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A Multiscale Approach to Link Organ-Level Biomechanics with Tissue-Level
Mechanobiology of a Bone-Periodontal Ligament-Tooth Fibrous Joint

Andrew Timothy Jang

ABSTRACT

Similar to other tissues in the body, the dentoalveolar complex is constantly
subjected to functional loads (physiological, parafunctional, and therapeutic). As loads
are applied, teeth undergo micromotion within respective alveolar sockets. The
micromotion results in local deformations within the softer vascularized and innervated
periodontal ligament (PDL), and subsequently within the surrounding harder alveolar
bone and mineralized tissues of a tooth. Over prolonged loading, the resulting adaptation
to local strains is thought to be due to an activation of a cascade of biological events that
occur at multiple length scales. These biological events identified as modeling and
remodeling processes within respective tissues subsequently guide the local tissue
morphology/architecture and material properties, and in turn the overall biomechanics of
the dentoalveolar complex. The cascade of biological events is a part of a local feedback
loop or autoregulation and does not reach a plateau in its activity level until an optimization
in biochemical and physicochemical properties is achieved to accommodate the

functional demands.

In this study, load-mediated adaptation of the vascularized and innervated complex
was investigated from a mechanics and materials perspective. This approach was sought
as particularly the complex contains both hard-soft and hard-hard tissue interfaces all of

which are uniquely designed to transmit mechanical forces while minimizing fracture and
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failure particularly in bone and tooth. Of note are the functionally graded entheses, which
are the insertion sites of the PDL into the adjacent alveolar bone and cementum tissues
and serve as focal regions for strain concentrations and hotspots for the cellular
processes leading to modeling and remodeling of all tissues related to the bone-PDL-

tooth complex.

The central objective of this dissertation was to investigate, from a multiscale
perspective, the shift in functional adaptation of the bone-PDL-tooth fibrous joint in
response to reduced functional load by using a small-scale animal model. It was
hypothesized that function-related strains at the bone-PDL and cementum-PDL
interfaces stimulate cells to form or resorb mineral by creating a localized micro-
niche. To test this hypothesis, two specific aims were formed: Specific Aim 1: Test the
hypothesis that the adaptation of the bone-PDL-tooth fibrous joint to reduced functional
loads is temporal and is tissue-specific (mineralized and/or unmineralized). Specific Aim
2: Test the hypothesis that organ level joint mechanics directly influence physiological
drift of teeth through the mechanobiological response to site-specific deformations within
the functional space. To investigate temporal adaptation to reduced functional loads in
Aim 1, approach taken was focused on mapping biomechanics, and tissue related
physicochemical properties at different length scales (multiscale) using complementary
methods including: X-ray microscopy, micro/nanoindentation, histology and
immunohistochemistry, and transmission electron microscopy (TEM) techniques. Organ-
level adaptations at a macroscale were characterized by analyzing shift in joint
morphology and were correlated to joint biomechanics. Tissue-level adaptation was

measured by mapping shifts in deformations of respective tissues which were evaluated

vii



using digital volume correlation (DVC). Tissue-level adaptations were also determined
by using indentation methods to measure changes in local tissue hardness and elastic
modulus. In specific Aim 2, the organ-level biomechanics was correlated with localized
biochemical shifts within tissues and at the hard-soft tissue interfaces by staining for
tartrate resistance acid phosphatase (TRAP), alkaline phosphatase (ALP), and
immunogold labelling for bone sialoprotein (BSP) and osteocalcin (OC) macromolecular
localization. Overall, the information gathered from this multidisciplinary approach was
used to correlate the biomechanical events at an organ level with localized adaptations

at the tissue and cellular levels.

Results specific to Aim 1 highlighted the importance of age by indicating that the
shift in biomechanics due to reduced functional loads adaptation of the fibrous joint in
younger mammals is significant compared to older mammals. Rats subjected to reduced
functional loads illustrated that adaptations within the PDL resulted in a significant
reduction in functional space and an increase in joint stiffness at younger ages. At an
older age, differences included alveolar bone adaptations in the form of a decrease in
bone volume fraction (form) and a decrease in elastic modulus (material properties). In
line with the classical theories on the functional history of mineralized tissues, results from
this study demonstrated that the observed temporal adaptations within the dentoalveolar
complex are registered as a functional history in tissues and joints. Overall, these results
highlight an optimization paradigm within the context of joint biomechanics, in that,
adaptation observed at a macroscale is due to the coupled effect of a change in organ-
level morphology as a result of a change in functional shape (hypothesized to be primarily

driven through the modulation of cementum) and shifts in physicochemical properties of
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tissues including that of alveolar bone within the dentoalveolar complex. Specific to Aim
2, the use of in situ imaging and modeling of the changes in the PDL-space in an intact
oral and craniofacial complex revealed the effect of a natural tilt of the tooth in the distal
direction within a single mastication cycle. Within the functional space, compressive and
shear strains were computationally determined and found to be primarily concentrated on
the distal side of the tooth. Both these strains correlated spatially with sites of increased
alveolar bone resorption as determined through TRAP staining and TEM. Of particular
interest was that the site-specific distal TRAP activity was reduced when the animals were
given softer diets. These results collectively lead to the hypothesis that the physiological
distal drift in rodents in part is driven as a response to mastication forces through the site-
specific resorption and apposition, thus sculpting the alveolar bone socket to

accommodate functional demands.

Overall, the findings using a multiscale approach to highlight load-mediated
adaptions of the bone-PDL-tooth fibrous joint fit into the larger continuum of functional
adaptation of the oral and craniofacial complex. This was enabled through development
of methodologies specific to in situ mechanical testing coupled with experimental
mechanics to correlate organ-level biomechanics with tissue-level strains. Tissue-level
strains specific to the PDL and alveolar bone were correlated with local biochemical
expressions. Additionally, insights from this study indicated that by correlating organ-
level biomechanics with tissue-level mechanobiology, functional loads are needed to
sculpt the bony tissues. The insights gathered included that the growth of a load bearing
organ not limited to the oral and craniofacial complex can be modulated by shaping

tissues and this in turn is done by regulating magnitude, frequency of load and the age at



which these stimuli were given. Lastly, the validated technology can be adapted to
develop experimental models, however under ex vivo conditions, to highlight the local
effects within tissues as a result of therapeutic treatments or parafunctional habits on the
bone-PDL-tooth fibrous joint within the larger biomechanical continuum containing the

temporomandibular joint (TMJ).
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CHAPTER 1. INTRODUCTION

1.1. Dissertation motivation and clinical significance

Mechanical forces are fundamental for development, growth, and maturation of
tissues and organs (Carter, 1984; Carter et al., 1996). From a development standpoint,
stiffness gradients in tissues polarize, differentiate, organize and prompt migration of cells
consequently resulting in the synthesis of organic and inorganic constituents to construct
extracellular matrices (ECM) (Ingber, 1997). In most vertebrates, after birth, forces
continue to play a role and are a part of a closed loop containing phases of growth and
tissue maturation as the body optimizes to address the mechanical environment. While
functional loads serve as a key factor in tissue maintenance and health, shifts in
“functional quality” were characterized as one of the main etiological factors for observed
pathological states. This philosophy continues to be leveraged by clinicians for treatments
that include distraction osteogenesis, and that which is more specific to the bone-
periodontal ligament (PDL)-tooth complex are orthodontic interventions. Clinical
manifestations of adaptations due to shifts in magnitude and frequency of mechanical
loads include disuse induced osteoporosis due to paralysis (Mohr et al., 2014) or from
microgravity (Morey and Baylink, 1978; Wronski and Morey, 1983; Turner et al., 1985;
Shaw et al.,, 1988), and manipulation of bone growth patterns through the use of
aforementioned therapeutic loads (e.g. osteogenic distraction and orthodontics) (Ga,
1987; Chin and Toth, 1996).

The oral and craniofacial organ system is subjected to multiple loads including

speech, intracranial pressure, and mastication (chewing). Of particular interest in this



dissertation are forces generated within the PDL between the tooth and alveolar bone as
a result from mastication of harder and softer foods. The effects of magnitude and
frequency as a result of chewing on harder and softer foods throughout the craniofacial
complex has been well documented (Hylander, 1985; Kiliaridis et al., 1985; Hylander and
Johnson, 1992, 1997). Over the years, the biomechanical apparatus and behaviors
responsible for mastication have been studied using several different animal models
ranging from developing stages (Herring and Wineski, 1986; Weijs et al., 1987; Herring
et al.,, 1991; Langenbach et al., 1991, 1992; Westneat and Hal, 1992; Xiaofeng et al.,
1994; Langenbach et al., 2001) to adulthood (Ravosa, 1991; Cole lll, 1992; Ravosa,
1996, 1996, 1999; Biknevicius and Leigh, 1997; Ravosa, 1998; Vinyard and Ravosa,
1998; Taylor et al., 2006). Many studies have linked functional loads as a direct impetus
for adaptations in cranial shape and pathology in the maxilla (Yamamoto, 1996), as well
as its individual constituents (Fig. 1.1) including the sutures (Ten Cate et al., 1977;
Herring and Mucci, 1991; Mao, 2002; Popowics and Herring, 2007; Katebi et al., 2012),
temporomandibular joint (TMJ) (Copray et al., 1985; Mao et al., 1998; Agarwal et al.,
2001), and dentoalveolar complex (Short and Johnson, 1990; Gibson et al., 1992;
Popowics et al., 2009; Mavropoulos et al., 2010). While the concept of a relationship
between the mechanical strains developed from mastication and the resulting morphology
is longstanding (Endo, 1966; Hylander, 1985; Vinyard et al., 2008), there still lies a gap
between cause and effect relationship, that is, a link that would fill the gap between
adaptive processes and commonly observed clinical outcomes.

The oral and craniofacial complex is an organ system comprising of various organs

that include the bone-PDL-tooth fibrous joint, cranial and palatal sutures, and the temporal



mandibular diarthrodial joint. Although chewing forces directly act on the bone-PDL-tooth
complex, other organs of the craniofacial complex also are affected by the same forces.
This presents a challenge in identifying the direct causality of functional loads and
decoupling their effect as related to the resulting adaptation in tissues related to specific
organs (Hylander et al., 1991). Although the work within this dissertation is on the
dentoalveolar complex located within oral cavity, it provides insights into a larger
continuum of functional adaptation of the craniofacial complex. To systematically
investigate functional adaptation, a multiscale approach using guiding principles from
mechanical engineering, materials science, and biomechanics were taken to map
spatiotemporal functional adaptation within the dentoalveolar complex of the oral cavity.
The remainder of this chapter will describe current dogmas and shortcomings surrounding
the studies on functional adaptation of the dentoalveolar complex subsequently leading

to the objectives of this dissertation.

1.2. The dentoalveolar complex and functional adaptation

Specifically, within the oral cavity, functional loads exist primarily in the form of
mastication, i.e. chewing loads and are accommodated by the bone- PDL-tooth complex
or gomphosis (Nanci, 2007; Ho et al., 2010a). This region is unique compared to other
joints, in that, it is both innervated and vascularized, and is dynamic in response to both
physiological and non-physiological loads (Moxham and Berkovitz, 1982; Berkovitz,
1990; Nanci, 2007). Additionally, several interfaces between soft-hard (PDL-bone and
PDL-cementum) and hard-hard (cementum-dentin) tissues lie within a relatively small
space (~100-200 um) allowing for high resolution microscopy techniques to fully capture

the region in its entirety. Alterations to functional loads below or above the physiological



threshold (hypo function and hyper function) have been shown to cause significant
changes in root and bone morphology (Steigman et al., 1989; Niver et al., 2011), and can
promote an altered overall biomechanics of the complex. These fundamental concepts
continue to be exploited to investigate bone dynamics for bone regeneration (distraction
osteogenesis (Chin and Toth, 1996)) and/or cause tooth movement (orthodontics (Asbell,
1990)). Within the context of this dissertation, the dentoalveolar complex is divided into
three regions: tooth, alveolar bone, and PDL (Nanci, 2007) (Fig. 1.2). The tooth is further
divided into three distinct mineralized tissues that include enamel, dentin, and cementum.

The alveolar bone: Alveolar bone contains about 60% inorganic mineral (with the
remaining 40% being organic and water) and supports the tooth during mastication
(chewing). Within the context of the central objective of this dissertation, that is, load-
mediated adaptation of the bone-PDL-tooth complex, the interradicular bone and
interdental bone are of particular interest. In general, a molar contains a furcation
between its roots and straddles on interradicular bone. As aresult, the interradicular bone
is thought to be the main recipient of vertical loads during a chewing cycle. Interdental
bone exists between the teeth and is primarily deformed during the rotational motion of
tooth when loaded. While alveolar bone is fundamentally similar to long bones, recent
studies have identified key differences based on identification of different progenitors
(Matsubara et al., 2005; Aghaloo et al., 2010; Reichert et al., 2013) as well as organization
of collagen (Matsuura et al., 2014). Despite the differences in their origins, it is likely that
the X-ray attenuating lamina dura in direct contact with the PDL can be analogous to
cortical bone, while the less X-ray attenuating trabecular parts that define the alveoli could

be similar to the trabeculae of cancellous bone.



As a whole, bony tissue by far has been the most compressively studied tissue
with respect to functional adaptation. The idea that mechanical forces shape the
architecture of the skeleton dates back to the 19" century (Meyer, 1867; Roux, 1905).
One of the earlier relationships between force and resulting tissue/organ architecture was
drawn with Julius Wolff’s initial relationship between function and adaptation as related to
architecture within long bones from a mathematical perspective (Wolff, 1892, 1986).
From his original publications, (translated from German by Rash and Burke): “Every
change in the form and function of bones, or of their function alone, is followed by certain
definite changes in their internal architecture and equally definite secondary alteration in
their external conformation, in accordance with mathematical laws” (Wolff, 1892). This
implies that there is an effect of mechanical forces on external and internal architectures
of bone, but the statement did not elaborate on the mechanobiological processes related
to architectural changes identified as adaptations. This concept was later expanded by
introducing bone metabolism through modeling (a change in external bone shape) and
remodeling (natural turnover of bone) related activites and a feedback loop
(mechanostat) was identified by connecting the change in bone mass with the mechanical
usage (Frost, 1964, 1987; Turner and Burr, 1993; Turner et al., 1995).

Bone can undergo changes within three states based on a comparison between
the mechanical stimulation (MS) and “normal load” (NL) (Fig. 1.3). Normal load has been
compared to a “lazy zone” in which the tissue is optimized for its mechanical environment.
Under a normal state, the MS is in the approximate range of the NL (MS=NL) which results
in the formation and resorption rates being proportional (Carter, 1984). As such, there is

minimal net change within bone leading to no changes in form or material properties.



Under a disuse state (MS<NL), the balance of formation and resorption rates tilt in favor
of resorption through a combination of decreases in formation and increases in resorption,
or decreases in formation only. The net result is a decrease in bone turnover, bone
mineralization, and a decrease in the volumetric density of tissues. When the mechanical
stimulation is greater than the normal load, the net balance between resorption and
formation is in favor of formation. However, upon increasing load rate, this pattern
increases to the point in which the mechanical stimulation exceeds the ultimate strength
of the material resulting in fracture, injury, and subsequently wound-healing induced
inflammation. In addition to the magnitude and rate of loading, it has been shown
experimentally that developing bone has increased sensitivity to shifts in cyclic loads
compared to mature adult bone (Carter, 1984, 1987). This has led to the importance of
the ability of tissues to register the history of load when predicting its adaptive response
to a history of micro damage (Carter, 1984).

As mentioned above, the natural turnover of bone is thought to be a combination
of two processes — formation and resorption. Cells responsible for the mineralization of
bone are osteocytes and osteoblasts. Osteoblasts primarily originate from mesenchymal
stem cells and are typically found lining the periosteum (Pittenger et al., 1999). Initially,
the osteoblasts begin the process of bone formation by secreting matrix products that
construct osteoid which is essentially the mineralizing organic substructure (mainly type |
collagen) of bone and provides for the tensile strength of the bone in its entirety (Urist et
al., 1983; Miller and Parker, 1984). The parallel laydown of inorganic on and in between
the organic constituents to form the osteoid is due to the deposition of apatite within the

organic matrix and to provide bone with its compressive strength. Studies showing



fluorochrome labeling of new bone formation have identified that bone growth adds
structure to external bone also known as “appositional bone growth” (Frost et al., 1961).
As the appositional bone growth continues, osteoblasts are eventually encapsulated
within the new bone formation and are converted into osteocytes. Osteocytes are
contained within the bone in small “homes” called lacunae and are connected to each
other by a canalicular network, an avenue for nutrient distribution and intercanalicular
signaling (Baud, 1968) necessary for maintenance of bone. While osteocytes are
commonly referred to as “inactive osteoblasts” as they are thought to mineralize the
surrounding bone tissue throughout the lifespan of an organism and are capable of signal
transmission over distances along the cross-section and length of bone (Civitelli, 2008;
Noble, 2008). However, there still remain many questions regarding formation and
resorption events at the PDL-bone and PDL-cementum entheses — the critical attachment
sites without which load-bearing function is significantly impaired.

Resorption of bone primarily occurs through osteoclast function (von Koalliker,
1873; Nijweide et al., 1986). Osteoclasts are derived from fusion of several monocytes
(Teitelbaum, 2000). While osteoclasts are not produced directly from osteoblasts, it has
been shown that the maturation of osteoclasts requires the presence of osteoblasts which
signal for osteoclast differentiation through the expression of macrophage colony-
stimulating factor (M-CSF) and receptor for activation of nuclear factor kappa B (NK-k[3)
(RANKL) (Yasuda et al., 1998). Osteoprotegerin (OPG which is also produced by
osteoblasts acts as a decoy receptor for RANKL decreasing osteoclastogenesis
highlighting the osteoblast as a central cell for the regulation of resorption activities of

bone in addition to bone formation (Teitelbaum, 2000). The resorption process of bone



through osteoclast occurs resulting in resorption lacunae (also known as “Howship’s
lacunae”) with a ruffled pattern. Following osteoclast attachment with the mineralized
tissue, the osteoclast proceeds to demineralize the inorganic bone through localized
acidification (Boyle et al., 2003). Degradation of the organic matrix occurs through the
secretion of several matrix metalloproteases (MMP’s) including MMP-9, 10, 12, 13, and
14 (Okada et al., 1995; Sato et al., 1997). Under the bone remodeling paradigm, the
processes of bone formation and resorption occurs in succession, eventually replacing
about 10% of an adult human’s skeletal system per year (Wheeless, 1996).

While genetic triggers are in part responsible for the regulation of bone resorption
and formation, epigenetic signals in the form of active (in addition to passive stretch due
to development related growth) mechanical stimulation have been shown to guide the
differentiation and activities of osteoblasts and osteoclasts. Within in vitro conditions,
mesenchymal stem cells were shown to differentiate into a different progeny solely based
on the elastic modulus of the construct on which the cells were seeded (Engler et al.,
2006). These findings identify the cell’s mechanical interaction with the ECM as a crucial
factor for signaling differentiation. After differentiation, loading type (magnitude and
frequency) has been shown necessary for the expression and activity of alkaline
phosphatase in vitro (Roelofsen et al., 1995) in both osteoblasts and osteoblast progenitor
cells. Mechanical stimulation has also been shown to inhibit osteoclastic bone resorption
within in vitro experiments (Roelofsen et al., 1995; Klein-Nulend et al., 2005). In vivo,
mechanical stimulations are felt through both the ECM-cell and cell-cell attachments as
the bony tissue is deformed (Wang et al., 1993; Bonewald, 2006). Additionally, as

mechanical stimulation also occurs from shear on the cellular membranes of osteocytes



and osteoblasts the resulting movement of interstitial fluid that travels within the
canalicular network, triggers a communication between osteocytes (Cowin et al., 1991; S
et al., 1994). While both osteocytes and osteoblasts have been shown to react to
mechanical stimulation, it is believed that the osteocyte network is in direct control of both
osteoblast recruitment and activity (Bonewald, 2006). Specifically, studies have shown
that mechanical stimulation of the bone in vivo leads to the reduction of sclerostin which
is an inhibitor of bone formation by osteoblasts (Robling et al., 2008) as well as an
increase in nitric oxide which is an earlier mediator for bone formation (Fox et al., 1996).

Since the role of fluid flow through the bony networks play an important role for
mechanotransduction, researchers have addressed the temporal nature of bone
adaptation in response to mechanical stimuli. In 1998, C.H. Turner characterized three
rules pertaining to the dynamic component of functional adaptation (Turner, 1998).
Turner’s first rule was that “bone adaptation is driven by dynamic loading”. While this rule
coincides with the dynamic nature that accompanies most external activities (e.g. running
and chewing), experimental evidence has shown that both loading frequency and strain
rates are important mediators of functional adaptation within bone (Turner et al., 19943,
1994b, 1995). Therefore, both loading magnitude and frequency play an important role
and must be considered when modeling functional adaptations. The second law
characterizes the diminishing return by stating that “only a short duration of mechanical
loading is necessary to initiate an adaptive response. Extending the loading duration has
a diminishing effect on further bone adaptation.” This concept was best demonstrated
through experiments involving long durations of repeated activities (Lanyon, 1992;

Umemura et al., 1997). While this concept does apply in part to alveolar bone, the plastic



nature of alveolar bone (e.g. relapse in orthodontic treatment) indicates that other
processes or rules may also apply. While an increased duration of an isolated activity did
increase the bone mass, it was found that the response (either with increased resorption
or formation) was not proportional to the time over which the input signal was given.
When placed in context with the third rule, “bone cells accommodate to a customary
mechanical loading environment, making them less responsive to routine [routine — a
customary signal becoming routine in nature or acting as the same stimulus over a
prolonged period] loading signals”, it can be concluded that functional adaptation would
be best achieved as a dynamic function (e.g. a stimulus which increases either in
frequency or magnitude over time). Additionally, these last two rules also predict a
reduction in the adaptive response as a function of age which is important when designing
and interpreting the effect of age-related adaptation.

Using these fundamental concepts, adaptation within the dentoalveolar complex
has also been studied in the oral cavity using shifts in both therapeutic (orthodontic)
loading and physiological function as experimental variables. Using orthodontic forces,
experiments have identified osteogenesis on the tension side of these forces, while the
opposing compression side resulted in elevated osteoclastic activity (Rygh, 1976; Rygh
et al., 1986). In response to reduced physiological loads using soft diets, alveolar bone
exhibited osteoporotic changes with reduced levels of bone density compared to those
fed harder foods (Thongudomporn et al., 2009). Although mainly seen in the developing
ages, this form of adaptation has also been observed in fully grown adults (Mavropoulos

et al., 2010). While many similarities exist between bone found in the alveolar process
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and skeletal bone, caution should be taken when comparing functional adaptation within
each of these tissues.

The tooth and its adaptation: The tooth encapsulates the pulp, nerves and blood
vessels. From a materials standpoint, enamel of the crown is composed of highly
organized hydroxyapatite crystals (95% inorganic mineral and 5% organic and water
components) and is considered harder than cementum, bone and dentin. During
mastication, enamel comes into frequent contact with food particles and enamel from the
opposing dentition. The substructure supporting enamel is made of dentin, which is
composed of 70% mineral by weight and 30% organic and water components.
Cementum is a mineralized tissue, which primarily covers the root surface of a tooth. Due
to its architecture and chemical composition, cementum is the softest of the mineralized
tissues of the tooth and is composed of approximately 45-50% inorganic mineral and 50-
55% organic and water components, although the ratio is not the same with age (Kumar,
2014).

With respect to the dentoalveolar complex, cementum is a highly dynamic tissue
and serves as the primary tissue attaching the tooth to the periodontium (Bosshardt and
Selvig, 1997). Like other mineralized tissues, studies have identified spatial and temporal
shifts in the composition of mineral content (Bosshardt and Selvig, 1997; Jang et al.,
2014a), as well as in the ratio of its elemental makeup (Nakata et al., 1972; Hals and
Selvig, 1977; Nakagaki et al., 1985; Murakami et al., 1987; Bosshardt and Selvig, 1997).
Studies have also identified shifts in the growth rate of cementum over time (Bosshardt
and Selvig, 1997; Jang et al., 2014a). While the increase in cementum growth was largely

correlated to regions of increased function within the tooth (i.e. tooth furcation and tooth
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apex) and is known as secondary cementum, the functional adaptive capacity of
cementum and its progenitor cells are unknown (Foster et al., 2007). Various matrix
molecules representative of bone were also identified in cementum, however, several
molecules specific to cementum were recently discussed. Regardless, the structure-
function relationship of these molecules as related to formation and resorption of
cementum matrix (Salmon et al., 2013) let alone their behavior in the presence of
mechanical loads is a wide topic of research.

The periodontal ligament and its functional adaptation: Tissues within the
functional space separating the bone and tooth are primarily made up of collagen bundles
(mainly type | and Ill) (Berkovitz, 1990), and contain other elastic fibers such as oxytalan
and elastin (Nanci and Bosshardt, 2006). It has been hypothesized that the fiber bundle
orientation is thought to play a role in optimizing strains and resulting functional stresses
(Moxham and Berkovitz, 1982; Berkovitz, 1990; Benjamin et al., 2006; Tanaka et al.,
2006). On the other hand, the ground substance within the interstitium of the PDL,
containing proteoglycans that interact with interstitial fluid produce a viscous (time-
related) and a hydrostatic response during function (Embery et al., 1995; Natali et al.,
2004). Cells (fibroblasts, osteoblasts, osteoclasts, progenitor cells) in local regions sense
the strains through ECM-cell interactions (integrin-matrix) and cell-cell interactions (tight
junctions) and respond through gene transcription, promoting collagen fibril turnover,
forming and resorbing minerals, and ultimately tissue adaptation (Shore et al., 1985;
Ingber, 2003, 2005, 2006; Wang et al., 2009). In turn, the adapted tissues can alter overall
biomechanics and cellular responses eliciting a feedback loop in perpetuity under

prolonged loading (Fig. 1.4) however, as described earlier can reach a plateau in this
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biomechanical behavior.

From a biological perspective, the tissues and enthesial organs (PDL-bone and
PDL-cementum interfaces) within the narrow functional space of the dentoalveolar
complex are ideal for studying functional adaptation as this space is characterized by a
rich vasculature allowing nutrients and progenitor cells (Saffar et al., 1997; Ochareon and
Herring, 2011) to enter and irrigate the tissues and their interfaces. In vitro studies on
PDL cells have demonstrated a bias in the alignment direction of the cells with respect to
the applied loads (Bellows et al., 1982) as well as a promotion of differentiation to osseous
tissues (Kawarizadeh et al., 2003; Kanzaki et al., 2006). In vivo experiments have
correlated the size, density and mineralization of Sharpey’s fibers with the magnitude of
occlusal loading in rat periodontium (Short and Johnson, 1990; Silva and Merzel, 2004).
Additionally, it also was noted that the stiffness of the PDL attachment in mini-pigs
increases dramatically once erupting teeth have reached occlusion and gained occlusal
function (Popowics et al., 2009).

The enthesial organs, PDL-bone and PDL-cementum graded interfaces: The
interface between two tissues with dissimilar material properties, such as bone and PDL,
and cementum and PDL are of particular importance when studying the mechanics of the
dentoalveolar complex. From a materials and mechanics perspective, these interfaces
would initiate localized regions of increased strain and stress gradients, depending on the
material types (Boresi et al., 1993) and this concept was well illustrated and is applied to
fabricate functionally graded materials (Suresh and Mortensen, 1998; Suresh, 2001). The
functionally graded interfaces concept and materials thereof when applied to the

dentoalveolar complex illustrates the nature’s optimization of properties to accommodate
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occlusal forces generated from mastication which are transmitted through several
different materials—from enamel to alveolar bone via a chain of interfaces that lie
between discrete materials, such as enamel - dentin - cementum - PDL - and
subsequently to the alveolar bone. The interfaces between these tissues are unique as
they are designed to transmit forces between tissues while minimizing material failure.
Interfaces or junctions identified in the tooth include, the dentin-enamel junction (DEJ)
(Marshall et al., 2003), dentin-cementum junction (CDJ) (Ho et al., 2004), and the PDL
entheses (Ho et al., 2010a). From a materials perspective, the “quality” of the interfaces
determines the degree of both stress and strain concentrations (dependent on the
differential in stiffness variation of the interfacing tissues) due to cyclic chewing forces
and can lead to mechanical failure when fatigue limits are exceeded (Thomopoulos et al.,
2006). Within the fibrous joint of the dentoalveolar complex, the attachments of the PDL
with cementum and alveolar bone would also create localized regions of increased strain
gradients resulting from tension, compression and shear components related to occlusal
load (Thomopoulos et al., 2006; Benjamin et al., 2006; Lu and Thomopoulos, 2013).
Transition between soft tissue PDL and hard tissue bone occurs through a
mechanically and chemically integrated transition zone most often identified as an
interface between two visually discrete tissues. In contrast to many other joints within the
body whose bony tissue and ligament are separated by a layer of cartilage, the
dentoalveolar complex is classified as a fibrous joint with fibrous entheses. At a tissue
level, the PDL fibers directly insert themselves into the cementum and alveolar bone
forming “tethered ends” (Ho et al., 2010a). The collagen fibers of the PDL change their

orientation from radial to circumferential and become gradually more mineralized when
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approaching the harder tissues. The combination of structural and elemental changes
allows for elastic graded interfaces necessary to distribute large and cyclic functional
loads.

The “plastic” bone-PDL-cementum complex: Maintenance of 150-380 ym of
PDL-space within humans is a requirement for optimum function of the dynamic bone-
PDL-tooth fibrous joint (Hurng et al., 2011). Factors that can alter the width of the
functional space in a dynamic complex include age, disease, extraneous mechanical
loads (Hurng et al., 2011). While age and disease are also regarded as active players of
tissue adaptation, in this study, we will specifically investigate effects of reduced
functional loads on biomechanical performance of the organ and correlate them with local
strains and biochemical expressions. Several groups have already studied the
biomechanics within the PDL-space while others have analyzed the cellular response
within these tissues as well as quantified the physicochemical differences within adapted
tissues (Johnson, 1990; Chiba and Komatsu, 1993; Natali et al., 2004; Tanaka et al.,
2006; Ho et al., 2010a). However, few groups have been able to correlate the micro level
biomechanical strains within the PDL-space to the biological events leading to tissue
adaptation. Within other mechanically loaded joints, the interface between the soft and
hard tissues contains a higher potential to buildup internal stresses in harder elements
and strains in softer elements which are felt by the tissue specific cells and the progenitors
that reside in PDL, bone and possibly in cementum. Hence, it is conceivable that these
biomechanical/mechanobiological coupling processes are dependent on the
attachment/integration of the softer PDL with the harder cementum and bone. However,

mechanical strains are amplified at the PDL-bone and PDL-cementum interfaces and are
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proposed to be stimuli for cell differentiation to regulate formation of cementoid and
osteoid layers, and subsequently the needed functional space to facilitate tooth
micromotion in the socket (Lee et al., 2015).

Functional loads promote “plasticity” and rapid tissue adaptation within the load-
bearing tissues. At a broader scale, the mechanistic definition of plasticity is the link
between mechanical stress and strain-induced biology within tissues and their interfaces.
This concept is all the more relevant in the bone-PDL-tooth joint, because the complex
forms a continuum from both a mechanical and a biological perspective. A mechanical
continuum exists as a strain/stress distribution interface between the PDL-bone and PDL-
cementum depending on the primary and secondary tissues being softer or harder that
are responsible for absorbing/resisting the functional loads. A biological continuum exists
due to vascularization within this joint that allows for rapid distribution of nutrients needed
to maintain tissue vitality and adaptation as well as a healthy functional space within the
joint.

Functional loads within the oral cavity and the craniofacial complex: In
general, functional loads within the oral cavity can be divided into several types:
physiological, pathological, and therapeutic. Physiological functional loads are primarily
from mastication (chewing) which are used to degrade food particles into smaller
digestible bits. Within humans, the loads are about 200N (Lieberman, 2011) and about
10-15N in rats (Nies and Young Ro, 2004). While there exist a range in direction,
magnitude, and frequency for physiological loads, load that exists beyond the healthy
range would be considered pathologic by nature. A common pathological load is a

dramatic increase in magnitude and/or frequency (load rate) and examples include
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bruxism or primary occlusal trauma leading to joint injury and localized inflammation of
the dentoalveolar complex (ltoiz et al., 1963; Hallmon, 1999). In addition, “normal loads”
applied to a compromised dentoalveolar complex can result in a traumatic inflammatory
response and is referred to as “secondary occlusal trauma” (Hallmon, 1999). Examples
of directional pathological loads include external impacts leading to tooth avulsion.
Finally, within the dentoalveolar complex clinicians have used loads as a therapeutic tool
(e.g. orthodontics) to reposition teeth to facilitate optimum occlusal loading, but thus far
has been limited to esthetics (Asbell, 1990) causing root shortening through resorption.
It is thought that in order to prevent a traumatic injury, the orthodontic loads are usually
in the order of 25-500g (Cornelis et al., 2007), but based on literature specific to long
bone, the magnitude and the rate at which the load is applied is equally important (Turner,
1998).

As is the case with musculoskeletal bone, the primary source of physiological
function related to mastication loads primarily depend on the efficiency of masseter,
temporalis, and medial pterygoid muscles but are also affected by the configuration of the
mandible as well as the nature of the occlusal plane (Ahlgren and Owall, 1970; Okane et
al., 1979). These loads have been measured to average around a range of 200 N within
the molar region during normal mastication, but have been shown to peak at 2000 N
during non-physiological loading (example: pathological grinding) (Braun et al., 1995,
1996). Long term effects of hypofunction and hyperfunction loads can also lead to
dramatic changes within the PDL, bone and cementum (Steigman et al., 1989; Johnson,
1990; Kaneko et al., 2001; Niver et al., 2011). However, the cause of these changes from

an organ to a tissue level is minimally investigated and least understood, with several
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research works that focus mostly on cell responses and intracellular pathways
challenging the relevance of cell-based study in the context of organ function.

Within the oral and craniofacial complex, the chewing loads are transferred
throughout several tissues of the tooth with different material properties, that include the
PDL and the surrounding alveolar bone (Weijs and de Jongh, 1977; Nanci, 2007).
Functional loads on a single bone-PDL-tooth organ can be approximated as cyclic loads
on the crown in the axial direction (Parfitt, 1960). The tooth accommodates for these
loads through its translational and rotational movements within the bony socket
(Christiansen and Burstone, 1969). The PDL per se accommodates the loads by allowing
micro motion of the tooth within the bony socket. While the principal direction of occlusal
load on molars is vertical in rats and humans, the motion of the tooth is heavily influenced
by the interdigitating contacts from the opposing dentition and the motion of the TMJ
producing both translational (vertical and horizontal) and rotation. Within the bone-PDL-
tooth complex per se several investigators have highlighted the rotation of the tooth (Qian
et al., 2009; Naveh et al., 2012a; Lin et al., 2013), the first being Christiansen and
Burstone (Christiansen and Burstone, 1969). Since then, researchers have highlighted
this motion as being a combination of both vertical as well as rotational movements which
could all occur in parallel (Chattah et al., 2009; Qian et al., 2009; Naveh et al., 2012a; Lin
et al., 2013). Lin et al., described it as “screw-like” motion within the socket which in turn
creates shear dominated deformations within the PDL. The cumulative effect of these
deformations include pullout forces near the PDL-bone and PDL-cementum interfaces
(Ho et al., 2010a; Hurng et al., 2011) not necessarily in directly opposite regions. The

macroscale tooth movement results in localized strains in the PDL fibers and movement
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of interstitial fluid through ground substance as a concerted viscoelastic response (Chiba
and Komatsu, 1993; Benjamin et al., 2002; Natali et al., 2002, 2004; Benjamin et al.,
2006; Tanaka et al., 2006; Ho et al., 2010a). Cells inhabiting the PDL matrix feel the
strain through integrin-matrix and cell-cell interactions (Wang et al., 1993; Lehoux and
Tedgui, 2003; Wang, 2006). Intracellular responses to these strains are the transcription
of genes and the production of biochemical signals, which take the form of matrix-related
proteins that modulate turnover of both mineralized tissues and the PDL. Overall, this
sequence of events creates a closed loop that can either prompt or resorb mineral,
regardless to meet the functional demands, promoting tissue and organ adaptation over
prolonged periods of loading. These adaptive processes are deeply interconnected at
different hierarchical levels and are manifested at the cell, tissue, and organ levels.

As teeth are loaded under both physiological and non-physiological conditions,
pullout forces are generated within the soft-hard tissue interfaces, which then impart a
detectable strain on nearby cells. It is important to note that as a mechanical continuum,
multiple cell types are affected across the entire PDL-space due to tissue deformation.
As a result, the crosstalk between several cell types that either promote mineralization or
resorption can be altered. Cells include cytes, clasts, and blasts, which can be tissue-
specific, i.e. related to cementum or alveolar bone. The conversion of mechanical
stimulation to a biochemical signal (mechanotransduction) can occur through
mechanosensitive genes such as OSX, and the expression of proteins through
mechanosensitive pathways (e.g. postulated mechanosensitive protein is BSP), or
through other postulated mechanosensitive proteins such as DMP1 (George et al., 1993;

Nakashima et al., 2002; Papachroni et al., 2009; Qin et al., 2007). Hence, investigating
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and mapping the mechanobiological factors within the microniche of the PDL-cementum
and PDL-bone will allow us to develop a deeper understanding of the underlying
mechanisms surrounding hard-soft tissue interface regeneration — a major challenge in
restoring normal organ function.

Active and passive forces: From a biomechanics perspective, the types of
forces which act on an organism are classified as either active or passive (Turner and
Burr, 1993; Ingber, 1997). During development and functional growth, passive forces are
primarily derived from the innate tension within cells and their attachment within other
cells while active forces are defined as forces generated within the tissues and felt by the
cells as a reaction from muscle contraction due to function imposed on the organ. In vitro
and in vivo experiments have shown that these intrinsic forces are crucial for guiding cell
polarity, differentiation, and migration, which are all key factors for various stages of
development (Lee et al., 2015), while active forces have been shown to shape the
supporting softer and harder structural elements (Carter and Beaupré, 2007). The
combined responses of active and passive forces provide necessary input to guide tissue
growth beyond the years of development and continue throughout the life of an organism.
Specific to the dentoalveolar complex, intrinsic forces play a role in the initial formation of
the PDL complex. Since the main source of active force within the dentoalveolar complex
is from mastication, passive forces will play a major role in the initial formation and
development of the bone-PDL-tooth complex from birth until weaning (about 3-4 weeks).
Even after the tooth has erupted, the PDL complex is still forming the dentoalveolar
complex will continue to form as secondary cementum also continues to deposit and the

thickness of which increases with age (Nanci, 2007; Jang et al., 2014a). Therefore, at
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any given time post-weaning, the combined effect from both the passive and active forces
should be acknowledged although there is no standard procedure to decouple the two
types of forces within an animal model. Appositional growth will be enhanced and
continue to play a role in functional adaptation of the joint, albeit in a reduced capacity in
normal physiological conditions. The enlargement of the muscles of mastication over age
translates to increases in the magnitude of active forces on the joint. The active forces
will remain at a plateau until the muscles begin to atrophy in which the active forces on
the bone-PDL-tooth joint could decrease with age resulting in resorption activities in bone,

and continuing apposition of cementum in the bone-PDL-tooth complex (Nanci, 2007).

1.3. Rationale for an in vivo model

In vivo modeling of functional adaptation of the dentoalveolar complex is commonly
done in rats due to mastication habits and high throughput systems albeit limited
existence of transgenic models. Each dental quadrant in a rat (2-hemimandibular and
2-hemimaxillary complexes) consists of three molars and a single continuously growing
incisor in any given hemi-mandible or maxilla. Due to the dissimilarities between the rat
and human dentition, experiments on rat mastication is often limited to modeling the
mastication effects on the molars from the perspective of delineating site-specific
regenerative potential within the bone-PDL-tooth complex (Lin et al., 2014; Lee et al.,
2015).

Prior to the work described within this dissertation, several groups have
investigated the effects of functional adaptation by manipulating or inducing physiological
(Thomas and Peyton, 1983; Kiliaridis et al., 1985; Hiiemae, 2004; Tanaka et al., 2007;

Kingsmill et al., 2010; Niver et al., 2011), therapeutic (Bondevik, 1980; King et al., 1991;
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Alhashimi et al., 2000), and pathological loads (Mavropoulos et al., 2004a; Enokida et al.,
2005; Wada et al., 2008) (Table 1.1). The analysis of physiological chewing behavior of
a normal rat was done by Hiiemae, et al. (Hiemae and Ardran, 1968; Hiiemae and
Houston, 1971), in which the complex patterns of the animal when given different types
of food was described in great detail. Among the conclusions from these studies was the
observation that the behavior of the rat changed its chewing habits when eating a softer
pudding compared to the normal hard pellet diet. Chewing habits were later correlated
to the mastication of food with softer consistency where mastication loads which
increased in frequency but decreased in magnitude (Thomas and Peyton, 1983). Groups
have commonly modeled pathological variations in normal functional load by either
placing an impedance on the occlusal surface (e.g. bite blocks) (Mavropoulos et al.,
2004a; Enokida et al., 2005) or causing hypofunction by using an unopposed tooth molar
model. It was shown that this decrease in functional loads resulted in shifts in bone
volume density (Kingsmill et al., 2010) as well as shifts within the mandibular growth
(Mavropoulos et al., 2004b). As orthodontics is common and represents therapeutic
loads, animal models using orthodontic loads are mainly achieved through the use of
orthodontic springs and orthodontic appliances (Bondevik, 1980; King et al., 1991;
Grandfield et al., 2015). Common results have identified site specific shifts in
inflammatory factors such as IL-1B3, IL-6, TNF-a (Alhashimi et al., 2000, 2001), and
changes in bone growth rate and direction (Bondevik, 1980; King et al., 1991; Grandfield
et al., 2015). Within the context of occlusal loads, results obtained from reduced

functional load model (Hiiemae, 2004) will be discussed, the protocol of which was
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successfully followed, however, adapted by our group (Niver et al., 2011) by keeping the

nutrients the same and making powder chow from hard pellets normally given to rats.

1.4. Overall hypothesis and objectives

In this dissertation, the intensity and specificity of the functional adaptation
processes within the dentoalveolar complex will be investigated by mapping shifts in
mechanical strains and as a result, shifts in biochemical expressions to physicochemical
tissue manifestation leading to overall changes in organ biomechanics. Hence, it was
hypothesized that function-related strains at the PDL-bone and PDL-cementum
interfaces stimulate cells to form or resorb mineral by creating a localized micro-
niche. Prior to the discussion of specific objectives, following chapters will detail the
multifaceted approach to quantify changes in the biomechanical, biomaterial, and
biochemical properties of the region. A schematic describing the multiscale breakdown
of experiments is presented in Figure 1.5. General methodologies will be described in
chapter 2. Since significant advancements in technology were made within our group
within the context of this project, separate chapters describing the protocol and expected
results for the in situ loading of a rat hemimandible (Chapter 3) and the measurement of
alveolar bone deformation using digital volume correlation (DVC) (Chapter 4) will be
presented. Chapters 5-7 will follow and will include investigating the aforementioned
central hypothesis from a hierarchical perspective.

The following sections will list chapter titles and sub-objectives for chapters 5-7:

CHAPTER 5. MULTISCALE BIOMECHANICAL RESPONSES OF ADAPTED BONE-
PERIODONTAL LIGAMENT-TOOTH FIBROUS JOINTS

1) Identify the shift in joint stiffness due to reduced function
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2) Correlate the shift in joint biomechanics to a shift in physicochemical properties of
tissues within joints exposed to reduced function

CHAPTER 6. ADAPTATION OF ALVEOLAR BONE TO REDUCED FUNCTIONAL
LOADS

1) Demonstrate from a mechanics of materials perspective that interradicular interface
with the tooth serves as a focal point for organ-level biomechanics
2) Correlate shifts in functional load with changes in formation/resorption dynamics
within alveolar bone
3) Characterize adaptations in morphology and material properties of bone when
exposed to reduced mastication forces
CHAPTER 7. AN OVERVIEW OF BIOMECHANICS AND MECHANOBIOLOGICALLY

RELATED EVENTS IN THE BONE-PERIODONTAL LIGAMENT-TOOTH FIBROUS
JOINT

1) To further improve the current mastication model by including the interdigitation
between the maxillary and mandibular molars by accounting for the axis of rotation
using the TMJ.

2) To implement an “artificial PDL tether method” by using the tooth movement within
the socket as an input source in order to model the deformations within the PDL.
3) To relate growth and resorption markers at the PDL-bone and PDL-cementum

tethered interfaces with their respective tether strains within the realm of a loaded

fibrous joint.
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1.5. Figures and tables

Figure 1.1. A. Cranial and palatal sutures of a craniofacial complex. B. The oral and

Other Cranial Sutures

(Herring and Mucci, 1991; Mao, 2002; Palatal SUture
Popowics and Herring, 2007) (Katebi et al., 2012; Ten Cate et al., 1977)

Temporal Mandibular Joint | | Dentoalveolar Complex
(Mavropoulos et al., 2010; Popowics et

(fBamvaletali 2001 itaprayes ol al., 2009; Short and Johnson, 1990)

1985; Mao et al., 1998)

craniofacial organ system illustrating mandibular and maxillary complexes along with the

temporomandibular joint (TMJ).
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_Periodontal
Ligament

Figure 1.2. pu-XCT virtual section of a rat mandibular second molar including PDL stained
with phosphotungstic acid and a 3D layout of the bone-tooth complex. Hard and soft

tissues have been appropriately labeled.
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Figure 1.3. Top and bottom figures illustrate relationships between mechanical
stimulation, bone formation, and bone resorption. Remodeling (resorption and formation)
and modeling (formation) activities are affected differently by mechanical stimulation.
Mechanical stimulation = f(magnitude of load, frequency of load). When the bone is
underused (i.e. disuse), formation is inhibited, however remodeling activities within this
region results in bone loss. Within normal loading range, remodeling activities maintain
constant bone volume. Additionally, at higher stimulation levels, osteoblast activation will
increase leading to additional appositional formation. Past a certain threshold, these
loads become traumatic, leading to material failure through micro-cracks and tissue

fracture with long term atrophy effects (adapted from Turner, et al. 1998).
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Stimulated
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Figure 1.4. Hierarchical considerations causing load-mediated adaptation of a
dentoalveolar complex. At an organ level, physiological functional loads normally
originate from muscles of mastication and interdigitation of teeth. The resulting
reactionary forces on teeth are accommodated by tooth movement within the alveolar
socket. At a tissue level, tooth movement causes local deformations, primarily within the
PDL and subsequently within the alveolar bone and tooth. Cells within tissues sense the
localized strains and respond by shifting the regulation of bone and cementum dynamics.
The cumulative effects of these local shifts result in broader change in respective tissues
and their material properties and morphologies. This adapted structure will respond
differently to the same initial tooth movement resulting in a modified distribution of local
tissue strains. This cycle will continue until an optimization of material properties and

structure are attained to accommodate the functional demands.
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Figure 1.5. Multiscale approach (ranging from organ to tissue levels) and associated

experimental methods used in this study.
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Author Year Animal Load Methods Observations
Model Adaptation
Peyton 1983 rat physiologic soft diet — pudding decreased bite Force
Kiliaridis 1985 rat physiologic soft diet - food skull became more orthocranial in
mixed with water  shape - no change in skull volume -
decrease growth rate of angle
mandible
Hiiemae 2004 rat physiologic soft diet — liquid increase bite rate
Tanaka 2007 rat physiologic soft diet - crushed no change in body weight;
pellets mineralization in trabecular bone of
condyle - lower. Higher mineralization
in cortical bone in anterior and
posterior area
Kingsmill 2010 rat physiologic soft diet - powered decreased bone volume, mineral
chow as paste density, alcian blue staining (GAG)
Niver 2011 rat physiologic soft diet — powder decreased attenuation lines (u-XCT),
decreased hardness
(microindentation)
Bondevik 1980 rat therapeutic orthodontic narrowing of PDL-space, cell free
appliance zones - recovery after 1-2 weeks
King 1991 rat therapeutic springs dental drift complementary to loads
Alhashimi 2000 rat therapeutic ortho spring Change in expression of IL-1, IL-6,
TNF-a
Mavropoulos 2004  rat pathologic  porridge (bite block) altered bone volume density
Enokida 2005 rat pathologic  hypofunction - Change in histomorphometry and
recovery (bite plates RANKL distribution
on incisors)
Wada 2008 rat pathologic  hypofunction elastic property and bone formation

(fluorochrome)

Table 1.1. Previous works illustrate the outcomes of the dentoalveolar complex in rats

exposed to various types of functional loads.
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CHAPTER 2. GENERAL EXPERIMENTAL METHODS

2.1. Introduction

Within this chapter the protocols for the reduced loading on a small-scale animal
model such as a rat and various methods that were applied to investigate the objectives
will be described in detail. Due to the multiscale and interdisciplinary nature of this
research (see Fig. 1.4), several testing methodologies and assays will be used at the
levels of bone-PDL-tooth organ, tissues and the interfaces that makeup the organ (see

Fig. 1.2).

2.2 Reduced functional load on a rat

Within chapters 5 and 6, the effects of reduced physiological functional loads were
analyzed by replacing hard pellet diet with a soft powder chow of equivalent nutrition
(Niver etal., 2011). All experimental protocols were compliant and followed the guidelines
of the Institutional Animal Care and Use Committee (IACUC) (Niver et al., 2011). Sprague
Dawley male rats (Charles River Laboratories, Inc., Wilmington, MA) were divided into
two groups: hard diet (HD; N=30) and soft diet (SD; N=30). Animals were received at 4
weeks of age when weaning of the pups is generally initiated. Hard diet (control), which
is the normal pellet chow (PicoLab 5058, LabDiet, Deans Animal Feeds, Redwood City,
CA, USA) was given to one-half of the set of rats while the SD group (reduced functional
load group) was given a finely pulverized version of the control pellet. Powdered diets
were pulverized and sifted on a regular basis to ensure a constant powder-like
consistency. To analyze the effect of age on load adaptation, animals were grown to 8,

12, 16, 20, or 24 weeks (N=6 in each group) respectively. Animal weights were taken
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and documented twice a week per IACUC standards. No extreme weight loss of animals
was observed. Once animals were grown to a desired age, each animal was euthanized
by carbon dioxide asphyxiation and bilateral thoracotomy. Hemimandibles were
harvested, and right hemimandibles were used for in situ loading for organ biomechanics,
X-ray microscopy (XRM) of unloaded and loaded organs for strain-mapping using digital
volume correlation (chapter 4 and chapter 6), microindentation and nanoindentation for
tissue properties (chapters 5 and 6), specifically of bone and cementum hard tissues. Left
hemimandibles were preserved for histology (hematoxylin and eosin, picrosirius red
stains) and immunohistochemistry (tartrate acid resistant phosphatase (TRAP), alkaline
phosphatase (ALP), and immunogold labelling (bone sialoprotein — a postulated

mechanosensitive protein) (chapter 7).

2.3. Histology
2.3.1. Tissue preparation for conventional histology, immunohistochemistry, (Lin

et al., 2014) and immunogold labelling (Chen et al., 2015)

Harvested hemimandibles were prepared for histology using protocols previously
described (Lin et al., 2014). Intact hemimandibles were processed through a combination
of decalcification and fixation using a mixed solution of 0.5M ethylenediaminetetraacetic
acid (EDTA) and 2% paraformaldehyde for 3 weeks (Doherty et al., 2010). Specimens
were checked regularly to ensure decalcification to facilitate sectioning for histology, and
epitope recognition for immunohistochemistry and immunogold labelling. Demineralized
specimens were dehydrated through a series (80%, 95%, and 100%) of Flex alcohol
(Richard-Allan Scientific, Kalamazoo, MI) before embedding in paraffin (Tissue Prep-Il,

Fisher Scientific, Fair Lawn, NJ). Sagittal sections were cut from the embedded
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specimens using a rotary microtome (HM 325 Rotary Microtome, Thermo Scientific,
Waltham, MA, USA). Sectioned specimens were mounted on statically charged slides
(Superfrost Plus Fisher Scientific, Waltham, MA, USA). Prior to staining, sections were
deparaffinized using xylene and rehydrated through a reverse series of ethanol (100%,
95%, and 80%). These sections were used to stain with H&E and PSR stains.

For cryosectioning, sections were placed in a 15% solution of sucrose for 2-3 hours
then a 30% solution of sucrose overnight. Primed specimens were then embedded in an
OCT solution (Scigen Inc. Gardena, CA, USA) and flash frozen using a combination of
ethanol and dry ice. Sectioning on frozen blocks was performed using a rotary microtome
and placed on charged slides. Sections slides were rehydrated by bringing frozen
sections to room temperature for 30 minutes and washing slides twice in 1x phosphate
buffer solution for 4 minutes each. These sections were used to perform site-specific
immunohistochemistry to localize ALP and TRAP expressions within tissues.
Visualization of local expressions was facilitated by performing light microscopy on
stained sections.

For ultrasectioning, intact specimens were dissected and fixed overnight in 10%
neutral buffered formalin (NBF, Richard-Allan Scientific, Kalamazoo, MIl). Each specimen
was washed twice in 1X phosphate-buffered saline (PBS) and then dehydrated using
graded (50-100%) ethanol solutions. The specimen kept in 100% ethanol was scanned
using a pu-CT (MicroXCT-200, Carl Zeiss Microscopy, Pleasanton, CA) followed by
infiltration of the specimen with LR-white resin (Electron Microscopy Sciences, Hatfield,
PA). The infiltrated specimen was kept in a gelatin capsule (Electron Microscopy

Sciences) and polymerized for 2 days at 60°C. 90-100 nm thick tissue sections were cut
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with an ultramicrotome (Reichert Ultracut E, Leica Microsystems, Inc., Buffalo Grove, IL)
and were collected on formvar/carbon-coated Ni grids (Electron Microscopy Sciences).
Site-specific protein localization at a nanoscale was performed through immunogold
labeling of thin sections on grids (Chen et al., 2015) and visualization facilitated by a

transmission electron microscope (TEM).

2.3.2. Picrosirius red (PSR) staining to determine directionality of collagen fiber

bundles (Lin et al., 2014)

Rehydrated sections were stained using a combination of Sirius red F3B (C.I.
35782) and picric acid (American MasterTech Scientific Co., Lodi, CA). Specimens were
imaged using polarized light microscopy (BX 51, Olympus America Inc., San Diego, CA)
using Image Pro Plus v6.0 (Media Cybernetics, Inc., Silver Spring, MD) for image
acquisition. A Fourier component analysis was done using a modified version of ImageJ
to measure directionality of the PDL fibers (Fiji — created by Jean-Yves Tinevez (Tinevez,

2015))

2.3.3. Tartrate resistant acid phosphatase (TRAP) staining (Erlebacher and

Derynck, 1996) to determine the location of osteoclasts

Rehydrated sections were selected and incubated in a solution of 0.2M sodium
acetate and 50mM L-(+)-tartaric acid at pH 5.0 (Sigma-Aldrich, St Louis, MO, USA) for
20 minutes at room temperature (25°C). Following the 20 minutes of incubation, 0.5
mg/ml napthol AS-MX phosphate and 1.1 mg/mL fast red TR salt was added to the
sodium acetate buffer. Solution and slides were then incubated at room temperature for
1-4 hours at body temperature (37°C), regularly checking for proper TRAP staining (note:

for cryosectioned specimens, about 15 minutes of incubation is required for this step).
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Following TRAP staining, specimens were rinsed in distilled water and counterstained in
a batch of fresh Mayer’s hematoxylin for a minimum of 10 seconds (longer if solution is

old). Sections were then rinsed again in tap water and mounted.

2.3.4. Alkaline phosphatase (ALP) staining (Yoshiki et al., 1972; Miao and Scultt,

2002)

Rehydrated sections were selected and incubated in a solution of Trismaleate
buffer solution (100mM, pH 9.2) with 1% MgCl overnight. Fresh solutions were made of
100mM Trismaleate buffer (without the 1% MgCl) and added napthol AS-MX phosphate
(0.2 mg/mL) and fast red TR salt (0.4 mg/mL) for 15-20 minutes (for cryosections — longer
if staining paraffin sections). Sections that were stained with ALP were counterstained
with Meyer's hematoxylin for 10 seconds, rinsed in tap water and mounted with

immunomount.

2.4. Structural analysis
2.4.1. X-ray microscopy (XRM) to generate X-ray tomograms (Herber et al., 2012;

Lin et al., 2013)

Intact specimens designated for XRM tomography were immediately placed in a
tris-buffered solution supplemented with 50ug/mL of penicillin/streptomycin (UCSF cell
culture facility, San Francisco, CA, USA) (Chiba and Komatsu, 1993). Specimens were
scanned (Micro XCT-200, Xradia, Inc., Pleasanton, CA, USA) in hydrated conditions
using tris-buffered solution. Refer to Table 2.1 for scanning parameters. Care was taken
to scan all specimens as soon as possible in order to reduce the amount of tissue
alteration due to storage. Acquired images were reconstructed using XMReconstructor

(v8.1.6599, Xradia Inc., Pleasanton, USA).
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2.4.2. Joint and bone morphometric analyses (Parfitt, 1988; Bouxsein et al., 2010;

Lee et al., 2013)

Joint and bone morphometrics included functional space measurements (Lee et
al., 2013) and bone volume fraction (BVF) calculations (Parfitt, 1988; Bouxsein et al.,
2010). Functional space measurements were taken on reconstructed tomograms using
3D viewer (Xradia 3D viewer v1.1.6, Xradia Inc., Pleasanton, CA, USA). Following the
identification of standard virtual slices within each specimen, a series of 10
measurements were taken measuring the distance between the interradicular crest of the
alveolar bone and the furcation of the tooth.

BVF was calculated using sub volumes identified within the tomograms. Intensity
based segmentation was done in Avizo (Avizo 9.0.0, FEI, Hillsboro, OR, USA) to separate
bone from non-bony tissues producing a binary label of the bone. Within the context of
this dissertation, BVF was defined as the ratio of bone volume to total volume (total
volume = bone volume + endosteal space). Since the general shape of the bone was
irregular, the total volume of the bone was approximated by taking the segmented image
of the bone and applying a digital closing algorithm (Dougherty et al., 2003) to include all
the internal holes within the bone (Avizo 9.0.0). BVF values were then calculated by
taking the volume of the unclosed binary image and dividing it by the “morphologically

closed” binary label.

2.4.3. Immunogold labelling of bone sialoprotein
The ultrasections from infiltrated blocks were decalcified with 4% EDTA solution
twice for 20 min each time in an incubator. Decalcified sections were washed twice using

Milli-Q water, twice with PBS, and were treated with a blocking agent containing 2.5%
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bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 10 min. Grids were incubated in
primary antibody solution (1:20 dilution in PBS) at 4°C overnight. After washing three
times with PBS, sections were treated again with 2.5% BSA for 10 min then incubated in
a 10-nm-diameter protein G-gold nanoparticle solution (Electron Microscopy Sciences,
Hatfield, PA) for 1 hr. at room temperature. Following washing three times with PBS, grids
were rinsed with Milli-Q water and air-dried overnight. No counterstaining was applied to
the sections. The sections were examined using a transmission electron microscope

(JEOL USA, Inc., Peabody, MA) operated at an accelerating voltage of 100 keV.

2.5. Materials testing
2.5.1. Local hardness evaluation using microindentation (Ho et al., 2004)

Following imaging and in situ mechanical testing (see chapter 3 for in situ
mechanical testing protocol), sagittal sections were made with a rotary saw and diamond
blade (ISOMET, Buehler Ltd, IL, USA) using the center of the occlusal plane as an
orthogonal reference. Sliced specimens were then embedded in epoxy. The exposed
surface of the bone-PDL-tooth complex was then polished using a series of fine diamond
suspension slurries with a final suspension grade of 0.25 ym (Buehler Ltd, Lake Bluff, IL).
Knoop hardness microindentation (10s, 20gf, dry conditions) was performed on
secondary cementum of the second molar and the accompanying interdental alveolar
bone and interradicular alveolar bone. Microindentation was performed as per ASTM

E384-99 standard (ASTM - E04 Committee, 1999).

2.5.2. Elastic modulus evaluation under wet conditions using nanoindentation

technique
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Epoxy embedded hemimandible sections prepared for microindentation (see
section 2.4.1) were also used for nanoindentation (Nanoscan 4D, Nanounity, Moscow,
Russia) under wet conditions. Following hydration of the specimen with deionized water
for 1 hr., specimens were indented using a Berkovich tip (2000uN force). Rows of indents
were placed on the interradicular bone of the second molar with about 16um of spacing
between indents. The reduced elastic modulus (Er) was calculated using the Oliver-Pharr

method (Oliver and Pharr, 1992).
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2.6. Tables

Optical Magnification KVP Voxel Size* Exposure time** Projections**

2X 75 ~7 pm 4-16 sec 2000
4x 75 ~3.5 um 1-7 sec 2000
10x 75 ~1.5 pm 7-30 sec 2000

*in addition to optical magnification voxel size also depends on the distance
between the source-rotation axis and detector-rotational axis

**exposure time and projections depend on the desired image quality and
the amount of material outside the “field of view”

Table 2.1. XCT Parameters
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CHAPTER 3. IN SITU COMPRESSIVE LOADING AND CORRELATIVE NONINVASIVE
IMAGING OF THE BONE-PERIODONTAL LIGAMENT-TOOTH FIBROUS JOINT

This work was published in Journal of Visual Experimentations in 2014. To see the

accompanying video please visit (http://www.jove.com/video/51147/in-situ-compressive-

loading-correlative-noninvasive-imaging-bone). Additionally, it was written in a language

suitable and as required by JOVE.

3.1. Abstract

This study demonstrates a novel biomechanics testing protocol. The advantage of
this protocol includes the use of an in situ loading device coupled to a high resolution X-
ray microscope, thus enabling visualization of internal structural elements under
simulated physiological loads and wet conditions. Experimental specimens will include
intact bone-periodontal ligament (PDL)-tooth fibrous joints. Results will illustrate three
important features of the protocol as they can be applied to organ level biomechanics: 1)
reactionary force vs. displacement: tooth displacement within the alveolar socket and its
reactionary response to loading, 2) three-dimensional (3D) spatial configuration and
morphometrics: geometric relationship of the tooth with the alveolar socket, and 3)
changes in readouts 1 and 2 due to a change in loading axis, i.e. from concentric to
eccentric loads. Efficacy of the proposed protocol will be evaluated by coupling
mechanical testing readouts to 3D morphometrics and overall biomechanics of the joint.
In addition, this technique will emphasize on the need to equilibrate experimental
conditions, specifically reactionary loads prior to acquiring tomograms of fibrous joints. It

should be noted that the proposed protocol is limited to testing specimens under ex vivo
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conditions, and that use of contrast agents to visualize soft tissue mechanical response

could lead to erroneous conclusions about tissue and organ-level biomechanics.
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3.2. Introduction

Several experimental methods continue to be used to investigate the
biomechanics of diarthrodial and fibrous joints. Methods specific to the tooth organ
biomechanics include the use of strain gauges (Jantarat et al., 2001a, 2001b; Popowics
et al., 2009), photoelasticity methods (Asundi and Kishen, 2000, 2001), Moiré
interferometry (Wang and Weiner, 1997; Wood et al., 2003), electronic speckle pattern
interferometry (Dong-Xu et al., 2011), and digital image correlation (DIC) (Zhang and
Arola, 2004; Li et al., 2009; Qian et al., 2009; Zhang et al., 2009; Lin et al., 2014). In this
study, the innovative approach includes noninvasive imaging using X-rays to expose the
internal structures of a fibrous joint (mineralized tissues and their interfaces consisting of
softer zones, and interfacing tissues such as ligaments) at loads equivalent to in vivo
conditions. An in situ loading device coupled to a micro-X-ray microscope will be used.
The load-time and load-displacement curves will be collected as the molar of interest
within a freshly harvested rat hemi-mandible is loaded. The main goal of the approach
presented in this study is to emphasize the effect of three-dimensional morphology of
tooth-bone by comparing conditions at: 1) no load and when loaded, and when 2)
concentrically and eccentrically loaded. Eliminating the need for cut specimens, and to
perform experiments on whole intact organs under wet conditions will allow for maximum
preservation of the 3D stress state. This opens a new area of investigation in
understanding dynamic processes of the complex under various loading scenarios.

In this study, the methods for testing PDL biomechanics within an intact fibrous
joint of a Sprague Dawley rat, a joint considered as an optimum bioengineering model

system will be detailed. Experiments will include simulation of mastication loads under
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hydrated conditions in order to highlight three important features of the joint as they relate
to organ level biomechanics. The three points will include: 1) reactionary force vs.
displacement: tooth displacement within the alveolar socket and its reactionary response
to loading, 2) three-dimensional (3D) spatial configuration and morphometrics: geometric
relationship of the tooth with the alveolar socket, and 3) changes in readouts 1 and 2 due
to a change in loading axis, i.e. from concentric to eccentric loads. The three fundamental
readouts of the proposed technique can be applied to investigate the adaptive nature of
joints in vertebrates either due to changes in functional demands, and/or disease.
Changes in the aforementioned readouts, specifically the correlation between reactionary
loads with displacement, and resulting reactionary load-time and load-displacement
curves at different loading rates can be applied to highlight overall changes in joint
biomechanics. Efficacy of the proposed protocol will be evaluated by coupling mechanical

testing readouts to 3D morphometrics and overall biomechanics of the joint.

3.3. Protocol (a narrative; hiip://www.jove.com/video/51147/in-situ-compressive-

loading-correlative-noninvasive-imaging-bone)

Animal housing and euthanasia: All animals used in this demonstration were
housed under pathogen-free conditions in accordance to the guidelines of the Institutional
Animal Care and Use Committee (IACUC) and the National Institute of Health (NIH).
Provide animals with standard hard-pellet rat chow and water ad lib. Euthanize animals
via a two-step method of carbon dioxide asphyxiation, bilateral thoracotomy in
accordance with the standard protocol of UCSF as approved by IACUC. Perform

biomechanical testing within 24 hours of animal sacrifice to avoid tissue degradation.

3.3.1. Preparation and dissection of a rat mandible or maxilla
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Remove rat mandibles by gently severing membranous tissue and muscle
tissue attachments while preserving the entire mandible, including the
coronoid process and the condylar process (Fig. 3.1)(Huelke and Castelli,
1965).

Separate hemimandibles by carefully cutting the fibrous tissue of mandibular
symphysis with a scalpel blade.

Note: The coronary and condylar processes, and ramus of the mandible (Fig.
3.1) should be removed if they physically obstruct biomechanical testing of
the 2nd molar.

Cut the incisors without exposing the pulp chamber as not to hinder loading

of the molar.

3.3.2. Specimen preparation for in situ compressive loading (Fig. 3.2)

1.

Immobilize the specimen on a steel stub by using a material that is
significantly stiffer than the experimental specimen prior to loading it in an in
situ loading device (Fig. 3.2a).

Note: Polymethylmethacrylate (PMMA) was used to immobilize the specimen
in this study and excess, if any, was removed using a dental explorer.

Align the occlusal surface of the molar(s) of interest parallel with the AFM
metal specimen disc using a straight edge in both planes (i.e. mesial-distal
and buccal-lingual).

Create a trough with a blunt instrument surrounding the molars.

Note: This space should serve as a “moat” to contain excess liquid and

maintain tissue hydration during in situ loading.
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10.

Prepare the tooth surface to build up for concentric (Fig. 3.2b) or eccentric
(Fig. 3.2c) loading using a dental composite. Etch the surface of the tooth of
interest with 35% phosphoric acid gel on occlusal surface for 15 sec.

Rinse the etchant thoroughly with deionized water and dry the surface using
an air/water syringe or a compressed-air canister. With an explorer, spread a
drop of the bonding agent into open cusps in a thin layer. Cure the composite
with a dental curing light.

Note: All steps involving composites should be performed without direct light
from a lamp. Such conditions would undesirably accelerate the
polymerization process, and could prevent proper placement of the
composite. Room lighting is acceptable.

Remove excess bonding agent from adjacent teeth with a fine scalpel or razor
blade.

Place flowable dental composite on the surface following the preparation of
the surface and spread it into grooves of the molar(s) of interest using a dental
explorer.

Expose the composite to dental curing light for 30 sec.

Mold an occlusal buildup of about 3-4 mm using a dental resin composite,
from the occlusal plane of the molar(s) of interest and light cure for 30 sec.
Reduce the top of the composite buildup to a flat surface parallel to enable a
consistent loading scheme across all specimens by using a straight edge and

a high speed hand piece.

45



Note: During biomechanical testing, other specimens should be stored in tris-

phosphate buffered solution (TBS) with 50 mg/ml penicillin, and streptomycin

3.3.3. Loading device drift and stiffness, material property differentiating

capability, in situ loading of the fibrous joint

1.

Secure the specimen with the composite buildup on the anvil of the loading
stage, and test for uniform loading as shown in Figure 3.2b.

Place an articulating paper on the surface of the composite followed by loading
the specimen to a finite load to check for concentric or eccentric loading (Fig.
3.2b and 3.c).

Place TBS-soaked Kimwipe around the specimen to ensure specimen
hydration. Make a trough around the specimen and fill it with TBS to keep the
organ hydrated during imaging.

Input peak load and displacement rate into the Deben software to compress
the molar to a desired peak load at a displacement rate following
immobilization of the hemimandible.

Note: Typical readouts should include a reactionary load as the material is
compressed over time (load transducer sensitivity = 0.1 N). From load-time
and displacement-time, a load-displacement curve for the compressed
material should be obtained (Chiba and Komatsu, 1993; Natali et al., 2008;
Naveh et al., 2012a). Using the data collected from the loading cycles, various
properties of the joint can also be determined. The stiffness of the joint should

be calculated by taking the slope of the linear portion (approximately the last
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30% of the data) of the loading phase of the load vs. displacement curve (Lin

et al., 2013).

3.3.4. Staining of soft tissue, the PDL, with phosphotungstic acid (PTA)

Note: To enhance X-ray attenuation contrast, the PDL should be stained with 5%
PTA solution (Metscher, 2009).

1. Backfill PTA staining solution into a clean 1.8 ml glass carpule and place
loaded carpule into syringe.

2. Inject solution slowly (5 min/carpule) into the PDL-space of adjacent teeth to
prevent structural damage to periodontal tissues surrounding molar of interest.
Note: The above steps should be repeated until about 5 full carpules (9 ml) of
solution are injected and allowed to flow into the surrounding tissues. The
prepped specimens can also be soaked overnight in the remaining PTA

solution (8 hr).

3.3.5. Recommended u-XCT scanning settings

1. Perform p-XCT with the following scanning settings: (see Table 3.1)

3.4. Representative results
Estimation of loading device “backlash”, “pushback”, stiffness, and system drift
under a constant load

Backlash: Between loading and unloading portions of the cycle, there exists a
pause of 3 seconds during which gears reverse within the motor before true unloading
commences, i.e. as the specimen pulls away from the top jaw (Fig. 3.3). This period is

referred to as a backlash in the system, which represents a segment of time when the
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system is attempting to switch from closing to opening of the jaws. It should be noted that
all load cycles will contain a similar backlash response regardless of specimen or loading
conditions (Fig. 3.4). A normal load vs. time curve obtained using a rigid body is shown
in Figure. 3.3a and 3.3b highlighting the loading, unloading, and backlash regions at two
different loads of 6 N and 16 N. A normal load vs. displacement curve highlighting the
corresponding three segments is shown in Figure 3.3c.

Pushback: While all backlash periods occur within the same 3 sec time frame, the
reactionary response and as a result the shape of the backlash region could change
depending on the specimen. By testing the system using a rigid body (Fig. 3.3), the
steepest and highest drop in reactionary load was observed when compared to the bone-
PDL-tooth complex and polydimethylsiloxane (PDMS). However, the fibrous joint
illustrated a significant drop in reactionary load during backlash phase compared to
PDMS. PDMS (Fig. 3.4) specimens appeared to have the least drop (no difference
between the 1:05 and 1:25 crosslinker densities - Fig. 3.4A).

Stiffness: Stiffness of the loading device when tested against rigid body was
significantly higher than that of the complex and PDMS specimens. These data validate
the effectiveness of the loading device to highlight changes in biomechanics of the bone-
PDL-tooth complex and softer materials (Fig. 3.4b).

Visualizing soft and hard tissue structures within the intact bone-PDL-tooth
complex using p-XCT: In an unstained, but hydrated fibrous joint, attenuation of hard
tissue features, including alveolar bone, cementum, enamel, and dentin were highlighted
(Fig. 3.5a and 3.5b). However, spaces that contained predominantly softer organic

tissues were transparent to X-rays, leaving the PDL-space relatively “empty” (black).
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Specimens treated with PTA showed increased contrast within the PDL-space, thus
highlighting features representative of the PDL and gingival tissues (Fig. 3.5c-f).
Scanning at a higher magnification revealed PDL as a fibrous network between the tooth
and bone.

Reactionary force vs. displacement: biomechanical response of the fibrous
joint during in situ loading: Compared with concentric loading, eccentric loading pattern
on a similar specimen showed increased displacement of the tooth within the joint for a
given reactionary load (Fig. 3.6a). However, for fibrous joints treated with PTA no
significant differences in the overall biomechanics were observed regardless of the
loading condition (Fig. 3.6b). In the untreated but eccentrically loaded system, the
increased displacement of the root into the alveolar socket can be correlated to lower
stiffness as seen in the load-displacement curves (Fig. 3.6¢c). While there could be a
natural variance leading to a range of biomechanical responses of fibrous joints harvested
within control groups, PTA-treated fibrous joints exhibited increased stiffness and
displaced less within the socket compared to untreated counterparts for a given
reactionary peak load. However, there was no detectable change in shape or duration of
the backlash phase of the load cycle between untreated and PTA treated specimens.

Three-dimensional spatial configuration and morphometrics: mapping the
bone-tooth configuration under loaded conditions using u-XCT: Virtual slices taken from
tomograms were compared to illustrate 1) tooth movement within the socket, 2) tooth-
bone association both in 2D and 3D, 3) the extent of movement due to eccentric
compared to concentric loading. Tooth movement was highlighted by superimposition of

similar virtual slices at no load and at load and generating gif movies. While both loading
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schemes caused the tooth to displace vertically within the joint, an eccentric loading
configuration (Fig. 3.7b and 3.7c¢) caused an additional rotational effect of the tooth with
the roots rotating distally resulting in decreased PDL space along the distal sides of the
roots compared with concentric loading scans (Fig. 3.7 and 3.8). Although the PTA-
stained PDL was more attenuating (Fig. 3.5), the movement of the tooth within alveolar
socket in the PTA treated joints was less pronounced and correlated with the

biomechanical data (Fig. 3.6b and 3.6c).

3.5. Discussion

The first step in establishing this protocol involved evaluating the stiffness of the
loading frame by using a rigid body. Based on the results, the stiffness was significantly
higher enabling the use of the loading device for further testing of specimens with
significantly lower stiffness values. The second step highlighted the ability of the
instrument to distinguish different stiffness values by using two phases of the loading-
unloading curve generated by using a rigid body, PDMS materials of different crosslink
densities, and fibrous joints. The stiffness from the loading phase and pushback during
the backlash phase were used to identify the resistance of the material to loading and
recovery of the material following unloading (Fig. 3.3 and 3.4). The third and fourth steps
of the protocol were to correlate the changes in load-displacement curves obtained from
the loading device to the in situ imaging done with the use of X-rays (Fig. 3.5). This
involved loading the joints and obtaining tomograms at no load and load, under concentric
and eccentric conditions respectively. The protocol demonstrated that by changing the
loading axis differences in levels of PDL-compression can be highlighted (Fig. 3.6 and

3.7). In this discussion we will first highlight instrument features and challenges that
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should be adequately understood and met prior to biomechanical testing of the bone-
PDL-tooth complex.
3.5.1. Challenges of experimental setup

Composite buildup: While the protocol itself is relatively straightforward, there
are several steps that must be done with great care. One of the biggest challenges was
to ensure that excess composite material did not overflow to adjacent teeth, which would
then mechanically link multiple teeth and misrepresent the joint mechanics of a single
tooth. Since significant manual dexterity and knowledge of dental tools proved to be
useful for this procedure, preparation of specimens for loading was primarily performed
by dental students and dentists with the assistance of optical magnification.

Consistent loading scheme: Another important detail for biomechanical testing
was to ensure a consistent loading scheme. The contact area between the jaw of the in
situ loading device and opposing surface of the composite proved to be very crucial to
the experiment. This is because mechanics of the fibrous joint can change as a result of
the area of contact, which was simulated in this study by using concentric and eccentric
(unbalanced) loads. The scenario presented in this study mimics possible changes in
occlusion of mammalian teeth, which could result in a change in tooth movement within
the alveolar socket (Fig. 3.5). While it is understood that the proposed testing mechanism
does not mimic physiological mastication cycle, it presents itself as a standard testing
method. By creating a composite buildup with a surface parallel to the jaw of the loading
stage, we were able to generate a consistent loading pattern. This standard testing
method can be used to identify changes in biomechanics of the bone-PDL-tooth

complexes from various experimental groups.
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Sensitivity of the in situ loading device: The experimental protocol describes
methods for validating detection limits of the in situ loading device using three different
specimens, of which two can be considered as standard materials. The stiffness of the
loading frame when tested with aluminum was significantly higher with negligible
contribution to the observed mechanical behavior of various PDMS specimens, and the
biomechanical response of a fibrous joint. While all the specimens tested had a backlash
period of ~3 sec, the shape of the backlash portion slightly varied (Fig. 3.4a) with the type
of specimen. Rigid specimens exhibited a sharp decrease in reactionary load (Fig. 3.3a
and 3.4a) while softer specimens did not exhibit a sharp decrease (Fig. 3.4a). It can be
argued that the difference in backlash behavior is attributed to the ability of the specimen
to push back on the gears during gear reversal. The push back effect on the gears could
manifest into a lower drop in the peak reactionary response of the material as the jaw
starts to move away from the specimen. Thus, the backlash segment can be exploited to
gain insights to material property. Stiffness values of PDMS calculated from load
displacement curves were in agreement with literature values (Hemae, 1967), and the
range of stiffness for the crosslinked PDMS was within the range of the bone-PDL-tooth
complex. Hence, the in situ loading device is suitable for measuring the displacement and
reactionary response of the tooth as it is compressed into the alveolar socket. The
reactionary response can be from softer and/or harder constituents. The dominance of
the softer constituent over the harder can be identified by loading incrementally and
imaging, followed by digitally correlating the no load to loaded conditions to identify strain-

dominated regions within the bone-PDL-tooth complex (Lin et al., 2013).
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Principal component of mastication is in the axial direction: Similar to
humans, the mastication cycle of rats involve the free motion of the mandible to chew
food (Hunt et al., 1970; Komatsu et al., 2007). While this motion has been mapped to
include many different directions such as lateral movements, the principal component of
load is thought to be in the axial direction (Hunt et al., 1970). Therefore, the simulated in
situ loads in axial direction were placed either concentrically or eccentrically (Fig. 3.2).

Experimental factors that could affect results related to organ level biomechanics:
The advantage of coupling X-ray microscopy with in situ loading is that the load-
displacement curve can be correlated to the spatial association of the tooth with the
alveolar socket, form of the root and the alveolar surface, and the narrowing and widening
of the PDL-space under load. The correlation and complementary evaluation provides a
holistic approach to determine organ biomechanics. In the past, it was only postulated
that the mechanics of an organ and/or tissues can prompt the load-displacement
behavior. This protocol illustrated that the association of the moving members when under
load can also be a defining characteristic of observed stiffness. Any changes observed
within the first 5-8 N is thought to be contributed by the quality of the PDL an initial
conformational change within the collagen and interstitial fluid exchange with minimum
resistance to load; this region has been referred to as the “uncrimping” region (Quintarelli
et al., 1971a). Loads higher than 7 N could be contributed by tooth, bone, the strain-
hardening effects of the periodontal ligament, and the interfaces attaching the tissues.
Once the PDL-space is minimized and as the PDL undergoes strain hardening, hard
tissue interactions between the tooth and bony socket arise at the interradicular region

resulting in a steeper load to displacement slope. In addition to material recovery, the
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backlash of the loading device can be exploited to investigate the viscoelastic nature of
the PDL without altering the joint as was done in other studies (Chiba and Komatsu, 1993;
Lin et al., 2013).

The general regions within the load displacement curves correlate to some events
within the joint. The above events are the common denominators between the two loading
schemes. However, the differences between concentric and eccentric load-displacement
profiles and corresponding tomograms highlighted the influence of load direction on the
overall organ biomechanics. The main source of these differences was the introduction
of a tooth rotation as it displaces within the joint, causing the compression of PDL spaces
at specific areas. It is understood that normal physiological loads are applied on the tooth
in several directions including those that introduce rotational tooth movement. However,
it is recommended that a concentric loading scheme be used as a standard loading
scheme due to the difficulty of applying a “standard” eccentric load across all specimens.
As such this experimental protocol can be used to differentiate biomechanical differences
between adapted and nonadapted systems.

One of the drawbacks of using higher energy X-rays is that they are minimally
absorbed by softer tissues and produced inadequate contrast. The PDL is transparent to
X-rays and as a result necessitates the use of contrast agents. PTA enhances the
contrasts of soft tissues by directly staining (Crabtree and Murphy, 1979; Quintarelli et
al., 1971b, 1973) and allowing for visualization by using X-rays. Hence, by using the
contrast agents, visible deformation within stained soft tissue regions between loaded and
unloaded tomographies was observed; however higher magnification (at least 10X) is

recommended for analysis (data not shown). A limitation of the staining protocol included
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the use of ethanol, a mild fixative (Crabtree and Murphy, 1979) which could have altered

the stiffness of the PDL and overall joint mechanics leading to erroneous conclusions.

3.6. Conclusions

This study highlights a novel testing protocol to analyze the biomechanical
response of an intact bone-PDL-tooth fibrous joint, but under ex vivo conditions. The
described experimental method including post analyses of data can be used to measure
effects of experimental variables (i.e. disease, growth factors, age, and therapeutic
molecules) on the mechanics of the bone-PDL-tooth fibrous joint. Additionally, results
from these experiments will serve as a baseline for which relationships between variations
at the macroscale organ level can be related to specific changes at the tissue and cellular
levels. Limitations of the protocol include, imaging under ex vivo conditions, use of
contrast agents, and loss in spatial accuracy between surfaces of the tooth and alveolar
socket due to tissue relaxation during longer acquisition times necessary for tomogram

generation.
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3.7. Figures and tables
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Figure 3.1. An adapted illustration (Huelke and Castelli, 1965) of key locations when

preparing the hemimandible for biomechanical testing. Shown within the inset is a

hemimandible.
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Figure 3.2. (a) An image of an in situ loading device on a custom holder within the micro-
X-ray computed tomography (u-XCT) unit. Concentric (b) and eccentric (c) loading
conditions determined by the type of contact between the anvil and the composite surface
are illustrated in the form of schematics, and the corresponding experimental setups
(region corresponds to that highlighted by the white box in (a) respectively. Marks from

articulating paper confirm initial contact area between the anvil and the dental composite.
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Figure 3.3. Representative load-time curve illustrating system “backlash”. Load vs. time
using a rigid body illustrates backlash period as an event between closing and opening
of the anvils. The green region indicates loading period where anvils are approaching
(green region) to load a rigid body to 15 N (a) and 5 N (b, inset). The blue region indicates
an unloading period where the anvils are retracting from each other. However due to the
lack of instantaneous motor response due to time taken by gear reversal, there lies a
back lash period of ~3 sec. During this time the load decreases approximately by 2 N
before true unloading occurs. Loading and unloading events can be related to load vs.

displacement graphs (c) which shows minimal displacement during the backlash period.
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Figure 3.4. Representative load-displacement curves and “pushback” effect using
PDMS. Bottom curves: Load-time relationships between PDMS of decreasing monomer
to cross-linker ratios reveal the ability of the in situ loading unit to detect differences in
material properties. Top curves, left and right illustrate the change in backlash of the
system due to material recovery. The left and right when compared illustrate the same
effect, indicating that the recovery difference between 1:25 and 1:05 PDMS is minimal or
is not within the detection limits of the loading device. b) Load-displacement curves for
varying materials including rigid body aluminum, experimental specimen, and the 3 PDMS
specimens. It is the slope of the 30% linear part of the loading curve that was used to

calculate stiffness of the material.
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Figure 3.5. X-ray virtuI sections of mandibular second molars stained for PDL structure

N

enhancement. (a, b) Grey scale values within untreated molars indicate X-ray attenuation
of various tissues including the softer regions within the complex. However,
nonmineralized tissues such as PDL were not highlighted due to its minimal attenuating
characteristics of X-ray energy at 75 kVp. (c-f) Following PTA staining the attenuating
characteristics of the softer PDL were enhanced and details within the PDL were
visualized using an X-ray microscopy. Thus, 2D virtual sagittal (c-4X magnification, e-10X
magnification) and transverse (d-4X magnification, f-10X magnification) sections revealed
PDL fiber orientation (yellow arrows). The lumen of blood vessels within endosteal spaces
(orange arrows) and the PDL (white arrows) appear as dark circular structures, while the
pulpal space remains unstained. Artifacts created during the staining procedure are also
noted (d, red asterisks).
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Figure 3.6. Concentrically and eccentrically loaded specimens. Top (a) and bottom
panels (b) illustrate quick time movies of tooth-bone relationship at no load and when
loaded to 15 N, concentrically and eccentrically respectively. Top and bottom panels
illustrate bone-tooth association when untreated (a) and stained (b) conditions. Center
panel (c) illustrates different load-displacement behaviors between eccentrically and
concentrically (left curves) loaded complexes, and stained and unstained (right curves)

complexes
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Figure 3.7. Sagittal section of 2nd molar illustrates the association of the tooth with the

alveolar socket when loaded concentrically (a) and eccentrically (b). Majority of
compression was seen within interradicular (arrow heads) and apical (arrows) regions.
When compared to virtual sections of the tooth in eccentric loading (b), the additional
rotational component of the tooth motion causes increased compression to the distal side
of the mesial root. Overlaid transverse sections revealed distal translation and clockwise

rotational movement of the tooth (green roots) relative to a concentrically loaded tooth

(gray).
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Figure 3.8. Reconstructed 3D movies reveal a decreased PDL-space within the distal
side of the root when eccentrically loaded (a) compared to a concentrically loaded
complex (b). Please refer to the publication website for movie files

http://www.jove.com/video/51147/in-situ-compressive-loading-correlative-noninvasive-

imaging-bone.
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Property

Value

Objective magnification used
Tomography projections

X-ray tube voltage
X-ray tube power
Exposure Time

Voxel side length

4x, 10x
1,800 images

75 kVp (50 kVp for PTA stained samples)
8w

~8-25 seconds*

~4 um (4X objective),~2 um (10X objective) **

* Exposure time can vary based on the geometry and optical density of the specimen and X-ray tube voltage.
** Actual pixel resolution will slightly differ based on the configuration of the source, specimen, and detector.

Table 3.1. Recommended u-XCT Scanning Settings
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CHAPTER 4. STRAIN MAPPING AND CORRELATIVE MICROSCOPY OF THE
ALVEOLAR BONE IN A BONE-PDL-TOOTH FIBROUS JOINT

41  Abstract

Objectives: In this study, we will detail a method to calculate strains within
interradicular alveolar bone by using digital volume correlation (DVC) on high resolution
X-ray tomograms of intact bone-PDL-tooth fibrous joints. The effects of loading schemes
(concentric and eccentric) and optical magnification on the resulting strain in alveolar
bone, with the potential to correlate deformation gradients with information from other
complementary techniques across length scales will be investigated. Strain maps will be
correlated with structural and site-specific mechanical properties obtained from other
imaging modalities that include atomic force microscopy (AFM) and AFM-based
nanoindentation techniques on the same specimen.

Methods: Intact hemimandibles were harvested from male Sprague Dawley rats
and biomechanical testing using an in situ load cell coupled to an XRM tomography unit
was performed. X-ray tomograms were taken at no load and loaded conditions. DVC
was used to calculate deformations within alveolar bone. Comparison of strain maps as
a result of different loading schemes (concentric vs. eccentric) and at different
magnifications (4X.vs.10X) were performed. Preprocessing methods to increase signal
to noise ratio, and optimization of parameters for DVC were identified using a
homogenous material such as polydimethylsiloxane (PDMS). Virtual sections from X-ray
computed tomograms and strain maps from DVC solutions were aligned with topography
data as obtained using an AFM, and reduced elastic modulus grid as determined by

nanoindentation technique to correlate datasets of the same section within one specimen.
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Results: Strain map of a concentrically loaded bone was different, however,
illustrated similar ranges in strains when loaded eccentrically. Strain maps of
homogenous materials (PDMS) resulting from DVC on tomograms at different
magnifications were similar. However, the strain maps of heterogeneous materials at
lower and higher magnification were different. Correlation of datasets produced a spatial
alignment of strain space with structure, X-ray attenuation and site-specific elastic
modulus values of similar region.

Significance: The DVC experimental mechanics technique illustrated a
dependence of strain on optical magnification specifically for heterogeneous materials
such as bone. The results at higher optical magnification highlight the potential for
extracting deformation at higher spatial resolutions. Correlation of data spaces from
different complementary techniques is plausible and could provide insights into processes
that lead to functional adaptation, albeit differences in spatial resolutions of respective

techniques.
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4.2. Graphical abstract
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a) Schematic of bone-tooth complex digitally reduced to illustrate tooth and alveolar bone
configuration for in situ biomechanical testing. b) The furcation of the tooth saddles on
interradicular bone and was identified as the region with the greatest reduction in
functional space. c) The digital volume correlation (DVC) method was used to visualize
differences in distributions of maximum normal strain within interradicular bone of rats
adapted to hard and soft diets. d) From a multiscale perspective, changes in physical
cues on organs resulting from the mechanical environment are transmitted through
tissues to initiate biological responses in cells that over time can be related to biochemical

processes leading to adaptations.
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4.3. Introduction

Digital volume correlation (DVC) is a powerful experimental mechanics technique
that builds upon acquisition and processing of images from objects of various shapes and
sizes. Fundamentally, it is a 3D extrusion of a 2D technique known as digital image
correlation (DIC) (Bay et al., 1999; Verhulp et al., 2004; Zauel et al., 2005; Hardisty and
Whyne, 2009). In principle, the DVC algorithm correlates identical features between
images taken at no load to that taken at loaded conditions. Deformations resulting from
loads including mechanical and thermal loads are subsequently displayed as strains
within volumes of materials (Bing et al., 2009). DVC holds several advantages over other
experimental mechanics techniques, as it can evaluate strain gradients within materials
while preserving the architecture of the specimen. Compared with the widely used finite
element method, the advantage of using DVC is that it can accommodate any shape
(geometry) or anisotropic configuration and does not require constitutive properties of
materials to calculate deformations. However, a hybrid of DVC and FEM (Evans and
Holt, 2009) can leverage upon the advantages of the two techniques, thus providing
accurate strains (DVC) and stresses (FEA) with limited assumptions about constitutive
properties of heterogeneous and anisotropic materials (Evans and Holt, 2009).

DVC technique relies on feature tracking within images. As a result, DVC was used
to measure deformations however, within smaller specimens reduced from organs (Bay
et al.,, 1999). DVC was applied after the specimens containing regions of interest were
trimmed to a fundamental geometry, such as cubes or cuboids, and subsequently strains
due to the action of uniform loads were evaluated. Specifically, the arrangement and

density of trabeculae within cancellous bone isolated from long bone and similar
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structures have been proved ideal for the technique (Bay et al., 1999; Smith et al., 2002;
Gillard et al., 2014). While these experiments succeeded in measuring deformation within
a specimen reduced to a simple geometry, the effect of form induced strain within an
‘intact organ” can also be investigated with the current state-of-the-art technology.
Hence, developments in technology have challenged the reductionist approach by
performing biomechanics of intact organs using an in situ loading device coupled to an
imaging microscope (Naveh et al., 2012a; Lin et al., 2013; Jang et al., 2014b). Advances
in X-ray microscopy techniques have allowed for high resolution images (micron and
submicron voxel size) of intact specimens at low and high magnifications thus maintaining
structural/mechanical integrities of surrounding tissues, subsequently challenging the
limits of DVC. Therefore, there is the ability to measure strain fields in tissues at relatively
higher resolution and within the context of organ biomechanics without compromising the
integrity of organ and its tissues (Scout-and-Zoom™).

As mentioned, digital correlation of volumes requires a minimum density of
trackable features. The resolving power of strain (coarse or fine gradients) using DVC
depends on density of trackable features which in turn are dependent on the magnification
of the lens and resolving capacity of the detector in a microscope. Interfacing post-
processing of acquired data from a nondestructive imaging modality such as X-ray
microscopy with DVC, allows for strains gradients to be correlated with mineral densities
gradients in volumes of tissues. Additionally, limited studies have attempted to preserve
and investigate the effect of form-derived strain using DVC, which is a step away from the

reductionist approach and closer to a holistic approach (Thompson, 1961).
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Tissue mechanics in the realm of organ biomechanics can be evaluated through
optical reduction approach as a result of decrease field of view at a higher magnification.
Depending on the magnification, the strains due to loads can be derived from form and/or
intrinsic properties of tissues from uncompromised organs/structures. Hence, optically
reduced images can provide material-mediated strains thereby insights into local
biological events and adaptive processes by which tissues change their form to
accommodate organ function. The objectives of the study include: (1) to investigate the
contribution of magnification on resulting strains within volumes of alveolar bone of the
bone-PDL-tooth fibrous joint; (2) compare tissue strains evaluated at lower and higher
magnifications (use of a holistic approach through Scout-and-Zoom™); (3) demonstrate
an approach to correlate material-derived strain with physicochemical properties of
materials using complementary analytical techniques on the same specimen. Prior to
implementing DVC on biological specimens, optimization including noise calculation and

validation of the technique will also be discussed.

4.4. Materials and methods

Flow chart provided in Figure 4.1 highlights the following subsections.
Calculations involving noise floor, parameter optimization for DVC, and validation of DVC
(Supplemental Fig. 4.1-4.4) are provided as supplemental material. Subsequently,
strains within volumes of PDMS and alveolar bone of the bone-PDL-tooth fibrous joint at

various loading schemes are shown in Supplemental Figures 4.S5-4.S8.

4.4.1. X-ray imaging of a mechanically loaded bone-PDL-tooth fibrous joint
All animal experimental protocols followed the guidelines of the Institutional Animal

Care and Use Committee (IACUC). Biomechanical testing was performed on intact hemi-
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mandibles harvested from Sprague Dawley rats using in situ mechanical loading device
coupled to an X-ray microscope (XRM) (MicroXCT-200, Carl Zeiss X-ray Microscopy,
Pleasanton, California) (Lin et al., 2013; Jang et al., 2014b). Molars were loaded at a
displacement rate of 1 mm/min to a peak reactionary load of 15N or 20N. Following
compression of the specimen to a targeted peak load, the jaws of the loading cell were
held stationary to allow for the internal structures to equilibrate. After reaching a steady
state in load (~1 hr), the specimens were scanned at 4X and 10X magnifications (75KVp,
7 second exposure, 2000 projections). Tomograms were taken at no load (ON) and
loaded (15N or 20N) states. For comparison, specimens were loaded and scanned at 4X
magnification under concentric and eccentric conditions, and at 4X and 10X
magnifications for concentric loading scheme only. Between each scan of the loaded
state, specimens were unloaded and rehydrated for 45 minutes. The flowchart for pre-
and post-image processing is show in Figure 4.1 with each validated step described in

detail within the supplemental information.

4.4.2. Post processing of X-ray scans prior to DVC calculations

Reconstructed tomograms were further processed to optimize parameters for
accurate strain calculation. The order of data processing involved, increasing the signal
to noise ratio by filtering data at no load and loaded conditions (anisotropic diffusion)
(Perona and Malik, 1990) within Avizo (Avizo 8.1.0, FEI, Germany) to remove “salt and
pepper”’ noise while preserving features to be recognized by the DVC software (Fig. 4.1
and 4.S1a); removal of spurious noise related to body movement (translation) through
rigid body registration by using alveolar bone as a reference (Fig. 4.1 and 4.S1b), and

cropping (no data) with regions of no interest masked (intensity value was set to zero)
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prior to performing digital correlation (see supplemental materials). Finally, the tooth was
digitally removed from the image space by using intensity segmentation method (Fig. 4.1

and 4.S1c) in Avizo.

4.4.3. Validation of DVC using polydimethylsiloxane with trackable features
Polydimethylsiloxane (PDMS) was used to validate DVC solution on data acquired
using our imaging and processing methods (see supplemental information). PDMS (1:30
crosslinker/base ratio) specimens of known dimensions and mechanical properties were
fabricated (Fig. 4.2a). Glass beads (50 ym in diameter) were added as trackable features
within PDMS for DVC at no load and loaded conditions. The setup of the specimen within
the in situ load cell is shown in Figure 4.2a. Tomograms of the PDMS specimen were
taken at ON (unloaded) and at 5N (loaded) and were digitally correlated to solve for
deformation (DaVis, LaVision). Strains were calculated as a differential of the

displacement vectors.

4.4.4. Site-specific mechanical property determination by using AFM-based
nanoindentation technique
Modulus mapping was performed by using AFM-based nanoindentation under wet
conditions as previously described (1000 uN) (Ho et al., 2004) to calculate reduced elastic
modulus (Er) (Oliver and Pharr, 1992). Nanoindents were spaced at 5 ['m in parallel rows
to form a 200 ym x 75 ym grid on the region of interest. Topography images from the

nanoindenter under wet conditions were also taken to assist with data space correlation.

4.4.5. Visualization of strain maps and correlation with physical and chemical

properties
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Strain maps produced through DVC were imported and visualized using Avizo
image analysis software. Data correlation from multiple techniques on the same
specimen was accomplished by registering across different data spaces as acquired
using different techniques. The light microscope image was used as a reference to
register topography obtained from AFM and the virtual section obtained from X-ray
tomography. The landmarks as identified in the region of interest were used to overlap
data spaces across analytical techniques, Image registration algorithms and data
extraction was done using a custom code written in MATLAB. Line profiles of all data

spaces were extracted and compared.

4.5. Results
4.5.1. Digital volume correlation of a concentric and eccentrically loaded bone-
PDL-tooth joint
The strains within PDMS were uniform and as expected. PDMS illustrated similar
ranges in strain at 2X and 4X (Fig. 4.2). In situ loading of a joint either concentrically or
eccentrically produced different configurations of the tooth relative to the alveolar socket
(Fig. 4.3a and 4.3b), and changes in the distribution of strain. Specifically noted is the
additive effect of the eccentrically loaded tooth that illustrated higher deformations within
the interradicular, apical, and interdental regions of the alveolar bone (Fig. 4.3c-f, Fig.

4.87).

4.5.2. Effects of magnification on strain calculations

Comparisons of DVC calculated strain distributions from images taken at
magnifications of 4X (Fig. 4.4a) and 10X (Fig. 4.4b) are shown. Respective to the 4X
solution, the 10X solution had similar strain gradients (i.e. fulcrum has higher strain values
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compared to internal bone regions). However, slight discrepancies in strain within the
same region do exist between the two magnifications as seen from the (Fig. 4.4a and b)

volumetric strain distributions (Fig. 4.4c-d and 4.S8).

4.5.3. Correlative techniques between nanoindentation and DVC

Light microscopy images and equivalent virtual sections from XRM/strain space
are shown in Figure 4.5a. The region used for modulus mapping is seen in Figure 4.5b
with equivalent regions being shown for X-ray microscopy, AFM topography image,
nanoindentation, and DVC solutions which are all aligned (Fig. 4.5b). The graph in
Figure 4.5c¢ highlights the correlation which can be done by sampling data from the same
location across each of the aligned data spaces (arrows spanning each plane) allowing

for relationships to be drawn across different microscopy techniques.

4.6. Discussion

While the use of DVC to analyze deformations within specific tissues is not novel,
the methods outlined within attempt to push the boundaries of correlative microscopy and
biomechanical testing demonstrating: (1) an influence of magnification on the digital
volume correlation solution, (2) the ability to detect changes in strain distribution resulting
from different loading schemes, and (3) a workflow to directly correlate results from
different imaging modalities. Results within this study illustrate a new approach to
analyze multiple techniques in tandem to provide direct relationships between mechanical
stimulation and the biological response.

The computational background surrounding DVC calculations has been described
and verified in previous publications (Bay et al., 1999; Gillard et al., 2014). From an

applications perspective, the fundamental principle surrounding DVC calculations
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involves breaking the image into smaller segments identified as interrogation windows
and tracking features within each window relative to no load conditions. Therefore, care
must be taken prior to running the DVC algorithm to maximize the signal to noise ratio for
each image since noise can be misinterpreted as a “feature” when calculating
displacement and subsequently strain. Additionally, the threshold to adjust interrogation
window size is based on minimum number of features (about 3). Since the number of
“quality features” is based on the imaging modality and magnification (and in part the
distribution of detectable features within a specimen) the resolution threshold limit is a
variable and can be high. Considering the fundamental basis of DVC calculations,
several image processing techniques were used to enhance the signal to noise ratio of
the image to reduce the probability of the DVC software using noise when calculating
deformations within volumes of tissues. Since the signal to noise ratio is enhanced by
increasing real feature detection and decreasing random noise, anisotropic diffusion was
used as it preserved the edges of features while eliminating the random (i.e. salt and
pepper) noise (Fig. 4.81a) (Perona and Malik, 1990). The second step involved finding
an appropriate interrogation window size to define the accuracy of strains. The resulting
strains in tissues are crucial for providing insights to relevant biological output while
maintaining accuracy within the calculations and can be linked to strain-adaptive nature
of load bearing tissues. Increasing the number of interrogation windows will increase the
ability of DVC solution to resolve gradients, however choosing a small interrogation
window will decrease the density of trackable features specifically at a lower magnification
thereby decreasing the accuracy of the solution. Additionally, the overlap between

interrogation windows may also be adjusted to increase the spatial resolution of the DVC
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solution. Previous authors have used a 50% overlap (Gillard et al., 2014; Du et al., 2015).
It should be noted that even though an increase in overlap can increase the spatial
resolution of strain solution, amount of additional information gained by increasing the
overlap beyond 50% is questionable as the interrogation window would become
significantly larger than the gauge length.

Within the described workflow, the primary sources of noise within the image are
generated during acquisition and reconstruction. Therefore, the first objective of using
PDMS was to provide a fundamental and straight forward system to test the noise floor
which otherwise will lead to erroneous strains not necessarily due to deformation of the
specimen. This noise tends to be particularly high in images with low signal to noise
ratios. As it is a common practice with DVC, noise floor calculation within a setup are
done by taking identical consecutive scans and performing the strain calculations
(Verhulp et al., 2004; Gillard et al., 2014). In this particular study, using PDMS and the
apparatus as discussed in materials and methods, the strain calculations is about 0.1%
which was significantly lower than the strain measured from compression (3-4%) (Fig.
4.S3b). After comparing noise floor calculations at several interrogation window sizes,
64x64x64 voxel window with a 50% overlap was chosen as an optimal size as it gave the
best balance between a low noise floor and a high spatial resolution. However, it should
be noted that the noise floor and optimal window size will depend on the imaging
conditions as well as the density of features within a specimen. For example, the
conditions that appear to be accurate for PDMS need not be the same conditions for

bone. Therefore, a separate plot for interrogation window size and noise floor was
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generated at different magnifications of alveolar bone (4X and 10X) and was compared
to PDMS (Fig. 4.S3).

Additionally, the minimum fraction of valid pixel (mfvp) is another influential
parameter which must be predefined within the DVC software when processing masked
images. The primary concern about having a mfvp <100% is that the points for which the
gauge length may not be representative of the true center of the interrogation window.
This would lead to inaccuracies in gauge length and strain calculations. In future, an
adaptive interrogation windows mapping feature to help overcome these shortcomings is
necessary. lIdeally all interrogation windows would be placed within regions that do not
include masked regions (i.e. mfvp = 100%). However, due to the complex geometry of
some specimens such as those identified in this study, excluding regions with mfvp <
100% would result in the significant loss of data. In this study, several different mfvp
values were tested and it was found that 25% returned the best balance between data
confidence and data loss (Du et al., 2015).

Validation was performed by verifying DVC solution against an FEA solution.
Using PDMS geometry and its deformation state as the boundary conditions, a similar
range and distribution of strains were seen within the specimen (Fig. 4.S3). While FEA
is generally accepted to verify DVC, it is only effective where deformations are described.
The applications of DVC to “intact” bone-PDL-tooth space allows for a more realistic effect
of load types (eccentric vs. concentric) while accounting for joint morphology. In this
study, the effect of load type in an intact joint is demonstrated by comparing strains
produced by a concentric with an eccentric loading scheme, however loaded to the same

magnitude (Fig. 4.3a). Despite identical magnitudes, a difference in strains within bone
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was registered in joints loaded eccentrically and concentrically (Fig. 4.3b). However, an
emphasis on the accuracy of the results as perceived by the DVC technique was
demonstrated through optimization of parameters specifically accounting for minimum
valid pixel (Fig. 4.3c-f and 4.S7). The results underline the capacity of the DVC software
to test different loading states and to be able to accurately study the maps should clinically
relevant scenarios be investigated.

Results produced in this study were not limited to strain maps. Considering the
deformation calculated by DVC, the calculated strain is divided into two different types:
form-derived deformation and material-derived deformation. Both types of deformation
are coupled when calculating strains. While the pattern is accurate, the relative
differences in strains could be dependent on magnification at which the specimens were
scanned and in turn the hierarchical level being considered within the holistic approach
sought in this study. It is difficult to decouple form- and material property-derived
deformations from a single calculation. Using a higher or lower objective magnification
can shift the influence bias of the DVC calculations towards form-derived strain (lower
magnification) or material-derived strain (higher magnification). It is important to
recognize that within a particular specimen if the size of the trackable features is the same
at various magnifications; it is likely that form-derived strain will be same as material-
property derived strain. In the likelihood that this will not be the case, which is what it is
most of the time, it is conceivable for strains to be not the same within regions of interest
at different magnifications. The two specimens that were tested (PDMS and alveolar
bone) showcase examples of specimens which are homogenous and has a low

hierarchical organization (PDMS) compared to alveolar bone, which has multiple
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hierarchal organizational levels and may be only detectable at certain magnifications.
Because differences in trackable features are dependent on magnification from the
perspective of DVC, it is possible to see differences in strain calculations due to
differences in size and quantity of trackable features at a magnification in alveolar bone
(Fig. 4.4) vs. PDMS for which the DVC solutions were similar (Fig. 4.2b and c). The
primary reason for the magnification-dependent differences in calculated strain
fundamentally originates from the increased capacity of the higher magnification objective
to detect smaller features (i.e. 10X magnification can resolve osteocyte lacunae
effectively than 4x) within a particular bony structure. This differs from a lower
magnification objective which can only detect and utilize the macroscopic structure of
bone for strain calculations. In an ideal case, even higher magnification system would be
preferred to highlight material-derived strain (e.g. 20x or 40x), which can be done by
reducing the specimen to increase the signal to noise ratio for a reliable DVC. Imaging
at a higher magnification would allow direct alignment of data from tissue strain to
biological effectors (e.g. tissue material properties, biochemical factors, and mineral
density) into a unified coordinate system in ways that questions related to
mechanobiology (Fig. 4.5) can be investigated. However, it is important to recognize
these limitations in both imaging resolution and resolving power from post analysis such
that the observed results are not misinterpreted (Zebaze and Seeman, 2015).

Resolving power is critical as it also plays a primary role when correlating data
spaces across a variety of microscopy techniques. First, landmark registration method
used to register the data requires the user to input several equivalent points between the

data sets with a higher level of precision. In the case of bone, internal endosteal
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morphology and the lacunae were used as landmarks. Second, when performing
correlation between several different techniques, the spatial resolution and sampling
involved in each technique must be considered. While having matching resolutions will
increase the integrity of the correlation, it is challenge to match the resolution of two
fundamentally different sampling methods (e.g. indentation vs X-ray imaging). Under
such circumstances, interpolation was used to assist in the matching of data spaces. This
approach highlights the capacity to underline the extension of state-of-the-art technology
on the same specimen and be able to map mechanistic processes by characterizing the
same specimen, however, using multiple complementary techniques. Additionally,
hierarchical considerations must be made when correlating data across different
magnification levels (Fig. 4.6). The DVC and correlation techniques presented in this
study allow a holistic approach to analyze and compare macroscopic biomechanics to
tissue level strains and biological effectors. However as was mentioned previously, the
magnification plays an important role in the separating material derived strain and must
be considered when interpreting results. Reiterating, results from this study provide
insights however with a hint of caution. This implies that when making inferences
concerning the effects of therapy (physical and/or pharmacological) on an organ or tissue,
caution should be warranted, in that the interpretation of results is limited to image
resolution (Zebaze and Seeman, 2015).

It was difficult map strain at a higher resolution while maintaining the hierarchical
integrity of the joint and the overall biomechanical loading scheme using the current state-
of-the-art X-ray bench-top technology. Sources of this limitation include a cap on

detectable speckle features, capacity of the optics to capture finer details in the
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mineralized tissues without reducing the specimens and keeping the organ intact (most
organs that are derived from mice — a commonly used animal model are small and can fit
within the field of view of the latest x-ray microscopes), and parameters in the algorithms
of the software used that have limited capacity to exploit detailed information despite its
existence. This is a limitation of the current MicroXCT-200 that was used for the
experiments described in this study and this limitation can be met with a higher flux
capacity, optics and an equivalent detector with a higher spatial resolution. While the
focus of the paper draws out the importance of using in situ loading schemes, current
state-of-the-art dictates that both holistic and reduction approaches should be accounted
for in order to couple organ-level biomechanics with tissue-level mechanobiological

processes.

4.7. Conclusions

In conclusion, deformation maps produced through DVC are influenced by the
background noise resulting from instrumentation and experimental technique.
Background noise reduction from instrumentation can be minimized by using physical
filters during scanning and digital filters during post-processing of acquired images.
Additionally, appropriate parameters for the DVC calculations (interrogation window size,
window overlap, gage length, minimum fraction of valid pixel) should be optimized to
increase the signal to noise ratio (Gillard et al., 2014).

DVC in tandem with higher resolution microscopy presents as a powerful tool for
measuring strain within organs and related biological tissues. The mapped strains should
be considered against calculated background noise through successive scans which is

necessary for extrapolation of meaningful results from solutions. Results from DVC
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solutions provide insights into form-derived and material-derived strains. The ratio of
magnification used for imaging to feature density is key for differentiating form-derived
strain from material-derived strain. Furthermore, through the correlation of DVC strains
to complementary datasets such as histology or local material properties, a greater
understanding of the mechanistic processes linking organ-level biomechanics to tissue-

level mechanobiology can be drawn.

4.8. Supplemental Information
4.8.1. Image processing of scans prior to DVC calculations

After reconstruction of the tomograms, 3D images were further processed to
optimize the strain calculation accuracy by filtering, rigid body registration, cropping, and
masking. XRM tomograms were initially filtered using an anisotropic diffusion algorithm
within Avizo (Avizo 8.1.0, FEI, Germany) to remove ‘salt and pepper noise while
preserving features recognized by the DVC software (Fig. 4.81a). Next, the scans of
loaded and unloaded configurations were aligned using a rigid body registration (Avizo)
using the internal alveolar bone to track the majority of the rigid body movement (Fig.
4.S1b). While rigid registration allows for easy visualization of internal deformation of an
object, it is technically not necessary for strain calculation. Some specimens, such as
PDMS, did not have reliable regions to perform rigid registration and therefore were not
registered. Cropping was done to focus on particular regions and remove extraneous
regions that would cause unnecessary noise (such as the beam hardening of the anvil).
Finally, the tooth was removed digitally by masking away the regions of tooth structure
(Which produced a significant amount of noise within the DVC solution) from the image

space by using an intensity segmentation method (Fig. 4.81¢) with effects of masking on
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strain shown in Figure 4.S2. This step differs from cropping (i.e. reducing the image’s

field of view) which is done to optimize computational time or exclude imaging artifacts.

4.8.2. Validation of DVC system using standard materials and recognizing potential
sources of noise for DVC calculations

Prior to the in situ loading of animal specimens, a standard material was used to
validate the DVC capabilities of our imaging acquisition and image processing
methodologies. PDMS specimens were fabricated with known dimensions and
mechanical properties (1:30 crosslinker/base density) (Fig. 4.2a). A high density of
internal features was added to the PDMS through the embedding of small glass beads
(50 um diameter) within the material prior to curing. The setup of the specimen within the
in situ load cell is shown in Figure 4.2a.

Results from unconfined compression of PDMS are shown in Figure 4.2 and
Figure 4.S4. Strain values within PDMS at 2x and 4x (Fig. 4.2b and c¢) were comparable
in magnitude (volumetric strain found in Fig. 4.86). To further validate these solutions at
different magnifications, maximum normal strains were compared with strains calculated
using finite element method, and were found to be similar in magnitude and distribution
(Fig. 4.S4b and 4.S4c).

Since the noise within the image (e.g. salt and pepper noise) and imaging artifacts
may be misconstrued as deformable features, the first step was to calculate the
background noise from the imaging setup (also referred to as “strain resolution” (Gillard
et al., 2014)). This was done by taking consecutive scans of the specimen within the in
situ load cell were taken and processed for strain. The interrogation volume for the DVC

calculations were modulated until the background calculated strain was significantly
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smaller than the calculated strain (>10% of the calculated strain resulting from in situ
loading). Similar testing schemes for background noise was also performed on the
alveolar bone of rats (Fig. 4.S3). Following consecutive scanning of the specimen within
the load cell, the tomographies were treated with the same preprocessing methods used
for in situ loaded strain calculations (see section 4.9.1). Optimum parameters for DVC
calculation were determined by mapping strains using interrogation volumes from 16 x 16
x 16 pixels® to 256 x 256 x 256 pixels® with a 12%-87% (Fig. 4.S3a and 4.S3b) overlap
for both 4X and 10X magnifications, respectively (Fig. 4.S3c). Because the data sets
analyzed included masked regions, the minimum fraction of valid pixel (mfvp) was also
toggled to find the best balance between data loss and solution confidence (Du et al.,
2015).

Based on the testing of different permutations of overlap, interrogation window
size, and mfvp (Du et al., 2015), the appropriate settings for alveolar bone at 10x and 4x
(verified separately) are 50% overlap, 64 pixel interrogation window size, and 25% mfvp.
Prior to loading within the DVC software, all images were filtered, registered, cropped,

and masked (except for PDMS, in which only cropping and masking were done).
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Figure 4.1. Flowchart of a workflow for digital volume correlation (DVC) includes
specimen scanning using X-rays to acquire data (first block), post process the acquired
data (second block) followed by digital correlation of the post-processed tomograms
acquired at no load with loaded conditions (third block). The bottom block in the flow
chart represents further correlation of processed data with other high resolution analytical

techniques.
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Figure 4.2. lllustration of Dr{;C method using a PDMS cylinmger a) with glass beads as
trackable features within the specimen is shown. b) Maximum principal strain in volumes
of PDMS at 2x and 4x magnifications illustrate regions from where 2D strain maps (c)
were extracted. Strains were calculated using an interrogative window size of 64 pixels
with a 50% overlap resulting in a gage length of 64 pixels and mapped using a minimum
valid pixel threshold of 25%. Black boarders within 2D images are the result of regions in
interrogation windows not calculated due to insufficient number of minimum fraction of

valid voxels for accurate strain representation.

87



Concentric

1-;.! znd -3r-:|
molars

yjoo}
ayj Jo aulpho

Eccentric

sl poel Jul

molars

Concentrid

Concentric
B 4w d 'H- %
{1
INTERRADICUL INTERRADICUL
AR BONE AR BONE

AS

«IF7 AS

AS
AS

—
Max Principal Strain (%)

88



Figure 4.3. A change in loading scheme as denoted by the contact areas (a) is registered
as a change in position of the tooth relative to the alveolar socket (b) and strain within
bone (c —f). Strains within a section of an alveolar bone consisting bone marrow (BM)
space are shown in the top panel (c and d). Strains within volumes of alveolar bone are
concentrated at the interradicular fulcrum (IF) and subsurface regions of the alveolar
socket (AS) surface (e and f). An interrogation window size of 64 pixels with a 50% overlap
resulting in a gauge length of 64 pixels and 25% of minimum fraction of valid voxel were

used for strain calculations
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Figure 4.4. Comparison of volumetric strain maps at (a) 4x and (b) 10X magnifications
following DVC of a concentric loaded bone-PDL-tooth fibrous joint. Differences in strains

in the same virtual sections at magnification of 4X (c) and 10X (d) are illustrated.
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Figure 4.5. Correlative maps of various imaging and analytical modalities (optical, X-ray,
nanoindentation, structure and DVC) on the same region of interradicular bone are shown
in (a). Optical micrograph of a sectioned surface was aligned with an X-ray radiograph,
modulus map, hygroscopic regions using atomic force microscope (AFM), and eventually
with a strain map using a custom MATLAB code. Arrows represent the same region of
interest in data spaces obtained using different characterization techniques. (c) Line
profiles from various correlated micrographs of the same section illustrate site-specific
physical and chemical relationships. Yellow, red and blue boxes represent analogous field
of views in optical, radiographic and strain mapping spaces, respectively. While
interpolation is needed to align the datasets, the differences in the spatial resolution is
represented the line plots. Note: correlation is limited to spatial resolution of each

characterization technique and corresponding data acquisition system.
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Figure 4.6. Graphical comparison of reductionist vs. holistic approach illustrating the

effect of magnification on strain mapping within volumes of materials is shown.
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Fig. 4S1) é) Examplé of élniso‘tropicwdiffusion filtering
method used to smoothen regions while preserving features of interest in alveolar bone.
b) Image registration of scans taken before and after PDMS specimen translation resulted
in similar values using AVIZO and DaVis softwares respectively. c) Example of tooth

removal in two ways; cropping (middle) and masking (right) while the original image is



Void 1

"Void 2
b ] Void #1 -
64 pixels
4.0
35
0 =
£
o
25 §
Original 500 Bpasked 0010 5 %
— e Y E
< Void #2 E
D is X
s
64 pixels

1.0

. )

500 pym 500 pm

Original , omaiommss Masked
Supplemental Figure 4.2 (Fig. 4.S2). Effects of masking are demonstrated by masking

regions (a) closer to the edge (b) and at the center (c) of a PDMS specimen. Comparisons
with the original strain calculations and calculations with masked data (Void # 1 at the
edge and Void #2 in the middle of the specimen) demonstrated small differences (<0.3%
strain). Black boarders within 2D images are the result of regions in interrogation windows
not calculated due to insufficient number of minimum fraction of valid voxels for accurate

strain representation.
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Supplemental Figure 4.3 (Fig. 4.S3). a) Noise Floor calculations by imaging specimen

consecutively at no load. b) Noise floor was calculated using interrogation volumes with
16, 32, 64, 128, and 256 pixel lengths for PDMS and alveolar bone (4X and 10X). An
inverse relationship between interrogation volume size (length) and noise floor was found.
b) DVC calculations of alveolar bone under load and no load demonstrated measurable
differences between measured strain and the noise floor. c) Noise floor calculations within

alveolar bone using different interrogation window sizes of 16, 32, and 64 pixel lengths

are shown.
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Supplemental Figure 4.4 (Fig. 4.S4). Validation of DVC solutions using finite element
analysis. (a) 3D DVC solutions are shown for both displacement and strain. Virtual
sections for both displacement (b) and strain (c) were comparable with solutions produced

from finite element analysis.
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Supplemental Figure 4.5 (Fig. 4.S5). 2D slice progression generating a 3D distribution
of strain in volumes of PDMS scanned at 2X (Fig. 4.S5 2X, top) and 4X (Fig. 4.S5 4X,
bottom) magnifications are shown. Please refer to files “Figure 4-S5 2x.avi” and “Figure

4-S5 4x.avi” in the supplementary directory for respective movies.
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Supplemental Figure 4.6 (Fig. 4.S6). Deformation fields for concentric, eccentric

loading configurations at 4X and concentric only at 10X are illustrated. Deformations
calculated from DVC software were used to determine strain within alveolar bone under
eccentric and concentric conditions as shown in Figure 4.3. Axis denotes positive

direction for x, y, and z.
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Supplemental Figure 4.7 (Fig. 4.S7). 2D slice progression generating a 3D distribution
of strain in volumes of concentrically (Fig. 4.S7 4X Concentric, top) and eccentrically
(Fig. 4.S7 4X Eccentric, bottom) loaded alveolar bone specimens are shown. Please
refer to the publication for the video. Please refer to files “Figure 4-S7 4x
(Concentric).avi” and “Figure 4-S7 4x (Eccentric).avi’ in the supplementary directory

for respective movies.
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Supplemental Figure 4.8 (Fig. 4.S8). 2D slice progression generating a 3D distribution
of strain in a volume alveolar bone imaged at 4X (Fig. 4.S8 4X) and 10X (Fig. 4.S8 10X)
optical magnifications are shown. Please refer to the publication for the video. Please
refer to the publication for the video. Please refer to files “Figure 4-S8 4x.avi” and “Figure

4-S8 10x.avi” in the supplementary directory for respective movies.
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CHAPTER 5. MULTISCALE BIOMECHANICAL RESPONSES OF ADAPTED BONE-
PERIODONTAL LIGAMENT-TOOTH FIBROUS JOINTS

5.1. Abstract

Reduced functional loads cause adaptations in organs. In this study, temporal
adaptations of bone-ligament-tooth fibrous joints to reduced functional loads were
mapped using a holistic approach. Systematic studies were performed to evaluate organ-
level and tissue-level adaptations in specimens harvested periodically from rats given
powder food for 6 months (N = 60 over 8,12,16,20, and 24 weeks). Bone-periodontal
ligament (PDL)-tooth fibrous joint adaptation was evaluated by comparing changes in joint
stiffness with changes in functional space between the tooth and alveolar bony socket.
Adaptations in tissues included mapping changes in the PDL and bone architecture as
observed from collagen birefringence, bone hardness and volume fraction in rats fed soft
foods (soft diet, SD) compared to those fed hard pellets as a routine diet (hard diet, HD).
In situ biomechanical testing on harvested fibrous joints revealed increased stiffness in
SD groups (SD:239-605 N/mm) (p<0.05) at 8 and 12 weeks. Increased joint stiffness in
early development phase was due to decreased functional space (at 8wks change in
functional space was -33 pym, at 12wks change in functional space was -30 ym) and shifts
in tissue quality as highlighted by birefringence, architecture and hardness. These
physical changes were not observed in joints that were well into function, that is, in
rodents older than 12 weeks of age. Significant adaptations in older groups were
highlighted by shifts in bone growth (bone volume fraction 24wks: A-0.06) and bone
hardness (8wks: A-0.04 GPa, 16 wks: A-0.07 GPa, 24wks: A-0.06 GPa). The response

rate (N/s) of joints to mechanical loads decreased in SD groups. Results from the study
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showed that joint adaptation depended on age. The initial form-related adaptation
(observed change in functional space) can challenge strain-adaptive nature of tissues to
meet functional demands with increasing age into adulthood. The coupled effect between
functional space in the bone-PDL-tooth complex and strain-adaptive nature of tissues is
necessary to accommodate functional demands, and is temporally sensitive despite joint
malfunction. From an applied science perspective, we propose that adaptations are

registered as functional history in tissues and joints.
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5.2. Introduction

Functional loads arise from every day activities and are the primary environmental
factors responsible for guiding tissue and organ development and growth (Carter, 1984;
Carter et al., 1996). From a developmental standpoint, stiffness gradients due to passive
stretch in matrices are thought to play a role in cell polarity, differentiation, organization,
migration, and contribute to the synthesis and turnover of organic and inorganic
constituents (Ingber, 1997). Subsequently, during growth, tissue maturation through
increasing number of crosslinks in organic matrices and phase changes in mineral
(Posner, 1969) occur based on functional cues throughout the lifespan of an organism
(Carter, 1984).

In a bone-periodontal ligament (PDL)-tooth fibrous joint, the primary functional
loads are enabled by the muscles of mastication, including the masseter, temporalis,
medial pterygoid, and the upper/lower lateral pterygoid (Netter and Colacino, 1989;
Dawson, 2006). Magnitudes and frequencies of functional loads are dependent on many
intrinsic and extrinsic factors (Woda et al., 2006), including muscle efficiency (e.g. higher
in men vs. women, higher in younger vs. older (Waltimo and Kononen, 1993; Kohyama
et al., 2004; Palinkas et al., 2010)), diet hardness (e.g. softer foods and/or liquid diet vs.
harder foods (Sako et al., 2002; Grunheid, 2010)), and other forms of behavioral loads
(e.g. nail biting, tongue trusting, jaw clenching, bruxism (Hartsfield et al., 2004; Hartsfield
Jr, 2009)). As a result, functional loads within the oral cavity are categorized as
physiologic (e.g. food chewing), pathogenic (e.g. bruxism), and therapeutic (e.g.
orthodontic loads). Hence, it is conceivable that a change in magnitude of functional

loads due to one or more of these factors can change the axial and lateral loads on a
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tooth and its relative position within the alveolar socket. In this study, functional
adaptation by evaluating overall changes in biomechanics of a fibrous joint and adaptation
of the respective tissues the makeup the joint were investigated by modulating chewing
forces and frequencies through hardness of food given to rats.

Functional (i.e. overload, disuse, and directional load) adaptations in bone,
cementum, and the PDL are often evaluated systematically using small-scale animal
models, such as rodents. Studies focusing on muscle activity have noted a decrease in
muscle contraction and an increase in contraction rate with a decrease in magnitude and
an increase in loading frequency when hard pellet diet (HD) normally given to rats is
replaced with either liquid, pudding, or powder soft diets (SD) (Thomas and Peyton, 1983;
Nies and Young Ro, 2004). Studies leveraging the load-mediated response have
mapped changes in mass of alveolar bone (Raadsheer et al., 1996; Mavropoulos et al.,
2004b), bone architecture (Rubin, 1984), and PDL orientation and turnover rates. A
previous study from our laboratory reported changes in hardness of alveolar bone and
cementum, and mineral profile changes across the bone-PDL-cementum complex
harvested from rats subjected to SD (Niver et al., 2011).

Considering the fibrous, hygroscopic, vascular, and innervated nature of the
ligament between the tooth and the vascularized alveolar socket, the bone-PDL-
cementum complex contains biophysical and biochemically graded fibrous PDL-bone and
PDL-cementum entheses (Ho et al., 2010b). Early investigators isolated and performed
biomechanical studies on transverse sectioned blocks of the bone-PDL-tooth complex
and focused on the PDL'’s intrusive, extrusive and related viscoelastic/viscoplastic

characteristics (Ralph, 1982; Mandel et al., 1986; Komatsu and Chiba, 1993; Tanaka et
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al., 2006; Komatsu et al., 2007). Subsequently, by using an in situ mechanical loading
device coupled to an x-ray microscope, biomechanical studies on intact bone-PDL-tooth
fibrous joints , and geometric relationship of tooth with the alveolar socket in humans (Ho
et al., 2013) and other mammalian models under normal (Naveh et al., 2012a; Lin et al.,
2013; Jang et al., 2014b) and diseased conditions (Lin et al., 2014) were performed.

In this study, following reduced chewing forces on bone-PDL-tooth complexes of
rats for a period of 20 weeks (24 weeks total age), the questions that were asked included:
1) is there a shift in biomechanics of fibrous complex exposed to reduced functional
loads? 2) Do adaptive properties of tissues, i.e. physicochemical properties of bone,
cementum, and PDL in reduced-function and normal-function groups converge to similar
patterns with the age of the mammal? 3) What is the clinical significance in adaptive
properties (physicochemical) of softer and harder tissues within the joint under prolonged
reduced function? These questions were explored by designing experiments to identify
shifts in stiffness of fibrous joints from HD and SD groups and correlating the shifts to
tissue-level adaptations in respective groups. Hence the objective of the study was to
use a holistic approach (as opposed to commonly adopted reductionist approach), in that,
insights into tissue adaptations in rats aged 6 to 24 weeks were evaluated and discussed
within the context of overall biomechanics of intact joints. Results demonstrated an
altered biomechanical response of the fibrous joint through identifiable changes in: 1) joint
reactionary response to in situ loading as seen by load-displacement and load-time
relationships, and by comparing these readings to 2) changes in organization and

structure of adapted hard/soft tissues and 3) bulk material properties of hard tissues.

5.3. Materials and methods
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5.3.1. Reduced functional load animal model

All experimental protocols were compliant and followed the guidelines of the
Institutional Animal Care and Use Committee (IACUC) (Niver et al., 2011). Sprague
Dawley male rats (N = 60; Charles River Laboratories, Inc., Willmington, MA) at 4 weeks
of age were divided into 2 groups and fed one of two nutritionally equivalent foods, which
differed only in hardness, hard pellet food (Hard Diet = HD; N = 30) or soft powder chow
(Soft Diet = SD; N = 30) (PicoLab 5058, LabDiet, Deans Animal Feeds, Redwood City,
CA, USA).

To measure the effects of load-mediated changes due to food hardness across
age groups, separate animal groups were grown to 8, 12, 16, and 24 weeks. Mandibles
were harvested from sacrificed animals at each time point and separated into right and
left hemimandibles (Fig. 5.1). Right hemimandibles were used to perform biomechanical
testing using an in situ loading device coupled to a micro X-ray computed
tomography/microscopy unit (Micro XCT-200, Carl Zeiss, Pleasanton, CA) (Fig. 5.1a and
b). Specimens were stored in a tris-phosphate buffer solution supplemented with 50
pug/mL of penicillin and streptomycin (Chiba and Komatsu, 1993). Left hemimandibles

were processed for histology.

5.3.2. Biomechanical testing and in situ imaging of functional-space in intact
fibrous joints
The harvested hemimandibles were prepared for in situ biomechanical testing as
described previously (Lin et al., 2013; Jang et al., 2014b). Prepared specimens were
loaded in situ (MT500CT, Deben UK Ltd, Suffolk, UK) to several displacement rates (0.2,

0.5, 1.0, 1.5, 2.0 mm/min) and peak loads (5N, 6N, 8N, 10N, 15N) within the detectable
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ranges of the mechanical testing device (Fig. 5.2). The load cell outputs of time,
reactionary response to load, and displacement (Fig. 5.1d) were further processed to
describe the biomechanical response of the dentoalveolar complex (stiffness and loading
rate response) (Lin et al., 2013; Jang et al., 2014b). Joint stiffness (N/mm) was calculated
by approximating the final 30% of the load vs. displacement graph (Fung, 1990; Popowics
et al., 2009; Lin et al.,, 2013) with a linear regression model (Fig. 5.1c). Reactionary
response of the joint to loads was calculated by evaluating load rate (N/s) from load vs.
time gradient similar to stiffness. Relationships between parameters were evaluated
statistically across age and diet groups and across the gradient within the specimens
using a mixed effects regression model with random specimen effects. To highlight the
multivariable effects of our data, 3D surface plots relating joint stiffness against a two
dimensional axis (age and displacement, age and peak load) were generated using a
custom MATLAB code (MATAB, Mathworks, Natick, MA).

Specimens used for biomechanical testing were also imaged using X-ray
microscopy (XRM) (Micro XCT-200, Xradia, Pleasanton, CA) to identify structural
changes within the dentoalveolar complex. A virtual sagittal plane bisecting the distal and
mesial lingual roots of the 2" molar was selected from tomograms taken at no load to
evaluate changes in functional PDL-space. Functional PDL-spaces were measured
between tooth and bone specifically in the interradicular region and the data was

compared within and across HD and SD groups.

5.3.3. Hardness of bone, cementum, and dentin
Specimens were cut orthogonally to the occlusal plane (sagittal) of the molars into

two halves and embedded in epoxy. The exposed surface containing the bone-PDL-tooth
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complex was polished using a series of fine diamond suspension slurries (Buehler Ltd.,
Lake Bluff, IL) (Ho et al., 2004). Microindentation was performed on the secondary
cementum (located at the apical 1/3 of the root) of the tooth, interradicular bone, and
interdental bone of the alveolar complex using a Knoop indenter (Ho et al., 2004). Rows
of microindents (10 seconds, 20 gf, dry conditions) were arranged according to ASTM

E384-99 (ASTM - E04 Committee, 1999).

5.3.4. Collagen fiber birefringence and root-PDL directionality in adapted

complexes

Histology sections containing an intact distal root from the 2" molar were selected
for PSR staining (n=3 at all-time points and diet groups) (Lin et al., 2014). Stained slides
were analyzed using a directionality function of Fiji (Tinevez, 2015) to compute PDL
directionality. PDL directionality measurements of the mid-root were taken on the mesial
and distal sides and were analyzed for age and diet trends. Quantification of orientation
through birefringence was performed by rotating the specimen stage until the region of
interest illustrated maximum birefringence. Average intensities over tissue area were
calculated in the following regions: interradicular bone (IR-B), interradicular PDL fibers

(IR-PDL), and oblique PDL fibers along the root (R-PDL).

5.3.5. Bone volume fraction (BVF) of interradicular bone

Bone volume fraction (BVF) was calculated using XRM tomograms of specimens.
Sub-volumes containing IR bone were isolated (Fig. 5.6), and bone volume fraction
(Parfitt, 1988) equal to bone volume (BV) divided by the total volume (TV) (total volume
(TV) = bone volume (BV) + endosteal space) (Fig. 6b) was calculated. The BV was

isolated by using image segmentation (Avizo 8.1, FEI, Hillsboro, Oregon). Due to the
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complex geometry of the interradicular space, the total bone volume was identified by
applying a morphological closing algorithm to the bone volume space, effectively
including the endosteal spaces. This method was chosen over sampling cube regions in

order to reduce the risk of under sampling.

5.4. Results
5.4.1. Changes in biomechanical response to in situ loads

The biomechanics of the bone-PDL-tooth joints from respective groups was
evaluated for different permutations of displacement rates and peak loads within the
detectable ranges of the loading device. Load-displacement relationships (Fig. 5.1 and
5.81) were used to calculate joint stiffness by relating the displacement of the tooth within
the socket to peak loads (Fig. 5.2a). Stiffness vs. displacement relationships revealed
distinct regions based on the peak load. Higher peak loads resulted in a shift to the right
shown in 2D (stiffness vs. displacement: Fig. 5.2a) and 3D (stiffness vs. displacement vs.
age Fig. 5.2b and c¢). While both HD and SD groups demonstrated an overlap (Fig. 5.2b-
d), fibrous joints from HD had an increased displacement response compared to SD for
the same load (Fig. 5.2a-c).

Shifts in stiffness due to SD were plotted as a function of age and peak load with
separate plots generated for different displacement rates (Fig. 5.2d). Mixed linear
regression models identified significant shifts in stiffness (SD-HD) as a result of reduced
functional loading in younger groups (8 weeks and 12 weeks) and at higher loads (peak
load = 15N, disp. rate = 0.2 mm/min) (Fig. 5.2d). However, comparisons at older ages
and at other loading schemes showed no statistical difference between diet groups (Fig.

5.2d).
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5.4.2. Functional space at interradicular regions of the complex

Functional spaces using tomograms were compared between HD and SD groups
across all ages (Fig. 5.3, 5.S1, and 5.S2). In younger age groups (8, 12, 16 weeks), PDL
functional space between and around the tooth furcation was significantly decreased in
SD compared to HD group (p< 0.05; Student’s t-test) (Fig. 5.3b). Atolder ages, functional
space continued to decrease, but no statistical significance (p>0.05; Student’s t-test) was

observed between HD and SD starting at 20 weeks of age.

5.4.3. Collagen fiber birefringence and root-PDL directionality in adapted

complexes

Overall, oblique fibers of the root PDL (R-PDL) were well-aligned and exhibited the
most birefringence under polarized light microscopy (Fig. 5.4c and d). Within this region,
the interfaces between the PDL and bone and cementum tended to have a higher
birefringence compared with regions within the PDL per se. The PDL near the
interradicular regions of the tooth furcation were spongy in nature and showed a
significant decrease in birefringence compared with R-PDL fibers (Fig. 5.4c).
Birefringence patterns within bone revealed distinct circular patterning of birefringence
around the endosteal spaces (Fig. 5.4c).

Birefringence intensity values of IR-PDL or bone regions did not correlate with
age using our method; however, the intensities increased as a function of age in both HD
and SD groups within the R-PDL regions. At 8 weeks, intensities were significantly higher
in HD groups compared to SD groups in R-PDL (p<0.05) (Fig. 5.4c). With an increase in
age, the overall fiber angulation of the distal R-PDL decreased for both HD and SD groups

(Fig. 5.4e).
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5.4.4. Mechanical properties of secondary cementum, and interdental and

interradicular bones

Within each specimen, the Knoop hardness of IR-bone was greater than that of
interdental bone, which in turn was greater than secondary cementum (Fig. 5.5). Age-
related trends for both HD and SD groups showed an increase in hardness for all tissues
harvested from rats between 8 weeks and older. However, after 12 weeks of age, the
hardness did not increase significantly with age. Tissues belonging to HD groups were
harder than SD groups at 12, 16 and 24 weeks for both IR and interdental bone (p<0.05
two-way ANOVA/Bonferroni ad post hoc test). Cementum from HD group was harder

than cementum from SD groups at 12 and 16 weeks.

5.4.5. Interradicular bone volume fraction (BVF) as a function of age and diet
Within IR bone, bone separated from the endosteal space via segmentation is
shown by comparing segmented endosteal space from IR-bone (Fig. 5.6a and b) and
comparing identical sub-volumes of IR-bone, the apparent decrease in endosteal space
(or increase in BVF) was seen (Fig. 5.6¢). Volumetric measurements of segmented
alveolar bone, showed an increase in BVF as a function of age (Fig. 5.6d). HD groups

illustrated a significantly higher BVF compared to SD groups (p<0.05) at 24 weeks.

5.4.6. Reactionary load rates of the dentoalveolar joint

Reactionary load response patterns of the joint increased with age for both HD and
SD groups (Fig. 5.7a). In younger groups, SD groups had a slightly increased reactionary
response compared to HD groups (Fig. 5.7b). However, with an increase in age,

reactionary response was greater in HD groups compared with SD groups (Fig. 5.7b).
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5.5. Discussion

The novel aspect of this study is demonstrated by mapping function-mediated
adaptation of intact dentoalveolar complexes harvested from rats fed hard and soft diets
respectively. The study seeks a multiscale approach, in that, stiffness of a macroscale
fibrous joint and subsequently the physical properties of microscale regions within tissues
that makeup the joint were evaluated and correlated.

The structural and chemical integrity of tissues is essential for joint function. In the
case of a dentoalveolar fibrous joint, the cyclic chewing forces are absorbed and
distributed to the surrounding tissues including the PDL, bone and cementum. The
mechanically strained extracellular matrices will continue to signal cells and prompt
changes in quality and architecture of respective tissues until an equilibrium is reached
to meet functional demands. This is also known as functional adaptation and highlights
strain-adaptive remodeling (Prendergast and Taylor, 1994), in that, the physicochemical
properties of tissues that makeup the dentoalveolar joint change to accommodate
functional demands. Results of this study will demonstrate this concept by 1) identifying
a shift in joint stiffness due to reduced functional loads, and 2) by correlating the shift in
joint biomechanics to a shift in physicochemical properties of tissues that makeup the
joints exposed to reduced function. The experimental approach involved biomechanical
testing of harvested joints at combinations of low to high displacement rates of low to high
peaks loads using an in situ compression loading device. The experimental parameters
to determine joint biomechanics are acceptable to identify differences in joint stiffness

within and across groups, but do not mimic in vivo function.
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The effect of reduced functional loads (SD group) on overall joint biomechanics
was noted by decreased tooth displacement in the alveolar socket and was
complemented by an increased joint stiffness upon compression of the tooth into the
alveolar socket (Fig. 5.2 and 5.8S1). Since there was a relationship between the tooth
displacement and joint stiffness, we turned our attention to the functional space within the
dentoalveolar complex. In general, the functional space between IR bone and its
respective tooth is the least when compared to any other anatomical locations (Lin et al.,
2014). As such, IR bone is the first contact region, as the tooth pivots about IR bone
when under function, and from a biomechanics perspective is an area where strains are
predominantly concentrated (Lin et al., 2013, 2014). Given that the unopposed tooth-
molar model indicated cementum accretion (Murphy, 1959), it is conceivable that IR
cementum growth due to reduced functional loads prompted an earlier contact between
tooth and bone (Fig. 5.3 and 5.S2). However, the significant decrease in functional space
as well as an increase in stiffness between the groups was only observed in the younger
groups (8 and 12 weeks) with no observable changes in the older groups (16, 20, 24
weeks). Within the aforementioned argument lies a confounding factor, in that, it is
plausible that the eruption rate of molars in the SD group was lower due to slower maturity
of the rats. Hence, rats belonging to both groups were weighed periodically (Fig. 5.S1).
No significant differences in body weights of rats were observed at earlier ages, and
significant differences were observed at ages 16 weeks and older (Fig. 5.S1). Contrasting
the body weight patterns were the observed significant differences in joint stiffness at

earlier ages. Hence, should the differences in joint stiffness be correlated to differences
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in growth rate of cementum in SD and HD groups, further scanning of the interradicular
site at a higher resolution to visualize and measure cementum width is warranted.

Joint stiffness is a manifestation of shifts in adaptive physicochemical properties
of bone, cementum, and the PDL. In this study, insights into the interplay between form
and function at multiple length-scales were established by first coupling load response of
joints harvested from SD group to tooth-bone association and subsequently to individual
properties of tissues in the complex by contrasting with controls (joints harvested from
HD group). The current model in dentoalveolar biomechanics is that compressive loads
displace the tooth into the socket by first causing deformation in the softer ligament (Lin
et al., 2013). Increased compressive loads on the tooth can cause hardening of the
ligament prior to deforming mineralized tissues, primarily bone. The PDL, like many other
soft tissues, from a biomechanical perspective can be modeled as a two phase system:
solid and semisolid. The solid phase is composed primarily of fibrillar proteins and
nonfibrillar matrix proteins, including proteoglycans which are fundamental structural
elements that interact with each other and water (Ho et al., 2005; Nanci, 2007). The
semisolid phase of the tissue is composed of bound interstitial fluid in the PDL. The mix
of the two provides the characteristic feature, that is the load response rate of the organ
(Lin et al., 2013). However, joint response can continue to change due to functional
adaptation of the PDL as a result of altered turnover rate of various types of collagen
which can be related to respective birefringence.

The architecture of the mesial PDL is significantly different from the distal PDL.
This difference is due to the presence of large vasculature predominantly at the PDL-

bone enthesis, passive strain due to innate hydrostatic pressure and the electrochemical

115



activity of the glycosaminoglycans that prompt water retention and tension within the
tissue. Hence birefringence using PSR staining is specific to anatomical location within
the complex and along a root. In general, the architecture of IR-PDL is heterogeneous
compared to the polarized architecture of the oblique fibers of R-PDL. Heterogeneous
organization of the IR-PDL could explain its lower birefringence regardless of magnitude
and frequency of functional loads. Relatively, the PDL fibers in mesial and distal
complexes illustrated higher birefringence (Fig. 5.4c); a semi-quantitative marker
resulting from collagen orientation, collagen quality (crosslink density) and type of
collagen. Hence, the changes in intensity could be related to functional adaptation of the
PDL (Fig. 5.4c) as a result of a change in natural turnover rate of PDL due to a change
in functional load. However, a confirmatory result for functional adaptation of the PDL
should be addressed using spectroscopy techniques similar to that used for cartilage
degeneration (Boskey and Pleshko Camacho, 2007).

The birefringence pattern in strained interradicular bone was illustrated by a
circumferential pattern surrounding the endosteal spaces (Fig. 5.4c). Overtime, itis likely
that these regions will become osteons and can be termed as strain-induced adaptation
underlined by circumferential collagen orientation interspersed with mineral as responsive
events during remodeling (Bromage et al., 2003). These patterns increase with age as a
result of increased birefringence in HD groups compared with SD groups. It is plausible
that the formation of the observed birefringent rings is a response to function-mediated
fluid flow over time. However, true birefringence of concentric circular or elliptical motifs
(based on how the specimen was sectioned) is a challenge to measure quantitatively as

polarized light is unidirectional in nature and can only capture a restricted angular range.
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Additional limitations include measurement sensitivity due to interfering structures within
a 5-6 micron-thick histology section and sectioning plane dependence of structural motifs.

Tissue structure in addition to ratio of organic to inorganic contents can affect its
hardness. Rats experiencing reduced functional loads had significantly decreased
hardness (Fig. 5.5) at older ages (12wks+) and corroborated with our previous study
(Niver et al., 2011). In particular, the hardness of IR bone was greater than interdental
bone and cementum, with cementum illustrating the least hardness (Fig. 5.5). These
shifts in mechanical properties of bone can be attributed to mechanosensitive osteocytes
(Qing and Bonewald, 2009) in IR-bone.

It has long been said, that shifts in functional loads will also affect the shapes (form)
of bone (Wolff, 1982) and more recently was explained as an altered dynamics between
blastic-and clastic-cellular activities (Frost, 1987, 2003). The resulting morphology can
be a deviation in both the total volume and shape of the bone as indicated by a change
in bone volume fraction (BVF) (Fig. 5.6). Since large-scale morphological changes are
evident long-term effects in tissues, BVF shifts were only statistically significant at 24
weeks (Fig. 5.6). Altered fluid flow due to altered functional loads could have caused a
change in the number and shape of the alveoli to total bone volume. It is important to
note the shift in indicators with age, that is, from joint stiffness at an earlier age to a change
in tissue hardness and morphological features at a later age. Results demonstrate the
capacity of form-induced strain in older animals, compared to the dominance of material-
induced differences in younger animals when compared to controls. The cumulative effect
of form and material changes are better explained by illustrating a proof-of-concept on

the decreased ability of joints from SD to react to simulated loads compared to HD which
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can react at a faster rate. Therefore, we hypothesize that softer tissues could be more
sensitive to shifts in mechanical strain caused by a shift in velocity. It should be noted
that the shift in kinetic energy can be a dominant factor in maintaining the needed turnover
rate of the ligament to meet functional demands. The results imply a higher risk of fracture
and mechanical failure in SD adapted complexes compared to HD joints for the same
loads and velocities (Fig. 5.7).

From a biomechanics perspective, the joint stiffness and reactionary response to
load altered with age. Morphometric changes within the joint space included an increase
in BVF and a decrease in the joint space, resulting in a restricted tooth movement in the
alveolar socket. Tissue specific changes included an increase in hardness within IR-
bone, ID-bone and cementum, and an increase in collagen organization within the oblique
fibers of the root PDL. These changes can be collectively seen as an adaptation to
prevent joint damage when chewing harder foods. When analyzing changes due to the
soft diets, the measurement of shifts in outcomes related to functional adaptation are best
done by revisiting the two growth phases encapsulated within this study (rapid growth
and mature stages) (Fig. 5.8a). Within the earlier time points when the rat is undergoing
rapid growth, shifts due to the soft diet included a decrease in functional space as well a
decrease in collagen organization of the root PDL. Since strain (%deformation) has been
shown to be essential for tissue homeostasis, the comparative reduction of functional
space may be an attempt to maintain normal physiological strain within the region (Fig.
5.8b and c) in response to the environmental signal. It is interesting to note that the
observed growth patterns in cementum and alveolar bone are opposing, indicating

differing mechanisms for mechanotransduction and/or the growth of these respective
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tissues (Fig. 5.8d). As the rat matures, shifts in joints stiffness as seen at earlier ages
are not significant with age. It is suspected that the reduction in magnitude of functional
loads might not be significant for continued joint adaptations albeit prompting changes in
tissue architecture. Future experiments would need to be explored if a stronger stimulus
(e.g. hypofunction) would produce stiffness changes in older rats. The focused timeframe
of our study encapsulates observations over the period that is normally considered an
active phase of laboratory rat (at and after 6 months these animals are normally retired
and are minimally used for experiments).

In this study, experimental biomechanics under ex vivo conditions does not
account for the hydrostatic pressure due to an active circulatory system (McCauley and
Somerman, 2012). However, biomechanical testing under ex vivo conditions can detect
shifts in joint biomechanics. These shifts can be due to form, material properties and
reactionary responses of tissues to mechanical loads despite shifting the joint toward

malfunction.

5.6. Conclusions

A reduction in functional loads resulted in short term shifts in joint biomechanics.
The effects on joint stiffness are short-lived and were not observed with rapid growth and
as it plateaus with age. The fact that this study showed that joint adaptation is dependent
on age and that the initial form-related adaptation (observed change in functional space)
can challenge tissues to meet the functional demands with increasing age well into
adulthood has important clinical implications. Additionally, the coupled effect between
shape and tissue properties is necessary to accommodate functional demands, and that

the shifts in shape as determined by the change in functional space and bone volume
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fraction, and tissue properties as determined by hardness and semi-quantitative analysis

of collagen birefringence are temporally sensitive despite shifting the joint to malfunction.
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5.7. Figures
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Figure 5.1. In situ loading device coupled to a XRM system to image tooth motion relative

to the alveolar socket. a) Hemimandibles were prepared with composite buildups for
mechanical testing and were placed in the load cell as shown. b) To ensure a parallel
surface between the anvil and the composite buildup, occlusal marking paper was used
(not shown) to mark uniform area of contact. c) The output of load displacement curve
was analyzed by comparing the change in load (A Load) vs. the change in displacement
(A Disp.). d) 2D virtual section relating tooth to the alveolar socket. Please note that 1d

is a GIF file and should be viewed under slide show.
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Figure 5.2. Stiffness values for fibrous joints obtained from those fed hard and soft diets
respectively. a) The nonlinear plot illustrates joint stiffness values from all age groups
when individually tested at different speeds (0.2, 0.5, 1.0, 1.5, 2.0 mm/min) and when
loaded to 5 N (triangles — open and filled) and 15 N (squares — open and filled)
respectively. Data for 6, 8, and 10 N are not shown but showed similar trends. The graph
illustrates an increased range in displacement of the teeth from the HD group compared
to displacement of teeth from SD group. 3D surface plots illustrate different spread of
stiffness values with age (wks) and displacement (mm) when tested for peak loads of 5,
6, 8, 10, and 15 N in (b) HD groups and (c) SD groups. d) Statistical differences between
stiffness values calculated from load-displacement relationships were analyzed using a
mixed effects regression model and plotted as a function of age of the mammal. From
the resulting 95% confidence intervals (blue — upper bound, green — lower bound, red —
zero plane) the notable difference is that the joints from younger animals (8 and 12 week)
in soft diet group were significantly stiffer than the joints from hard diet group under hard

diet load-simulation conditions (higher load, lower displacement rate).
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Figure 5.3. XRM tomography measurements of interradicular PDL-space. a)

Alveolar Bone

Representative tomogram illustrating a bone--PDL-tooth complex. Functional space was
measured within the interradicular region (white dotted box). b) At younger groups, a
narrower interradicular space was observed in soft diet groups compared with hard diet
groups. However, with an increase in age, the difference between hard and soft diet

groups became less significant.
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Figure 5.4. Collagen birefringence and PDL directionality across groups and age. a)
Histology sections were stained with picrosirius red. b) Imaging was primarily focused
around the furcation and root-PDL (R-PDL) surrounding the distal root of the 2"¢ molar.
c) Birefringence signal was measured in the following regions: interradicular bone (IR-B),
interradicular periodontal ligament (IR-PDL), and R-PDL. IR-PDL revealed a sponge-like
configuration while R-PDL illustrated an increased collagen fiber orientation. Under
polarized light, collagen orientation was quantified within IR-PDL, IR-B, and R-PDL.
White bars are 100 ums. Trends show increased birefringence as a function of age within
PDL regions and a decrease in birefringence as a function of age within interradicular
bone. Statistical significance in birefringence between SD and HD is indicated with an (*)
(p<0.05) and was only observed in the PDL of 8 week-old. Graphical representation of
averages and standard deviations show no age-related trends for both hard and soft diet
groups. (d) Images using polarized light microscopy show regions of distal (yellow box)
and mesial (red box) regions used to calculate fiber orientation. Representative
histogram distributions of fiber orientation in (e) hard diet and (f) soft diet are shown for
8, 16, and 24 weeks with total group average and standard deviations are shown. g) As
a function of age trends included a decreasing difference in distal- and mesial-PDL

orientation within and across hard and soft diet groups with age.
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Figure 5.5. Microindentation and interradicular functional space of bone-PDL-tooth
complexes. Microindentation was performed on cementum, interdental bone and
interradicular bone. In general, interradicular bone was always harder than interdental
bone which was always harder than cementum. While age-related trends were not found,
hard diet groups illustrated an increased interradicular bone hardness compared to bone
from rats on a softer diet. Additionally, interradicular functional space was measured by
taking standard virtual sections between the distal and mesial buccal roots. Results show
that interradicular space decreased in younger rats fed softer diet. *indicates statistically

significant difference (p<0.05).
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endosteal volume in interradicular bone from those fed softer diet was observed. (d) BVF

of HD was significantly higher than that of SD at 24 weeks.
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observed with an increase in age.
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Figure 5.8. Postulated load-mediated adaptation of the dentoalveolar complex. a)
Experimental workflow showing different food consistencies given to control (HD) and SD
groups and changes in observed biological responses. (b) The fibrous joint compensates
through decreased PDL-space through ingrowth of cementum and decreased orientation
and organization of the collagen fibers. The shift in input signal prompts a shift in adaptive
properties of tissues as indicated by site-specific measurements. However, if normal
functional loads are placed on adapted tissues belonging to the SD diet group, they would
likely be seen as traumatic loads prompting a damage response (yellow start bursts). (c)
Shifts in outcomes due to load-mediated adaptations can be divided into two phases;
early ages focused around the tissues within the PDL space, and shifts seen at later ages
primarily as changes in bone mineral content and internal structure. (d) Normally chewing
loads are accommodated by the dentoalveolar complex through compression of
supporting tissues (PDL, bone, cementum) causing physiological strain due to tissue
deformation (mixed-mode) and fluid flow from interstitial fluid movement. Mechano-
responsiveness of localized cells in the regions of higher fluid flux and mechanical strain
regulate a shift in tissue turnover in bone and the PDL morphology and material properties
accordingly. A reduction of functional loads net a decrease in strain and is felt by the
supporting tissue away from the physiological strain. Within bone, atrophy of tissue is
usually seen, however, the opposite effect (growth) has been reported within cementum

tissues.
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Supplementary Figure 5.1. (Fig. 5.S1). Average rat weights for HD and SD groups and
load displacement curves from in situ compression tests. Rat weights from HD and SD
groups fall within normal growth pattern boundaries from animal provider growth charts

(www.criver.com). Load vs. displacement data for in situ loading tests for all displacement

rates.

132




Hard Diet : Soft Diet

8 weeks

16 weeks

24 weeks

Supplementary Figure 5.2 (Fig. 5.S2). Representative images for interradicular
functional space. Complementary images to Figure 5.3 illustrate interradicular functional

space with age (8-24 weeks) and between HD and SD groups.
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CHAPTER 6. ADAPTATION OF ALVEOLAR BONE TO REDUCED FUNCTIONAL
LOADS

6.1. Abstract

Objectives: Within this study, the shifts in biomechanics of the bone-periodontal
ligament (PDL)-tooth fibrous joint due to reduced functional loads will be explained by
providing insights into the coupled effect resulting from changes in form and material
quality of the interradicular alveolar bone.

Methods: At 4 weeks of age, Sprague Dawley rats (N=60 total) were given either
a hard pellet diet or a soft powdered chow. Changes in overall biomechanics of the bone-
PDL-tooth fibrous joints were analyzed by raising the two groups to 8,12,16,20, or 24
weeks of age. An in situ loading device coupled to an X-ray computed tomography unit
was used to highlight changes in functional space of the fibrous joint with age. Changes
in natural occurrence of distal resorption across the two groups of rats were identified by
mapping the distribution of osteoclasts as determined by staining for the expression of
tartrate resistant acid phosphatase (TRAP). The architecture of alveolar bone was
quantified by measuring bone volume fraction (BVF) from tomograms collected by
performing micro X-ray computed tomography. Digital volume correlation (DVC) was
performed on tomograms of fibrous joints from one hard and one soft diet rat at no load
and under loaded conditions to investigate the maximum principal strain in adapted
interradicular bones from respective groups. Elastic modulus values of interradicular
bones from hard and soft diet groups were obtained under wet conditions using

nanoindentation technique.
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Results: A significant reduction in functional space (~90um) was observed in the
interradicular region of the fibrous joints subjected to reduced functional loads. Minimal
changes in osteoclast resorption activity were observed within the interradicular bone,
however significantly increased BVF (24 week mean BVF - HD:0.87+0.02, SD:0.78+0.05)
and reduced elastic modulus (Er) of interradicular alveolar bone (12 week mean Er -
HD:14+7 GPa, SD:10+4 GPa) were seen as a function of age and diet. Increased
maximum principal strain was observed in interradicular bone adapted to softer diet
compared to HD specifically at lower loads.

Significance: Observed changes in bone volume fraction and elastic modulus
indicate that adaptive processes within the interradicular region are mainly regulated
during earlier ages of the mammal. Results demonstrate an optimization of form and
material properties of the interradicular bone to meet functional demands placed on the
bone-PDL-tooth fibrous joint. Although changes in form and material properties are
mutually dependent, these physical properties could be inversely related to the age of a

mammal.
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6.2. Graphical abstract
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a) Schematic of bone-tooth complex digitally reduced to illustrate tooth and alveolar bone
configuration for in situ biomechanical testing. b) The furcation of the tooth saddles on
interradicular bone and was identified as the region with the greatest reduction in
functional space. c) The digital volume correlation (DVC) method was used to visualize
differences in distributions of maximum normal strain within interradicular bone of rats
adapted to hard and soft diets. d) From a multiscale perspective, changes in physical
cues on organs resulting from the mechanical environment are transmitted through
tissues to initiate biological responses in cells that over time can be related to biochemical

processes leading to adaptations.
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6.3. Introduction

The interradicular bone is a critical structural element that supports chewing forces.
In a bone-periodontal ligament (PDL)—tooth fibrous joint, the functional space separating
the tooth furcation and the alveolar bone is narrowest and therefore, from a biomechanics
perspective, is the location of initial “contact” between the tooth and the alveolar bone
(Chattah etal., 2009; Lin et al., 2013). During function, such as chewing, the interradicular
bone serves as a natural fulcrum permitting “see-saw” and “screw-like” motions of the
tooth (Chattah et al., 2009; Lin et al., 2013). Additionally, in situ loading data suggests
interradicular alveolar bone as a major region experiencing deformation (Lin et al., 2013;
Jang et al.,, 2014b). As such, given the morphology of the complex as well as its
constituents including softer (gingival and PDL) and harder (cementum, dentin, enamel,
and bone) elements, it is thought that the interradicular bone receives forces due to
chewing, and that the tissues contained within the interradicular space experience
increased biomechanical stimulation and adaptation.

Adaptation of interradicular bone is recorded as an increased metabolic activity in
bone and often is related to resorption and formation dynamics (Baumhammers et al.,
1965; Milne et al., 2009). However, to date, few studies have investigated the adaptations
and functional optimization of interradicular bone due to shifts in functional loads. The
effect of load-mediated changes with age due to a change in diet consistency was
quantified as shifts in interradicular functional space, joint stiffness, and subsequent
changes in alveolar bone hardness within the complex (Niver et al., 2011; Jang et al.,

2015). Hence, the next step of the study was to investigate the interplay between form
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and material properties specific to regions of increased compression that include the
functionally active interradicular alveolar bone in the bone-PDL-tooth fibrous joint.
Subsequent shifts in the form and material properties of alveolar bone constitute
the majority of adaptation and progress towards an optimized mechanical system to
accommodate either reduced or increased functional demands. Hence, the objectives of
this study were to: (1) demonstrate from a mechanical perspective that the interradicular
interface with the tooth serves as a focal point for tissue compression; (2) correlate shifts
in functional load with changes in formation/resorption dynamics within alveolar bone; and
(3) characterize adaptations in morphology and material properties of bone when
exposed to reduced chewing forces. To identify age related changes due to shifts in
functional load, animals grown from 4 to 24 weeks of age were fed either a hard or soft
diet. Computational methods highlighting site-specific loss of functional space and
deformation of bony tissue were used to identify the interradicular bone as a hotspot for
mechanical stimulation. The functional adaptations in form and material property shifts
within the interradicular bone region was investigated as a function of age leading to a
postulate discussing the interplay and optimization of form and material properties with

age of the mammal.

6.4. Materials and methods
6.4.1. Reduced functional load animal model

All experimental protocols were compliant and followed the guidelines of the
Institutional Animal Care and Use Committee (IACUC). Male Sprague Dawley rats (N =
60; Charles River Laboratories, Inc., Willmington, MA) at four weeks of age were divided

into two groups and fed one of two nutritionally equivalent foods: hard pellet food (Hard
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Diet = HD; N = 30) or soft powdered chow (Soft Diet = SD; N = 30) (PicoLab 5058,
LabDiet, Deans Animal Feeds, Redwood City, CA, USA); diets differed only in hardness
(i.e. the soft diet was a pulverized version of the hard diet). Adaptations due to reduced
function were studied at 8, 12, 16, 20, and 24 weeks. Hemimandibles were dissected
and the right hemimandible was saved for in situ loading, micro X-ray computed
tomography, and nanoindentation while the left hemimandible was processed for

histology.

6.4.2. In situ biomechanical testing and XRM-tomography

Preparation of hemimandibles for in situ loading and X-ray computed tomography
was done as previously described (Lin et al., 2013; Jang et al., 2014b). Prepared
specimens were loaded using a load compression cell (MT500CT, Deben UK Ltd, Suffolk,
UK) custom fitted to an XRM (Micro XCT-200, Carl Zeiss X-ray Microscopy, Pleasanton,
CA). Each specimen was loaded 3 times to each permutation of peak load (5N, 6N, 8N,
10N, and 15N) and displacement rate (0.2 mm/min, 0.5 mm/min, 1.0 mm/min, 1.5
mm/min, 2.0 mm/min).

Two separate specimens (one 8wk HD and one 8wk SD) were prepared for in situ
loading and X-ray tomography to perform digital volume correlation (DVC). Prior to
loading, a tomogram was taken using the following parameters: 2500 projections, 75 KVp,
optical magnifications: 4X and 10X, voxel size (~3.6 ym and ~1.6 ym for 4X and 10X
magnifications respectively). After a period of rehydration (~1hr), the specimen was
compressed at 0.2 mm/min to 7N of reactionary force. After target load was reached,
displacement motors were locked in place and following specimen stabilization (~1hr), an

additional tomogram was taken using the same scanning parameters. After scanning
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was completed, the specimen was unloaded, hydrated, reloaded, and scanned at 15N of

reactionary force and then the procedure was repeated at 20N of reactionary force.

6.4.3. Mapping functional-space shifts

Tomograms were analyzed using Avizo (Avizo 9.0.0, FEI Visualization Sciences
Group, Burlington, MA). Segmentations of tooth and alveolar bone were calculated based
on intensity cues as a result of X-ray attenuation and the segmented data were used to
generate surface meshes. Morphological features within the alveolar bone and the tooth
were used for rigid body registration and to define surface meshes at unloaded (ON) and
loaded (7N) regions. For each node on the tooth surface mesh at the unloaded and
loaded configurations, the distance to the closest node on the alveolar bone was
determined. Loss of functional-space during in situ loading was calculated by taking the
difference between loaded and unloaded functional-spaces (net change functional-space
= [functional space at ON] — [functional space at 7N]). The net change in functional-space

was mapped on the tooth surface.

6.4.4. Mapping TRAP(+) regions within the complex

Left hemimandibles were fixed, decalcified, and embedded within paraffin as
previously described (Lin et al.,, 2014). Tartrate-resistant acid phosphatase (TRAP)
staining for osteoclasts was performed using an acetate buffer solution in conjunction with
AS-MX phosphate and fast red TR salt. Tissue sections were counterstained using
hematoxylin. More details have been reported previously (Lee et al., 2013). Individual
multinucleated cells displaying a TRAP(+) response were tallied for each slide on the

distal and within the interradicular alveolar bone. Statistically significant differences
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between hard and soft diets were calculated for each age group using the Student’s t-

test.

6.4.5. Bone volume fraction analysis of interradicular bone

Bone volume fraction (BVF) was calculated using subvolumes within XRM
tomograms (Parfitt, 1988; Bouxsein et al., 2010). Following segmentation of alveolar
bone (Avizo 9.0.0), the total volume of the interradicular bone within the subvolume was
calculated by applying a morphology closing algorithm allowing for the endosteal spaces
to fill in. Values for BVF were generated by dividing the bone volume by the total volume
(Parfitt, 1988; Bouxsein et al., 2010). Statistically significant differences between hard

and soft diets were calculated for each age group using the Student’s t-test.

6.4.6. AFM-based nanoindentation of interradicular bone

Hemimandibles (n=3 for each ageXdiet group) embedded in epoxy were sectioned
under wet conditions using a diamond wafering blade and a low speed rotary cutter
(ISOMET, Buehler Ltd., IL, USA). Cutting planes were set to be orthogonal to the occlusal
plane of the molars. The sectioned surface was further polished using silicon carbide grit
of sizes 800 and 1200 (Buehler Ltd., IL, USA) followed by sequential fine polishing using
a diamond suspension slurry of grades 6,3,1, and 0.25 ym (Buehler Ltd., IL, USA) (Ho et
al., 2009).

Nanoindentation (Nanoscan 4D, Nanounity, Moscow, Russia) on polished
surfaces was performed under wet conditions using a Berkovich tip. Indents were made
using 2000 uN load and were placed 16um apart on the interradicular bone regions of the
second molar. Reduced elastic modulus (Er) was calculated using Oliver-Pharr method

(Oliver and Pharr, 1992).
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Elastic modulus for age by diet was skewed so a nonparametric test of age X diet,
overall diet, overall age, and age-specific diet effects was performed with stepdown Sidak
tests to correct for multiple comparisons. Statistical analyses were performed with SAS

version 9.4 (SAS Institute, Inc., Cary, NC).

6.4.7. Digital volume calculations for alveolar bone

Mapping of strain due to compression in interradicular alveolar bone was done on
a single specimen from each diet group (8 weeks only). Piecewise digital volume
correlation (DVC) was performed to compare deformations between ON-7N, 7N-15N, and
15N-20N configurations as previously described (DaVis software, LaVision Inc., Ypsilanti,
MI) (publication in review). Noise floor to determine the accuracy of strain calculations
through DVC of alveolar bone at no load and loaded conditions is shown in Figure 6.2.
DVC parameters were interrogation window size of 64 pixels, with 50% window overlap,
and 64 pixels of gauge length where both masking and cropping was used to represent

data with 25% minimum fraction of valid pixels and pixel size of 1.6um.

6.4.8. SAWBONES™ preparation and experimentation

SAWBONES™ (SAWBONES™, Pacific Research Laboratories, Inc., Washington,
USA) made from polyurethane with different porosities (10PFU and 20PFU) were cut into
small cubes (~4.5mm length each side) and tested for using the same in situ/XRM setup
utilized for bone-PDL-tooth imaging. Separate specimens were imaged at ON and 14N
or 25N (loaded at 0.2 mm/min). Images were analyzed using DVC software at 50%
overlap and 128 pixel interrogation window size to accommodate for the large pore sizes.
Similar method used to determine bone volume fraction was used to calculate volume

density for SAWBONES™ (see section 2.7). Additionally, digital models were generated
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from SAWBONES™ tomograms (MicroView, Parallax Innovations, llderon, ON, Canada;
Meshlab 1.33, 3D-CoForm, Brighton, UK) and analyzed using finite element methods
(ANSYS 16.2, ANSYS, Inc., Canonsburg, PA, USA) to test for differences in deformation
as a function of size and density of pores (i.e. keeping the material properties of the model
the same for each SAWBONES™ type). Model conditions: [Elements: 331043
(SAWBONES™ 10); 540626 (SAWBONES™ 20)] [Nodes: 614837 (SAWBONES™ 10);
986674 (SAWBONES™ 20)], modulus of elasticity equal to 200 MPa, assuming elastic

behavior.

6.4.9. Statistical modeling and significance

Nonlinear quadratic mixed effects regression models with normal random animal
X replicate effects were used for each of 125 combinations of age X force X displacement
rate to model the relationship of displacement on load (load displacement curve) between
diets with a 3 degree of freedom (3 d.f.) test of the diet difference parameters (intercept,
linear slope and quadratic slope). These models were also used to predict the difference

between diets in displacement to yield 5N, 10N, and 15N loads as

~ ~ 2 ~ ~
—_ —_ _ —(51+Q1)+\/(31+§1)2—4(52+§2)(50+§0—load) _b1+Jb1 _4b2(b0_load)
disps — dispy = —— — — ,
2(b2+g2) sz

where bg is the intercept for hard diet, b is the linear slope for hard diet, b, is the quadratic
slope for hard diet, go is the intercept difference from soft diet, g; is the difference in linear
slope from soft diet, gz is the difference in quadratic slope from soft diet, and load is 5,

10, or 15N.

6.5. Results
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6.5.1. Changes in tooth-bone configuration during in situ loading of the tooth-PDL-

bone complex

A load-displacement curve postulating reactionary forces due to various tissue
contributions is shown in Figure 6.1a. Also shown are the virtual sections of the
respective multi-load tomograms of tooth-PDL-bone. By tracking the tooth movement
within the socket, the changes in functional space were measured, showing that the
reduction in functional space was greatest around the interradicular alveolar bony crest
(Fig. 6.1b). Additionally, visible deformation within alveolar bone was seen within the
interradicular regions (Fig. 6.1a and 6.S1). Statistically significant differences between
diets were seen from the 3 d.f. quadratic model tests of the load displacement curves in
the vast majority (116 or 93%) of the 125 age X peak load X displacement rate

combinations (Fig. 6.1c).

6.5.2. Osteoclast activity in the alveolar bone complex

The distribution of TRAP(+) cells within the regions of interest are shown in Figure
6.2a. Quantitative analysis of number of TRAP(+) cells showed preferential localization
in the distal region within all specimens regardless of age or diet group. Within the distal
portion of the root, TRAP(+) cell counts were significantly greater in the HD group
compared with the SD group at 8 and 16 weeks of age (p<0.05). The number of TRAP(+)
cells decreased with an increase in age regardless of HD or SD groups. There was little
to no presence of TRAP(+) cellular activity within interradicular bone which did not
change with age or diet. Counterstaining of tissue sections revealed cement lines

surrounding the endosteal spaces indicating an active remodeling process.

6.5.3. Age and diet change in bone volume fraction of interradicular bone
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Relationship of tooth surface with alveolar socket was shown in Figure 6.2b.
Regions segmented into either alveolar bone or endosteal space are shown in Figure
6.2b. Changes in BVF were seen as a function of age and diet. With an increase in age,
the BVF was shown to increase. At 24 weeks, the HD alveolar bone had a higher BVF

than alveolar bone of SD groups.

6.5.4. Elastic modulus changes in the interradicular alveolar bone as a function of

age and diet

The histogram distribution of elastic modulus from nanoindentation is shown in
Figure 6.2c. For elastic modulus of alveolar bone, the nonparametric age X diet
interaction effect was statistically significant (p<0.001), indicating the diet effect differed
between the age groups. At 12 weeks, the elastic modulus of alveolar bone within the
HD (14+7 GPa) was significantly greater than that of SD (10+4 GPa). However, at 24
weeks, the elastic modulus of HD and SD groups were similar and did not show significant

shifts.

6.5.5. Strain distribution within interradicular in response to in situ loads

Regions of alveolar bone highlighting the interradicular portion for digital volume
correlation (DVC) is shown in Figure 6.3a. The 3D strain solutions produced from DVC
of alveolar bones taken from 8 week old rats belonging to HD and SD at 8 weeks are
shown in Figure 6.3b and Figure 6.3c, respectively. Major differences between HD and
SD multi load deformations were seen primarily at the 0-7N regions where the SD showed
increased strain at the crest of the interradicular bone compared with HD groups. Slight
differences were seen between HD and SD at 7-15N and 15-20N and attributed to

physiological variations between the animals.
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6.5.6. Changes in the strain distribution as a function of modeled specimen

porosity

Volume fraction, density, macro modulus, and nano modulus for SAWBONES™
10 and 20 are shown in Figure 6.4b. Load displacement curves for in situ loading of DVC
specimens are shown in Figure 6.4c. At 14N, max normal strain results (Fig. 6.4d) show
an increase in strain in SAWBONES™10 (increased porosity) compared with strains
within SAWBONES™ 20 (decreased porosity). At 25N, max normal strain magnitudes
were similar, indicating that plastic deformation must have occurred at the higher loads.
Finite element analysis (FEA) confirmed these results by showing an increased strain
(Fig. 6.4d) within the large pore specimen compared small pore specimen under an

equivalent loading conditions.

6.6. Discussion

Adaptations to functional loads occur at multiple hierarchical levels ranging from
cellular- to organ-levels. Our previous study focused primarily on the shifts in organ-level
biomechanics as a result of reduced function (Jang et al., 2015). This study investigates
adaptations within the mechanically stimulated interradicular bone by relating to its
material properties and form. Load-mediated or functional adaptation serves as a key
epigenetic driving force for growth and development (Carter and Beaupré, 2007;
Lieberman, 2011). In the musculoskeletal system including oral and craniofacial load
bearing complexes, shifts in natural strain gradients within the supporting harder elements
can result due to a change in function from daily activities (running, jumping, chewing,
etc.) (Prendergast and Taylor, 1994). Shifts in physical stimuli (either in magnitude and/or

frequency) produced from functional disturbances are finally “felt” by cells through a
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series of events that include fluid flow, attachment to other cells, and with the extracellular
matrix (ECM) (Duncan and Turner, 1995; Turner, 1998; Bonewald, 2006). As a result,
the autoregulation “intelligence” that is naturally programmed in living organisms is what
provides the organism with plasticity which can be leveraged to meet the functional
demands. The response to functional demands is illustrated through output signals that
include high expressions of biochemical markers until equilibrium to an input signal is
reached. Several authors have described this as a feedback mechanism and have
modeled it as a closed Iloop control system designed to optimize
structure/form/morphology for a known mechanical stimulus (Frost, 1987; Prendergast
and Taylor, 1994; Jaalouk and Lammerding, 2009). With respect to load-bearing bone,
the regulation of tissue turnover including activation to resorption to formation (A>R >F),
and activation-resorption (A->F) has been described by several models (e.g.
mechanostat model) where formation and resorption are dependent on the dynamics
(gradual or abrupt shifts) in mechanical environment (Frost, 1987).

The bone-PDL-tooth complex is an excellent model for analyzing functional
adaptation due to the presence of multiple biological interfaces within a functional space
of 70 to 120 microns (in rodents), that permits distribution of consistent functional loads
that are highly dynamic in nature (Berkovitz, 1990; Nanci, 2007; Niver et al., 2011). While
loads placed on the complex are primarily generated from the muscles of mastication,
shifts in load direction, magnitude, and frequency depend on a variety of factors both
intrinsic and extrinsic. Adaptations resulting from shifts in pathologic (e.g. bruxing)
(Mavropoulos et al., 2004a, 2004a), therapeutic (orthodontics) (Bondevik, 1984), and

physiologic (e.g. chewing) (Tanaka et al., 2007) continue to be studied to underline
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adaptive processes leading to clinical scenarios. In addition to shifts in input signal, site
specific adaptations within the complex have been highlighted (Niver et al., 2011; Lin et
al., 2013, 2014; Jang et al., 2015). Within the context of this study, adaptations specific
to interradicular bone were studied as a response to shifts in diet consistency (hard diet
vs soft diet). The interradicular bone was chosen as it is the structural element on which
the tooth pivots when in function (Chattah et al., 2009). Previous studies within our group
using a reduced functional load model on Sprague Dawley rats have highlighted age
related adaptive shifts in bone-tooth biomechanics and associated tissue properties
regardless of the biomechanical signals (Jang et al., 2015). It is plausible that the effect
of reduced functional loads modeled by using a powdered diet is less than the effect from
a hypo-function model (i.e. liquid diet or extracted opposing molar). However, such
models introduce additional confounding factors such as those related to a change in
nutrition/and super-eruption of teeth due to lack of an antagonist making it difficult to draw
reasonable conclusions related to functional loads.

From a mechanics perspective, the dentoalveolar complex can be modeled as
several tissues (tooth, alveolar bone, PDL) loaded in series (Naveh et al., 2012b). It is
the intrinsic constitutive properties of the individual tissues and the collective nature that
are constantly leveraged for clinical interventions including tooth movement and bone
augmentation to maintain function. The constitutive properties of the tissues involved in
functional maintenance of the bone-PDL-tooth complex differ greatly due to the mineral
density and structural organization (Nanci, 2007). Therefore, it is conceivable that loads
are distributed and transmitted in the order of softer to harder elements that include

deformation in PDL followed by alveolar bone and tooth related tissues: cementum, dentin
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and enamel (all grouped together as each of the tissues involved, i.e. dentin, enamel,
cementum, have a greater mineral density and modulus than that of alveolar bone)
(Nanci, 2007). This pattern of load travel is reflected in the multi-load data illustrating
most PDL deformation in the 0-7N region followed by deformations in alveolar bone at
higher loads (Fig. 6.1 and 6.S1). Deformation in alveolar bone is primarily seen within the
crest of the alveolar bone, the region that serves as a fulcrum point for tooth rotation
(Chattah et al., 2009). Further demonstrating this trend are the calculations illustrating
differential strains in the interradicular crest as it is due to the region with the greatest
amount of functional space reduction (~90um) (Fig. 6.1b). While other portions of
alveolar bone also undergo mechanical stimulation (e.g. interdental bone is deformed due
to the rotational movement of the tooth within the socket), it is reasonable to conclude
that the majority of alveolar bone deformation occurs within the crest of the interradicular
bone. Additionally, statistical modeling of load-displacement curves (Fig. 6.1c) revealed
statistically significant differences at all ages within all peak loads between soft and hard
diet groups. It is our continued hypothesis that within lower loads, the main contributor to
the mechanical response is the soft tissues (i.e. PDL) while the effect due to harder
tissues is felt at higher peak loads (Fig. 6.1a). Therefore, it is reasonable to assume that
adaptations within the PDL and alveolar bone occur at all ages, however it is recognized
that a transducer sensitive to lower loads would provide soft tissue related biomechanical
response.

The main mechanisms for functional adaptation within bone are regulated by
formation and resorption dynamics (Frost, 1987). Bony tissues experiencing

physiological loads will result in “normal” growth. Per the Utah paradigm, shifts in these
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physiological loads in either positive or negative direction are met with a respective
increase or decrease in bone metabolic activity and turnover (Frost, 1998, 1999). Since
the dynamics of bone growth consists of resorption and formation processes, changes in
the osteoclastic distribution was determined through staining for expression of TRAP.
TRAP(+) cells were identified primarily on the distal side of the root in agreement with the
natural distal drift process that occurs throughout a rodent’s lifespan (Sicher and
Weinmann, 1944; Macapanpan et al., 1954). Additionally, the reduction of osteoclasts
on this distal PDL- bone interface in SD groups compared with HD groups suggests that
this naturally occurring distal drift is linked to the mastication loads experienced by the
PDL-bone interface. Few TRAP(+) cells were also seen within the interradicular crest
and could possibly serve as a mechanism for the relatively narrowed functional space in
SD groups compared with control animals (Fig. 6.2a). However, few or no TRAP(+) cells
were seen within the interradicular bone proper suggesting that changes in bone turnover
dynamics are mostly due to shifts in formation activities. To confirm this hypothesis, future
studies identifying formation and mineralization activities (e.g. alkaline phosphatase,
bone sialoprotein, osteocalcin) would be recommended.

The minimal osteoclastic activity within the interradicular alveolar bone was
correlated with turnover dynamics along the endosteal spaces causing a change in
internal architecture and material properties. Formation process results in the natural
closing of the endosteal spaces subsequently leading to an increase in BVF (Fig. 6.2b).
Relative to physiological loading, the reduced functional load group also showed an
increase in BVF with an increase in age, albeit at a lower rate and was significantly lower

in older groups. The resulting changes could be due to either an increase in formation
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activity, decrease in resorption activity, or a combination of both. The lack of TRAP(+)
cell activity within the region indicates that the adaptive process leading to a shift in BVF
is primarily due to a shift in adaptation affected by mineral formation related events.
Complementing these findings are the reductions in interradicular alveolar bone elastic
modulus in SD groups compared with HD (Fig. 6.2¢). This shift in elastic modulus could
be due to a decrease in the local mineralization and osteocytic (perilacunar fluid flow that
would prompt osteocyte activity) maintenance of the bone and its resulting physical
properties, a process which could be controlled by (Rawlinson et al., 1996; Taylor et al.,
2007) modulating the magnitude and frequency of functional loads. It is plausible that
reduced functional loads can cause decreased fluid flow and consequently less
mechanobiological activity to prompt and maintain formed alveolar bone.

To investigate adaptations in form and material properties from a biomechanics
perspective, adapted joints at 8 weeks of age were loaded using similar loading schemes
and peak loads as identified in Jang, et al. 2015 (Jang et al., 2015). The 8 week time
point was primarily chosen due to the observed shift in organ level biomechanics (Jang
et al., 2015). Differences in alveolar bone strain distributions demonstrated that these
adaptations are noticeable from a biomechanics perspective as early as 4 weeks from
weaning (i.e. 8 weeks of age). Increased strains in the interradicular bone from SD groups
compared with HD groups were primarily seen at lower sections of the loading curve (0-
7N) (Fig. 6.3). These results could primarily be due to the softer elements including the
PDL and are a consequence of decrease in interradicular functional space in joints from
SD group (Jang et al., 2015). Although an increase in strain in bone was observed, the

change was minimal at higher load differentials (7-15N and 15-20N). This can be
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explained by the lack of significant differences in the physicochemical properties of bone
including the form at 8 weeks (Jang et al., 2015) (open compared to a closed
configuration). While rats subjected to reduced functional loads for 4 weeks (following
weaning at 4 weeks, rats were given softer diets) were only tested, it is plausible that the
strain differences would likely be insignificant at loads lower and significant at higher loads
in older groups. This is because of similarities in interradicular functional space at older
age groups and a divergent behavior between groups at higher loads as a result of the
significant differences in the form of bone and material properties between groups (Jang
et al., 2015).

It is apparent that adaptation of interradicular bone to functional loads is shown as
a change in material property (reduced elastic modulus) and a change in form (BVF).
These two effects are coupled and to decouple within an in vivo or ex vivo model offers
to be a challenge. However, by using standard materials, the effects of form and material
properties toward mechanical response can be decoupled. In this study, we chose to use
polyurethane foams with different porosity fractions (10 and 20 PFU) albeit different
nanomechanical properties. Results indicated that an increase in volume fraction of
pores (20 to 10) led to decreased stiffness and increased strain (Fig. 6.4). These results
were also confirmed with computational modeling where for the same material properties
of the SAWBONES™ increased deformations were observed in volumes with larger
pores and lower pore density (Fig. 6.4). Although the nanomechanical properties are
different, it is unlikely that the strain values would change given the dependency of DVC
method on optical magnification (publication in review) and in turn the accuracy of

resulting strains.
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The processes by which form and material properties adapt to functional loads is
highly dynamic and occur at multiple scales (Carter and Beaupré, 2007). From an organ-
level perspective, functional loads for the dentoalveolar complex primarily originate from
mastication cycles which are generated by the muscles of mastication to generate a food
bolus (Fig. 6.5). The majority of functional loads generated from mastication are then
absorbed by the tissues that permit function through micromotion within the alveolar
socket, which is primarily vertical in nature, but also includes a rotational component with
the interradicular bone serving as the fulcrum(Chattah et al., 2009). The micromotion of
the tooth causes local deformations, which generates semiautonomous regions in
perpetuity by stimulating nearby cells in the PDL-alveolar bone, PDL-cementum
attachment sites and respective interfaces. In the interradicular region of alveolar bone,
the primary forms of the mechanical stimulation are the fluid flow through the
cannicular/osteonal network as well as deformations throughout the mineralizing
extracellular matrices of cementum and alveolar bone (Bonewald, 2006). The cellular
response to these local strain manifests primarily as a shift in remodeling rates within the
interradicular region altering both the shape of the bone as well as its material properties.
These changes result in adapted tissues which could behave differently when exposed
to identical functional load. This generates feedback loops at multiple scales and the
eventual optimization of the tissues/organ to enable form and tissue properties to meet
functional demands.

Discretizing temporal changes in organ biomechanics as related to changes in load
responses of individual tissues allows for new insights into adaptive responses of tissues

and collectively the organs (data trends provided in Fig. 6.5¢c) (Jang et al., 2015). The
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normal manifested adaptations to physiological loads in alveolar bone are the closing
endosteal spaces in alveolar bone due to increased bone forming activities and hardening
of the existing bone material due mechanosensitive osteocyte activities (Fig. 6.5b).
Within alveolar bone, it should be noted that shifts in functional loads due to shifts in diet
consistency (i.e. hard to soft) most likely regulate tissue quality through formation
activities (Fig. 6.5b). Convergence patterns in biomechanical response (i.e. stiffness)
(Fig. 6.5) suggests that early age adaptations occur within the PDL-space to the
dynamics of lower magnitude of loads but applied at higher frequencies while a
convergence in adaptations occurs due to slower metabolizing bone with an increase in
age. From the changes seen in this model, it appears that there exists a cross over point
between changes in morphology and material properties with an increase in age (Fig.

6.5¢) and that this should be acknowledged when directing clinical intervention.

6.7. Conclusions

In conclusion, this study highlights adaptation of interradicular bone to meet the
demands due to reduced mastication. In line with our previous results, it can be deduced
that softer and harder tissues of the dentoalveolar complex are affected but at a different
rate which can change with age. At younger ages, tissues and interfaces within the
functional space tend to exhibit differences in properties while adaptations in form are
more apparent in the alveolar bone with older ages. Specific to alveolar bone, it is highly
probable that a regulation between osteoblast and osteocyte activities is the key in
meeting functional demands and should be investigated by targeting molecules

representative of a balanced act between formation and resorption related events not
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limited to tissues per se, but interfaces within the biomechanical continuum of the bone-
PDL-tooth complex.

In addition to identifying specific pathways linked to functional adaptation, we
propose that the spatial distribution of functional adaptation activities can be associated
with mechanical information from ex vivo simulated data. Using our current setup,
connections between the spatial distribution of deformations with markers of resorption
and formation can be made. However, it is recommended that significant advances in ex
vivo biomechanical experimental modeling need to be made to direct physiological
relevance of associating shifts in organ-level biomechanics to shifts in tissue-level

mechanobiological events.
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Figure 6.1. (a) A representative nonlinear load-displacement curve illustrates plausible
biomechanical events as the tooth is compressed into the alveolar socket (refer to Figure
6.S1 for gif animation). Identical virtual sections taken at ON, 7N, 15N and 20N load
increments illustrate tooth-alveolar socket relationships within increasing load. White
bars = 200 um. (b) The tooth and bony socket configuration shows the relative position
of the tooth at ON and 7N and a color map of narrowing and widening of functional space
highlighting the furcation and the apex during mastication. (c) Analysis of load-
displacement curves showing the number (out of 5) of statistically significant diet
differences (for each displacement rate) at different peak loads and ages (3 d.f. test from

nonlinear quadratic mixed models).
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Figure 6.2. (a) TRAP(+) expression by osteoclasts is dominant on the distal side of the
bone-PDL-tooth complex. Multinucleated TRAP(+)cells (indicated by arrows) can be
observed at the PDL-bone enthesis. Osteoclast count along the distal edge of the
dentoalveolar complex was significantly (p<0.05) lower in 8 and 16 week old rats fed
softer foods. Within the interradicular bone, cement lines (shown with the dotted lines)
indicate a footprint of combined osteoclastic and blastic activities. However, TRAP
activity within the interradicular bone region was minimal and did not vary with age or diet.
Alveolar Bone (AB), Periodontal Ligament (PDL), Distal (D), Interradicular (IR), Cement
Line (CL). Black bars are 100 um. (b) XCT segmented image illustrates the surface of
alveolar bone and the endosteal space in comparison to the furcation of the tooth.
Adaptations in form were measured in interradicular bone by calculating bone volume
fraction (BVF) from X-ray tomograms. BVF of interradicular bone increased with age and
a significant difference between HD and SD at 24 weeks was observed. (c) Adaptations
in physical properties of interradicular bone were in the form of decreased elastic modulus
of alveolar bone from SD group compared to the HD group at 12 and 24 weeks of age,
albeit the difference in elastic modulus values between the two groups was lower in the
24 week suggesting a converging pattern with an increase in age. Mean elastic modulus

and standard deviation by diet for 12 and 24 week groups.
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Figure 6.3. Digital volume correlation (DVC) within interradicular bone of HD and SD (8
week old rats). (a) The tooth and alveolar bone configuration illustrates “saddling” of tooth
furcation on interradicular bone. Multi load DVC was performed for HD (b) and SD (c) to
represent the incremental strain between loads ON, 7N, 15N, and 20N. Differences
between HD and SD were primarily found with a 7 N increase in load in which the SD
specimen had greater deformation due a decreased functional space leading to
premature contact. [DVC parameters: Masking with a 50% overlap between interrogation
windows lengths of 64 pixels. Gauge length: 64 pixels. Pixel length = 1.6 pm; minimum

fraction valid pixel: 25% see Supplemental information for optimization of parameters]
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Figure 6.4. (a) As a tissue is loaded, contributions from both the material properties of
a tissue and its architecture determine the overall biomechanical response. As the tissue
is loaded over an extended period of time the mechano-responsiveness prompted by both
form and tissue properties guides further adaptations. (b) To decouple form and material
properties related effects, SAWBONES™ (polyurethane foam) differing primarily in pore
density were used. (c and d) SAWBONES™ with lower porosity exhibited a higher macro
modulus and a lower overall strain compared to SAWBONES™ of higher porosity at 14N,
but exhibited plastic deformation at 25N. [DVC parameters: No masking was used,
however, a 50% overlap between interrogation windows of length equal to 128 pixels and
a gauge length of 128 pixels (1 pixel = 3.67 ym) with a minimum fraction valid pixel of
25% was used for mapping strains within saw bones of respective configurations].
Results showing differences in strain with changes porosity are also revealed in finite

element analysis solutions. Logarithmic scale is shown for FEA results.
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Figure 6.5. (a) Mastication forces at varying frequencies cause strain within the
alveolar bone. Within the interradicular alveolar bone, mechanical strain in tissues is
transduced by cells cuing on ECM deformation and fluid flow thus stimulating osteocytes
and osteoblasts and their network. The resulting effects include changes in ECM material
properties and morphology which are often times noted as strain-adaptive properties of
tissues. (b). Consequently, the strain-adaptive tissue properties that include form and
material properties are optimized to accommodate functional demands the response of
the adapted structure (c) Overall, measured adaptations in younger rats included a
decrease functional space and an increase in joint stiffness while adaptations in older rats

manifested as a decrease in BVF and bone hardness.
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*4x images are 4mm X 4mm, 10x are 1.5mm x 1.5mm

Figure 6.8S1. Animated .gif images showing relative tooth displacement within the socket
during in situ loading (ON->7N->15N—->20N) at 4x and 10x. White bars = 200 ym. Please
see “Figure 6-S1.gif” in the supplemental directory. Note: .gif files can be viewed in web

browsers.
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Figure 6.S2. Noise floor calculations for DVC for alveolar bone at different magnifications
(alveolar bone 4x, alveolar bone at 10x, PDMS with 50um beads at 2x). a) for alveolar
bone at 4x, surface relationship describing effects of overlap percentage and interrogation
window size on noise. b) at 50% overlap, relationship between window size and noise
for different materials and magnifications. c¢) DVC output showing decrease in noise

output with an increase in interrogation window size.
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Figure 6.S3. Noise floor representation using consecutive scans. Average max normal

strain = 110 uS.
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Figure 6.S4. Movie representations for SAWBONES™ specimens. (a) SB1O 14N (b)
SB10: 25N (c) SB20: 14N (d) SB20: 25N. Please refer to files “Figure 6-S4a (SB10
14N).avi”, “Figure 6-S4b (SB10 25N).avi", “Figure 6-S4c (SB20 14N).avi”, and “Figure

6-S4d (SB20 25N).avi” in the supplementary directory for respective movies.
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CHAPTER 7. AN OVERVIEW OF BIOMECHANICS AND MECHANOBIOLOGICALLY
RELATED EVENTS IN THE BONE-PERIODONTAL LIGAMENT-TOOTH FIBROUS
JOINT

7.1. Abstract

The biomechanics of bone-periodontal ligament (PDL)-tooth complex within the
context of oral and craniofacial biomechanics is minimally investigated. This study
investigates the correlation of tooth motion within the alveolar socket from a multiscale
perspective. The bone-PDL-tooth complex of a rat was preserved within the craniofacial
organ system to link the natural tooth-bone biomechanics to local mechanobiological
activities at the PDL-bone and PDL-cementum interfaces. Digital tethers connecting the
tooth and alveolar socket were used to measure deformations within the functional space
between the tooth and the bone. Comparisons between loaded and unloaded
configurations of the tooth and alveolar socket produced strain in the parallel and
orthogonal (with respect to the tether) components. Components parallel to the tether
were defined as similar in direction to compression and tension while orthogonal
components were defined as similar to shear strain. Spatial distribution of biochemical
factors related to formation (alkaline phosphatase - ALP) and resorption (tartrate resistant
acid phosphatase - TRAP) activities as well as changes in the ultrastructure of the
entheses regions (Transmission electron microscopy). Organ-level biomechanics
illustrated that the tooth naturally rotates towards the distal side of the socket using the
interradicular bone as a fulcrum and was correlated with increased ALP activity. The
resulting motion produced an increase in shear and a decrease in functional space on the
distal side of each root correlating with an increase in TRAP activity. Transmission

electron microscopy on the distal socket revealed scallop-shaped surface characteristic
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of Howship’s lacunae. Imaging on the mesial boarder of the socket revealed mineral
formations with the presence of bone sialoprotein (immunogold labeling) specifically
between the collagen fibrils. Electron diffraction patterns of mineral forming regions
showed mineral directionality in line with collagen fibrils while both regions illustrated
diffraction from crystallographic planes characteristic of apatite crystals. Overall, these
results indicate the functional loads generated from mastication as a major impetus for
the natural tooth movement favored in the distal direction due to the form of the tooth
relative to the form of the alveolar interradicular bone and socket. This relative motion
due to narrowing and widening of the PDL-space on the distal and mesial surfaces of the
bone-PDL-tooth complex perpetuates resorption and formation at the tethered end of the

PDL with bone and is necessary to maintain a uniform PDL-space for joint function.
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7.2. Introduction

The longstanding field of biomechanics can be traced all the way back to Aristotle.
Since then, it has gained momentum through advances in technology and has allowed
for an increased understanding of how structural elements in an organism interact within
themselves and as a response to external environmental stimulus. A plethora of research
studies using various types of in vivo models, have linked mechanical force to the growth
and maturity of all tissues within the body (Carter et al., 1996; Frost, 1987; Wolff, 1982).
Current studies focus on mechanobiology or how tissue mechanics contribute to
development, maintenance, progression of disease, and therapy of organs specifically
related to clinical interventions involving forces (including orthodontics and distraction
osteogenesis). The oral and craniofacial complex is subjected to multiple sources of
loads varying in both magnitude and frequency (chewing, speech, parafunction), and over
the years has been studied from a biomechanics perspective in several (Herring and
Wineski, 1986; Herring et al., 1991; Langenbach et al., 1992; Weijs et al., 1987; Westneat
and Hal, 1992). Chewing forces not only act on the bone-PDL-tooth complex, but also
on the sutures and the temporomandibular joint (TMJ), all of which put together was
elegantly described as “craniofacial function and biology” to illustrate their adaptive nature
(Vinyard et al., 2008). Despite several studies on the craniofacial complex from a biology
perspective, there is a gap with regards to the involvement of mechanical forces on the
bone-tooth complex and their effect on the entire craniofacial organ system that includes
organs such as the temporal mandibular joint (TMJ) and subsequently other organs such
as the sutures of the cranium and palette. It is known that function and its related

adaptation within the jaw (function mainly being chewing) is required as a part of normal
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development of skull morphology (Beecher and Corruccini, 1981; Bouvier and Hylander,
1984; Kiliaridis et al., 1985; Yamamoto, 1996) and its growth. This implies that the
dimension and quality of structural components continuously change through developing
mastication complexes (Biknevicius and Leigh, 1997; Cole Ill, 1992; Ravosa, 1991, 1998;
Taylor et al., 2006). Previous authors have indicated shifts in mastication due to a
changes in hardness of food (softer or harder foods) as a major contributor to the cranial
shape and pathology by highlighting changes in the development of the jaw, sutures, as
well as the TMJ through shifts in gene expression and elevated levels in
glycosaminoglycan (GAG) content (Agarwal et al., 2001; Carvalho et al., 1995; Copray et
al., 1985; Holmvall et al., 1995; Huang et al., 2002, 2003; Mao et al., 1998; Pirttiniemi et
al., 1996). Additionally, activation of proteins involved in the regulation and resorption of
inorganic matter have also been observed (Bouvier, 1988; Kim et al., 2003). Clinicians
have utilized deliberate changes in jaw mechanics and shifts in tooth location (McDougall
et al., 1982) as a therapeutic technique to produce desirable alveolar bone modeling
(Chin and Toth, 1996; Ga, 1987) to facilitate function. Regardless of these studies, the
link between the occlusal forces through the bone-PDL-tooth complex to the other load-
bearing and seemingly non-load-bearing organs such as the sutures is yet to be
established. As a fundamental first step from a biomechanics and mechanobiology
perspective, creating a standardization of bone-PDL-tooth mechanics within the context
of the craniofacial complex would provide researchers with the tools to systematically
model mechanical stimulation on local tissues within the oral cavity as well study shifts
due to pathological alterations such as degradation of the TMJ and/or parafunction.

Given that there is a no standard protocol to observe the biomechanics of the bone-tooth
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fibrous joint per se, it offers to be a challenge to link its contribution to the mechanics of
the fibrocartilaginous organ, the TMJ and subsequently to other organs including the
cranial and palatal sutures.

This study details a method that can be used to investigate biomechanics of the
bone-tooth complex within the larger organ system, the craniofacial complex. Focusing
on the bone-tooth complex, studies are limited to pieces reduced from a complete bone-
PDL-tooth fibrous joint (Chiba and Komatsu, 1993) or have sought other numerical
approaches that are limiting (Qian et al., 2001, 2009). In the pursuit of investigating the
effect of mechanical loads and path of load transmittance in the oral and craniofacial
organ system, a holistic approach was sought to model the biomechanics of the bone-
tooth complex within the context of the craniofacial complex as a first step. This is
accomplished by keeping the other fibrous joints such as the sutures and the
fibrocartilaginous joints intact to be able to relate biomechanics of the bone-tooth complex
to potential mechanobiological signals as identified through biochemical assays at the
PDL-bone and PDL-cementum attachment sites.

The dentoalveolar complex is regarded as one of the most mechanically active
tissues within the body and is highly dynamic due to a rich blood supply throughout the
region (Gaengler, 2007; Nanci, 2007; Sodek and Ferrier, 1988; Sodek and Mckee, 2000).
This complex consists of a ligament-filled space that connects the tooth to the alveolar
bone and functions as the primary load-absorbing mechanism during mastication
(chewing). At an organ level, the majority of mechanical stimulation within this complex
originates from mastication and is generated through the activation of several muscle

groups (temporalis, masseter, medial pterygoids) to rotate the maxilla and mandible
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together (with the TMJ as the axis of rotation). As the upper and lower jaws articulate,
the cusps of the teeth (primarily molars within rats) interdigitate allowing for specific points
of contact on each tooth. The forces are transduced through teeth into the dentoalveolar
complex which absorbs and distributes these forces locally.

The primary tissue responsible for accepting and distributing loads is the
periodontal ligament (PDL) followed by the alveolar bone and cementum which forms
soft/hard tissue interfaces with the PDL (Nanci, 2007). The mechanical response within
the PDL is governed by the elastic (collagen and elastin) and viscous components
(proteoglycans, non-collagenous proteins, and other parts of the ground substance bound
to water) of the tissue allowing for time related response giving particular importance to
modeling both compression, tension, and shear (Fung, 1990; Watanabe and Komatsu,
1997). Cells located locally are able to sense changes in active stretch of the extracellular
matrix (ECM) in addition to interstitial fluid flow and respond by regulating ECM of both
hard and soft tissue structural components (through tissue turnover and maturation).

Interfaces between mineralized and ligament tissues (entheses) are of particular
importance when studying the mechanobiology paradigm within the dentoalveolar
complex. From a materials and mechanics perspectives, interfaces between dissimilar
materials initiate localized regions of increased strain gradients (Boresi et al., 1993).
When applied to the fibrous joint, the attachment of disparate materials such as the PDL
with cementum and alveolar bone should also create regions of increased strain gradients
due to applied breakdown of occlusal load into compression, tension and shear related
forces (Benjamin et al., 2006; Thomopoulos et al., 2006). The organization of the (ECM)

leading to maturation of the tissues that constitute the joint is highly regulated by passive
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or dynamic mechanical stimulation (Ingber, 1991, 2006, 1997; Wang et al., 1993).
Studies comparing interfaces complexes either erupting or in function have indicated the
presence of progenitors along the PDL-bone and cementum-PDL attachment sites
identifying their function via cementum and bone apposition as a key for maintaining
functional space in the interradicular regions as well as the apex (Lee et al., 2015) of the
root. The ultrastructure of this region has been identified as having significant differences
in the organization and diameter of collagen fiber bundles within the resorption and
formation sites of alveolar bone (Kuroiwa et al., 1994). Specific to bone mechanobiology,
the classical thought is that compression on the bone serves as a mechanical signal for
osteoclastic (resorption) function while opposing tension serves as a stimulus for bone
formation (Frost, 1987). While these trends have been studied in the bony socket within
the bone-PDL-tooth complex using orthodontic models (Rody Jr et al., 2001; Rygh, 1974),
these events have not yet been linked to the organ level biomechanical events resulting
from physiological (chewing) loads.

Within the context of this study, it is hypothesized that the mechanical events
generated with from a physiologically relevant ex vivo model of mastication will be
spatially co-localized as indicated by biological activities that prompt mineral formation
and resorption related events within the bone and cementum. To investigate this
relationship, the objectives of this study were: 1) to further improve the current mastication
model by including the articulation of all molars between the maxilla and the mandible by
maintaining an intact TMJ. 2) To implement an “artificial PDL tether method” by using the

tooth movement relative to the socket in order to model pseudo deformations within the
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PDL. 3) To correlate formation and resorption related markers within the bone-PDL-tooth

complex with respective strains as seen by the tethers.

7.3. Materials and methods

To maintain an organ level perspective, freshly harvested skulls from rats were
loaded within physiologically relevant parameters within an in situ load cell coupled to an
X-ray microscope (XRM) tomography unit. By applying an image registration in
conjunction with an artificial digital tether system, the micromotion of the tooth was
captured and used to estimate the local mechanical stimulus at the interfaces within the
bone-PDL-tooth complex. Biomechanical signals were correlated with formation and
resorption related biochemical events using conventional histology and immunogold

labelling.

7.3.1. Animal model

All experimental protocols were compliant and followed the guidelines of the
Institutional Animal Care and Use Committee (IACUC). Sprague Dawely rats (male)
raised to 6 weeks were sacrificed and dissected making sure to preserve the structural
integrity of the cranial base, temporomandibular joint (TMJ), and hemimandible
attachments. Tris buffer solution (TBS) supplemented with 50 ug/mL of penicillin-
streptomycin was used to maintain hydration of the specimen throughout the experiment
(Chiba and Komatsu, 1993; Jang et al., 2014b; Lin et al., 2013). Floss was used to restrict
the movement of the TMJ to purely rotational. To prepare the specimen for in situ loading,
the skull was flipped and embedded within poly-methyl methacrylate (PMMA) as shown
in Figure 7.1. PMMA was also used to secure the positioning of the hemimandibles within

the anterior region (Fig. 7.1). Stereo optical microscopy (Olympus SZ61, Olympus,
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Tokyo, Japan) was used to confirm the proper interdigitation of the molars on both the

right and left side (Fig. 7.1).

7.3.2. Unconstrained compression and imaging using load cell coupled to XRM
tomography unit.

Simultaneous compression and imaging of the specimen was done using an in situ
load cell coupled to an XRM tomography unit (Jang et al., 2014b; Lin et al., 2013). Prior
to loading and imaging, the specimen was wrapped in tissue papers soaked in TBS
solution and loosely covered in Parafilm® to minimize evaporation and interference with
the biomechanical testing. Specimen was initially scanned at an unloaded state (90 kVp,
2500 projections). Following image acquisition, the specimen was allowed to rehydrate
(~1hr). The specimen was loaded by applying load to the mandible (Fig. 7.1) at a
displacement rate of 0.2 mm/min to a peak load of 7N (Nies and Young Ro, 2004) and
allowed for the equilibration of stress relaxation (~1hr). Following the stress relaxation
period, an additional scan was taken at the identical parameters as the unloaded scan

(See Fig. 7.S2 for loading curves).

7.3.3. Post processing and artificial tether modeling

Tomographies were filtered using an anisotropic diffusion filter to improve image
segmentation quality. Regions were then segmented into bone and tooth regions to
define surface meshes (Avizo 9.0.1, FEI Company, Hillsboro, OR, USA). Rigid body
registration was then used track the relative positioning of the tooth and alveolar bone
(Avizo). A custom written MATLAB (Matlab r2007a, MathWorks, Natick, MA, USA) script
was used to define tethers and as well as compute tether deformation using a cylindrical

coordinate system (Fig. 7.2a and b). For a detailed explanation of the tether model
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please see supplemental material. Results of the tether modeling were plotted on the
surface of the tooth and visualized in Avizo. Correlation for virtual sections with respective
histological slides and TEM ultrasectioning was done by sampling virtual sections with

equivalent root diameter and distance between roots (Fig. 7.S1)

7.3.4. Separate animals used for histology (cryosectioning)

A separate animal at equivalent age and gender was sacrificed and dissected to
isolate their hemimaxilla. Decalcification and fixation was done using a combination of
4% Paraformaldehyde and 0.5M Ethylenediaminetetraacetic acid (EDTA) (Doherty et al.,
2010; Jang et al., 2015). Specimens were then placed in sequential sucrose solutions
(15% for 2 hours, then 30% overnight) and processed for cryosectioning within the

transverse plane (Lee et al., 2015).

7.3.5. Osteoclast identification using tartrate resistant acid phosphatase (TRAP)
staining
Staining for tartrate resistant acid phosphatase (TRAP) was done following a
previously published protocol (Erlebacher and Derynck, 1996). In brief, the method
consisted of treating the rehydrated specimens with a 0.2 M acetate buffer and sodium
tartrate dibasic dehydrate for 20 minutes at room temperature, added naphthol AS-MX
phosphate and Fast Red TR, followed by incubation at 37°C for 15 minutes.

Counterstaining was done using Meyers hematoxylin.

7.3.6. Osteoblast activity using alkaline phosphatase (ALP) staining
Staining for alkaline phosphatase (ALP) activity was done using a previously

described method (Yoshiki et al., 1972; Miao and Scutt, 2002). In short, rehydrated slides

179



were pretreated overnight in an ALP substrate solution (100mM Trizima-maleate in DI
water) with 1% added magnesium chloride. Slides were then transferred to a separate
batch of ALP substrate solution with added naphthol AS-MX phosphate and Fast Red TR,
followed by incubation at room temperature for 30 minutes. Counterstaining was done

using Meyers hematoxylin.

7.3.7. Preparation and processing of specimens for transmission electron

microscopy

The right maxilla of rat was dissected and fixed overnight in 10% neutral buffered
formalin (NBF, Richard-Allan Scientific, Kalamazoo, MI). Afterwards, the specimen was
washed twice in 1x phosphate-buffered saline (PBS) and then dehydrated through
graded (50-100%) ethanol solutions. The specimen kept in 100% ethanol was scanned
using a microCT (microXCT-200, Xradia) followed by infiltration of LR-white resin (hard
grade; Electron Microscopy Sciences, Hatfield, PA). The infiltrated specimen was kept in
gelatin capsule (Electron Microscopy Sciences, Hatfield, PA) and polymerized for about
2 days at 60°C. 90-100 nm thick tissue sections were cut with an ultramicrotome (Reichert
Ultracut E, Leica Microsystems, Inc., Buffalo Grove, IL) then collected on formvar/carbon-
coated Ni grids (Electron Microscopy Sciences). Immunogold labeling was adapted from
a published protocol (Chen et al., 2015). Thin sections on grids were decalcified by
incubation with 4% EDTA solution twice for 20 min each time. Decalcified sections were
washed twice using Milli-Q water, twice with PBS, and then treated with blocking agent
containing 2.5% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 10 min. Grids
were incubated in primary antibody solutions (1:20 dilution in PBS) at 4°C overnight. After

washing three times with PBS, sections were treated again with 2.5% BSA for 10 min
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then incubated in a 10-nm-diameter protein G-gold nanoparticle solution (Electron
Microscopy Sciences) for 1 hr. at room temperature. Following washing three times with
PBS, grids were rinsed with Milli-Q water and air-dried overnight. No counterstaining had
been applied on the sections. A JEOL 1400 transmission electron microscope (JEOL
USA, Inc., Peabody, MA) operated at an accelerating voltage of 120 kV were used to

image the sections

7.4. Results
7.4.1. Deformation output from tether model using standard shapes.

Examples of artificial tether model output using standard shapes are seen in
Figure 7.2. The initial digital tethers connecting the inner surface node with the closest
outer surface is visualized in Figure 7.2a. In order to mimic the natural rocking motion of
the tooth within the socket (Chattah et al., 2009), the inner cylinder was tilted.
Distributions of normalize tether changes in the parallel (Fig. 7.2d) and orthogonal (Fig.

7.2e) directions follow expected behavior patterns.

7.4.2. Shifts in tooth movement and tether change with in situ loading

A diagram showing the 3D surface of the tooth and a portion of the bony socket
(extracted from the XRM tomography) is shown in Figure 7.3a. When looking into the
functional space from the occlusal view the load induced shifts in the tooth position
relative to the alveolar socket were found to be in the distal-buccal direction (Fig. 7.3b).
The application of the tether model demonstrated a decrease in the functional space due
to the distal-buccal shift of the tooth within the socket (Fig. 7.3c and d).

Normalized deformation of the tether in the parallel direction (Fig. 7.4a) showed

an increase on the mesial lingual side with a decrease in the furcation as well as the distal
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buccal side of each tooth root. Increases in the normalized shear (Fig. 7.4b) were found
primarily within the furcation of the tooth as well as the distal buccal region of each tooth
root. It should be noted that while results are plotted on the entirety of the tooth surface,

only the root data is relevant.

7.4.3. Spatial distribution of bone resorption and formation activities within the
alveolar socket

Increased activity of alkaline phosphates was seen primarily within the enthesis
regions contacting the interradicular alveolar bone (Fig. 7.5) as well as within the
endosteal spaces in the interradicular bone. ALP activity was present on all level root
level, but was greatest near the crest (most coronal) region of the interradicular bone.
Within each section, ALP was also seen bordering the endosteal space of interdental
bone, albeit less distinct than interradicular bone. Minimal ALP was detected on the tooth-
PDL interfaces.

Resorption activity as identified by TRAP(+) cell distribution was found to be
primarily within the distal buccal side of each tooth root and opposing alveolar bone.
TRAP staining was particularly high in distal lingual and distal buccal sockets (Fig. 7.5).
Similar trends were seen on all transverse sections. Distribution of resorption activity
spatially coordinated especially well with the locations of tether narrowing (Fig. 7.5

center).

7.4.4. Ultrastructure of formation and resorption socket sites
Imaging from transmission electron microscopy is shown in Figure 7.6 showing
mineral nodule formation on the mesial complex and scalloped edges on the distal

complex. Within the formation sites, electron diffraction of apatite crystal reveals the c-
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axis of crystals alignment following the direction of the collagen fibrils (Fig. 7.6ii). On the
distal side, diffraction patterns on the resorption sites suggest crystals more disordered
(Fig. 7.6iii). Immunogold labeling (right) to bone sialoprotein reveals preferential labeling
to sites containing apatite mineral (lighter colored blotches) in both formation and
resorption sites of cementum and the alveolar bony socket interfaces with the PDL (Fig.

7.7).

7.5. Discussion

The inspiration for the study is within the need to meet the challenge of correlating
organ-level biomechanics to tissue-level biochemical events commonly addressed as
mechanobiological events especially within load bearing bone-PDL-tooth fibrous joint.
Biochemical events within tissues and interfaces were mapped and results were inferred
within the context of organ mechanics while accounting for occlusion that is relevant to
physiological conditions.

To accomplish this, two novel approaches were used. The first is the approach to
link biomechanical events on a system level to the mechanobiology events at localized
tissues in 3D. Our goal was to simulate the system level mechanical apparatus of the
TMJ and interdigitation between the opposing dentition to mimic the natural tooth
movement within the socket. These organ level tooth motions were then used to
extrapolate the localized deformations within the PDL space. Finally, these tissue level
deformations were then correlated with local biochemical shifts in bone formation and
resorption dynamics. The multiscale perspective described within this study also
provided a framework to model perturbations to the system such as therapeutic loads as

well as pathologic alterations to the constituents that makeup the complex (e.g.
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hyperfunction models and degradation in the TMJ). Specific to the bone-PDL-tooth
complex, distal resorption and mesial formation related events shown as natural
occurrences within the rodent oral complex are correlated with narrowed and widened
functional space. Previous research has predicted the rotational motion of the tooth in
rats and pigs similar to our observations (Chattah et al., 2009; Naveh et al., 2012a).
However, to date, challenges in connecting ex vivo and in vivo modeling has prevented
the proper study of multiscale correlation between the anatomically specific mechanical
events tooth mechanics and the formation and resorption activities at the PDL-bone and
PDL-cementum interfaces and attachment sites.

The second novel aspect within this study is the attempt to mimic the overall
mastication mechanics with our in situ system combined with the ability to measure
resulting local deformations within the functional PDL space. Within a single mastication
cycle, the closing of the jaw about the TMJ commonly known as a hinge joint initiates
interdigitation of teeth at specific contacts areas on the occlusal surface of the crown
(Wheeler, 1974). These topographical features on the contact areas combined with the
rotational motion of the TMJ greatly influence the translational and rotational path that a
tooth takes within the alveolar socket. Previous studies have postulated and identified a
rocking motion of the tooth within the socket based on the socket and root morphology
and association (Chattah et al., 2009). From our model, the contact points between the
opposing dentition cause the tooth to rock in the distal direction (Fig. 7.3). Primary
contributors to this motion are most likely due to the shape of the maxillary crown cusps
(which point in the distal direction) and configuration of the roots whose apices point in

the mesial direction. The resulting increase in shear and narrowing of the functional
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space separating the tooth and alveolar bone is felt primarily as parallel and/or orthogonal
deformations relative to the socket surface eventually initiating “blastic” or “clastic”
responses at the interfaces. This study is the first of its kind to measure these movements
while mimicking the occlusion in an intact craniofacial complex. It is recognized that the
chewing behavior of rats (and humans) involve many complex behavior patterns which
are difficult to model consistently (Hiiemae and Ardran, 1968). However, the methods
and subsequent results within this study provide a reasonable approximation and
highlight the need for hierarchical biomechanical modeling to couple the effects of organ
level events to tissue level adaptations.

The results from the tether model are in agreement with models of the
dentoalveolar complex primarily at the region of the interradicular bone being the site of
a see saw action and a fulcrum for rotational movement (Fig. 7.3 and 7.4) (Picton, 1962;
Chattah et al., 2009). However, the patterns found in the orthogonal and parallel PDL
deformations adds to the current dogma by indicating that in vivo, the tooth naturally tilts
in a distal direction during the power stroke of a mastication cycle. Deformation in both
the compression/tension and shear direction is important in mechanotransduction
(Ingber, 1997; Alenghat and Ingber, 2002). Therefore, it was crucial to identify changes
in the parallel direction as well as the orthogonal direction. From a conceptual standpoint,
parallel effects in the defined tethers are similar to compression (narrowing) and tension
(widening) of the functional space while orthogonal effects are seen as “shear strains”.
The measured deformations within the parallel and orthogonal directions indicate
significant bias in mechanics towards the distal direction (Fig. 7.4). Using the definitions

from the tether model, parallel trends observed were the narrowing of the functional space
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on the distal side of each root to widening of the functional space of the mesial side.
Additionally, the distal side of the roots also contained a greater orthogonal component
indicating an increase in shear at local regions.

In this study, we largely focused on adaptation at the soft-hard tissue interfaces
from the perspectives of functionally graded interfaces to deformations calculated from
the tether model. From a mechanics standpoint, these interfaces serve as a key region
for strain concentrations (Benjamin et al., 2006; Thomopoulos et al., 2006). From a
biological standpoint, these interfaces have been shown increased vascular density for
supplying nutrients and molecules for progenitor cell migration and differentiation (Lee et
al., 2015). Various matrix molecules and nonaggregating molecules have been observed
at the PDL-bone and PDL-cementum enthesial regions. These include BGN and DCN
(SLRPs), NG2 — chondroitin sulfated neuroglial 2, OSX, BSP (globular proteins), various
progenitors (hypertrophic cells) all of which seem to be activated specifically on the
widening side (mesial) of the complex (Leong et al., 2012; Lee et al., 2015). On the
narrowing side the release in pretension can prompt clastic cells which in turn can cause
phosphatase production most likely activated by zinc (Ganss and Jheon, 2004; Drzazga
et al., 2007; Garlet et al., 2007; Ho et al., 2013). On the widening side of the joint space,
it is thought that the local factors orchestrate changes in mineral formation dynamics
through the manipulation of Ca?* and PO4? charges to form local apatite relative to age-
dependent presence or absence of carbonate ions (Blumenthal et al., 1975).

Narrowed functional space in the distal complex as well as the increased shear
strain correlated with TRAP(+) cells (Fig. 7.5). While it is recognized that separate

animals were used for the comparison (and is subject to differences in physiological
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variances between animals), it should be noted that the common occurrences such as
pits representing resorption activity were well aligned with the reduction in functional
space and increase in shear which indicates a direct correlation between the tether model
results and resorption related activities. Additionally, regions of increased mineral
deposition visualized by ALP staining were primarily found in the crest interradicular
alveolar bone (Fig. 7.5 and 7.8). This result is supported by the current dogma that the
interradicular bone serves as the fulcrum (Chattah et al., 2009; Lin et al., 2013) and that
the resulting mechanical stimulation serves as an input for internal bone growth and
mineralization (Bonewald, 2006) through the activation of ECM deformation and fluid flow
through the perilaccunar osteocyte and cementocyte networks in respective mineralized
tissues. While the presence and distribution of these proteins have been characterized
from a biological perspective, in this study as well as in other studies, we hypothesize that
localized proteins at the interfaces are also aiding in the strain dampening and stimulation
of progenitor cells and communication between progenitors and tissue specific cells
through their inherent viscous properties. Regions identified in close association with the
progenitor cells include osteoid and cementoid layers. As such, we continued our
investigation at the next level to map nanoscale events that play a key role in maintaining
functional space.

On the mesial border, mineralized nodules formed along the direction of the
collagen fibrils from the tethered ends of the PDL with bone (Fig. 7.6). This observation
demonstrates both guidance by the collagen fibril to form aggregates (additional
information would be needed to differentiate sheets from bundles) aligned specific to the

formation region but also from a materials standpoint, represents a process by which the
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strained organic fibrillar structures are reinforced with rigid inorganic matter. It should be
noted that the diffraction bands found on the mineralized collagen represented a
dominance of apatite crystalline formation which was unexpected due to a historical
characterization of poorly crystalline minerals as well as amorphous calcium phosphate
on immature bone or the early stage of mineralization process in contrast to more
crystalline apatite minerals on mature bone (Boskey and Posner, 1974; Blumenthal et al.,
1975). On the distal region of the socket, resorption sites did not have highly orientated
apatite crystals. Instead, the mineral resorption regions exhibited a scalloped nature
characteristic of Howship’s lacunae. The minerals contained within these scalloped
regions are most likely native minerals which are constantly etched by the phosphatase
enzymes and hydrochloric acids produced by osteoclasts. It should also be noted that
the cement lines were seen on this region as well which were not as noticeable on the
mineral formation side. The distribution of immunogold labels (Fig. 7.7) identifies a
relationship between mineralized regions and BSP which has been shown to be important
in the extrafibrillar mineralization of collagen (Landis and Jacquet, 2013; Chen et al.,
2015). While the presence of immunogold particles does identify the localization of BSP
associated with mineralized regions, it does not describe the exact functionality of the
protein. The putative role of BSP is believed to nucleate apatite crystallization (Hunter
and Goldberg, 1993). Previous studies (Chen et al., 1994; McKee et al., 1996; Bosshardt
et al., 1998) have also shown the BSP distributed all over the mineralized region with a
much higher expression in either cement line or mineralization front. Our results are in
well agreement with these studies. However, it is intriguing to observe the presence of

BSP in the resorption site as well. Since BSP and other matrix proteins including collagen
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have been deposited by osteoblasts to form an extracellular matrix (ECM) to be
mineralized, BSP and other noncollagenous proteins are embedded in the mineralized
collagenous matrix. Therefore, removal of minerals from these mineralized matrices by
osteoclast activities will help expose BSP while the BSP in the non-demineralized region
remains intact. However, the decalcification process during immunogold labeling (Chen
et al., 2015) is expected to reveal the BSP localized in such non-demineralized region. It
is expected to see more BSP at the mineralization front or surface of newly mineralized
regions, however but the data did not show this. It is suspected that the BSP has been
embedded in the mineralized matrix during formation process. Therefore, these
embedded BSP will be re-exposed after demineralization. As a result, we see BSP in
formation site because it is helping mineralization, in resorption site it is unmasked by
removal of mineral. Postulated as a mechanosensitive protein (Lee et al., 2015), it is
somehow functionalized either directly or indirectly in the presence of mechanical
stimulation; however, future experiments will be needed to confirm this. Overall, the
formation and resorption processes occur in specific regions, and these activities are
linked to mechanosensitive proteins which are controlled by tissue level deformations.
Therefore, it is reasonable to deduce that all these formation and resorption events act in
concert to produce organ level shifts and changes.

Over time, molars in rats have been shown to undergo distal functional drift (mesial
in humans) (Belting et al., 1953). The involvement of mechanical loading in the natural
physiological shift in teeth has been debated by previous authors (Moxham and Berkovitz,
1982; Luan and Diekwisch, 2007). Hypofunction studies have implied that functional load

is related to the distal drift through the growth of secondary cementum on the mesial side
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(Tsuchiya et al., 2013). Itis known that an adequate functional space must be maintained
as a part of physiological health within a joint (Ho et al., 2013). Therefore, this study fits
into the current dogma by investigating from a joint mechanics and PDL-tooth mechanics
perspective specifically and highlighting changes within the entheses regions of the
alveolar socket. We hypothesize that distal drift is regulated by functional input from
mastication and causes localized resorption through the site specific activation of
osteoclasts on the distal boarder of the socket. Mineral formation is maintained around
the surface of the socket experiencing causing a stretch in the PDL as shown by
fluorochrome activity from other studies (Tsuchiya et al., 2013) and more at a nanoscale
by localized events leading to micro and macro-scale formation of tissues. However, site
specific activity on the distal side was due to the resorption activity (Fig. 7.6) and
demonstrated the similar diffraction patterns indicated the presence of similar type of
crystal as was the case at the formation sites. The site specificity of the resorption sites
is governed by the distribution of functional loads. Evidence for this relationship is given
from the co-localization of distal tooth tilting with the resorption activity (Fig. 7.5).
Additionally the activation of TRAP(+) activity on the distal side of the socket can also be
decreased through reduced stretch at the PDL-bone tethered ends (manuscript under
review).

We propose two hypotheses which link the motion of the tooth to the increase in
osteoclast activity within the distal region. The first is that osteoclasts are directly
stimulated by the orthogonal (shear) strain at the alveolar bone socket which is produced
from the screw like motion of the tooth within the socket. The shear strain on the distal

side produces localized micro regions of tension and compression on the entheses
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regions on both alveolar bone and cementum which, in turn, inhibits mineralization
activities and activates osteoclast differentiation and activity. The second hypothesis is
based off the concept that the oblique fibers lining the distal side are naturally in a
prestrained state (Fung, 1990; Chen and Ingber, 1999). This prestrained state which is
also strained during mastication naturally reduces the osteoclastic formation around the
majority of the socket (Klein-Nulend et al., 1990; Kadow-Romacker et al., 2009). Within
a single power stroke during mastication, the reduction in function space due to the tilting
of the tooth in the distal direction would relieve the pretension within the PDL fibers (Fig.
7.8e). As tension based mechanical force is generally required for osteoblast function
and subsequent osteoclast inhibition, the relief of the natural pretension would cause a
reduction in the osteoblast activity thereby allowing for an increase in osteoclast
proliferation. This particular model has also been suggested by other authors using
different computational models (Melsen, 1999; Cattaneo et al., 2005). Additional
experimentation involving in site specific modification of localized strain and the
histological staining for resorption related activities can help provide additional support

for both hypotheses.

7.6. Conclusions

During the physiological process of mastication, mechanical events which occur
within the organ level cause the tooth to rotate about the interradicular bone within the
socket. The micro motions within the tooth are shown to cause localized areas of
deformations within the parallel and orthogonal directions to the surface of the root.
These localized deformations at the PDL-alveolar bone interface and within the alveolar

bone cause site specific pockets for bone mineralization and resorption. In concert, these
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sites of mineralization and resorption provide the directionality which allow for the tooth
to shift in the distal direction. While the results presented describe the relationship
between jaw mechanics and local mechanobiology events within a healthy animal, the
methods described within this study can be additionally used to model and explore
conditions of pathological (e.g. joint malfunction, bruxism, periodontal disease) as well as
therapeutic (e.g. orthodontic) loading.

It is recommended that several limitations within this study be overcome when
exploring future studies related to this model. The first is that the in situ model be
improved through comparison of the specific contact points of rats in vivo with the in situ
model as well as the simulation of acting muscle groups and behaviors during
mastication. This is difficult in smaller animals, but may be achieved in larger models.
Secondly, while in situ load setup provides an adequate tomography for the tether model,
the increased size of the specimen relative to the small field of view for the tomography
results in a decreased signal to noise ratio for the dataset. Therefore, it is difficult to
implement this methodology in conjunction with computational methods dependent on
image quality such as digital volume correlation to measure bone strain. These
limitations, however, may be overcome with improvements to imaging technologies.
Finally, the implementation of 3D biochemical assays (e.g. light sheet technology (Keller
et al., 2008)) will strengthen the correlation aspect of this study and allow for true 3D to
3D comparisons. However, it is particularly challenging to utilize such technologies within

mineralized tissues which are naturally opaque to many imaging methodologies.

7.7. Supplemental Information

7.7.1. Tether model introduction
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The dentoalveolar complex is composed of a tooth (enamel, dentin, and
cementum) and alveolar bone which separated by a periodontal ligament (PDL)-space.
Traditional X-ray microscopy techniques have been used for the visualization and
measurement of mineralized tissues, allowing for the employment of modeling techniques
such as digital volume correlation to measure deformation within. However, limitations
within normal hard X-rays technology prove difficult to reliably image PDL tissues.
Additionally x-ray contrasting enhancers (such as high percentage Lugol’s solution) as
well as contrasting agents such as iohexol only produce slightly better images (still not
good enough for DVC) — they also dramatically change the material and mechanical
properties of the tissues providing for inaccurate modeling.

Since, PDL is dramatically lower in elastic modulus compared with all the other
hard tissues, therefore it can be assumed that all deformation within the soft tissue region
occurs at relatively low loads (0-7N). Therefore a simple modeling technique can be used
to capture this PDL deformation at early loads by considering the relatively rigid nature of
the bone and tooth relative to the ligament space as well as the attached nature of the

PDL into alveolar bone and cementum (Nanci, 2007).

7.7.2. Definition of tether model

Within the context of this study, tethers are defined between two surfaces. Within
the perspective of this study, the surfaces will be referred to as either inner (e.g. tooth) or
outer (e.g. bone) (Fig. 7.81a). A mesh is calculated for each surface defining several
vertices or nodes. The initial tethers are drawn during the unloaded state (ON). These
tethers are made when by connecting each of the vertices on the inner surface with the

closest vertices on the outer surface. Depending on the geometry, vertices will either
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have zero, one, or more than one unique tether attached, but the inner surface vertices’
will all have only one tether attached (Fig. 7.81b). Each tether is specifically indexed to
include the location of the first node (inner surface) and the second node (outer surface).
After a load is applied to the system, the spatial relationship of the inner and outer surface
of the tooth is changed. For each of the initial tethers drawn, a new tether connecting the
same nodes (new positions) is created (Fig. 7.81¢). This is a simple task since the
location and movement for each node is carefully indexed and recorded.

Shifts in the tethers are calculated relative to the inner surface node. For each set
of tethers drawn, the entire system is rotated such that the initial tether is in aligned in the
direction of the positive x-axis. Once rotated, the shift in the tether is calculated as the
movement of the outer surface node (Fig. 7.8S1d). This tether shift is divided into shifts
by direction: either parallel with the original tether, or orthogonal with the original tether
(magnitude). The shifts are normalized by the length of the original tether and recorded
to the original index. After the shifts have been calculated for each node on the surface
of the tether and properly indexed, the resulting data can then be plotted on the surface
of the inner surface as a color map.

While the local coordinate system utilized for this study is the cylindrical coordinate
system, other systems such as the spherical coordinate system (Fig. 7.S3). It should be
noted that the local definitions of angles 6 and ¢ are based on the orientation initial scan
of the tooth and arbitrary making it difficult to draw physiological conclusion.

While the tether model provides a good approximation of for the PDL deformation,
future advancements to the model can overcome the current limitations. The tether

system is able to capture gross changes in regional tissue mechanics; however, the
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deformation is assumed to be homogenous across a single tether with the origin assumed
to be orthogonal to the surface plane. Future improvements can be made to the system
by accounting for the functionally graded interfaces at the enthesis regions as well as the

directionality of the PDL fibers (which can be approximated from 2D histology).

195



7.8. Figures

Physiological Mastication o

qst 2nd 3rd

o

Simulated Load

Figure 7.1. Mimicking occlusion. (a) Diagram of skeletal structural components
including the maxilla, mandible, and the temporal mandibular joint (TMJ) illustrates
maxilla/mandible relationship; white bar = 20 mm. b) The central goal of biomechanical
testing was to preserve the natural articulation of maxillary and mandibular teeth. (c) This
was done through the maintenance of rotational guidance of the TMJ by stabilizing the
jaws with floss, and by inverting and loading a freshly dissected rat head using a
mechanical testing device. Poly(methyl methacrylate) (PMMA) was added at the base to

stabilize the structures for in situ loading.
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Figure 7.2. Diagram of an artificial tether model. (a) Spatial vectors also known as
tethers were used to simulate deformations within the PDL. The tethers connect the
surfaces of the tooth and the alveolar socket. During tooth movement, the shift of the
vectors in the socket can be tracked. (b) Following displacement of the tether, the relative
movement (Vshit) can be extracted by taking the difference between vectors at no load to
those under loaded conditions. The Vshitt can then be spilt into Vi (narrowing and widening
of the PDL-space respectively) and V (shear) to track shifts relative to the original vector
Vo. (c) This model is first demonstrated using a solid cylinder within a larger hollow
cylinder (dotted line). Artificial tethers are drawn between the surface nodes of the solid
and hollow cylinders. Following simulation of inner cylinder movement, the
compression/tension (d) and shear (e) components of each individual tether are mapped
on the surface of the inner cylinder.
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Figure 7.3. Tooth movement relative to the surface of the socket. (a) 3D surface
rendering illustrates the position of a tooth relative to a portion of the root. (b) A magnified
region of the bony socket with positions of the tooth relative to the alveolar socket surface

at no-load (ON) (c) and loaded (7N) conditions (d) illustrates surface nodes and tethers.
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Figure 7.4. Surface mapping of Vi and V. vectors. (a) Narrowing and widening, and (c)
shear components are illustrated as surface maps on a molar. Widening and less shear
are seen on the mesial and lingual surfaces while increased narrowing and shear are
seen at the distal | portions of the root of a molar. b) Model of tooth showing global

directions [C-Coronal, L-Lingual, D-Distal, A-Apical, B-Buccal, M-Mesial].
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Figure 7.5. Spatial distribution of alkane phosphatase (ALP) and tartrate resistant acid
phosphatase (TRAP) staining. Transverse sections of the tooth-PDL-bone complex are
shown to highlight spatial distributions of bone formation and resorption activities. ALP
was mainly observed within the bone-PDL interfaces in the interradicular regions and
within the interradicular endosteal spaces. TRAP was observed on the PDL-Bone

interfaces on the distal regions of the complex.
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Figure 7.6. Transmission electron microscopy (TEM) of resorption and formation sites.
Sites of formation (mesial distal complex) and resorption (distal complex) are shown. (ii)
Sites of bone formation show hydroxyapatite crystal aligned with the collagen fibers.
Alignment of hydroxyapatite crystal orientation is confirmed using the diffraction patterns
of regions a-d. (iii) Sites of bone resorption on the distal complex show the classic
scalloped pattern indicative of Howship’s lacunae. Diffraction pattern shows decreased

directionality of hydroxyapatite crystals.
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Figure 7.7. Immunogold labeling for bone sialoprotein within sites of (a) bone formation,
(b) cementum formation, (c) bone resorption, and (d) cementum resorption. Lighter
blotches represent previously calcified regions (removed by decalcification to allow for
immunogold labeling). Within both formation and resorption sites, immunogold labeling

(small black dots) highlight localization within regions previously containing mineral.
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Figure 7.8. A summary of spatial distribution of outcomes. (a-c) Results from the tether
model suggest that the tooth undergoes a combination of vertical movement as well as a
rotation in the distal-buccal direction. Consequently, the affected primary regions by
mechanical motions are the IR bone as well as the distal-buccal (DB) and distal-lingual
(DL) roots. d) IR bone bears majority of compression during mastication as it first provides
a reactionary force by serving as a fulcrum prompting tooth rotation. The resulting
deformation causes shifts in mechanical strain within the ECM of porous bone and fluid
flow through the osteonal and canaliculi networks signaling local osteocytes and bone
lining cells to initiate mineral formation activities. e) Within the DB side of the tooth, the
space between the tooth and bone is narrowed, causing compression of the PDL —bone
and PDL-cementum interfaces and subsequent signaling of osteoclastic activities on the
cementum and alveolar bone surfaces. It is thought that the movement of the tooth
through mastication causes a reduction in the prestrain at the distal site creating the

necessary impetus for osteoclast activation.

204



a Tether_. Inner

oYe - ” b C ) l )
'.‘:. - S > ./’_,.-,_.-- |
) - | |
¥ oo ool o \Y) V! |
Nodes ~ —> \;?fv I
ig - NG Vd' shift
S -y \_\ lsp: I
o . : _ Inner Outer T
—— . Inner Outer

Figure 7.81. Demonstration of tether generation. a) Surface of inner and outer regions
illustrate nodes for the surface mesh. Tethers are formed between nodes of the inner
and outer surfaces. b) The relative position of a single tether. c) Under loaded conditions
is placed, the relative position of the inner and outer nodes change which shifts the tether.
d) The tether displacement can further be broken down into vectors parallel and

orthogonal to the original tether direction.
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Figure 7.S2. Jaw mechanics, tooth motion and correlation with histology. (a)
Load/displacement curves of the two whole jaw mechanics done using an in situ loading
device. (b) Location of transverse sections for the correlation of biomechanical
components, compression, tension and shear to provide insights into formation and

resorption related biochemical events.
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Figure 7.S3. Alternative to the current coordinate system for defining tether shifts. (a)
Comparison of local coordinate systems (spherical and cylindrical) to (b) global
coordinate systems. Using the spherical coordinate system can help define angulation
changes through the definition of the ¢ and 6 angles. Color maps of (c) 8 and (d) ¢ show

distributions of respective angle changes along the roots.
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Figure 7.84 Comparison of (a) spherical angulation in tether deformation to (b)
directionality of PDL fibers taken from picrosirius red stains of histology sections.
Sections were acquired from animals given a normal hard pellet diet over the course of 6

months. Histogram demonstrates general pattern for directionality measurements.
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CHAPTER 8. LIMITATIONS AND FUTURE PERSPECTIVE

The mechanical stimulation arising from daily activities play an important role in
the development, growth, and health of the supporting and load-bearing tissues. As an
important epigenetic factor, the biological effects leading to functional adaptation has
been studied from different perspectives ranging from macroscopic changes in shape of
a human skull (Lieberman, 2011) to identifying shifts in production and regulation of
mechanosensitive transcription factors (Nakashima et al., 2002). In addition, it has been
documented that our bodies also respond to the cumulative effects of functional load,
meaning that the nature of adaptation is influenced by the history of mechanical
stimulation (Prendergast and Taylor, 1994; Turner, 1998). Studies from our group and
others have confirmed the effects of mechanical stimulation on the dentoalveolar
complex, highlighting its ability to change morphology and material properties of tissues
(Niver et al., 2011). While previous publications have used reduction approach to analyze
discrete tissues or interfaces per se, few have attempted to draw out the hierarchical
nature of functional adaptation through a multiscale experimental perspective specifically
using intact organs. Therefore, the major goal of this dissertation was to relate the
spatiotemporal functional adaptation of the dentoalveolar tissues to clinical observations.

One of the primary functions of the dentoalveolar complex is to accept and
dissipate the functional loads generated by mastication. Within chapter 5, shifts in the
organ level biomechanics in response to reduced functional loads were investigated using
an in situ loading setup which was calibrated within our lab (chapter 3 and (Lin et al.,

2013)). The adaptations seen as a function of age were short lived and depended
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primarily on the shifts in functional space. Additionally, the spatiotemporal aspect of the
study demonstrated that the manifestation of adaptations within the complex depended
on the tissue-types: changes in harder tissues can be recorded at a later time than
changes in PDL within the functional space. The coupled effects between the change in
morphology of the joint and the material properties of its individual tissues highlight the
observed shift in biomechanics and the capacity of the joint to adapt to its local functional
needs. In addition, the temporal nature of the study emphasized a plausible route for
traumatic failure should the joint adapted to reduced functional loads be exposed to
normal loads for rats, that is harder foods.

The dynamics between adaptations in both morphology and material properties of
dentoalveolar tissues were analyzed in chapter 6. Through the use of in situ loading
method, it was determined that the interradicular portion of the complex was significantly
mechanically stimulated and this observation corroborated with that observed by others.
The interradicular bone is the fulcrum for tooth rotation (Chattah et al., 2009; Christiansen
and Burstone, 1969). Local strain distributions as observed using DVC (chapter 4) of
control (normal harder pellets) and those adapted to reduced functional loads highlighted
the effect due to a change in biomechanics as a result of a change in functional loads on
the interradicular bone. Shifts in both material properties as well as changes in
interradicular bone morphology could be due to a shift in mineral resorption activity in
adapted systems from reduced functional load group compared to control. Finally, it was
postulated that collective optimization of form and material properties within the
interradicular bone are needed, and that these changes in physical properties could be

inversely related to functional optimization of the joint.
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Within chapter 7, a multiscale approach was used to apply direct physiological
relevance of functional loads through correlation of local deformations produced from
organ-level biomechanical events to site specific shifts in tissue-level mechanobiological
events. To increase the physiological relevance of simulated loads, improvements to our
standard in situ model were made by modeling the influence of the temporal mandibular
joint’s rotational path and the interdigitating pattern of the maxillary and mandibular
occlusal surfaces on the micro motion of the tooth within the alveolar socket.
Deformations within the functional PDL-space of the dentoalveolar complex were taken
by utilizing a novel digital tether method. Observed patterns in PDL deformation were
then related to the shifts in the TRAP and ALP distributions representing resorption and
formation activities of bone specifically at PDL-bone and PDL-cementum tethered ends.
Of particular interest was the correlation between the increased compression/shear within
the PDL and the increased resorption at the distal portions of the alveolar socket. In
conjunction with the results that this distal resorption response was attenuated when
reducing functional loads, it was hypothesized that the distal drift that naturally occurs
within rats is primarily initiated by osteoclastic activities which resorb the distal boarder of
the alveolar socket and that the functional loads produced from mastication provided the
necessary impetus for this resorption activity.

In summary, the work within this dissertation represents work that expands on the
current dogma of functional adaptation within the dentoalveolar socket through the
inclusion of a multiscale perspective. While the research within attempted to push the
boundaries in correlative microscopy and biomechanics, future studies and technological

advancements are needed to overcome the limitations of our experiments and better
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understand the complete hierarchical story connecting organ level loads to
mechanobiological events specifically within in vivo models (current study is limited to
measurements in ex vivo systems). The described in situ biomechanical experiments did
not account for temperature and effects of vessel pressure of an in vivo model. While
considered extremely difficult by today’s standards due to resolution and penetration
constraints, the measurement of deformation within a living functionally active joint at the
resolution attempted in this study could theoretically be achieved should the in vivo three
dimensional imaging modalities including ultrasound be challenged. Additionally, the
usage of fluorescent microscopy techniques designed to produce three dimensional
images (e.g. light sheet) would be advantageous over the current 2D to 3D correlations
which were primarily utilized within this dissertation. Improvements to the digital tether
model can include supplementing the model with anisotropic organization, directionality
of the PDL fibers and constitutive properties to the tethers and tethered ends that include
interfaces (properties are significantly different from bulk tissues per se). Finally, the
results and methods described provide a scientific baseline in which future multiscale
studies can be performed. Examples include testing of known and novel
mechanosensitive proteins using transgenic models and the exploration at multiple scales

on the effects due to diseases and therapies within the oral cavity.
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