10% PEGDA 20% PEGDA 30% PEGDA
TMIJ Disc 0.80 <0.001 <0.001 <0.001 <0.001 0.33 <0.001 <0.001
15% PVA <0.001 <0.001 <0.001 <0.001 0.13 <0.001 <0.001
20% PVA <0.001 <0.001 <0.001 <0.001 0.02 <0.001
25% PVA <0.001 <0.001 <0.001 0.009 <0.001
10% GelMA 0.06 <0.001 <0.001 <0.001
20% GelMA <0.001 <0.001 <0.001
10% PEGDA| <0.001 <0.001
20% PEGDA| <0.001

Figure 11: Box-and-whisker plots of the calculated instantaneous and equilibrium elastic moduli
from indentation of the PVA, GeIMA, PEGDA hydrogels, and the pooled TMJ data from Labus
et al [61]. Groups that do not share a letter were significantly different. All p-values for post hoc
Wilcoxon rank-sum comparisons are provided in the associated table (below).
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2.3 Friction

The coefficient of friction (COF) of PVA hydrogels was tested against a bearing surface of
ovine TMJ fossa cartilage according to the same protocol described in Chapter 2 for TMJ disc
samples. Briefly, an osteochondral plug was drawn back and forth across the surface of each
sample five times at rates of 0.4 mm/s, 4.0 mm/s, and 40 mm/s. Samples were immersed in artificial
synovial fluid. The normal and transverse forces were measured, and MATLAB was used to
calculate the sample COF defined as the absolute value of the transverse force, divided by the
normal force. Eight PVA hydrogel samples from each group were cut to an approximate size of
40 mm by 20 mm. A Kruskal-Wallis statistical test with post hoc Wilcoxon rank-sum tests at
significance level 0=0.05 were performed to compare COF between the hydrogel groups and TMJ
disc (Figure 16). No statistically significant differences in COF were found between the TMJ disc
and any of the PVA hydrogel groups at any of the testing speeds. Although there were no
differences in COF between the three PVA hydrogel concentrations at the 0.4 mm/s speed, the
COF of the 15% PV A hydrogel was significantly lower than the 20% and 25% PV A hydrogels at

4 mm/s and 40 mm/s speeds (Figure 12).

Sardinha et al. demonstrated similar COF values for PVA-based hydrogels to those
measured during this study under similar loading conditions [254]. However, hydration, applied
pressure, translation speed, hydrogel concentration, hydrogel molecular weight, and contacting
material all influence the apparent friction coefficient [199, 200]. At moderate (4 mm/s) and high
(40 mm/s) speeds, the 15% PV A hydrogel exhibited significantly lower friction than the 20% and
25% PV A hydrogels, suggesting that lower polymer concentrations may exhibit better frictional
properties at higher speeds. However, this trend may not be consistent for different applied loads.

Experiments on PVA/polyvinylpyrrolidone hydrogels have shown a decrease in COF with
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increasing polymer concentration at lower applied loads and the opposite trend at higher applied
loads [291]. Importantly, the friction experiments in the current study showed no statistical
difference in COF between the ovine TMJ disc and PV A hydrogels regardless of translation speed

or polymer concentration.

0.4 mm/s 4.0 mm/s 40 mm/s 0.4mm/s
A JK XY p-values 20% PVA 25% PVA TMIJ Disc
15% PVA 0.18 0.94 0.70
8 .18 20% PVA 0.39 0.59
B 25% PVA 1.0
% : 4.0 mm/s
£ 0.08 p-values 20% PVA 25% PVA TMJ Disc
2 A A K ¥ 15%PVA | 0.002 | 0.002 | 0.59
b A tl — — 20% PVA 0.09 | 039
Soosl || EE S Jooo X E9mm| [25%Pva 0.38
Q :b . 40 mm/s
p-values 20% PVA 25% PVA TMIJ Disc
. 15% PVA 0.002 0.03 0.70
= TMJ Disc & 15% PVA & 20% PVA & 25% PVA |05 oya = | ox
25% PVA 0.94

Figure 12: (left) Box-and-whisker plots of the average COF at each speed from friction evaluation
of the PVA hydrogels and ovine TMJ discs. Groups that do not share a letter were significantly
different. (right) All p-values from post hoc Wilcoxon rank-sum comparisons are provided in the
associated table.

2.4 Compression

Unconfined compression tests were performed on cylindrical samples of the PVA
hydrogels using the protocol described in Chapter 2 for ovine TMJ discs. A 2 mm diameter
cylindrical sample was removed from the central portion of each TMJ disc with a biopsy punch.
Each sample was loaded to a minimum of 60% strain at a strain rate of 0.005 s™! between two
compressive platens. Paired force-displacement data were collected, and MATLAB was used to
calculate the sample stress as the axial force divided by the sample cross-sectional area. Stretch

was calculated as the displacement of the upper platen divided by the initial height of the sample.
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2-term Yeoh model fitting and localized linear fitting were used to determine the Yeoh model
fitting and tangent moduli, respectively, using the same method described in Chapter 2. The values
of C; and C> were determined using a least-squares fit of Equation 2.3 to the stress-stretch data,
and the tangent moduli at stretch values from 4 = 1.00 to 4 = 0.96 and from 4 = 0.60 to 4 = 0.56

were calculated using a localized linear regression.

Eight samples from each PVA hydrogel concentration were designated for use in
unconfined compression experiments. Similar to the analysis of friction and indentation testing
data, a Kruskal-Wallis statistical test with post hoc Wilcoxon rank-sum tests (0=0.05) was
implemented to compare compressive tangent moduli and 2-term Yeoh model fitting coefficients
between the hydrogel groups and TMJ disc (Figure 13). The stress-stretch behavior was similar
between the PVA hydrogels and the TMJ disc samples under small deformations. However, the
TMJ disc data exhibited a greater degree of nonlinearity under larger deformations. For small
deformations (stretch values approaching 1.00), the TMJ disc tangent modulus was not statistically
different from the 20% PV A and 25% PV A. However, for greater compressive stretches (A <0.90),
the TMJ disc tangent modulus was significantly larger than all PVA hydrogels. The mean tangent
moduli and fitted C; parameter increased with increasing PVA concentration. The %RMSE for the
2-term Yeoh model fits of the unconfined compression data was 0.60% for the PVA hydrogels.
The values of C; and C> for the TMJ disc were significantly higher than those of the PVA hydrogels

(Figure 13).
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Figure 13 : (top) Box-and-whisker plots of the calculated 2-term Yeoh model fitting parameters
(C1, C2) from A =1.00 to A = 0.56, and the tangent moduli from A = 1.00 to A = 0.96 and from A =
0.60 to A = 0.56. (bottom) Groups that do not share a letter were significantly different. All p-
values for post hoc Wilcoxon rank-sum comparisons are provided in the associated table.
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The unconfined compression results reveal a disproportionate increase in tangent modulus
with increasing stretch magnitude for the TMJ disc compared to the PVA hydrogels. At lower
levels of stretch, the tangent modulus of the TMJ disc was not significantly different from the 20%
and 25% PV A hydrogel. However, at higher (4 = 0.60 to 4 = 0.56) compressive stretch magnitudes,
the tangent modulus of the TMJ disc was significantly higher than the PVA hydrogels. These
findings are explained by the non-linear behavior of the TMIJ disc tissue, which has been
documented across species [66]. In addition, the tangent moduli for unconfined compression in
the TMJ disc at higher values of stretch also exceeded the indentation moduli. This behavior is
likely due to the significant collagen fiber component in the TMJ disc, which can contribute to its
stiffness to a greater degree in macro-scale unconfined compression than in micro-scale
indentation [198]. Thus, we have demonstrated that the PVA hydrogels do not fully mimic the
non-linear behavior of the TMJ disc. These results suggest that transversely aligned tensile
reinforcement may be required to increase the compressive stiffness of PVA hydrogel materials at
higher physiological strains (estimated up to 44%) to mimic the compressive behavior of the TMJ

disc [192].

2.5 Tension

PVA hydrogel tensile specimens were tested following the protocol described by Labus et
al. for ovine TMJ discs [61]. Specifically, PVA hydrogel specimens were cut to a dog-bone shape
with width 3.48 + 0.14 mm and thickness 1.44 + 0.10 mm (mean * standard deviation) using a
scalpel and 3D printed cutting jig. The initial distance between grips was measured after a preload
of 0.05 N was applied. Graphite powder was applied to the top surface of each sample to enhance
the texture for measuring strain via digital image correlation. Each sample was preconditioned for

10 cycles to 8% strain at a displacement rate of 8% strain/second. Once preconditioned, samples
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were loaded to failure at a rate of 0.01 s’'. The initial grip-to-grip distance was used to define the
strain rate for each test. A MATLAB-based digital image correlation algorithm was used to
calculate the average stretch of a central region of interest of each sample up to a stretch of 1 =1.4
[61, 292]. The stress-stretch data were used to determine a tensile elastic modulus using a linear
fit of the data between A=1.1 to A = 1.2, matching the range used for TMJ disc samples. The failure
stretch for each sample was calculated by measuring fiducial markers placed on the sample surface
using Imagel (Version 1.52s, National Institute of Health, Bethesda, MD) [293]. PVA ultimate
strength was defined as the maximum stress observed for each sample, and PV A sample toughness
was estimated as the ultimate strength multiplied by the failure strain divided by two due to the
highly linear stress-stretch behavior. A one-way ANOVA with post hoc Tukey test (a=0.05) was
used to compare the PVA hydrogel and TMJ disc tensile moduli, failure stretch, ultimate tensile
strength, and toughness (Figure 14). A logarithmic transformation was applied to all tensile data

before statistical evaluation in order to satisfy the assumptions of normality and equal variance.

The average elastic modulus, failure stretch, ultimate tensile strength, and toughness
increased with PVA concentration. The elastic modulus, ultimate tensile strength, and toughness
were all greater in the anteroposterior (AP) direction (predominant fiber direction) than in the
mediolateral (ML) direction (transverse to the fibers) for the TMJ disc as demonstrated by Labus
et al. The mean elastic moduli of the TMJ disc tissue in the AP and ML directions were 630 and
53 times greater, respectively, than the mean elastic modulus of the 25% PVA hydrogel. The
ultimate tensile strength of the TMJ disc in the ML direction was not significantly different from
the 20% or 25% PVA hydrogels. In the AP direction, the TMJ disc ultimate strength was

significantly greater than all PVA hydrogel materials. The failure stretches for the 20% PV A and
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25% PV A were significantly greater than the TMJ disc, regardless of direction. A summary of

findings from these tensile experiments is provided in Figure 14.

The most disparate material property between the PVA hydrogels and TMJ disc is the
tensile modulus. Previous tensile characterization of unmodified PVA hydrogels with the same
molecular weight and degree of hydrolysis report tensile moduli from 0.23 MPa [294] to 7.6 MPa
[295]. This broad range can be attributed to differences in synthesis methods and PVA
concentration. In our evaluation, the tensile modulus of the 25% PVA group (0.40 MPa) was 53
to 630 times smaller than that of the ovine TMJ disc. These results suggest that mimicking the
tensile stiffness of the ovine TMJ disc would require reinforcement of the PVA hydrogels.
Attempts to reinforce PVA hydrogel networks have been attempted [252]. Introduction of
additional polymers into the PVA hydrogel networks has increased tensile moduli to
approximately 200 MPa [296]; Holloway et al. measured a tensile modulus of 258.1 + 40.1 MPa
for a PVA hydrogel reinforced with melt-blown ultra-high molecular weight polyethylene and PP

fibers [294].
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Figure 14 : (top) Box-and-whisker plots of the elastic modulus, failure stretch, ultimate tensile
strength, and failure stretch from the tensile evaluation of the PVA hydrogels and ovine TMJ discs
[61, 297]. Groups that do not share a letter were significantly different. (bottom) All p-values for
post hoc Tukey’s HSD tests are provided in the associated table.

2.6 Summary

These experiments provide a broad analysis of the mechanical behavior of PVA, GeIMA,

and PEGDA hydrogels with a direct comparison to the ovine TMJ disc. Overall, trends in these

data show increasing elastic moduli measured for indentation, tension, and unconfined
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compression with increasing polymer concentration. Table 2 shows a brief summary of measured
material properties of the ovine TMJ disc, condylar cartilage, and joint capsule in comparison to
relevant material properties for PCL, PP, 20% PEGDA hydrogel, 20% GelMA hydrogel, and 20%
PVA hydrogel [61, 284, 298-304]. For cases in which regional values were measured for the TMJ

tissues, a mean value is provided for the sake of simplicity.
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Table 2: Summary of candidate polymer mechanical properties in indentation, compression,

friction, and tension in comparison to the ovine TMJ tissues.

Indentation Properties
Author
Sample E; (kPa) Eg (kPa) Eg/E;
Ovine TMJ Disc 485 + 560 94 + 58 0.19 Labus (2021) [61]
Ovine TMJ Articular 1200 + 800 200 £ 190 0.17 Novel data
Cartilage
PVA (25% Hydrogel) 510+ 110 415 £ 101 0.81 Novel data
PP 70x10° =12 x10° - Tranchida (2005) [303]
(nanoindentation)
PCL 1.17 x 10° - Lin (2017) [299]
PEGDA (20%) 610 + 190 330+ 130 0.54 Novel data
GELMA (20%) 22+9 14+£7 0.64 Novel data
Compressive Properties

E'y (kPa) E',. (kPa) C; (kPa) C, (kPa)
Ovine TMJ Disc 125 +£40.0 3610 +£2750 80.5+41.8 66.4+58.7 |[Novel data
Ovine TMJ Articular 363 £169 1677 £538 - - Hagandora (2011) [301]
Cartilage
PVA (25% Hydrogel) 162 +46.2 827+358 30.0+6.5 15.9+8.2 |Noveldata
PP 1380 x 10° - - Matweb [285]
PCL 455 x10° £2x 10° - - Ragaert (2014) [284]
PEGDA (20%, P700) 259 +4 - - Kotturi (2017) [300]
GELMA (20%, 113+ 15 - - Gu (2020) [298]
GMABI180)

Coefficient of Friction
0.4 mm/s 4 mm/s 40 mm/s
Ovine TMJ Disc 0.057+ 0.049  0.059+ 0.050 0.058 £ 0.050 [Noveldata
Ovine TMJ Articular Tested against TMJ disc, see above Novel data
Cartilage
PVA (25% Hydrogel) 0.043+ 0.015 0.073+ 0.020 0.043 £ 0.011 [Noveldata
Tensile Properties
E (MPa) UTS (MPa) Ay Toughness
(MJ/m?)
Ovine TMJ Disc (AP) 251 + 81 256+4.6 1.18+£0.07 1.82+0.53
Ovine TMJ Disc (ML) 21.5+£6.7 37£04 1.25+£0.06 0.40+0.12
Ovine TMJ Capsule 41+4.1 229+1.64 - - Novel data
PVA (25% Hydrogel) 040+ 0.06 2.79+0.62 3.55+0.27 3.62+1.12 |Noveldata
PP 1,750 - 2,500 25-32 10 - 44 - Tordjeman (2001) [304]
PCL 440+ 3 17.8 5 1.024 + - E and UTS: Ragaert
0.006 — (2014) [284]
1.031 £+ ¢ ¢ Eshraghi (2010) [302]
0.002
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3 Polymer selection and reasoning

The objective of these experiments was to provide a broad mechanical comparison between
polymer candidates and the ovine TMIJ disc to identify a suitable candidate for a TMJ disc
replacement. Indentation served as a screening method for PEGDA, GeIMA, and PV A hydrogels.
These tests revealed that PVA and PEGDA hydrogel instantaneous and equilibrium moduli were
nearest to the TMJ discs. Through manual manipulation, it was evident that the GeIMA and
PEGDA hydrogels lacked the necessary mechanical strength to endure friction or tensile testing
and were therefore determined to be too weak to survive in vivo without additives or structural
reinforcement. Though a tissue engineering solution for TMJ disc replacement is warranted [305],
understanding of healthy TMJ adaptation is poor. The hypoxic environment of the TMJ disc further
complicates the application of a degradable, bioactive scaffold for TMJ disc replacement at this
time. Initial efforts in this field should be targeted toward restoring joint health and preventing
further disease progression in the pathologic TMJ. We believe that a non-degradable PVA
hydrogel-based TMJ disc replacement will provide an opportunity to arrest TMD progression as

well as prevent or delay the need for total TMJ replacement in some cases.

PVA hydrogels are tough, simple to produce, and inexpensive. They also show promise
for TMJ disc replacement due to their biomimetic frictional, tensile failure, and compressive
properties. Of the concentrations tested, the 25% PV A group is the most promising candidate for
TMJ disc replacement from a holistic view of the collected data. The 25% PV A hydrogel was most
similar to the TMJ discs in initial compressive modulus, ultimate tensile strength, and toughness,
and it exhibited higher failure stretch than the TMJ discs. The indentation results demonstrated

better agreement between the 15% PV A and the TMJ disc, but the instantaneous modulus of the
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25% PV A hydrogel group was within the range of values calculated for the TMJ disc. Additionally,

the COF of 25% PV A was not significantly different from the ovine TMJ disc at any speed.

The disparity between the tensile modulus and high-stretch compressive modulus of the
25% PV A hydrogel and ovine TMJ disc demonstrates a need for tensile reinforcement of the PVA
hydrogel structure to achieve or exceed the natural tensile behavior. Both PCL and PP exhibit
sufficiently high tensile properties and could be implemented as a structural reinforcement for
PVA hydrogels in order to more closely resemble the TMJ tensile properties. However, the value
of mimicking the tensile characteristics of the ovine TMJ disc must be balanced with the
importance of the frictional and compressive properties of the native tissue. The importance of low
friction in articular joint replacements is well understood, and the compressive properties of
articular cartilage replacements are also essential, as the primary mode of loading in the TMJ is
compression. For dynamic activity, physiologically relevant compressive strains in articular
cartilage can range from 15% to 35% [306], while tensile characterizations of the canine TMJ disc
have reported physiological in vivo tensile strains of 4% [307]. This disparity in strain magnitude
suggests that sufficiently high frictional and compressive properties in a joint replacement strategy

are necessary.

This mechanical evaluation was limited in scope, focusing PVA of a single molecular
weight and degree of hydrolysis. The mechanical behavior of PVA hydrogels is highly tunable,
influenced by a multitude of synthesis conditions and polymeric characteristics [308]. PVA
hydrogel properties may also be optimized through other strategies, including reinforcement from
additional polymers [309, 310], directional freezing [295], and thermal annealing [311, 312].

However, this study does provide a baseline for comparison between one PVA hydrogel
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formulation and the ovine TMJ disc. Overall, these experiments further support development of

PV A hydrogels for TMJ disc replacement in an ovine preclinical model.
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CHAPTER 4 - FINITE ELEMENT MODELING OF THE OVINE TEMPOROMANDIBULAR
JOINT

A FE model of the ovine TMJ was developed for in silico evaluation of artificial TMJ disc

replacement strategies. This model was validated using ex vivo data collected during jaw clenching

experiments of ovine TM]J tissues. Results from the validation experiments were not statistically

different from the FE model predictions, which suggests that this model has the predictive accuracy

for performing quasistatic compressive evaluations of TMJ disc replacement strategies.

1 Geometry and 3D modeling

One left ovine TMJ was used to define the FE model geometry. The TMJ was fixed in the
fully closed position with a titanium screw passed through the zygoma and into the coronoid
process. The fixed TMJ was excised en bloc and excess muscle and fat was removed. Next, an
incision was made in the posterior aspect of both joint capsules. Finally, the sample was immersed
in a 30% Lugol’s iodine - 70% PBS solution for 72 hours. This solution increased the radiopacity
of the TMJ disc, which improved its visibility in micro-computed tomography (uCT) images
[313]. The TMJ sample was placed in a uCT sample holder and secured in place using a dense
foam to ensure that the joint would stay in the fully closed configuration after the external fixator
pin was removed. A uCT scan was taken of the TMJ specimen with a voxel size of 74 um. Figure
15 shows a representative image from the uCT scan before and after soaking in the Lugol’s iodine

solution.
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Disc space

Condyle

Figure 15: Comparison of TMJ disc visibility before (left) and after (right) soaking in Lugol’s
1odine solution.

Segmentation of the 3D geometry of the fossa, condyle, and TMJ disc was completed using
ITK-snap, an automatic segmentation software for processing medical images [314]. Separate
surface model geometries of the fossa, condyle, and TMJ disc were exported as .STL files.
Meshmixer® (Autodesk Inc., San Francisco, CA) was used to patch holes in the mesh files, remove
superfluous bone and internal voids, smooth articular cartilage surfaces, and reduce the number of
facets used to define the geometry. The condyle and fossa models were imported into Solidworks®
(3DS Dassault Systemes, Vélizy-Villacoublay, France), which was used to create condylar and
fossa cartilage plates defined as 0.25 mm thick extrusions offset from the subchondral bone
surfaces. The disc geometry was meshed with quadratic tetrahedral elements (C3D10), and the
fossa and condylar cartilage geometries were meshed with two layers of hexahedral (C3D8R)
elements. The condyle and fossa bones were also meshed with tetrahedral elements and used to
define the joint capsule attachment locations, but these elements were otherwise not included in
the FE model for the sake of simplicity. All meshing was accomplished using Coreform Cubit™
(Coreform LLC, Orem, UT). Abaqus (Abaqus/CAE 2021, 3DS Dassault Systemes, Vélizy-

Villacoublay, France) was used to conduct all FE modeling simulations/computations.
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The joint capsule and disc attachments were modeled as nonlinear spring elements with
attachment locations defined by in-sifu measurements of the ovine TMJ. Each joint capsule section
was divided into six evenly spaced spring elements with length and width equal to the average
dimensions measured during joint capsule tensile testing, using methods previously described in
Chapter 2. The meshed fossa and condyle bone models were used to define the location of
attachment for the joint capsule. These locations were imported into the soft-tissue only model.
The regions of joint capsule attachment to the TMJ disc were defined in the soft-tissue model

(Figure 16).

e S I

Figure 16: Initialized soft-tissue FE model demonstrating the fossa cartilage, condylar cartilage,
TMI disc, simplified joint capsule sections, and joint capsule attachment points.

The superior surface of the TMJ fossa cartilage and the superior joint capsule attachment
points were assigned a fixed boundary condition. The center of mass (COM) of the TMJ condylar
cartilage was determined, and the internal condylar cartilage nodes and inferior ligament

attachment points were coupled to the condyle COM with multi-point constraint beam elements.
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This configuration allowed for simplified motion of the condyle relative to the fixed fossa position

through constraint and manipulation of the COM control point.

2 Model initialization

Material properties for the TMJ disc, condylar cartilage, fossa cartilage, and joint capsule
sections were obtained from the ex vivo measurements of ovine specimens as described in Chapter
2, and experiments on the 25% PV A hydrogels described in Chapter 3. Specifically, the TMJ disc
material properties were defined using the 2-term Yeoh model parameters captured through
unconfined compression of the TMJ discs and 25% PVA hydrogels. The condylar and fossa
cartilage, on the other hand, were defined as homogeneous linearly elastic materials using data
collected during the ex vivo indentation testing. For the quasistatic simulations, the mean
equilibrium modulus was used to define the cartilage material property. The force-displacement
behavior of each joint capsule section was defined directly from its corresponding force-
displacement curve with the median elastic modulus. Contact between the TMJ discs and the
articular cartilage was defined with a contact stiffness derived from relaxed moduli from
indentation stress-relaxation experiments. The COF for contact was defined as the average COF
measured from friction experiments. Table 3 provides a summary of the material property

definitions for each TMJ FE model component.
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Table 3: Summary of material property definitions for each component of the TMJ FE model

Imported force-displacement

Material Property Definition Source
T™J di ( 2 -term Yeoh model
iS¢ componen (incompressible)
C, =80.5 kPa
Ovine TMJ 1 Unconﬁnfed
C,=75.0 kPa compression
C1=30.1 kPa
25% PV A hydrogel C2 =159 kPa
Fossa and Condylar |  Linear, isotropic material Indentation stress-
cartilage 200 kPa relaxation

Joint Capsule Jata Tensle testing
Cartilage - Di
artilage - Disc COF
Contact

Ovine TMJ 0.058 Friction

25% PV A hydrogel 0.043
Contact stiffness (linear) Indentation stress-
200 kPa relaxation

3 Jaw clenching simulation

Initial investigations utilizing the TMJ FE model were focused on quasistatic compression
of the TMJ components to mimic jaw clenching. A linearly ramped compressive load of SON was
applied through the condyle COM. This force acted to close the TMJ and applied compressive
forces that were distributed by the TMJ disc. Motion of the condyle was constrained to prevent AP
and ML motion as well as rotation about the AP and ML axes. The average centroidal pressure of

surface elements within 2.5 mm of the peak pressure was captured at 20 intervals during the force
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ramp. The slope of the average contact force with respect to the applied load was calculated for
the FE model prediction. Figure 17 shows the motion of the TMJ condyle and disc throughout a
jaw clenching simulation with corresponding stress distributions in the TMJ disc. The area of
contact with the TMJ disc was also collected at each loading interval. Contact area was defined as

the as the area of nodes with a contact pressure (CPRESS) greater than 0.1 MPa.

Whole Model TMIJ disc

Figure 17: Stages of motion in the TMJ FE model showing the stress distribution in the anterior
view of the whole joint (center column) and superior view of the TMJ disc (right column)

3.1 Validation
Ex vivo experiments to simulate jaw clenching were performed for validation of the FE
model simulation results. Seven TMJs (n=4 left, n=3 right) were excised en bloc and fixed in the

fully closed position using external fixator pins. The specimen ends were embedded in a 2-part
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epoxy resin and mounted in a servo-hydraulic material testing machine (Model 858, MTS, Eden
Prairie, MN). An incision was made in the posterior aspect of the superior TMJ capsule, and a
flexible pressure-mapping sensor was inserted between the TMJ disc and fossa (Figure 18a). The
pressure distribution between the TMJ disc and fossa was collected at SN increments up to the
pressure sensor stress limit (1.21 MPa). The average pressure within 2.5 mm of the measured peak
pressure was calculated for each increment of applied load to compare between the FE model and
pressure sensor readings. The slope of the peak stress-applied force curve was compared between
experimental data and model predictions under commensurate loading using a one-sample t-test.
The contact area was also collected for each loading step as the area of the pressure sensor or FE

model surface with a measured pressure greater than 0.1 MPa.

The FE model prediction fell within one standard deviation of the experimental mean and
was not significantly different from the mean experimental validation data (p = 0.50). The
predicted contact area fell within the 95% confidence interval of the experimental data for an
applied force of 7.5 N, but underpredicted the experimental contact area at higher loads (Figure
18). These data demonstrate general agreement between the FE model and comparable ex vivo
compression experiments on the ovine TMJ in terms of contact stress, but the FE model
underestimates the contact area at higher applied loads. Further mesh refinement in the contact
area may lead to a more accurate estimation of the contact area. However, the discrepancy between
the contact area in the model compared to the measured contact area from the validation
experiments is also influenced by the use of the isotropic 2-term Yeoh model. Though the 2-term
Yeoh model can successfully capture the non-linear material stress response, it does not explicitly

account for the transverse anisotropy due to the collagen fiber component in the native disc.
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Figure 18: Comparison between FE model and experimental contact area with respect to applied
load.
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Figure 19: (A) TMJ jaw clenching experimental setup, (B) example pressure map of the joint
under 50 N compressive load, (C) FE results under 25 N compressive load.
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3.2 Study of model sensitivity

An investigation of the TMJ FE model sensitivity to the mechanical properties of the TMJ
disc was also performed to determine the importance of the TMJ disc properties on the FE model
predictions. Separate simulations were conducted in which the TMJ disc was defined as a linearly
elastic, isotropic material with an elastic modulus of 0.01 E, 0.1 E, 1 E, 10 E, 100 E, 1,000 E, and
10,000 E where E was the instantaneous modulus of the TMJ disc from indentation stress-
relaxation experiments (E = 400 kPa) [61]. Results of these simulations show that the slope of the
peak stress versus applied force curve was sensitive to the TMJ disc elastic modulus between 0.01

E and 100 E (Figure 20).
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Figure 20: Summary of experimental data and FE model predictions for the TMJ disc and 25%
PVA hydrogel (left) and model sensitivity experiments (right).

3.3 Performance of PVA hydrogels

After successful validation of the FE model, it was also implemented to study the TMJ
behavior with a 25% PVA hydrogel artificial disc replacement in a simulated jaw clenching
experiment. The properties of the TMJ disc component were defined according to the 2-term Yeoh
model fitting parameters from unconfined compression of the 25% PVA hydrogels, which is
described in Chapter 3. All other constraints, loads, and material property definitions were kept
consistent with the previous jaw clenching simulations of the native TMJ disc. A one-sample t-
test was used to compare the slope of the peak pressure versus applied force between the simulated

25% PV A hydrogel and the experimental ex vivo validation data. The model prediction for the

69



25% PV A hydrogel fell within one standard deviation of the experimental mean. Furthermore, the
model prediction for the 25% PV A hydrogel TMJ disc replacement was not significantly different

from the mean experimental validation data (p = 0.51).

4 Summary

A FE model of the ovine TMJ disc was developed based on ex vivo mechanical evaluation
of ovine tissues with geometry derived from uCT scans of one left ovine TMJ. The FE model
stress predictions for jaw clenching were validated against ex vivo experimental data collected
from a group of seven freshly harvested ovine TMJs. The behavior of a 25% PVA hydrogel
artificial disc replacement was also evaluated and compared against the experimental data. Model
predictions for both the native ovine TMJ disc and the PVA hydrogel disc replacement showed
excellent agreement with the experimental data. These results suggest that the FE model is able to
accurately predict stresses that result from jaw clenching. They also demonstrate that a 25% PVA
hydrogel experiences similar internal stresses that the native TMJ disc experiences in this mode of
loading. Future efforts will target the development and validation of a FE model to simulate the
masticatory motions of the ovine TMJ; this dynamic model will further inform the selection of a

material candidate for the development of an effective TMJ disc replacement strategy.
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CHAPTER 5 - EX VIVO EVALUATION OF TMJ DISC REPLACEMENT STRATEGY

Timely evaluation of TMJ disc replacement candidates throughout their development can
be facilitated by ex vivo experiments. The nature of implant failure is an especially important factor
in long-term implant stability, particularly in the replacement of articular joints. This chapter
describes a method for assessing the failure mechanisms of artificial TMJ disc replacement
strategies. An apparatus that manipulates a cadaveric specimen through repetitive chewing
motions has been designed and implemented to study artificial TMJ disc replacement candidates
under near in vivo conditions. This simulated chewing apparatus (SCA) has been used to
successfully replicate the observed modes of failure seen in the TMJ disc replacements used in the

pilot experiment described in Chapter 6.

1 Design

3D motion capture of ovine chewing motions was completed as part of the pilot
experimental protocol and is described in more detail in Chapter 6. All in vivo procedures were
approved by the Colorado State University IJACUC (protocol #3999, approved November 28,
2022). Briefly, reflective markers were affixed to each sheep’s nose and chin using flexible 3D
printed structures. A multiple-camera stereophotogrammetry system (Motion Analysis Corp.,
Santa Rosa, CA) was used to capture pilot experiment animals’ chewing motions before and after
surgical intervention. Individual chewing cycles were identified through post-processing in the
Motion Analysis software. MATLAB was used to remove superfluous translation and rotation due
to whole skull movements from the motion of a single mandible-mounted marker throughout each
chewing cycle. The unrelated skull translation was subtracted from each corresponding increment
directly using the motion of the skull-mounted markers. The rotation of the mandible marker

related to whole skull rotation was removed by calculating a rotation matrix for the skull marker

71



movement, multiplying the rotation matrix by the vector between the skull marker and mandible
marker, and subtracting the resultant vector between the initial and rotated skull-mandible vector

from the subsequent mandible marker position. A representative curve was selected from the

chewing data collected prior to surgical intervention and used in the SCA design.

A crank-rocker, four-bar linkage was designed to replicate the selected chewing motion
from a single motor input. A crank-rocker four-bar linkage can repeatably reproduce a planar

motion by revolving one link (the crank), which causes the remaining links to articulate in a
predictable manner (Figure 21).

/ Rocker
Crank motion

Figure 21: Crank-rocker 4 bar linkage configuration depicting crank and rocker motions.
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MATLAB was used to determine the dominant plane of the chewing motion by minimizing
the absolute value of the out-of-plane motion for the selected chewing cycle. 3D motion data for
the chosen chewing cycle was transformed into this dominant plane, resulting in a maximum out-
of-plane displacement of 1.21 mm, which was 3.0% of the cycle range of motion. This process
maximized the amount of 2D motion throughout the chewing cycle, which allows for the most
accurate reproduction of the chosen cycle possible by a four-bar linkage. A 2D recapitulation of
the TMJ chewing motion captured by the mandible-mounted reflector was deemed appropriate due
to the small ratio of in-plane to out-of-plane motion. The resulting 2D curve was used for four-bar
linkage design. MATLAB was used to compare the measured chewing motion to the motion of an
arbitrary point (Q) on the middle link of a crank-rocker four-bar linkage with the following link
lengths: L= 15 mm, L> =45 mm, L3 =35 mm, L4s= 40 mm. The location of point Q on the center
link (L) was defined using a distance (r) and angle (0) defined from the pivot point connecting the

crank and center link (Figure 22).
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Figure 22: Configuration of four-bar linkage used to reproduce TMJ chewing motion at arbitrary
point Q on center link.

The discrete Fréchet distance [315] is used to compare the isometry of two curves by
quantifying the greatest distance between ordered points along those curves. For a range of r and
0 values, the Fréchet distance between the observed chewing curve and the arbitrary point’s motion
along the four-bar linkage curve was calculated. MATLAB was used to determine the path of point
Q for increments of r between 20 mm and 40 mm, and increments 0 from 0° to 360°. The number
of points defining the locations of point Q matched the number of points used from the ideal
chewing motion. The discrete Fréchet distance was calculated for each r & 6 combination and the

combination which minimized the discrete Fréchet distance was identified. Using this approach,
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the optimal values for r (24.33 mm) and 6 (47°) resulted in a minimum discrete Fréchet distance

of 3.19 mm. The curve associated with the finalized linkage design is shown in Figure 23.
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Figure 23: Comparison between measured mandible marker motion and optimized four-bar
linkage motion.

Solidworks® was used for 3D modeling of a linkage based on the optimized theoretical
linkage identified using MATLAB (Figure 24). The modeled four-bar linkage was manufactured
using a combination of traditional and additive manufacturing techniques. This linkage was affixed
to arigid frame with integrated 6 degree-of-freedom load cell (AMTI, Watertown, MA) and driver

motor (Model: AKM53H-ANCNC-00, National Instruments, Austin, TX). The SCA frame is
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adjustable to allow for differently sized specimens to be used for analysis. Ovine cadaveric skulls
are mounted in the SCA using wood screws inserted into the cranium and mandible, which are
then embedded in a two-part epoxy in a cylindrical mold. Molded sections are secured in the
apparatus using appropriately sized cylindrical grips and thumb screws, which provides rigid
attachment to the load cell for the cranium, and four-bar linkage control point for the mandible. A
compressive force up to 250 N can also be applied across the TMJ and load cell using an integrated
set of springs attached to the SCA frame and angles of the mandible (Figure 25). A Labview
(version 8.0, National Instruments Co., Austin, TX) program is used for motor speed control and
to count revolutions and capture applied forces and moments across the integrated load cell.
Implant strain is measured optically post hoc using fiducial markers on the implant surface. A
maximum chewing rate of 3 revolutions/second allows for expedited analysis of high cycle fatigue
failure. A misting humidifier was used to keep the artificial TMJ discs hydrated throughout the

experiment.
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Figure 24: Four-bar linkage design assembled virtually with Solidworks®. The mounting plate
serves as the link Ls, the crank link is L1, the center link is L, and the rocker is L3. Bearing covers
were 3D printed and used to mount precision bearings (not pictured) at the link pivot points. The
motor coupler is attached to the driver motor and rotates the crank link. The motion control point
is coupled to the mandible with a fixture and two-part epoxy.
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Figure 25: SCA configured for compressive failure analysis depicting mounted specimen with left
artificial TMJ disc replacement.

2 Methods

To prepare both the tensile and compressive failure experiments, an artificial TMJ disc was
molded from 25% PV A hydrogel and installed according to the surgical procedure that is described
in Chapter 6. Briefly, an incision was made to expose the left TMJ capsule, and the capsule was
cut circumferentially to release the TMJ disc. The TMJ disc was removed with care to prevent
damage to the articular cartilage surfaces. The patient specific TMJ disc replacement was inserted
into the disc space, and its superior and inferior flanges were affixed to the zygoma and condyle,
respectively, using thin maxillofacial plates with 1.5 mm diameter titanium orthopedic screws. The
cadaveric skull was mounted in the SCA using wood screws embedded in a two-part epoxy. The
specimen was mounted with the linkage and mandible in the fully closed orientation, which was

confirmed by the occurrence of tooth contact in each chewing cycle.
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2.1 Tensile failure analysis

An experiment to cause implant failure due to cyclic tensile forces on the implant
attachment was performed. The four-bar linkage was articulated at a rate of 3 revolutions/second
for a total of 600,000 cycles. Hydration of the TMJ space was maintained with a misting
humidifier. Incremental images of the artificial TMJ disc and videos of the articulating motion
were captured throughout the experiment. The bulk tensile strain in the implant attachment flanges
was measured optically post hoc from videos taken of the implant articulation for ten different
chewing cycles. Based on these optical measurements, the attachment flange was subjected to an

approximate cyclic tensile strain of 8 % + 3 % due to the induced chewing motion.

2.2 Compressive failure analysis

Experiments to cause implant failure due to cyclic compressive loading on an artificial
TMJ disc were performed on a 25% PVA hydrogel implant, and PVA hydrogel implant after
thermal annealing. To create the annealed TMJ disc replacement, a 30% larger three-part mold
was 3D printed to accommodate implant shrinkage due to thermal annealing. A 25% PVA
hydrogel solution was created, injected into the scaled mold, and subjected to six freeze-thaw
cycles. The completed implant was removed from the mold and dehydrated in a vacuum chamber.
Once fully dry, the implant was placed in an oven at room temperature. The oven was heated to
150 °C over three hours, then held at 150 °C for one hour before removal. TMJ disc replacements
were installed using the surgical procedure described in Chapter 6. Holes were drilled in the angles
of the left and right mandible and a 9.53 mm diameter threaded rod was inserted through the holes
to create a rigid attachment for the SCA springs. The springs were attached to the SCA frame and
mandible-mounted threaded rod bilaterally to create a force of SON (measured by the integrated

load cell) across the joint spaces. The four-bar linkage was articulated at a rate of 1
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revolution/second for a total of 10,000 cycles for both the 25% PVA and annealed hydrogel
implants. Hydration of the TMJ space was maintained with a misting humidifier. Images were

taken of the artificial TMJ disc component of the implants at 0, 1,000, and 10,000 cycles.

3 Results

3.1 Tensile failure analysis

Figure 26 shows the regions of crack initiation in the implant. Although catastrophic
implant failure was not achieved in 600,000 cycles, the initiation and propagation of cracks in the
implant flange predicts the mode of implant failure at high cycles. The initiation of cracks at the
intersection between the plate and screw edges matches well with the mode of failure observed in

the TMJ pilot experiment.

Figure 26: 25% PVA hydrogel TMJ disc replacement after 600,000 cycles in the SCA, arrows
indicate locations of crack initiation and propagation.
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3.2 Compressive failure analysis

Catastrophic failure occurred in less than 1,000 cycles in the compressive failure
experiment on the untreated 25% PV A hydrogel implant, and in less than 10,000 cycles in the
annealed PV A hydrogel experiment (Figure 27). Compressive stresses in the implant exceeded the
hydrogel failure stress causing holes to form in the artificial TMJ disc. The holes created by the
dynamic compressive stresses caused cracks to nucleate in the mediolateral direction near the crest
of the TMJ condyle. This mode of failure was similar to the failure seen in the artificial TMJ disc

components in the pilot study.

Implant failure

Implant
failure

Medial

Figure 27: Image showing failed regions of the (left) 25% PVA hydrogel and (right) annealed
PV A hydrogel TMJ disc replacements after completion of compressive failure analysis in the SCA.

4 Discussion

A method to replicate the in vivo loading conditions on an artificial TMJ disc replacement
has been successfully created and will allow for expedited evaluation of artificial TMJ disc
replacements. The system has been used to cause implant failure due to tensile stresses on the

implant attachment flanges, and due to compressive forces through the TMJ disc component. Both
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methods of failure matched the failure modes observed in the pilot study using the same patient

specific artificial TMJ discs made with 25% PV A hydrogel.

Though catastrophic failure of the implant was not achieved, the tensile failure experiment
helped to identify the location of crack nucleation at the interface between the PVA hydrogel and
titanium plate. The bulk strain in the implant attachment flanges was 8% + 3% which is only 3%
of the failure strain (248% + 27%) for 25% PV A hydrogels, a level at which the implant life may
be nearly infinite. However, crack nucleation at the interface of the titanium plate and PV A flange
is indicative of a stress concentration which may result in much higher local strains than those
estimated by the bulk strain measurement, or the introduction of damage during installation of the
titanium plate. Regardless of the means of nucleation, the formation and elongation of cracks was
evident in the PVA attachment flanges after 600,000 cycles in the SCA tensile failure analysis.
Though less rapid than the compressive failure, the initiation of tensile failure must be accounted

for in further design to improve implant survivability.

Compressive failure in the artificial TMJ disc component of the 25% PV A and annealed
TMJ disc replacements occurred rapidly (less than 10,000 cycles) in the SCA with an applied load
of 50 N across the TMIJs bilaterally. This suggests that the compressive forces through the TMJ
disc component are the dominant contributor to implant failure with the current hydrogel
formulation and implant design. It is clear that a 25% PV A hydrogel does not possess a sufficiently
high compressive failure stress or wear resistance to withstand repeated loading of more than 25
N in the ovine TMJ. These findings underscore the need for structural reinforcement of the

artificial TMJ disc structure to exceed the current, more biomimetic, mechanical behavior.
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Ultimately, for an implant candidate to be considered successful it must be shown to
survive for a number or loading cycles equal to decades of expected loading in the human TMJ
space. In other articular joint replacements, these targets are typically of the order 10° or 107 [322],
which greatly exceeds the lifetime of the current implant material and design. Implementation of
the SCA has helped to refine the design targets for an artificial TMJ disc replacement, and redirect
development towards even more durable, fatigue and wear resistant candidates. Additionally,
methods for reducing stress concentrations in the attachment, and reducing or more effectively

redistributing the stress on the artificial TMJ disc replacement must be investigated.
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CHAPTER 6 - IN VIVO PILOT EXPERIMENT

In vivo preclinical studies are important evaluations in the path towards translation of
artificial TMJ disc replacements to human clinical trials. This chapter describes the design,
synthesis, and surgical procedure development of a patient specific, artificial TMJ disc
replacement strategy and its implementation in an ovine preclinical pilot study. An implant design
and surgical strategy was developed in collaboration with human maxillofacial and veterinarian
surgeons, namely Dr. Ryan Dobbs, M.D., D.D.S. (Saddle Rock Institute, Aurora, Colorado); Dr.
Jennifer Rawlinson, DVM (Colorado State University); and Dr. Jeremiah Easley, DVM, (Colorado
State University). Implants were designed using geometry captured with clinical computed
tomography scans and manufactured from 25% PV A hydrogel using 3D printed molds. The pilot
experiment was designed to investigate the in vivo success of the implant in preventing joint
degradation in comparison to disc excision alone. Body weight, body condition, and chewing
behavior were monitored throughout the experiment. All in vivo experimental procedures were
approved by the IACUC at Colorado State University (protocol #3999, approved November 28,
2023). Ex vivo indentation-stress relaxation experiments were performed on the treated and
contralateral articular cartilage surfaces, along with histological analysis of the TMIJ cartilage

surfaces and relevant organ tissues.
1 Artificial TMJ disc design and surgical strategy

An iterative approach to implant design, utilizing the expertise of surgeon partners Drs.
Easley, Dobbs, Rawlinson, was implemented to develop a final implant design and surgical
strategy. Initial implant development was focused on defining the overall implant geometry and

synthesis method. Further development was focused on the implant attachment method. After each
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iteration of implant redesign, the updated implant was tested in a practice surgery session using a

cadaveric ovine skull.

1.1 Initial development

A patient specific TMJ disc replacement was developed to practice the surgical approach
and refine the implant geometry. The TMJ disc geometry was captured using pCT of one left ovine
TMIJ soaked in a 30% Lugol’s iodine solution as described in Chapter 4. Native tissue geometry
was used to design a smoothed disc geometry using Solidworks®. Splines were used to define a
surface following the curvature of the native TMJ disc. This surface was thickened to 0.75 mm,
and a rounded edge with a radius of 1 mm was created to mimic the biconcave shape of the disc
(Figure 28). The result of this approach was an artificial TMJ disc shape that closely replicated
the physical geometry of the ovine TMJ disc in size and thickness, while also reducing the surface
roughness inherent to the original .STL file geometry. Finally, a 0.33 mm thick circumferential
flange was added to the TMJ disc superiorly and inferiorly to aid in its attachment to the fossa and
condyle. The flange geometry of the molded disc could be easily modified during the practice
surgeries to provide a range of attachment options for the maxillofacial surgeons during initial

surgical development.

Once the patient-specific replacement geometry was complete, 3D printed molds for the
artificial TMJ disc and attachment flange were designed in Solidworks®. The mirror image of the
mold design was used to produce implants for the right TMJ disc. A 25% PV A hydrogel was
created by dissolving an initial concentration of 25% PV A polymer in DI water at 80 °C for two
hours. The liquid hydrogel was then poured into the 3D printed molds and subjected to six freeze-

thaw cycles. After FT cycling, the hydrogels were removed from their molds and submerged in
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PBS. Figure 28 depicts the stages of artificial disc creation; the circumferential flange is not

pictured so that the disc geometry can be visualized.

10 mm
|

10 mm
|

3D Model from pCT Simplified TMJ disc geometry Molded PVA disc

Figure 28: Initial TMJ disc design created using patient-specific uCT of a left ovine TMJ disc.

Molded TMJ disc replacements were implanted in cadaveric sheep skulls (n=3) to test and
refine the surgical strategy and method of attachment. In collaboration with Drs. Dobbs and
Rawlinson, an updated implant design was created. The inferior circumferential flange was
retained, but a patient-specific contoured plate was added to the superior lateral aspect of the
artificial TMJ disc replacement to aid in more secure attachment to the zygoma. The flange and
disc component thicknesses were increased to 2 mm and 1 mm, respectively. The disc geometry
was also thickened to 1.5 mm along the crest of the condyle and around the TMJ disc periphery.
A streamlined procedure for TMJ access, disc excision, and artificial TMJ disc implantation was

developed in the first round of practice surgeries.

Further development focused on the design of the implant from clinical CT, and refinement
of the artificial TMJ disc attachment methods. CT of ovine subjects was performed for an unrelated
study and used to create patient specific left and right artificial TMJ disc replacements for four

additional animals. Ovine skulls were harvested at the end of the study and used for practice
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surgeries. The finalized surgical strategy and method of attachment was developed over three more
practice surgery sessions. Two low profile, titanium maxillofacial plates (81-5724 — 19 mm 4-hole
straight plate, Bioplate, Placentia, CA) and corresponding 1.5 mm diameter fixation screws (81-
5741 — 5 mm low profile self-drilling screw, Bioplate, Placentia, CA) were used to attach the
artificial TMJ disc to the TMJ fossa and condyle through the contoured flanges. Titanium plates
were bent to match the condyle and zygoma geometry during surgery using a pair of Kelly
hemostat forceps and a 3D printed guide. Only two of the four screw holes were used in the
superior implant attachment, the unused section of the plate was removed during surgery. Two
screws were used to affix the superior lateral flange to the patient zygoma, and four screws were

used to fix the implant to the condylar neck using the inferior four-hole plate.

To design the patient specific TMJ discs, CT scan data were imported into Mimics (Mimics
25.0, Materialise, Leuven, Belgium) which was used to segment out the TMJ fossa and condyle
bones. The TMJ bone geometry was then exported as a surface .STL file. The .STL was imported
into Meshmixer to remove superfluous bone, reduce the overall file size, and create a manifold
.STL geometry. The fossa and condyle geometries were then imported into Solidworks® which
was used to define the TMJ disc shape. A smoothed surface following the contour of the TMJ
condyle was created using evenly spaced (7.5 mm apart) splines following the condylar surface,

and a spline connecting the spline endpoints along the periphery of the disc footprint (Figure 29).
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Figure 29: Construction of the TMJ disc surface geometry from contoured splines on the condylar
articulating surface.

This surface was thickened to 1 mm in the center, 1.5 mm around the periphery, and 1.5
mm along the crest of the condyle. The internal surface of the superior-lateral TMJ disc attachment
was defined using a similar approach to match the contour of the zygoma in the attachment
location. An inferior attachment flange was designed to wrap around the neck of the condyle on
the posterior and lateral faces using a similar method that also utilized the CT derived condylar

geometry (Figure 29). Both flange geometries were created with a thickness of 2 mm.

Mold parting surfaces were created by extending surfaces from the edge of the attachment
flanged and along the periphery of the TMJ disc component (Figure 30). An injection mold was
created by performing a Boolean subtraction of the TMJ disc and parting surface geometry from a
rectangular prism. An injection port was added to allow for injection molding on the external face
of the implant attachment flanges. Three-part molds were manufactured from polylactic acid
filament (Hatchbox 3D, Pomona, CA) using melt extrusion 3D printers (TAZ Workhorse and TAZ
Pro, Lulzbot, Fargo, ND) with a 0.25 mm nozzle diameter. An example artificial TMJ disc

geometry and three-part mold are shown in Figure 30.
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To manufacture the patient specific TMJ discs, a liquid solution of 25% PV A was created
by dissolving a concentration of 25% (by weight) PVA powder in deionized water at 80 °C while
stirring. Three-part molds were sealed in advance of the molding stage using a silicon sealant. A
male Luer lock adaptor was screwed into the exterior mold injection port. The 25% PV A solution
was slowly injected into the mold using a Luer lock syringe to prevent the formation of bubbles in
the molded part. The filled molds were subjected to 6 FT cycles prior to removal of the molded

TMJ discs.

Lateral implant surface
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surfaces
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o Mold parting
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Figure 30: (left) Artificial TMJ disc design and (right) three-part mold geometry demonstrating
mold parting line, parting surfaces, and injection ports.

1.2 Surgical procedure

The finalized surgical procedure was developed in conjunction with our clinical

collaborators. A ~3-4 cm curvilinear pre-auricular skin incision was centered over the posterior
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lateral aspect of the temporomandibular joint. Dissection was carried through the skin and
subcutaneous tissues identifying the temporal fat pad superior to the zygomatic arch. Dissection
was then carried down to the zygomatic arch and subperiosteal dissection was carried cranially,
exposing the superior joint capsule. Tissues were retracted cranially and dissection with
Metzenbaum scissors exposed the lateral and posterior aspect of the joint capsule. The condyle
was retracted inferiorly to allow access for disc removal. An incision through the joint capsule
exposed the superior and inferior joint compartments (Figure 31A). Sharp iris scissors and a #64
Beaver blade were used to dissect the TMJ disc from its circumferential attachments carefully
avoiding the articular surfaces of the joint (Figure 31B). If necessary, the posterior aspect of the
masseter insertion was elevated from the zygomatic arch to allow for increased access to the joint.
The native TMJ disc tissue was then removed (Figure 31C), and the patient specific artificial
replacement disc was inserted in the vacant joint space and aligned to the mandibular condyle and
zygomatic arch (Figure 31D). A superior implant flange was secured to the posterior aspect of the
zygomatic arch with a contoured titanium plate and two 1.5 mm diameter screws. The posterior
inferior flange was secured to the mandibular condyle with a contoured titanium plate using four
1.5 mm diameter screws (Figure 31E). With the implant secure, the posterior insertion of the
masseter muscle was reapproximated. The subcutaneous tissues and skin were closed in layers

with resorbable sutures.

90



Condyle .+

'Y

Zygoma . 4.
Native
disc <>

Artificial
disc @

Figure 31: Stages of TMJ disc excision and replacement with a patient specific TMJ disc. (A)
TMJ disc located, and inferior joint capsule resected, (B) superior joint capsule resected, (C) TMJ
disc removed, (D) artificial TMJ disc inserted into vacant joint space, (E) completed installation
of the artificial TMJ disc.

2 TMJ pilot study

2.1 Study design

The goal of the pilot study was to investigate in vivo and ex vivo outcomes of unilateral
TMJ disc replacement in comparison to disc excision alone in an ovine preclinical model. A total
of three animals underwent left TMJ disc excision (OTMO01, OTMO02, OTMO03), and two of three

animals received a patient specific artificial TMJ disc replacement made from 25% PV A hydrogel
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using the previously described surgical procedure (OTMO02, OTMO03). The study duration was six
weeks following surgical intervention ending in subject euthanasia. Table 4 shows a timeline of
pilot study milestones focused on in vivo procedures. All experimental procedures were reviewed

and approved by the CSU IACUC (#3999, approved November 28, 2023).

Table 4: Summary and timeline of in vivo pilot study procedures relative to day O, the date of
surgical intervention.

Day
-8|-7t0-1/0|7]14(21[28|35[41]42
Measure body weight X X[ X[ X[X|X
Score body condition X X[ X[ XXX
Measure consumption rate XXX X[ X[X[X[|X
Record masticatory motions X X X
Head computed tomography scan | X X
Surgery X
Sacrifice X

2.2 Methods

2.2.1 In vivo procedures

Study animal health and chewing behavior were evaluated during the in vivo component
of the pilot experiment by monitoring body weight (BW), body condition (BC), consumption rate
(CR) and masticatory kinematics (MK). The goal of evaluating these parameters was to monitor
subject welfare, and to examine which techniques may be used to assess the efficacy of TMJ
treatments ad hoc.

Animal Care

Day-to-day animal care including feeding, watering, and bedding changes was performed

by the Preclinical Surgical Research Laboratory (PSRL) team. Specialized animal care was also

provided before, during, and after surgery. Prior to induction, a venous and an arterial catheter was
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placed for administration of induction drugs, administration of fluids, and blood pressure
monitoring. Anesthetic monitoring, including evaluation of electrocardiogram, arterial blood
pressure, respiratory rate, pulse oximetry, capnography, and end-tidal carbon dioxide was
performed by an anesthetist. Animals are placed in lateral recumbency following induction of
general anesthesia. The wool was clipped from the regions external to the temporomandibular
joint, masseter, and temporalis. The procedure site was prepped for aseptic surgery using
alternating scrubs of povidone-iodine and alcohol. All instruments, gowns and drapes were
properly sterilized prior to use. The surgeons donned masks and scrub caps prior to performing an
aseptic prep and used a topical disinfectant before sterile gowning and gloving. Surgery was
performed as described previously in this chapter. The animals were extubated and returned to the
TMI holding pens. Animal recovery was continuously monitored by the PSRL staff until the sheep
were completely conscious from anesthesia and able to accept food. Subsequently, all animals
were moved to the research barn at the Veterinary Teaching Hospital at Colorado State University.
For the duration of the study, animal BW and BC were monitored weekly, and any signs of
severe/unexpected illness, discomfort, lameness, or evident fixation/implant failure were
monitored daily. At the completion of the study, all subjects were euthanized with a fatal dose of

pentobarbital intravenously.

Computed tomography
Clinical CT scans were taken of the skull of all three subjects eight days prior to surgery
and once following euthanasia. CT scans prior to surgery were used to design patient specific

implants for the two study animals receiving a TMJ disc replacement following disc excision.
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Body weight monitoring

The BW and BC of each animal were monitored throughout the study. An initial BW was
captured eight days prior to surgical intervention, and weekly following surgery until euthanasia.
BW was measured at the same time of day to avoid capturing daily BW fluctuations. BC was
also assessed by the professional animal care team at study onset and weekly during weighing
using the 5-point scale described by Thompson and Meyer [316].
Consumption rate

Consumption rate (CR) was measured three times in the week prior to surgery, and once
weekly for the six weeks prior to euthanasia. Study animals were individually provided 100g of
grain feed and the time to complete chewing was measured with a stopwatch. The consumption
rate was calculated as the mass of grain consumed divided by the time to complete chewing.
Mastication kinematics

Masticatory motions were recorded using a multiple-camera stereophotogrammetry
system once prior to surgical intervention, at three weeks post-surgery, and at six week post-
surgery. Six 12.7 mm diameter spherical reflective markers were attached to the animal using
cyanoacrylate-base glue and a flexible 3D printed structure. This structure allowed the reflective
markers to be removed between data collection sessions to prevent damage to the markers and
disruption of normal feeding habits. A triad of markers were attached to the subject nose and
subject chin to capture the cranium and mandible translation and rotation separately. This
configuration allows for the motion of the jaw markers to be isolated from whole skull
movements. Cameras were calibrated prior to each session of data collection. Grain was provided

ad libitum throughout recording sessions to encourage more frequent chewing. Subjects were
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briefly restrained by the researcher to ensure chewing occurred in the observation volume of the

motion capture cameras.

Post processing of captured motion was performed using the Motion Analysis software
(Cortex-64 7.2.16.1839, Motion Analysis Corp., Santa Rosa, CA). Individual chewing cycles
were identified in the software and the raw coordinates of the chewing motions were exported for
each individual cycle. MATLAB was used to transform the raw motion into idealized chewing
motions to compensate for differences in the camera calibration which was changed between
recording sessions. All data were analyzed with respect to the central marker on the subject
mandible. MATLAB was first used to remove superfluous translation and rotation due to whole
skull movement from the selected mandible marker motion. Translation of the whole skull was
measured directly from cranium marker movements, and the resultant motion due to whole skull
translation was subtracted from the subsequent location of the mandible marker (Figure 32). The
rotation of the cranium markers between subsequent frames was captured in the form of rotation
matrix R. Which was calculated using the vectors between two cranium markers in the first (a)

and second (b) frame (Figure 32) using Equation 6.1 and Equation 6.2.

Equation 6.1

1
R=I+N+N*——
1+c

Equation 6.2

N = nj 0 —nq
—Nn, nyq 0

Where I is the 3-by-3 identity matrix, n is the vector cross product a x b, and c is the vector dot

0 —ng n, ]

product a * b vectors a and b. The rotation matrix was used to calculate the change in position of
the mandible marker due to whole skull rotation between each frame, and the projected change in

position was removed from the subsequent mandible marker position (Figure 32). The result of
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these two procedures was to capture only the motion of the central jaw-mounted marker that was

associated with mastication.
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Figure 32: Diagram showing nature of mandible marker motion due to motion of the whole skull
between two frames.

Six idealized chewing cycles were used to calculate a specimen range of motion (ROM)
vector, maximum chewing velocity (Vmax), and maximum chewing acceleration (amax). Parameters
were calculated for each time point, prior to surgery, at three weeks post-surgery, and at six weeks

post-surgery prior to euthanasia. ROM was defined using Equation 6.3:

ROM = \/(Xmax - Xmin)2 + (Ymax - Ymin)2 + (Zmax - Zmin)2 Equation 6.3

Where Xmax , Ymax, and Zmax are the maximum and Xmin , Ymin, and Zmin are the minimum measured
value of displacement in three orthogonal directions. The ROM was defined as the length of the
largest vector bounded by the measured mandible marker motion due to mastication. Equation 6.4

was used to define Vmax :
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Vmax = maxf<[J(vx)2 + (Uy)z + (UZ)Z Equation 6.4

Where vy, vy, and v, are the values of velocity for each corresponding time point. Thus, the value
0f Vmax 1S the maximum velocity of the mandible marker during any given chewing cycle. Equation

6.5 was used to define amax:

. 2 .
Aoy = maxi{f&\/(ax)z + (ay)” + (a,)? Equation 6.5

where ax, ay, and a; are the values of velocity for each corresponding time point. Thus, the value of
Qmax 1S the maximum acceleration of the mandible marker during any given chewing cycle. The
calculated ROM, Vmax, and amax were compared between time points for the individual study
participants using one-way ANOV A with post hoc Tukey test. p <0.05 was considered significant

for this statistical evaluation.

2.2.2 Ex vivo procedures

Post-sacrifice dissection, x-ray imaging and photography, indentation of the cartilage
surfaces, and histological analysis of the left and right TMJs and selected organ tissues was
performed. These methods allow for direct observation of the implant and TMJ structures, as well
as biomechanical and histological means to assess implant success in comparison to TMJ disc

excision.

Ex vivo imaging and scoring

Sequential images and x-rays were taken of the pilot study skulls and TMJs throughout
sample dissection following study termination. Example x-rays and images from each specimen
are shown for visual analysis of the bony and cartilage features of the treated and contralateral

TMJs.
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Cartilage indentation

Indentation-stress relaxation experiments were performed on the left and right TMJ
cartilage surfaces for all study animals. Indentation-stress relaxation testing followed the same
protocol described in Chapter 2. Briefly, a stainless-steel indenter tip with a 0.4 mm radius was
used to indent the cartilage surfaces surface in five locations spaced equally across the width of
the sample surface. Specimens were indented to a depth of 0.2 mm at a rate of 0.2 mm/s, followed
by a 100 s hold to allow for tissue relaxation before indenter retraction. Force and displacement
data were collected and used to calculate the instantaneous and equilibrium elastic moduli using
Hertzian contact mechanics (Equation 2.4). The instantaneous modulus was calculated using a
least-squares fit of Equation 2.4 to the loading portion of the force-displacement data. Force-
displacement data from the end of the 100 s hold period was used to calculate the equilibrium
modulus using Equation 2.4. Data were logarithmically transformed to satisfy the assumptions for
normality and equal variance. A one-way ANOV A with post hoc Tukey test was implemented to
compare the indentation results for instantaneous and equilibrium moduli separately. For these

analyses, p < 0.05 was considered significant.

Histological analysis

The TMJ disc replacements were removed from the left TMJs of each specimen, and both
left and right TMJs were fixed in a 10% neutral buffered formalin solution (Epredia, Kalamazoo,
MI). A sample of the kidney, lungs, left submandibular lymph node, liver, spleen, and heart was
also collected for toxicological assessment. Organ samples from each subject were fixed in a 10%
neutral buffered formalin solution. After fixation, the TMJ fossas and condyles were separated
and decalcified in a 10% formic acid solution. Total decalcification was confirmed by a loss of

radiopacity on x-ray images. The decalcified TMJ bones, organs, and right TMJ discs were
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infiltrated with paraffin wax using a tissue processor (Sakura Tissue-Tek VIP E300, Sakura
Finetek USA, INC., Torrance, CA) and embedded in paraffin blocks using a tissue embedder
(Shandon Histocentre 2, Thermo Shandon, Inc., Kalamazoo, MI). A microtome (Leica RM2255,
Leica Biosystems, Wetzlar, Germany) was used to create 5 um slices of each sample, which were
mounted on microscope slides. At least one slide from each tissue was stained with Hematoxylin
and Eosin (H&E). Additional slides of the TMJ bones and right TMJ discs were also stained with
a combination of Safranin O and Fast-green. Unless otherwise stated, all chemicals were purchased
from the Sigma Aldrich catalog (Merck KGaA, Darmstadt, Germany). All slides were reviewed
by a trained veterinary pathologist (Dr. Dan Reagan, Colorado State University). The degree of
periosteal proliferation, fibrosis, inflammation, synovial hyperplasia, and subintimal fibrosis in
each sample was scored using the following scale: 0 = none, 1= minimal, 2 = mild, 3 = moderate,

4 = severe.

2.3 Results

2.3.1 In vivo procedures
Consumption rate

The food consumption rate for all animals generally increased throughout the study. There
was no indication that the surgical intervention resulted in a demonstrable decrease in the
consumption rate for any of the subjects. All subjects were able to participate in the consumption
rate evaluations with no signs of pain or discomfort associated with chewing. Figure 33 shows a

plot of the measured consumption rates throughout the experiment.

100



Body weight monitoring

Animal BW initially decreased following surgery (to a minimum of 89% of initial body
weight) but recovered to within 5% of the initial body weight by study termination for all animals.
A plot of the animal body weight percentage, normalized to initial body weight, is shown for the
study duration in Figure 33. No change in animal body condition was observed for any subject

during the experiment.
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Figure 33: Body weight percentage and consumption rate over the in vivo portion of the pilot
study.
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Masticatory kinematics

Figure 34 shows the results of the MK evaluation, separated by individual and time point.
There were no statistically significant differences in ROM, Vmax, and amax across study timepoints
for the untreated subject (discectomy only). There were statistically significant differences
between the pre-surgery and mid-study vmax for the treated subjects (OTMO02, OTMO03), but no

matching trends.
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Figure 34: Results from kinematic motion analysis of the pilot study animals. Groups that do not
share a letter were significantly different.
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2.3.2 Ex vivo procedures

Imaging and dissection

In all left TMJs, the joint capsule was recapitulated in the form of a fibrous scar tissue layer
surrounding and stabilizing the joint. Throughout dissection it was clear that there was no adhesion
between the recapitulated joint capsule and PV A hydrogel for any of the specimens. Implant failure
was observed in the disc component and attachment flange of both artificial TMJ disc replacements
(Figure 35). X-rays did not reveal any evidence of failure in the titanium plate or screws used to
secure the implant, there was also no apparent erosion or fracture in the TMJ bones on the left or
right sides (Figure 36). Images show evidence of articular cartilage erosion in all left TMJ fossas
(Figure 37) and condyles (Figure 38). The right TMJ discs and articular cartilage surfaces appeared

normal.
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Figure 35: (left) Image of left TMJ showing fibrotic tissue formation surrounding the artificial
TMI disc replacement. (right) Image of left TMJ after removal of fibrotic tissue surrounding joint
space, implant failure is evident along the edge of the inferior titanium plate.
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Figure 36: Example x-ray images showing a left TMJ condyle with titanium plate still installed
following gross dissection.
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Figure 37: Images of the fossa articular cartilage surfaces of the pilot study subjects following

gross dissection, arrows indicate regions of cartilage erosion. Right (contralateral) TMJ fossas
appear visually normal.
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Figure 38: Images of the condyle articular cartilage surfaces of the pilot study subjects following
gross dissection, arrows indicate regions of cartilage erosion. Right (contralateral) TMJ condyles
appear visually normal.

Indentation

There were no statistically significant differences between the instantaneous or equilibrium

moduli measured with indentation. The indentation moduli of the articular cartilage surfaces was
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generally greater for animals that received an artificial TMJ disc replacement in both the left and

right side (Figure 39).
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Figure 39: Results from indentation-stress relaxation experiments on the pilot study animal left
and right TMJ articular cartilage surfaces. Bars indicate the measurement standard deviation.

Histological analysis

The kidney, lungs, left submandibular lymph node, liver, spleen, and heart tissues
appeared histologically normal for all subjects. The right TMJ articular cartilage surfaces and
TMIJ discs also appeared histologically normal. Major changes in were observed in the left TMJs
and were more prominent in the condyle than the fossa. These changes were characterized
primarily by periosteal proliferation of a mixture of new woven bone and fibrosis/fibrocartilage.
The synovium tissue was also moderately to markedly thickened by fibrosis with mild synovial

hyperplasia.
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Table 5: Results of histological scoring of TMJ articular surfaces, 0 = none, 1= minimal, 2 =
mild, 3 = moderate, 4 = severe.

Synovium
Periosteal ial | Subintimal
Animal ID | Tissue [site] TROSfa! | posis | Inflammation | | DY n°Vial | Subintima
proliferation hyperplasia Fibrosis
OTMO1 Fossa R 0 0 -- -- --
(discectom Fossa L ! 3 N N N
only) ¥ Condyle R 0 0 0 0 0
y Condyle L 2 2 0 | 3
OTMO2 Fossa R 0 0 -- -- --
e Fossa L 3 2 -- -- --
(artificial
disc) Condyle R 0 0 0 0 0
Condyle L 4 3 0 2
OTMO03 Fossa R 0 0 -- -- --
(artificial Fossa L 1 1 0 2 1
disc) Condyle R 0 0 0 0 0
Condyle L 3 3 0 3 3

2.4 Discussion

An abundance of evidence suggests that the artificial TMJ discs made from 25% PVA
hydrogel were not successful in preventing TMJ degeneration following TMJ disc resection in this
pilot experiment. There were no statistically significant results supporting the use of the 25% PVA
hydrogel disc replacements as a treatment over TMJ disc excision alone. The artificial discs lacked
the necessary mechanical strength to withstand the dynamic stresses over the study duration,
despite the mechanical attributes that made the PVA hydrogels a promising candidate. However,
the development and execution of this pilot study is helpful for refining in vivo and ex vivo
procedures for future TMJ disc replacement development. Data collected during this pilot has also
been used to bolster expedited ex vivo methods for evaluating the TMJ disc replacements
investigation of implant failure allows for further refinement of the surgical procedure and implant

geometry, and experience gained is useful in planning for in future in vivo studies.
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Prior to returning to an in vivo model, a more robust TMJ disc replacement structure must
be developed and appropriately evaluated. The 25% PV A hydrogels exhibited similar mechanical
behavior in key areas, including friction and compression and exhibited high toughness and failure
stress. Unfortunately, the implants were not sufficiently strong to withstand the in vivo joint forces
for the duration of the study. If PVA hydrogels are to be used in future iterations of the TMJ disc
replacement design, they must be mechanically reinforced. A preliminary investigation of
thermally annealed PV A hydrogels showed an increased durability over the 25% PV A hydrogels.
Additional investigation of annealed PVA, and PVA hydrogels reinforced with PP meshes
produced using melt extrusion and melt electrowriting 3D printing is a promising area of future
research. Future development of a TMJ disc replacement will focus on these methods to prevent

premature implant failure and preserve TMJ articular cartilage health.

A limitation of this work is the low sample size, which makes it difficult to draw
conclusions about the efficacy of TMJ disc replacement treatment in comparison to TMJ disc
resection alone. However, the purpose of this pilot experiment was to develop and refine the
techniques needed to assess success in a larger experiment. Though BW and BC were helpful in
monitoring the health in the study animals, these methods were not sensitive enough to
differentiate the outcome of TMJ disc replacement or discectomy alone throughout the in vivo
portion of this pilot study. The author suggests that future experiments monitor body weight and
body condition of the animals at a similar interval throughout the study, but only as a method for
monitoring animal health, rather than long term implant success. Observation of the CR may also
be helpful in future experiments if the onset of such observations precedes surgical intervention
by a longer duration than eight days. Over the course of this pilot study the consumption rate

generally increased, but this may also be due to acclimatization of the animals to hand feeding by
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the research group. If CR observations began six weeks prior to surgical intervention, a more

pronounced response in CR may be distinguished following surgery.

Indentation stress-relaxation experiments were performed similarly to the methods used in
Chapter 2. This method was appropriate for evaluating the articular cartilage surfaces of the right
TMJs but produced highly variable results for the left TMJs due to the inhomogeneity of the
articulating surfaces. Indentation experiments will be valuable in future experiments if a more

uniform articular cartilage remains in the treated TMJ throughout the study.

Measurement of the masticatory motions was useful in preparing ex vivo experiments to
evaluate artificial TMJ disc replacement candidates as they are developed (described in Chapter
5). However, the fidelity of the MK parameters was insufficient for identifying statistical
differences in the masticatory behavior throughout the study. Differences in the individual chewing
cycles may be causation for the variance in MK parameters. As the bolus size and shape changes
so do the individual chewing motions. Careful selection of chewing cycles, for instance by only
analyzing the first or last chewing cycle in a sequence, may help to reduce the magnitude of the
MK parameter variance. Increasing the number of cycles captured and included in the MK

parameter evaluation is recommended to allow for a more robust analysis.

Histological evaluation was intended to be the primary variable for assessing the longer-
term success of a TMJ disc replacement in preventing TMJ degradation following TMJ disc
resection. For this to be accomplished, a larger number of animals will need to be used in the
control group (discectomy alone) to quantify any differences with higher significance. In future in

vivo experiments a larger cohort of control animals are recommended.
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Right TMJs appeared unaffected by disc excision and disc excision with artificial disc
replacement in the contralateral joint. This may be in part due to the short duration of the study (6
weeks), but in the case of this pilot study, the right TMJs were considered an untreated control
group. If the study duration was increased, the health of the right TMJ may be adversely affected
or undergo morphological changes. Thus, the author suggests that a group of untreated subjects be

included in future analysis of both in vivo and ex vivo parameters.

Overall, this pilot experiment was successful in refining techniques for in vivo and ex vivo
evaluation of an artificial TMJ disc replacement despite the premature failure of the implants used.
Methods for improving and evaluating future implants candidates are informed by the results of
this pilot experiment. Future TMJ disc replacement development will build on the procedures and

results of this pilot to improve methods for evaluating implant success.
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CHAPTER 7 - SUMMARY AND CONCLUSIONS

The primary goal for artificial TMJ disc replacement is to arrest degenerative changes in
the TM1J after disc excision by protecting the diseased TMJ with a robust replacement. Previous
failures to successfully replace the TMJ disc emphasize both the urgency and the difficulty in
accomplishing this task. There are currently no artificial TMJ disc replacements on the market,
despite the fact that disc excision fails to prevent further disease progression in up to 25% of
patients [142]. Thus, methods for TMJ disc replacement must be reevaluated on a fundamental
level, focusing first on the basic science and material evaluation before implementation of in vivo
experiments. We endeavored to explore PV A hydrogels as a suitable material for a patient specific
artificial TMJ disc replacement through a series of mechanical tests, an ovine preclinical model,

and ex vivo and in silico simulations.

These efforts began with an in-depth characterization of the ovine TMJ soft tissues to
measure design targets for the artificial TMJ disc replacement. A survey of literature paired with
a panel of mechanical tests lead to the identification of PVA hydrogels as an excellent candidate
for a non-degradable TMJ disc replacement due to its biocompatibility and mechanical tunability
in the range of the native TMJ discs. A FE model of jaw clenching in the ovine TMJ was also
developed and validated as a means to investigate TMJ disc replacement candidates in silico. Next,
a method for designing and implanting an artificial TMJ disc replacement was developed with the
help of orthopedic and maxillofacial surgeons. This strategy was implemented in a pilot
experiment to develop in vivo and post hoc ex vivo methods for assessing the outcomes of TMJ
disc excision and artificial TMJ disc replacement in ovine specimens. Finally, a SCA was designed
to reproduce chewing motions in ovine cadaveric specimens, using data collected during the pilot

experiment, to study the modes of implant failure. Although PVA hydrogels were identified as an
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excellent candidate for TMJ disc replacement through literature review and mechanical evaluation,
the implants were not sufficiently strong to withstand the TMJ mechanical environment in the pilot
experiment or the ex vivo chewing apparatus. However, a range of useful methods for evaluating
the implant material candidates, surgical approach, and implant design were developed that will
support future TMJ disc replacement research. The development of these new methods lays the

foundation for success in the future of TMJ disc replacement design.

A rigorous evaluation of the ovine TMJ biomechanics was performed in order to set the
initial design targets for an artificial TMJ disc replacement. This assessment included indentation
on the articular cartilage surfaces of the TMJ and tensile evaluation of the circumferential joint
capsule. The mechanical properties of freshly harvested ovine TMJ discs were also characterized
in unconfined compression and friction experiments. These tests informed not only the design
targets of the artificial TMJ disc replacements, but also the mechanical properties used for the TMJ
disc in the clenching FE model. This broad characterization of the native ovine TMJ disc
establishes a basis for future mechanical evaluation that may be applied to the human TMJ disc,

including a suite of testing procedures that are repeatable for implant material candidates.

PVA hydrogels were initially identified as a candidate material for the artificial TMJ disc
replacement through literature review. Subsequent mechanical characterization confirmed their
candidacy due to their biocompatibility and mechanical tunability in the range of the native TMJ
disc. Several PV A hydrogel concentrations were evaluated, of which the 25% PV A hydrogels were
the most promising. At this concentration, the hydrogels possessed biomimetic frictional and
compressive properties, as well as high toughness and failure stretch. However, the 25% PVA
hydrogel implants lacked sufficient fatigue strength to withstand the stresses imposed during both

the ex vivo SCA experiments and the in vivo pilot study. Thus, a reevaluation of the implant

115



material candidates should be expanded to include long-term wear and fatigue properties. We
propose that for PVA hydrogels to be a successful candidate for an artificial TMJ disc replacement,
they must be reinforced by thermal annealing [311, 312, 317] or with an embedded fiber scaffold
[318-320]. Thermal annealing is a method that has been shown to increase toughness and elastic
modulus by heating crosslinked PVA hydrogels to a temperature between the glass transition and
melting temperatures [321]. The resulting constructs must remain biocompatible, manufacturable,
and implantable in the TMJ disc space. PVA hydrogels remain a promising option for TMJ disc
replacement, but only if their long-term performance can be improved while retaining their current
advantages. The mechanical characterization of PVA hydrogels performed by the author will

support future refinement of PVA hydrogels for TMJ disc replacement.

A FE model of ovine jaw clenching was created to support the development of an artificial
TMJ disc replacement. This model was validated by ex vivo measurements of TMJ contact stresses
during simulated jaw clenching in freshly harvested TMJs. A comparison between the model
predictions for native TMJ disc and 25% PVA hydrogels showed no difference in the disc
component stress response in comparison to the validation data. These results suggest that the PVA
hydrogels mimic the natural tissue behavior during clenching. However, due to the quasi-static
nature of the experiment, these findings cannot be extrapolated to other activities such as chewing.
A dynamic model, including both the left and right TMJs, is necessary for more rigorous evaluation
of implant candidates moving forward. Including left and right TMJs is more appropriate for
chewing analysis as the motion of the left and right TMJs is not symmetric. Motion in the chewing
model can be defined based on the measured masticatory motion of the pilot study animals. A
chewing FE model can be used to identify regions of the artificial implants that require

reinforcement or geometry modification. Ultimately, the current clenching model can be used for
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cursory evaluation of implant material candidates in a clenching simulation, but future modeling

should focus on the stress response to dynamic motions of the TMJs.

Ex vivo analysis of TMJ disc replacement candidates was performed using a simulated
chewing apparatus. By using a cadaveric skull and measured masticatory motion, the in vivo
mechanical environment of the TMJ can be more effectively reproduced than by discretized
experiments such as compression or indentation. The SCA is meant to be used for evaluation of
the entire TMJ disc replacement strategy to predict the mode of implant failure that may occur in
vivo. The SCA was used to replicate the modes of failure observed in both the TMJ disc component
and attachment flange of the 25% PV A hydrogel implants used in the pilot study. Future implants
should be evaluated using the SCA as a final investigation before returning to in vivo experiments.
The target number of cycles before implant failure should safely exceed the expected number of
chewing cycles over the in vivo implant lifespan (30,000 to 50,000 chewing cycles per day in
sheep). It is common for these design targets to be on the order of 10° to 107 loading cycles [322],
particularly for the frequently used TMJ. Thus, future implant candidates must be shown to
withstand a sufficiently high number of cycles for the expected loading modality. Future implant
development will implement the SCA as a more efficient means for analyzing TMJ disc

replacements prior to use in vivo.

Iterative development of an artificial TMJ disc replacement has helped to refine the design
and manufacturing pathway for future advancements. The current design iteration is molded using
a three-part injection mold that is generated using patient-specific CT scans. The implant geometry
approximates the native TMJ disc, while also providing a surgically accessible method for securing
the implant in place through contoured flanges. Titanium maxillofacial plates and screws are used

to fix the implant in the subject TMJ and can be modified during surgery to match the bone
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contours more appropriately. The method of implant attachment must be more rigorously
evaluated based on catastrophic implant failure in the in vivo pilot study and ex vivo SCA
experiments. Methods focused on eventual integration of the attachment flanges into the host
tissue, particularly into the recapitulated TMJ capsule, may allow for a more effective long-term
attachment. In the pilot experiment, no adhesion between the PVA hydrogel and host tissue was
achieved. This was an expected outcome for PVA hydrogels, which are known for their low tissue
and cell adhesive properties [323]. In the disc component of the replacement, this feature of PVA
hydrogels is considered an advantage. However, increased adhesion between the implant flanges
and the host tissue may provide additional support to the implant, which would reduce implant
stresses and increase in vivo lifespan. This goal may be accomplished by creating a porous

attachment flange or by including a degradable or bioactive component to the implant flange.

An in vivo pilot study was carried out to compare disc excision (n = 1) to disc excision
with artificial TMJ disc replacement (n = 2) in an ovine preclinical model. The subject body
weight, body condition, consumption rate, and masticatory kinematics were recorded during the
in vivo portion of the study before and after surgical intervention. Dissection and visual inspection,
indentation of the cartilage surfaces, and histological evaluation of the TMJ tissues was also
performed following subject termination. Failure of the TMJ disc replacements was evident during
post hoc evaluation, but there was no external evidence of implant failure during the in vivo
component of the study. In fact, all study subjects recovered normally following surgery and
showed no signs of TMJ pain or dysfunction according to the in vivo evaluation methods. These
findings suggest that more acute diagnostic methods for assessing the health of the TMJ disc
replacement are necessary in future experiments. Current methods for evaluation TMJ health in

human patients utilize MRI as a diagnostic criterion for TMJ dysfunction [324]. Inclusion of MRI
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as an in vivo method for assessing implant health is recommended in future experiments. Overall,
the pilot experiment was helpful in procedural development for future in vivo experiments and
demonstrated a pronounced response to TMJ disc excision in all subjects. Prevention of joint
degradation in comparison to TMJ disc excision alone was not achieved with the implant and
surgical strategy described in this body of work. However, the process for design and manufacture
of PVA hydrogel implants has been refined, and numerous methods of implant attachment have
been investigated. The pilot experiment reinforced the need for more rigorous evaluation of the
artificial TMJ disc constructs and emphasized the importance of TMJ disc replacement over TMJ

disc excision.

The completion of this body of work is an essential step towards creating a successful TMJ
disc replacement strategy. Evaluation of the ovine TMJ disc, investigation of material candidates
for disc replacement, and the development of in vivo, ex vivo, and in silico methods for assessing
TMJ disc replacement strategies in the ovine preclinical model will be essential building blocks

for the future of TMJ research.
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