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Abstract




Bisphosphonate (BP) drugs have been extensively used to prevent and treat osteoporosis and are
shown to decrease the incidence of osteoporotic fractures in humans. Recent evidence has
demonstrated that long term use of bisphosphonates is associated with atypical fractures of the spine,
femoral head and vertebrae, and osteonecrosis of the jaw due to their effect on inhibiting osteoclast-
mediated bone remodeling. Bone remodeling is important to not only maintain skeleton in natural
remodeling state but also in active remodeling - such as associated with orthodontic tooth movement
(OTM) and the rate of bone turnover has a direct impact on the rate and amount of OTM. As BP drugs
affect the rate of bone turnover by preserving bone mass, they are evidenced to slow down tooth
movement. Current research using animal models on the influence of bisphosphonate drugs on tooth
movement was focused on using the drug concurrent with tooth movement. The clinical scenario that
presents to an orthodontist is that of an adult male or female on years of bisphosphonate drugs to
prevent or treat osteoporosis or similar disorders requiring orthodontic care for straightening teeth and
improving smile esthetics. To date, there are no published studies that have investigated the effect of
long term use of bisphosphonate drugs (BP burden) on OTM. We hypothesized that the bone burden
of BP drugs would slow down tooth movement. Our secondary goal was also to investigate
accelerators of tooth movement, to reverse the inhibitory effect of BP burden. Although many
invasive and non-invasive methods to accelerate tooth movement have been attempted to date;
corticotomy is the most effective and reliable method to accelerate tooth movement in both animals
and human studies. The objective of the study was to investigate the bone burden effect of long term
use of alendronate sodium; the most commonly used BP drug on orthodontic tooth movement and also
to explore the consequence of accelerating tooth movement in BP burdened alveolar bone in a rodent
model. A novel tooth movement model was developed using rat TSADs (Temporary skeletal
anchorage devices) and NiTi coil springs. Finite Element analysis of TSAD stability as anchorage

during tooth movement was performed. Three month-old Sprague-Dawley female rats were used as



the animal model for the entire study. /n vivo microcomputed tomography imaging was performed at
baseline (0 week) 4 and 8 weeks for measuring tooth movement. At the experimental end point (8
weeks) all animals were euthanized using CO; inhalation and processed for histology and Electron
Probe Micro-analysis (EPMA) imaging. While concurrent dosing of alendronate drug during tooth
movement showed a 56% and 65% reduction compared to control animals; the impact of bone burden
on tooth movement was significant with 77% and 86% reduction in tooth movement at 4 and 8 weeks
respectively in the bisphosphonate burden group compared to controls. Selective alveolar
decortication surgery (SADc) did not have a substantial impact on accelerating tooth movement in
control animals with only a 2% and 6% increase at 4 and 8 weeks respectively. The effect of SADc in
bisphosphonate burden group was significant at 4 weeks with a 113% increase in tooth movement
compared to BP burden group alone. This acceleration of tooth movement was transient with only a
modest 10% increase from 4 to 8 weeks. EPMA imaging showed lack of dynamic labeling of
Strontium (Sr** acts as surrogate for Ca®" and gets deposited in areas of newly formed bone) in the BP
burdened animals due to lack of active bone remodeling while the control animals showed robust
remodeling with increase in dynamic labeling of Strontium. SADc surgery did increase tooth
movement in bisphosphonate burden animals but the increase was not evident long term and was
associated with areas of necrotic bone with osteolysis, accompanied by pyknotic nuclei and/or lost
osteocytes with empty lacunae along with bacterial infiltration and severe buccal and interproximal
bone loss.

In summary, burdening of alveolar bone with BP drugs did substantially slow down tooth movement
and an attempt to accelerate tooth movement in this BP burdened bone using selective alveolar
decortication surgery led to a short term increase in tooth movement for 4 weeks but was associated

with severe bone loss with histological evidence of bone osteonecrosis.
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Chapter 1 Introduction




1.1 Scope of the dissertation

Several current drugs have profound effect on the outcomes of orthodontic tooth movement,
(OTM)' which is mediated through controlled application of mechanical forces to teeth. One
such drug class is the bisphosphonates (BPs) that are taken by patients to manage conditions of
bone loss, such as Osteoporosis (OP). Despite serious concerns about their long-term safety in
patients, due to their incorporation into bone, and recent reports of severe adverse patient
reactions to certain BPs, such as osteonecrosis of the jaw,”* BP antiresorptive drugs have
become the first line of therapy for OP due to the recent demise of hormone replacement therapy
for treating osteoporosis. > Hence, there is a critical need for orthodontists to understand the
influence and consequence of BP drug action upon OTM and/or surgical treatment plans, as
currently, those drug effects are virtually unknown. BP drug antiresorptive activity will result in
reduced osteoclastogenesis/bone resorption and delay tooth movement.” The wide ranging side-
effects of BP drug use upon dental health, include the retardation of OTM treatment plans and
potentially BP-related osteonecrosis (BRON) of the jaw.”” Yet, there is an increasing incidence
of mature-age patient population currently seeking orthodontic care’, and many of these patients
may have been on BP drug regimens for OP management for many years. Hence, the aim of this
dissertation is to better understand the influence of BP drug action upon OTM treatment plans,

and how to neutralize and/or reverse those effects by using accelerators of tooth movement.

Several accelerators of tooth movement are being used to shorten treatment time including;

12, 13

corticotomy, ' low level laser therapy, mechanical vibration,'* pulsed electromagnetic

5

therapy,'” electrical currents'® and distraction osteogenesis.'” "> Also biologic approach to

accelerate tooth movement have been attempted through invitro?® and in vivo localized RANKL
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gene therapy.21 A recent systematic review by Long et al.* showed that corticotomy is an
effective modality to accelerate tooth movement and is relatively safe compared to any other

method.

Thus, during bone healing, or during the “linear phase” of OTM, where activated bone cells
orchestrate the resorption of mineralized bone, the cells will encounter BP drug molecules that
have become trapped in the matrix of the bone due to their affinity for calcium ions and
mineralized tissues. When this “bone burden” of incorporated BP drug is released into the local
microenvironment, it will interfere with bone cell activity, resulting in cell death and the
retardation of remodeling, OTM and/or bone healing.

The objective of this dissertation is to examine and define the effects of BP drug therapy in a
controlled rat model of OTM, and further assess the potential of selective alveolar decortication
facilitated acceleration of OTM, in normal and BP-dosed alveolar bone. The prime impetus for
our study is that our current understanding of the impact of BP drug bone burden upon planned
OTM or oral surgery is not satisfactory. The results of our study will assist orthodontists and
dental surgeons in developing appropriate dental treatment plans based on patient BP drug
history, to effectively conduct oral surgery and/or the clinical movement of teeth in an effort to

avoid causing harm to the biology of the tooth and jaw.

1.2 General Hypothesis and Specific Objectives

Our general hypothesis is that: BP drug therapy will retard OTM, and the local
targeted alveolar decortication surgery will result in an increase in osteoclast activity,

thereby accelerating and correcting the delayed OTM.
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1.2.1 Specific Objective #1: To develop a novel model of OTM with Temporary skeletal

anchorage devices (TSADs) using Finite Element (FE) method and to validate the effectiveness
of TSADs in vivo as direct anchorage using NiTi coil springs for efficient tooth movement in a
rodent model of OTM.

A Stryker 1.2x3 mm TSAD was placed in the rat maxilla and implant stability was
assessed using FE analysis with ABAQUS software. A rodent model was used for OTM using
TSADs and NiTi coil springs. OTM measurements were obtained at 0, 4, and 8 weeks using in-

vivo pCT. Tissues were also analyzed with histology and dynamic labeling of bone turnover

1.2.2  Specific Objective #2: To determine the effect of concurrent and pre-dosing (bone

burden) of BP drug therapy on orthodontic tooth movement in rats

In brief, four groups of rats were aged in-house, the first two groups being pretreated for
1 week twice daily (0.015 mg/kg s.c.) with the BP drug alendronate sodium or saline, followed
by twice a week concurrent dosing during OTM (BP concurrent-dosed), whilst the third and
fourth group were pre-treated for 3 months with alendronate sodium twice a week (0.015mg/kg
s.c.) or saline injections and drug stoppage prior to OTM. (BP pre-dosed) All rats underwent
OTM for 8 weeks using TSADs and NITI coil springs as shown in specific objective #1. Tooth
movement measurements were measured in each animal (at 0, 4, and 8 wk) using high resolution
in vivo nCT imager. Histological and EPMA qualitative bone remodelling analysis were

performed.

1.2.3  Specific Objective #3: To test the effectiveness of selective alveolar decortication as an

accelerator of OTM in vivo in both normal and BP burdened rats.



In brief, four groups of rats were aged in-house, two groups were pretreated for three
months with alendronate sodium (BP+TM+SADc and BP+TM group) and two groups were
given saline (TM+SADc and TM group) as in specific objective #2. Selective alveolar
decortication surgery was performed on day 1 of appliance insertion. All rats underwent OTM
for 8 weeks using TSADs and NITI coil springs as shown in specific objective #1. OTM
measurements were obtained at 0, 4, and 8 weeks using in-vivo pCT. Tissues were also analyzed
with histology and dynamic labeling of bone turnover and histomorphometric quantitative

analysis was performed.
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Chapter 2 Literature Review




2.1 Orthodontic Tooth Movement:

Orthodontic tooth movement (OTM) occurs through controlled application of mechanical forces
on teeth and surrounding biologic tissues.! Three phases delineate tooth movement; the first
phase leads to displacement of the tooth within the periodontal ligament followed by a lag phase
where no tooth movement occurs and a linear phase of continuous tooth movement with the
application of light continuous forces.” During the initial phase, stresses on the tooth lead to
compression of collagen fibers of the periodontal ligament (PDL) and increase in cellular activity
on the compression side. Compression of PDL results in avascular necrosis and leads to
resorption under the influence of macrophages and inflammatory cytokines thus facilitating the
initial tooth displacement within the alveolar socket.’ Further tooth movement occurs by
osteoclast recruitment at the bone-PDL interface* and activation of RANK/RANKL/OPG axis’
resulting in alveolar bone resorption on the compression side and formation on the tension side.
Early markers of tooth movement are indeed secreted by the PDL cells by active increase in
RANKL protein as early as 3 hours after force application on the compression side® followed by
increase in nitric oxide synthase production by the PDL cells’ as opposed to the previous
knowledge that cells involved in tooth movement are actually recruited by the osteocytes within
the bone matrix®. Interestingly, Brooks et al.’ showed KI-67-positive cell increase in the areas of
PDL compression more than in areas of tension. The lag phase usually starts around the 3" day
until the 10™ day of OTM during which the hyalinized and necrotic area in the PDL is removed

by phagocytic cells such as macrophages, foreign body giant cells and osteoclasts.’
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Appostition side
apis uopdiosay

Figure 2-1. Schematic drawing of a tooth, the periodontal ligament with cells and alveolar
bone. (a) An external force is applied (arrow). (b) At the apposition side, fibers
are stretched. Compression of fibers takes place at the resorption side. (c) After
prolonged force application, bone formation by the osteoblasts can be found at the
apposition side and osteoclasts resorb the bone at the resorption side.'

2.2 Biology of OTM:

Numerous extensive reviews have been published on the biology of orthodontic tooth
movement.'*!"'*!> Mechanical forces on the tooth evoke a biologic response in the surrounding
paradental tissues including the gingival, PDL, alveolar bone, cellular elements, neural elements
etc. and all act in unison to facilitate tooth movement. Stress on the teeth to be moved initially
results in increase in strains in the PDL causing fluid flow within the PDL. This increase in strain
rate leads to relaxation of stresses on the compression side and increase in stresses on the tension
side.'” The strain depends on the material properties of the PDL and the type of stress applied.
This stress distribution leads to viscoelastic changes in the PDL thus triggering the early events
of orthodontic tooth movement.'® Once the initial changes occur in the PDL, the external forces
leads to changes in the fluid flow causing shear stress within the surrounding alveolar bone
brought about by the canaliculi connecting the osteocytes. It has been shown that the increase in
fluid flow within the canaliculi lead to increase recruitment of cells of osteoblastic lineage on the
apposition side resulting in matrix deposition, whereas folding of the PDL on the compression

side leads to, for reasons unknown decrease in a fluid flow within the canaliculi of the alveolar
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bone. This decrease in fluid flow actually leads to apoptosis of the osteocytes thereby recruiting
osteoclasts to the area and facilitating bone resorption. The cells in the paradental tissues act as
mechanosensors, and mechanical stimuli can trigger numerous mechanosensors, thus
transmitting signals for further downstream cellular events. According to tensigrity model of
Ingber, the cells have physiological pre-existing tensile stress; and a stiffer cytoskeleton with an
internal stress would sense the mechanical stimuli better than a relaxed cytoskeleton. Cell-
adhesion molecules in the cytoskeleton transmit these external stresses into the cell cytoplasm
and then to the nucleus thereby converting mechanical stimuli to biochemical and/or electrical
stimuli. Signal transduction occurs in the nucleus with release of information back to cytoplasm
of the cell involved and then to the extracellular matrix. The outcome of the entire chain of
events leads to inflammatory response, cell death/apoptosis, recruitment, proliferation, migration
and matrix deposition orchestrating the events of orthodontic tooth movement. These
mechanosensing events in the cells involved and inflammatory events of tissue remodeling can
be accelerated or retarded by various physical, chemical, pharmaceutical, physiological and

surgical stimuli, thereby controlling the rate of orthodontic tooth movement.
2.3 Animal Model of OTM

Experimental studies of orthodontic tooth movement have been performed using different animal
models including rats, mice, rabbits, dogs, cats, and pigs; but most of the studies have been on
rats due to the lower costs associated with breeding and maintenance. One of the important
considerations in a rat model is that there are morphological and physiological differences
between rat and human alveolar bone and PDL."* The alveolar bone in rats is denser than that in

humans, lacking osteons and marrow spaces.'* Current rat models of orthodontic tooth
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movement (for molar mesialization) utilize the maxillary incisors for anchorage and employ a
NiTi closed coil spring attached to the molar tooth to deliver a specific magnitude of force.'> "’
This model has advantages of easy accessibility to secure the appliance, but has several
disadvantages including; decrease in normal eruption process of incisor,”’ loss of pulp vitality in

the incisor' '%%

and changes in force vector as a result of continuous incisor eruption that is
unique to rats, with subsequent loss of anchorage.'* Hence, it would be advantageous to develop

a stable anchorage device that is easily inserted, provides stable anchorage and maintains a

constant force delivery without the undesirable side effects mentioned.
2.4 TSAD Anchorage in OTM

Mini-implants have been used extensively as stable anchorage devices, to achieve predictable
tooth movement.”'*** The advantages of mini-implants include enhanced anchorage options,
reducing patient compliance in the wear of removable appliances or elastics and increase in
treatment possibilities.** For a mini-implant to be successful in any application, primary stability
of the implant in the bone is critical.”> That depends upon the bone quality, implant design and
preparation of the implant site.”® Insertion torque is considered to be the single main factor
affecting the primary stability and excessive insertion torques and pre-drilling force*” along with
varying insertion angle” have been shown to cause implant failure.””,*® Although there are
numerous commercial systems available for use in humans, mini-implants remain too large for
application to the rat, as they are not small enough to place in critical locations, especially in
between roots and in palatal bone without compromising deeper anatomical structures (such as

the nasal turbinaires). An alternative approach is to use micro-implants, as they can be placed in
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practically any location and are similar to the ones used for osteotomy fixation during

orthognathic surgery and facial reconstructions.’'>*

In the current study, we used a Stryker titanium micro-implant (1.2 x 3 mm in diameter) because
of its smaller size and ready availability. We followed on from the work of Viera-Negron (2008),
who placed micro-implant in the rat maxillary bone and investigated implant stability with
bisphosphonate treatment.’* However, our study is the first to use a Stryker titanium micro-
implant in rat maxillary bone as an anchor to facilitate orthodontic tooth movement. The only
other study available in literature using a mini-screw for tooth movement in a rat model lacks
evidence as it did not clearly discuss the use of mini-screw an anchorage device.'** In order for
the micro-implant to withstand forces of magnitude large enough to cause tooth movement, it
would likely result in loading of surrounding cortical and cancellous bone in which it is inserted.
The effect of micro-implant placement and anchorage during subsequent tooth movement upon
the surrounding alveolar bone has not been studied extensively and the influence of those
stresses on bone remodeling remains unanswered. Thus, we chose to employ Finite Element
Method (FEM) as a tool to define stress concentrations on the surrounding bone during post

insertion anchorage for tooth movement.
2.5  Finite Element Analysis of TSAD Anchorage

FEM is a numerical method of analyzing stresses and deformations in any structure of a given
geometry. The geometry of the structure (precise or imprecise) is discretized into so called
“finite elements” connected to each other by nodes. The type, arrangement and total number of
elements affect the accuracy of the result. FEM has become the most used computational and

analysis tool since 1960’s and was first used in implant dentistry in 1976.% It is postulated that
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an implant inserted into alveolar bone, changes the local stress state of the bone and induces an
adaptive phenomena. Stress distribution depends on many assumptions including, geometry of
the model studied, material properties of the bone and the implant, boundary conditions and load
applied; along with contact status between the implant and surrounding cortical bone using a
carefully planned algorithm.”® Currently, with the advent of advanced imaging techniques and
improvement in mathematical computation methods, a precise geometric representation of the
actual model can be considered along with the anisotropic and non-homogenous nature of the
materials for near accurate results.”’ The geometry of the bone-implant interface has well-
defined stress concentration areas and FEM can predict those areas for better treatment planning.
Furthermore, this simulation can subsequently be validated in vivo, using an experimental model

of tooth movement.
2.6  Drugsin OTM

Orthodontic treatment is primarily undertaken in adolescents, but, there is a growing number of
adult patients seeking orthodontic treatment,***° (10-45% of any orthodontic practice patients are
adults) Many of these adults have some sort of pharmacological intervention for a systemic
and/or a local health problem, and drugs are used in adolescents too for treatment of systemic
illness. These medications can affect the dental and paradental tissues like any other cell/tissue in
the body.*' Despite the clinical precision of orthodontic mechanics to facilitate the required tooth
movement, drugs aimed at targeting the skeletal, immune, vascular systems can reach the target
cells in the mechanically stressed PDL and modify the reaction of these cellular elements to the
applied orthodontic force. The cellular element that is critical to OTM is the osteoclast, which in

tandem with osteoblast, the bone forming cell regulate bone remodeling in the human skeleton.
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Either of the cells, each govern the activity of the other as in normal remodeling or accelerated
bone remodeling during OTM. Osteoclasts are polykaryotic multinucleated cells derived from
the monocyte-macrophage lineage with a short life span of 10-23 days during which time they
attach to the bone surface, often in depressions called Howship’s lacunae in the trabecular bone
or within the marrow spaces in the cortical bone. Osteoclasts resorb bone by attaching to bone
surface, creating a sealed-off microenvironment between the cell and the bone surface. The
sealing zone also called the clear zone occurs by attachment of cell surface receptor proteins
called integrins to the bone surface. During active resorption, cell signaling within the osteoclasts
occur by a process called protein prenylation that would provide the impetus for the cell surface
receptor integrins to reach the surface and form the clear sealing zone. Any disturbance in this
process of protein prenylation would result in lack of formation of the sealing zone thus stopping
the bone resorption process by the osteoclasts. Some pharmacological agents such as
bisphosphonate (BP) drugs commonly used to prevent and treat osteoporosis, a bone disease, can
alter OTM when trapped in bone in sufficient concentration by preventing the protein
prenylation required for survival and function of osteoclasts resulting in premature apoptosis and

inhibition of bone resorption.
2.7  Osteoporosis

Osteoporosis (OP) is a global public health problem affecting more than 200 million people
worldwide and is the fourth largest disease and number one metabolic bone disease affecting
mankind. It is characterized by low bone mass and deterioration of bone micro architecture
resulting in poor bone quality and can lead to fragility fractures especially of the hip, spine and

wrist.*** Almost 2 million Canadians are living with osteoporosis, with 1 in 3 women and 1 in 5
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men over the age of 50 being affected by the disease costing the Canadian health care system 1.9
billion dollars each year.** Osteoporosis is broadly classified into primary osteoporosis and
secondary osteoporosis. Primary osteoporosis is sub-divided based on its occurrence in post-
menopausal women around the age of 50 or senile/age-associated osteoporosis occurring in men
and women above age 70. Secondary osteoporosis does occur secondary to medications,

inflammatory and endocrine disorders.*’

Bone mineral density (BMD) was considered the best available indicator of osteoporosis and
osteoporotic fracture risk. A T-score of -1 S.D. from the peak bone mass of normal healthy
young adult was considered osteopenic, and -2.5 S.D. provided a diagnosis of osteoporosis in
both males and females. DXA (Dual Energy X-ray Absorptiometry) is considered the optimal
practical method to measure BMD in the clinics and the measurement from DXA was used to
predict lifetime osteoporotic fracture risk which was related to peak bone mass.* Although the
prevalence of osteoporosis in Canada is 6%, the population at increased risk of fracture may be
larger when additional risk factors such as age, ethnicity, family history, alcohol, smoking,
steroid use and menopause were included.*” 80% of fractures in people above the age of 50 are
associated with osteoporosis. Osteoporotic patients have a 45% and a 20% lifetime risk of
developing fractures in women and men respectively.” Evidence of presence of osteoporotic
fracture is a major risk factor for subsequent fractures irrespective of bone mineral density and

49-51

should be diagnosed effectively. Even though 20% of patients experience a new fracture

within 1 year of a fracture occurrence prevalent vertebral fractures are largely under-recognized
by both radiologists and general internists with a diagnosing rate of only 46%" and 60%.>*
Hence there is greater need for educating the physicians in identifying fractures on chest and

lumbar spine radiographs and treating them.”> The 2010 clinical practice guidelines for the
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diagnosis and management of osteoporosis in Canada acknowledge that there is a huge care gap
and indicates that “Despite the high prevalence of fragility fractures in the Canadian population
and the knowledge that fracture predicts future fractures, fewer than 20% of women and 10% of

men receive therapies to prevent further fractures.”

Pharmacologic intervention should be aimed at patients with high absolute fracture risk.
Although daily exercise improves the quality of life and calcium and vitamin D supplements
helped increased bone mass in osteoporotic patients, the level of evidence to prevent osteoporotic

. 56,57
fractures was lacking.”™

It is still recommended to use calcium and vitamin D supplements and
the dose was highly related to absolute risk of developing fractures.”® The most common
pharmacological therapeutic agents in Canada are antiresorptive (bisphosphonates, RANKL
inhibitor, SERMs, HRT and calcitonin) agents and anabolic (teriparatide) agents and each have
shown to effectively reduce fracture risk in osteoporosis patients. HRT can be used if
osteoporotic patients have associated vasomotor symptoms. Bisphosphonates (alendronate,
risedronate and zolendronate) can be used as first line of therapy for osteoporotic men in the
prevention of vertebral, non-vertebral and hip fractures.”> Recent evaluation of the absolute risk
of developing fracture with a T score of -1 was 10.9%"%° compared to 5.7%°! probably due to
inclusion of HRT treated healthy women cohort by Kanis et al. group. The bisphosphonates (BPs)
are a simple small molecule family of drugs. They specifically adhere to bone surfaces, which is
their ultimate site of action. Osteoclast cells that degrade the bone surface coated with BP will
consume a toxic amount of the drug, and bone resorption will cease. BPs inhibits osteoclast-
mediated bone resorption by several routes, most of which involve inactivation of osteoclast cell

62,63

function. BPs have become the first line drug therapy for conditions of excessive osteoclast

activity leading to low bone mass, notably, Osteoporosis and Paget’s disease. They are also used to
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treat patients with Rheumatoid Arthritis, Ankylosing Spondylarthropathies, Osteogenesis
Imperfecta, and osteopenic bone disease secondary to prescription drug use.*® Clearly, a great
proportion of middle aged individuals in our current society will be exposed to BP drug therapy, and
will resultantly incorporate and trap BP drug in the mineral phase of alveolar bone. Due to the low
turnover rate of BP-laden bone, that bone burden of BP drug may well interfere with subsequent
attempts at OTM and dental procedures in general, retarding bone remodelling and prolonging

OTM treatment duration.

2.8  Bisphosphonates

2.8.1 History and classification:

Bisphosphonates are non-hydrolyzable analogues of pyrophosphate and were synthesized in the
19" century by German chemists. They are structurally similar to inorganic pyrophosphates.
Inorganic pyrophosphate has high binding affinity to calcium crystals and impairs their
formation and dissolution in vitro and inhibits pathological calcification in vivo. Rapid
metabolism of pyrophosphates has led to new class of drugs called bisphosphonates that
resemble pyrophosphate, but are resistant to biological degradation. Bisphosphonates are very
poorly absorbed by the intestine when given orally as only 1% of the drug is absorbed and rest is
eliminated unchanged in the urine. 50% of the drug that is absorbed gets selectively adsorbed on
to the bone surface attaching to the hydroxyapatite crystals in the areas of active bone
remodeling. Most treatment regimes of bisphosphonates for Osteoporosis are based on
pharmacodynamic properties as there is lack of data based on pharmacokinetic properties due to

challenges in accurately determining concentrations in serum and urine.
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Bisphosphonates are divided into nitrogen and non-nitrogen containing bisphosphonates and
their structure is provided below. (Figl.) In all bisphosphonates, the oxygen atom that forms the
P-O-P bond in pyrophosphate is replaced by carbon atom and forms a P-C-P bond. The P-C-P
bond resists biological degradation and gives a stable structure for pharmacological properties
and mechanism of action. Bisphosphonates also have two additional side-chains termed R1 and
R2 attached to central carbon atom. Hydroxyl substitution at R1 enhances the affinity of BPs for
calcium crystals, while the presence of nitrogen atom in R2 enhances their potency and

determines their mechanism of action.®®

2.8.2 Mechanism of Action:

Bisphosphonates (BP) are taken up by the skeleton, at active remodeling sites, and bind strongly
to the mineral. Hydroxyl substitution at R1 site, increases the binding affinity of BPs due to
tridentate binding of OH substituted BP to calcium ions. BP with a different R1 substitution like
cl” or H" will have significantly lower binding affinities as in clodronate and tiludronate.
Nancollas et al.*” compared the binding affinities of various BPs to bone using the potentiostatic
method and ranked the BPs on the basis of highest binding affinities to lowest as follows:
zolendronate > alendronate > ibandronate > risendronate > etidronate > clodronate. Although the
binding affinity of BPs to bone was established, it did not substantiate the anti-resorptive
properties of BPs. Studies showed that BPs that were bound to bone were released in the
presence of acidic environment in the resorption lacunae during active bone turnover and are

ingested by osteoclasts by fluid-phase endocytosis.
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Figure 2-2. Chemical structure of common bisphosphonates®®

The type of uptake and action on osteoclasts is different for nitrogen and non-nitrogen containing
bisphosphonates. While non-nitrogen bisphosphonates act by incorporating into ATP and
causing cell apoptosis, nitrogen BPs induce changes in the cytoskeleton of osteoclasts such as

loss of ruffled border, disruption of actin rings and altered vascular trafficking and ultimately

leading cellular apoptosis.®®

Bisphosphonate mechanism of action is by inhibiting the Farnesyl pyrophosphate synthase.
(FPPS) This is accomplished by inhibiting osteoclast action. Farnesyl pyrophosphate synthase

(FPPS), an enzyme of the mevalonate biosynthetic pathway, plays a role in the synthesis of
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cholesterol and other sterols. FPPS forms isoprenoid metabolites required for the prenylation of
small GTPases that are important for the survival of osteoclasts. The action is mainly due to
accumulation of unprenylated GTPases rather than loss of prenylated proteins. Small GTPases
such as Rac, Ras, Rho are signaling proteins, that, when activated, positively regulate several
structural properties and processes important for osteoclast function, including morphology,
cytoskeletal arrangement, vesicular trafficking and membrane ruffling. Vesicular trafficking in
osteoclasts is responsible for concentrating and transporting enzymes involved in bone
resorption. The key aspect in the structure of various BPs is the orientation of nitrogen atom
relative to the phosphate group in the hydroxyapaptite crystals that explains the differences in the

anti-resorptive properties.’®

HMG CoA
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Figure 2-3. Mechanism of action of bisphosphonates®
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Another mechanism of action where the bisphosphonates form metabolites is by inhibition of
FPPS which leads to accumulation of isopentenyl pyrophosphate (IPP) in turn reacts with AMP,

leading to production of new metabolite, Apppl, which induces osteoclast apoptosis.®

In conclusion, BPs inhibit FPP in three different ways:

1. At low concentration, fundamental activities of the cytoskeleton such as vesicular
trafficking and membrane ruffling are inhibited.

2. At higher concentration, osteoclast differentiation is inhibited.

3. At concentration of 100uM which is relatively very high concentration, osteoclast

apoptosis is induced.

2.8.3 Pharmacokinetic/Pharmacodynamic profile of bisphosphonates:

Bisphosphonates have a unique pharmacokinetic profile in that once they enter the circulation
they are rapidly excreted by the kidneys and are not metabolized by the body enzymes. Hence
recently bisphosphonates have been conjugated with various polymers to improve their
absorption and bioavailability and to create active metabolites. Bisphosphonates absorbed into
the human body is partitioned between the skeleton and kidneys. Whether given intravenously or
orally, bisphosphonates are eliminated quickly from the circulation, independent of the agent.
The portion reaching the kidneys is eliminated through the urine, unmetabolized within a few
hours. The remainder, also unmetabolized, is deposited in the skeleton. Only a small percent
0.6% 1s attracted by the skeleton and its uptake by the skeletal tissues is dependent on renal

function, prevalence rate of bone turnover, and the affinity of the specific BP for bone mineral.
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Figure 2-4. Binding affinities and inhibition of FPPS of four different types of bisphosphonates®

Numerous bone binding sites are available for bisphosphonate binding and sites will not
practically be saturated by the dose level of BPs given for osteoporosis which is 70mg/weekly
for treatment and 35mg/weekly for prevention of osteoporosis by alendronate, a common
nitrogen containing bisphosphonate. The nBP deposited at the resting surface is bound loosely.
The surface-to-fluid concentration gradient equilibrium favors net movement of nBP from the
resting surface into the body fluids and then into blood, into which the nBP is eventually
recycled. The removal of BP’s occurs within days to weeks, with essentially full removal from
resorbing surfaces and liberation to the blood, from where the nBP is recycled again across the
kidney and skeleton as before. The first measurable effect of BP treatment is the decrease in the
rate of bone resorption followed by a slower decrease in the rate of bone formation due to
coupling of the two processes and synthesis of a new steady state of lower rate of bone turnover.

The rate is maintained for the whole duration of 10 years for most bisphosphonates.®’

Pharmacokinetic studies are best evaluated by measuring the skeletal half-life of any drug and
for bisphosphonates too. Alendronate has a skeletal half-life of 10.9 years, although most of the

pharmacokinetic studies involving bisphosphonates were done only for a month which will not
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provide us with a true appreciation of skeletal retention of bisphosphonates. These one month
studies, although short, do not give true appreciation of retention rates. However they give us an
insight into long-term retention of BPs and show that all BPs have similar retention rates but
differ in the long-term suppression of bone remodeling which is an important parameter in

assessing the clinical efficacy of bisphosphonates.®

Christiansen et al. (2003) did a comparative study of labeled alendronate 70 mg once-weekly or
risedronate 35 mg once-weekly and found that at 24 h retention was 54.5% and 51% and 51.8%
and 45.5% at 72 h and 45.9% and 33.8% at 27 days for alendronate and risedronate respectively.
The release of BPs from the bone is very slow and another study showed pamidronate was

detected in urine of young patients up to 8.5 years after cessation of treatment.”

Pharmacodynamic results of BP’s long term effect on bone showed that BPs have a gradual
increase in biochemical markers of bone turnover after cessation of treatment, but the markers
did not reach the pre treatment levels. Also it can be hypothesized that resumption of bone
remodeling after stopping treatment with BPs leads to release of resident BPs in to active
turnover surface there by leading to further decrease in bone resorption and consequently
maintaining bone mass and increased BMD. Speed of reversal of the effect of all BPs on bone
following cessation of treatment is slow and is dependent on the rate of bone turnover as in
normal remodeling or accelerated remodeling of OTM and is different from other anti-resorptive

treatments such as estrogens and raloxifene.”"

In summary, BP administration leads to a large portion reaching the skeleton, initially deposited

at the resting and resorbing surface, is recycled and released within days into the blood for
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excretion through the kidney and redistribution across the bone surfaces. BP is secured in bone
tissue at sites of formation, released when osteoclasts resorb bone in that region. Bone buried
BPs even when released do not exert anti-resorptive properties and most of the resorption is
facilitated by newly dosed BPs and the effect on bone-buried BPs only comes into play when
high doses of BPs given in cases of IV administration leads to increased retention in bone which

when released will be substantial enough to cause bone resorption than at lower doses.

2.8.4 Concerns with current pharmacokinetic profile of bisphosphonates:

Most of the published pharmacokinetic studies on bisphosphonates do not coincide with the
actual pharmacokinetics of patients with bisphosphonates. Studies have shown that the turn-over
rate of BP treated skeleton is 3 times higher than non-BP treated one. Again BP treated skeleton
has less sites of bone formation that bury BP and the bone:kidney BP ratio of distribution is
significantly lower in BP treated skeleton than non-BP skeleton. So if the -current
pharmacokinetic studies are true then the rate at which the BP is distributed and accumulated, the
bone resorption rate will continue to decline indefinitely, but the known fact is bone resorption

rate declines 70% in the first three months, then never goes any lower.”

The pharmacokinetic challenges of patients on long-term oral BPs are as follows:

1. BPs are a type of metabolic auto-inducer; that is, their own pharmacodynamic effects
influence both their skeletal distribution and retention. This is very commonly observed
in drug pharmacokinetics where in the drug influences an enzyme in its metabolic
pathway that is responsible for its breakdown. BPs uniquely influence their half-life by

changing the deposition pattern and release rates.
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2. A single efficacious dose of BPs is not sufficient enough to assay and determine the half-
life and most studies in order to evaluate this had given BPs doses that were much higher
than efficacious doses and showed more anti-resorptive action than observed by if regular
doses of alendronate (70mg/week) for osteoporosis treatment were given.

3. The collection and retention of BPs is not constant with 70-80% within first few days

especially at the trabecular and endocortical surfaces and the rest from newly dosed

BPs.%

2.8.5 Metabolites of bisphosphonates:

Early non-nitrogen bisphosphonates studies done on amoebae showed that mammalian cells
convert bisphosphonates and metabolizes them into methylene-containing (AppCp type)
analogues of ATP. These AppCp-type metabolites accumulate to high concentrations in the
cytosol of osteoclasts and other cell types that can effectively internalize bisphosphonates.
AppCClyp metabolite of clodronate accumulation in osteoclasts in vitro inhibits bone resorption.
This is done by inducing osteoclast apoptosis, by inhibiting ATP-dependent enzymes, such as the
adenine nucleotide translocase, a component of the mitochondrial permeability transition pore.
Induction of osteoclast apoptosis seems to be the primary mechanism by which the simple
bisphosphonates inhibit bone resorption because the ability of clodronate and etidronate to inhibit
resorption in vitro can be overcome when osteoclast apoptosis is prevented using a caspase

inhibitor.”

Nitrogen bisphosphonates as mentioned before prevent FPPS and its downstream metabolite

geranylgeranyl diphosphate. These isoprenoid lipids are the building blocks for the production of
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a variety of metabolites, such as dolichol and ubiquinone, but are also required for post-
translational modification (prenylation) of proteins, including small GTPases such as Rac, Rho
and Ras. Risedronate almost completely inhibits protein prenylation in J774 cells at a
concentration of 10 umol/L, which is similar to the concentration that affects osteoclast viability
in vitro and has been predicted to be achieved within the osteoclast resorption lacuna in vivo.
Similar results were obtained by studies done on zolendronate. The inhibitory effect of N-BPs on
the mevalonate pathway can be shown by detecting accumulation of the unprenylated form of the
small GTPase RaplA, which acts as a surrogate marker for inhibition of FPP synthase and which

accumulates in cells exposed to N-BPs.”!

2.8.6 Pharmacogenetics of bisphosphonates.

Genetic factors play an important role in drug metabolism and action. Pharmacogenetics also
play a vital role in bisphosphonate related treatment of osteoporosis. Palomba et al. showed that
patients on alendronate and hormone replacement therapy (HRT) treatments, the b allele of the
VDR Bsml polymorphism exhibited a greater increase in BMD than those carriers of the B
allele. However, by contrast, those patients on raloxifene the B allele carriers had a greater
increase in BMD than the b allele carriers. As a result of these opposing effects, among those on
combined alendronate and raloxifene, there was no significant association between VDR
polymorphisms and BMD change. These results strongly support the concept of an interaction

between VDR polymorphisms and antiresorptive drug therapies in BMD change.

Polymorphism of the collagen I alpha 1 (COLIAT) gene has also been shown to be associated

with response to anti osteoporosis therapy in terms of BMD change. In a study on 108
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perimenopausal women with osteopenia, randomized to receive either cyclical etidronate (a
bisphosphonate drug) or placebo, femoral neck BMD was increased in carriers of the Spl
(dbSNP rs1800012) SS genotype (~64% in the population) but was decreased in those carrying
the s allele (Ss and ss genotypes). Individuals with the SS genotype required a higher

subcutaneous dose than those with the ss genotype.

The risk of bisphosphonate-related ONJ has also been associated with genetic factors. In a study
on 22 cases of ONJ and 65 age-matched controls, screening of more than 500 000 SNPs, the
authors found four SNPs (rs1934951, rs1934980, rs1341162, and rs17110453) mapped within
the cytochrome P450-2C gene (CYP2CS8) to be associated with risk of ONJ. The relative risk of

ONJ associated with each of the SNPs ranged between 10 and 13.”

2.8.7 Excretion of Bisphosphonates:

Bisphosphonates are excreted by the kidney both by glomerular filtration and by proximal
tubular secretion. As such, bisphosphonates should not be administered in patients with severe
renal disease such as stage 4-5 chronic renal disease with GFR rates of <30-35 mL/min. Most of
this data is obtained from rat studies on from patients on IV bisphosphonates. In spite of its toxic
effects studies have shown that the safety and efficacy of risedronate and alendronate for 2-3
years in chronic renal disease patients warrants their use. In stage 5 chronic renal failure patients
use of bisphosphonates should only be considered after carefully evaluating the bone condition,
if it’s due to osteoporosis or any other bone disorders such as renal osteodystrophy. IV
bisphosphonates should be used with caution although they have been used in patients with

diabetes, hypertension and renal disease. Caution should be in that the infusion rates should be
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slow in these patients when using zolendronate or ibandronate, although no head to head studies

have been done to prove that.”*

2.9. Bisphosphonates and osteonecrosis of the jaw

Long term bisphosphonate use has been associated with among many adverse effects such as
osteonecrosis of the jaw (ONJ). ONJ occurs when there is stripping of the oral mucosa in any
area of the jaws leading to exposure of the bone which in turn results in delayed healing and
bone necrosis.”” This significant complication was first reported in 2003 by Marx et al.”® who
described an intraoral lesion of exposed bone in individuals on bisphosphonate therapy. This was
followed by many case reports and case series showing evidence of exposed bone and associated

. . 1
osteonecrosis isolated to the jaw.”> ' 7% 7% 80. 8

Finally, in 2007, a task force by American
association of bone and mineral research (ASBMR)™ and American Association of Oral and
Maxillofacial surgeons (AAMOS)® put forth a clinical definition of ONJ and updated in 2009.>*
They adopted a universal acronym for this entity: Bisphosphonate-Related Osteonecrosis of the

Jaw (BRONJ) and mentioned three characteristics that should be present to consider a lesion to

be BRONT related as quoted in Ruggiero™ :

1. Current or previous treatment with a bisphosphonate.
2. Exposed, necrotic bone in the maxillofacial region that has persisted for more than eight
weeks.

3. No history of radiation therapy of the jaws.

Various working hypothesis have been proposed to describe this disease process. The most
common one proposed involves profound inhibition of osteoclast function due to their ability to

be internalized by the osteoclasts and affect the melavonate pathway causing premature
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apoptosis of the osteoclasts rendering them inactive,* followed by any insult to the bone such as
mechanical trauma from dental extractions, implant placement to the alveolar bone; which
eventually leads to local micro damage that cannot be repaired due to non-functioning
osteoclasts that in turn leads to bone necrosis.*® Other theories include, local micro trauma to the
area, which releases enough bisphosphonates that are laden in the bone, to a point that it causes
toxicity to the adjacent oral mucosa leading to mucosal fenestration and ultimately bone
exposure which is the hallmark of BRONJ.*” Various risk factors have been identified by many
researchers to cause this bone necrosis and quoted by Ruggeiro.* They include a history of
dentoalveolar trauma, duration of bisphosphonate exposure,™ type of bisphosphonate used,*” and
history of inflammatory dental disease like periodontal or alveolar abscess, implant placement.”
Current incidence of BRONJ ranges from 0.8% to 12% in North America;** 1.7% to 15% in
Europe®™® for cancer therapy using IV bisphosphonates. The incidence of ONJ in breast cancer
is lower than in multiple myeloma.”* In Australia the incidence was 0.01-0.04% and 0.09-0.34%

using oral bisphosphonates without or with extraction therapy respectively.95

A clinical staging system was developed by Ruggiero in 2006°° and updated by AAOMS in

2009** and was divided into 5 categories as quoted by Ruggerio (2011)* and presented below

At risk Category No apparent exposed/necrotic bone in patients
who have been treated with either oral of IV
bisphosphonates

Stage 0 Nonspecific clinical findings and symptoms

such as jaw pain or osteosclerosis but no
clinical evidence of exposed bone

Stage 1 Exposed/necrotic bone in patients who are
asymptomatic and have no evidence of
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infection

Stage 2 Exposed/necrotic  bone  associated  with
infection as evidenced by pain and erythema in
the region of the exposed bone with or without
purulent drainage

Stage 3 Exposed/necrotic bone in patients with pain,
infection, and one or more of following:
pathologic fracture, extra-oral fistula, or
osteolysis extending to the inferior border or
sinus floor

Several animal models of BRONJ have been studied to have a better understanding of the
disease process for effective treatment strategies. Although BRONIJ lesion typically should have
exposed bone for 8 weeks as described by the AAOMS™ and ASBMR™ task force; accurate
diagnosis of the disease in animals is difficult due to lack of subjective symptomatic data and
evidence of non-exposed variant of the disease in humans.”’ So studies on bisphosphonate
induced ONJ in animals should demonstrate radiologic and histological evidence of bone and

soft tissue necrosis. Radiographic presentation includes sequestration as evidenced by irregular

98,99

radiopacity surrounded by erosive radiolucent zone, periosteal bone deposition, alveolar bone

expansion,”’ severe bone loss, osteolytic areas around the bone defects. Histological features of

BRONIJ like lesions in an animal model is shown to have evidence of increase in bone density,

100-103

reduced vascular spaces, increased fibrosis, presence of devitalized bone that is devoid of

100, 104

typical bone cells necrotic sequestrated bone with loss of osteocytes from the lacunae as

. . . .. . 102,104-1
evidenced by basic fuschin staining and confocal microscopy,®®?%%-102:104-107

apoptotic cells,
. 99,101,106,107 : ..
severe bone loss/resorption, decreased rate of mineral apposition as shown by

tetracycline and alizarin red staining, mucosal ulceration with incomplete epithelial healing with
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98,99,101,102,106,108

inflammatory cell infiltrate, and evidence of bacterial infiltration especially with

Actinomyces species.'”

2.10. Bisphosphonates and OTM

Despite the efficacy of clinical orthodontics, drugs can play a role in OTM and can have a
profound short term and long term effect on the outcome of OTM. Earlier studies on the role of
bisphosphonates in orthodontics were very promising. Due to its potential role in preventing
bone resorption, the focus was to apply this concept to prevent undesirable movement of the
anchor teeth or to prevent relapse following tooth movement. BP drugs with concurrent dosing
systemically or locally during OTM has shown to inhibit orthodontic tooth movement.'>'%*1!4
Igarashi (1994)'" systemically administering AHuBP and Adachi (1994)'"* locally delivering
risedronate, a nitrogen containing bisphosphonate showed a dose-dependent decrease in tooth

movement and prevented relapse. Altali (1996)'"°

showed that bisphosphonates inhibit formation
of acellular cementum which in turn will cause more root resorption, the opposite effect of
preventing bone resorption contradicted by Igarashi (1996).""% Kim (1999)''® confirmed earlier
findings of the role of bisphosphonates (pamidronate) in preventing bone resorption. Most of the
studies done so far used nitrogen containing bisphosphonates but Liu (2004)''"® showed that
clodronate a non-nitrogen containing bisphosphonate also prevents bone resorption and inhibits
tooth movement. Recently Karras et al. (2009)" investigated the effect of alendronate sodium on

orthodontic tooth movement and showed the decrease in tooth movement with alendronate group

to be 75% less at 2 weeks in comparison to 58% less at 4 weeks.

With emerging evidence that bisphosphonates can precipitate osteonecrosis of the jaw bones in

sites of active and increased bone remodeling such as in extraction sites, implant placements,
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periodontal disease,” the orthodontist is faced with the dilemma of relative risk of BRONJ
(Bisphosphonate Related Osteonecrosis of Jaw) occurrence in this group of patients. Although
the risk of BRONTJ in osteoporotic patients is rare (incidence of 0.09 to 0.38%)’> the constant
remodeling needed during OTM along with bacterial colonization in the oral cavity can be a risk
for BRONJ that has not been researched upon. Furthermore, a more potent form of IV
bisphosphonates are used in children to treat osteopenia, Pagets’ disease, osteogenesis
imperfecta, hypercalcemia of malignancy etc, and these young patients who might present to the
orthodontist for treatment may have a higher risk for osteonecrosis. Previous studies show
evidence of BRONJ occurrence from 6%"® to 28%''” in IV bisphosphonate patients during dental
treatment such as extractions and implant therapy. Hence it is imperative to investigate in more
detail the effect of bisphosphonates on the jaw bones during active orthodontic treatment and

associated bone remodeling.
2.11 Accelerators of OTM

The rate and amount of tooth movement is affected by the rate of bone turnover.''® Methods to
increase the rate of bone turnover are known to accelerate tooth movement. To date, various

treatment modalities have been investigated to accelerate tooth movement including;

124,125

corticotomy,'*'** low level laser therapy, mechanical vibration,'*® pulsed electromagnetic

7 8 129-131

therapy,'?’ electrical currents'>® and distraction osteogenesis. Even biologic approach to
accelerate tooth movement have been attempted through localized RANKL gene therapy.'>> A
recent systematic review by Long et al.'>’ showed that corticotomy is an effective modality to

accelerate tooth movement and is relatively safe compared to any other method.
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Historically, corticotomy facilitated orthodontics was reported as early as 1893, but the technique

134
9.13

was not popular until it was reintroduced by Koéle in 195 Kole’s procedure involved making

vertical cuts in the cortical bone adjacent to the teeth to be moved, and by leaving the cancellous
bone intact avoided the adverse effects of earlier bony block resection techniques.'**
Corticotomy is a surgical procedure to accelerate rate of orthodontic tooth movement by causing
localized osteopenia and accelerated bone metabolism as a result of controlled surgical damage.
Frost (1983)"*° coined the term “Regional Acceleratory Phenomenon (RAP)” to explain this
tissue response. RAP is usually seen following a fracture to long bones and involves recruitment,
proliferation and activation of progenitor cells necessary for wound healing. The tissue response
during RAP involves decreased bone mineral density and accelerated bone turnover.*® The
sequence of events during RAP associated tissue injury include; initiation within a few days of
injury, peaking at 1-2 months and effects typically lasting 4 months."*” °*® Many animal''® *%1%

- 141
and human studies

have demonstrated the phenomenon of reversible osteopenia and
accelerated tooth movement using corticotomy. Ren et al."*” showed accelerated tooth movement
without associated root resorption and pulpal damage in beagle dogs and Mostafa et al.'*
showed doubled rate of tooth movement in dogs. Wilcko patented a technique called
Periodontally accelerated osteogenic orthodontics (PAOO) wherein mucoperiosteal flap is raised
and osteotomy cuts in the cortical bone is performed alongside tooth roots accompanied by small
perforations into the alveolar bone, and a resorbable bone graft placed to augment bone. This is
followed by faster activation of orthodontic appliance with every two week intervals to

accelerate tooth movement.'*?

A rat model demonstrated the actual biological response to corticotmy induced tissue damage.

The authors showed that the increased turnover rate in alveolar bone is a result of anabolic and
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catabolic modeling which increases by third week of tissue injury with decrease to normal
remodeling levels by seventh week and stabilization by eleventh week of alveolar decortication

14
surgery.'*
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Chapter 3 A Novel Rat Model of Orthodontic Tooth Movement
using Temporary skeletal anchorage devices: 3-D Finite element
Analysis and In-vivo Validation
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3.1 Abstract

The aim of this animal study was to develop a model of orthodontic tooth movement using a
micro-implant as a Temporary skeletal anchorage device (TSAD) in rodents. A finite element
model of the TSAD in alveolar bone was built using pCT images of rat maxilla to determine the
von-Mises stresses and displacement in the alveolar bone surrounding the TSAD. For In-vivo
validation of the FE model, Sprague-Dawley rats (n=25) were used and a Stryker 1.2 x 3 mm
micro-implant was inserted in the right maxilla and was used to protract the right first permanent
molar using a NiTi closed coil spring. Tooth movement measurements were taken at baseline
and at 4 and 8 weeks by pCT imaging. At 8 weeks, all animals were euthanized and tissues
analyzed by routine histology and dynamic bone labeling using electron probe micro-analysis
(EPMA). Finite element modeling showed maximum von Mises stress of 45 Mpa near the apex
of TSAD but the average von Mises stress was under 25 Mpa. Appreciable tooth movement of
0.62 + 0.04 mm at 4 weeks and 1.99 + 0.14 mm at 8 weeks of tooth movement was obtained.
Histological and EPMA results demonstrated no active bone remodeling around the TSAD at 8
weeks depicting good secondary stability. This study provided evidence that protracted tooth

movement could be achieved in small animals using TSADs.

Keywords: Orthodontic tooth movement, rat model, micro-implant, Temporary skeletal

anchorage device, finite element method, microcomputed tomography.
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3.2 Introduction

Orthodontic tooth movement (OTM) occurs through controlled application of mechanical forces
on teeth and surrounding biologic tissues." Current rat models of OTM (for molar mesialization)
utilize the maxillary incisors for anchorage and employ a NiTi closed coil spring attached to the
molar tooth to deliver a specific magnitude of force.”* This model is currently used in rodent
research due to easy accessibility to secure the appliance, but has several disadvantages
including; retardation in normal eruption process of incisor,’ loss of pulp vitality of the incisor’”
and change in force vector due to continuous incisor eruption that occurs in rats, with subsequent
loss of anchorage.® Hence, it would be advantageous to develop an anchorage device that is
easily inserted, provides stable anchorage and maintains a constant force delivery without the

undesirable side effects mentioned above.

Mini-implants have been used extensively as stable anchorage devices to achieve predictable
tooth movement.”” Although there are numerous commercial mini-implant systems available for
use in humans, they remain too large for application to the rat. An alternative approach is to use
micro-implants, as their miniature size allows them to be placed in practically any location and
are similar to those used for osteotomy fixation during orthognathic surgery and facial

: 10-12
reconstructions. 0

In the current study, we used a Stryker titanium micro-implant (1.2 x 3 mm in diameter)
(Stryker-Leibinger Inc., Hamilton, ON, Canada) as a Temporary skeletal anchorage device
(TSAD) because of its smaller size and availability. In order for the TSAD to withstand forces of
magnitude large enough to cause tooth movement, it would likely result in loading of

surrounding cortical and cancellous bone in which it is inserted. The effects upon surrounding
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alveolar bone during TSAD placement and subsequent anchorage for tooth movement have not
been studied extensively and the effect of those stresses on bone remodeling remains
unanswered. Thus, we chose to employ the Finite Element Method (FEM) as a tool to define
stress concentrations on the surrounding bone during post insertion anchorage for tooth

movement.

FEM is a numerical method of analyzing stresses and deformations in any structure of a given
geometry. The structure geometry (precise or imprecise) is discretized into so called “finite
elements” connected to each other by nodes. The type, arrangement and total number of elements
affect the accuracy of the results. FEM has become the most used computational and analysis
tool since the 1960°s and was first used in implant dentistry in 1976." 1t is postulated that an
TSAD inserted into the alveolar bone changes the local stress state of the bone and induces an
adaptive phenomena. Stress distribution depends on many assumptions including: geometry of
the model studied, material properties of the bone and the TSAD, boundary conditions and load
applied; along with contact status between the TSAD and surrounding cortical bone using a
carefully planned algorithm.'"* Currently, with the advent of advanced imaging techniques and
improvement in mathematical computation methods, a precise geometric representation of the

. 1
actual model can be considered for near accurate results. "

An ideal animal model for OTM should include a force system with constant magnitude of force
in the desired direction and provide sufficient anchorage to trigger tooth movement without any
undesirable side-effects. Therefore, the objective of the present study was to develop an FE

model of a TSAD in the rat maxilla to estimate the stress distribution in the surrounding cortical
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bone and the TSAD stability at different force levels followed by in-vivo validation using a

rodent model of OTM.

3.3  Materials and Methods

3.3.1 Building an FE model:

The FEM was built as follows: Micro-computed Tomography (LCT) images of the rat maxilla
were obtained from scanned data using Skyscan 1076 imager for small animals. (SkyScan 1076,
Kontich, Belgium) The images were imported into Mimics (Mimics 13.1, Leuven, Belgium) to
segment the maxilla by Hounsfield values and manual mask segmentation. Three-dimensional
geometry files were created for each mask and saved as Stereolithography (STL) files. Computer
Assisted Design (CAD) software (Geomagic 12.0, Research Triangle Park, NC, USA) was used
for extracting surfaces and solids from STL files. Triangle and intersection fixing techniques
were performed and then Standard for the Exchange of Product model data (STEP) files were
created and exported for the maxilla and molar teeth separately into ABAQUS. ABAQUS, FE
modeling software (ABAQUS 6.9.1, Providence, RI, USA) with CAE and Solver modules, was
used for pre/post processing and analysis calculation. The geometry of the TSAD was created in
ProE (Pro/Engineer Needham, MA, USA) according to exact dimensions of the actual Stryker
1.2 x 3 mm micro-implant and imported into ABAQUS. The TSAD was registered at the desired
location on the rat maxilla based on the amount of bone present and insertion depth required. The
inserted depth of the TSAD was approximately 1.5 mm from the cortical surface of the bone to
the bottom tip of the TSAD. This depth of 1.5 mm was based on the thickness of the maxillary

bone in the proposed location of TSAD placement as measured by pCT.
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Material properties of the rat maxillary bone [Young’s modulus (E) — 20.0 Gpa; Poisson’s ratio
(v) — 0.3] was obtained from literature.'® The TSAD was modeled as a rigid body as it was
assumed that the titanium implant with a high Young’s modulus would not undergo any
measurable deformation at the force level applied in this study. A reference point (RP) was
defined just anterior to the TSAD to represent the motion of the rigid body. The maxilla was
meshed as 10-node tetrahedron elements, C3D10M, for proper contact performance and to model
the threads of the TSAD appropriately, a smaller element size (0.1 mm) was used to model them
locally. Contact was set between the TSAD and the maxilla, so that small sliding was allowed
between the contact surfaces. Contact between the TSAD and alveolar bone was considered
friction affected and friction coefficient was set at 0.2.'° Constraints (boundary conditions) were
applied to the maxilla on the mesial end to allow for bone bending and displacement in the
direction of the load. Once the material properties and boundary conditions were assigned, the
force was applied on RP in the direction the first permanent molar to mimic the direction of force
applied during actual tooth movement and results analyzed. These different models were
analyzed by ABAQUS processor and post-processing results were displayed in the form of
color-coded maps of von Mises stresses and displacements of the alveolar bone around the

TSAD. (Fig. 1)

3.3.2 Animal model of OTM:

Ethics approval was obtained from the animal care and use committee of the University of
Alberta. Three month-old female Sprague-Dawley rats (n = 25) were obtained from Biosciences,
University of Alberta and caged in animal housing with 12 hours dark and light cycles and fed a

soft diet ad libitum. Rats were sedated using general anesthesia 2% Isoflurane/L oxygen (Forane,
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Baxter, Deerfield, IL, USA) and placed supine in a custom designed surgical jig (i.e., respiratory
plenum). To insert the Temporary skeletal anchorage device, a 4 mm semi-lunar incision was
made from the disto-palatal gingival margin of the maxillary right incisor posteriorly with a

No.15 surgical blade.

Figure 3-1. Computer modeling of TSAD placement into the rat maxilla 3D model of hemi-
maxillae in A. a sagittal view and B. Transverse view C. 3D model of the hemi-
maxillae showing the direction of force applied during FE analysis D, E. Fine
mesh of the TSAD and the surrounding maxillary bone

After achieving adequate hemostasis, a pilot hole was drilled in the maxillary bone at a 45° angle
using a 0.5 mm round bur attached to a NSK slow speed electric dental handpiece. (NSK;
Brassler, Savannah, GA, USA) A self-threading Stryker 1.2 x 3 mm titanium TSAD (Stryker-
Leibinger, Hamilton, ON, Canada) was inserted to a depth of 1.5 mm into the alveolar bone
about 12 to 14 mm distance from the mesial aspect of the right first permanent molar. The fit and
primary stability of the TSAD into the alveolar bone was verified by finger pressure, using a
side-to-side and in-and-out motion. A stainless steel ligature wire was placed around the neck of

the right first permanent molar and secured in position by tightening. A 9 mm closed coil NiTi
-59-



spring (GAC International, Bohemia, NY, USA), was secured to the posterior molar and the
TSAD neck anteriorly with 0.010 inches stainless steel ligature. The appliance was left in place
for 8 weeks to achieve appreciable tooth movement, as measured by pCT imaging (described

below). The left side acted as an intra-animal control with no appliance. (Fig. 2)

0

%
Maxillary g
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/9 mm NITl
- Coil spring
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Figure 3-2: Orthodontic appliance in the right maxilla for tooth movement using TSAD and
NiTi closed coil spring. Inset: uCT 3D rendered cross-section model of rat
maxilla with appliance

3.3.3 uCT analysis of OTM:

All rats underwent baseline in vivo pCT scan (Skyscan 1076 “in-vivo” uCT, Skyscan NV,
Kontich, Belgium) of the alveolar bone surrounding the first molar and extending anteriorly to
the maxillary incisors. The scans were repeated in vivo after 4 weeks and 8 weeks of appliance
placement and tooth movement was accurately measured from pCT projections using bundled
vendor analysis software (DataViewer, Skyscan, Kontich BE). For all pCT imaging, scans were
conducted at 100 kV and 100 mA current through 180° with a rotation step of 0.5° to produce
serial projectional images of isotropic 18-um’ voxels. All image data was processed using

commercial software bundled with the pCT system in our laboratory. The acquired data was
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Gaussian filtered and underwent global thresholding to extract the mineralized phase
representing the 3D tooth movement and bone architecture. Measurements were made between

the furcations of both the first and second right maxillary molars at 0, 4, 8 weeks.

3.3.4 Measurement of Tooth movement and TSAD displacement:

The measurement of amount of tooth movement and TSAD displacement was accomplished as
follows: Briefly, microcomputed tomography-rendered 2-dimensional scans were reconstructed
as .bmp files and viewed using Data Viewer software (DataViewer, Skyscan, Kontich BE). The
2-dimensional slices displayed as 3 orthogonal sections in the x, y, and z planes of space were
centered at the desired point inside the reconstructed space. Once the image was centered in all 3
planes, the linear distance from the most convex contact area between the maxillary right first
and second molars was measured and recorded for the amount of tooth movement. For the TSAD
displacement, the linear distance from the TSAD head to centre of the right third permanent
molar was measured and recorded. Measurements were recorded at 0, 4, and 8 weeks, and the
amount of tooth movement and TSAD displacement was obtained by substracting the distances
at 4 and 8 weeks from the baseline. Measurements were obtained by the primary author (N.K.) in

a blinded fashion and repeated for reliability one week apart. (=0.96)

3.3.5 Electron Probe Micro-Analysis (EPMA):

All animals were given a brief 10-day pulse of elemental strontium (Strontium ranelate,
PROTOS; Servier Laboratories, Hawthorn, Victoria, Australia; 308 mg/kg/day body weight —
sub-therapeutic dosage at lower limit of therapeutic index) by gavage 10 days prior to
euthanization. Strontium has been shown as an excellent dynamic label for bone turnover and
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can readily be detected by EPMA at high spatial resolution.'” EPMA was performed on the
palatal half of the right first permanent molar and around the TSAD for spatially mapping the
location and distribution of elemental, Sr, Ca, and Phosphate (P). Briefly, the first molar sagittal
sections and cross-sectional and sagittal sections of alveolar bone surrounding the TSAD were
defatted in acetone, embedded in epoxy resin, progressively polished (~ 0.5 um) and scanned at
2 and 5 um resolution to analyze the Ca, Sr and P content on the alveolar bone surrounding the

TSAD, control left molar and orthodontically moved right permanent molar.

3.3.6 Histological assessment:

At the experiment end point (§weeks), all animals were euthanized using isofluorane followed by
CO; inhalation to effect, and the right and left maxilla were immediately dissected, stored in 4%
paraformaldehyde (Sigma-Aldrich Canada, Oakville, ON, Canada) and fixed for 1 week with
frequent changes. Following fixation, each hemi-maxilla was cut sagittal at the level of first
permanent molar. The palatal half was processed for spatial mapping of bone turnover using
EPMA (Electron-Probe Microanalysis) and the buccal half was processed for routine histology.
The alveolar bone surrounding the TSAD was also processed. All samples processed for
histology were rinsed with PBS (Phosphated Buffered Saline) wash buffer (pH 7.3) and
immersed in 4.13% EDTA (Disodium Ethylene Diamine Tetra Acetic acid; Sigma-Aldrich
Canada, Oakville, ON, Canada) decalcifying solution for 3 weeks. The tissue was checked and
further decalcified if inadequate decalcification was observed. Following decalcification,
samples were processed for routine histology by paraffin embedding. Sagittal sections (6 pm)

were cut and stained with hematoxylin and eosin for routine histology.
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3.4  Statistical Analysis

SPSS statistical software (version 16.0; SPSS, Chicago, IL, USA) was used to analyze the data.
OTM measurements and TSAD displacement obtained from age-matched cohorts were used for
statistical analyses. All quantitative data were expressed as mean =+ standard error (SE). To
compare the mean amount of tooth movement and mean TSAD displacement at 4 and 8 weeks,
repeated measures ANOVA were performed with the significance level set at 95% (a=0.05). A
bonferroni post-hoc comparison was performed within groups to see individual variation. Since
the results of FE analysis were individual results without a statistical spread, we reported
outcome of von Mises stress and displacement at different force levels without performing any

statistical comparison to test level of significance.

3.5 Results

3.5.1 FE analysis:

The FE method was used to predict the von Mises stresses in the cortical bone surrounding the
TSADs. The von Mises stress distribution and the resultant displacement of the bone surrounding
the TSAD at different force levels are presented in Fig. 3. The dark blue color represents areas
with minimal von Mises stress and minimal displacement and red color represents area with
maximum von Mises stress and maximum displacement with gradient of colors in between.
Understanding the limitation of this FE model, with the assigned material properties, friction
coefficient, contact and boundary conditions, the maximum von Mises stresses on the contact
surface of bone was 45.7 MPa, near the apex of the TSAD, but the majority of the stresses

throughout were under 25 MPa. Finite element analysis revealed that the rat maxillary bone
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could withstand stress of up to 140 gms force traction on the TSAD toward the molar which was
below the stresses needed to cause permanent deformation of rat alveolar bone, with possibly
higher stress at the thread edge due to local stress concentration. The micro-motion of the TSAD
under 140 gms of force was only -0.89 to 0.136 um along the TSAD axis and 2.29 um along the

force direction. The maximum displacement of the bone was 0.64 um. (Fig. 4)
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Figure 3-3. Displacements and von Mises stress at A. 0 gms, B. 30 gms C. 60 gms and D. 140
gms of force. The warmer colors depict increase in the amount and distribution of
the stress and displacement and shows stresses concentrated at the apex of the
TSAD and at the coronal contact area between the TSAD and the bone.
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Figure 3-4: Von Mises stress localization in the cortical bone surrounding the TSAD. Dark blue
color represents minimal von Mises stress and red color represents maximum von
Mises stress localization around the TSAD

3.5.2 OTM and TSAD stability:

All animals were healthy and gained weight steadily during the entire treatment time with no
evidence of significant weight loss. The survival rate of TSADs was 92% at four weeks and 80%
at 8 weeks. This was due to loosening of two TSADs between 0 and 4 weeks and three TSADs
between 4 and 8 weeks. These animals were removed from the study. Results of tooth movement

at 0, 4, and 8 weeks can be seen in the pCT images in Fig. 5.
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Figure 3-5: Three-dimensional microcomputed tomography —rendered images showing the
amount of tooth movement of the right first permanent molar at 4 and 8 weeks.
(M1, Right permanent first molar; M2, right permanent second molar; M3, right
permanent third molar

Kolgomorov-Smirnnov test for normality and Levene’s test for equal variance were satisfied. In
terms of measured distance, there was substantial tooth movement, both translation and tipping,
at 4 weeks (0.62 + 0.04) and 8 weeks (1.99 + 0.14). (Fig. 6a) Repeated measures ANOVA
showed a high statistically significant tooth movement with a p-value of .0003. Pairwise
comparisons at both 4 and 8 weeks compared to baseline showed statistically significant tooth
movement (p~0.0003). The rate of tooth movement was 0.022 mm/day from zero to 4 weeks
with a steady increase to 0.048 mm/day from 4 to 8 weeks with statistically significance
(p~0.0001) TSAD displacement was measured to be 0.42 mm + 0.14 mm at 4 weeks and 0.94
mm + 0.17 mm at 8 weeks. The rate of TSAD displacement was 0.014 mm/day from zero to 4

weeks and remained constant with very minimal increase in rate from 4 to 8 weeks (0.018
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mm/day) (Fig. 6b).There was no statistically significant difference in TSAD displacement from
baseline to 4 weeks (p~0.057) but from 4 weeks to 8 weeks, the amount of TSAD displacement
was significant (p~0.016). The rate of TSAD displacement was not significant at 4 and 8 weeks.

(Fig. 6a).
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Figure 3- 6a: Mean (£S.E) amount of orthodontic tooth movement and implant displacement
measured at 4 and 8 weeks. (significance level: *p<0.05)
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Figure 3-6b: Mean rate of orthodontic tooth movement and implant displacement measured at 0,
4 and 8 weeks
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3.5.3 Elemental Mapping of Ca, P and Sr in the alveolar bone:

Fig. 7 shows EPMA mapped densities of Ca, P, Sr in the bone around the TSAD. No evidence of
recognizable difference in the Ca density of bone immediately surrounding the TSAD to that of
distant alveolar bone. (Fig. 7b,f) The concentration of P also demonstrated similar findings. (Fig.
7¢c,g). Fig, 7 (d,h) shows elemental Strontium was not readily detected in the alveolar bone

immediately surrounding the TSAD indicating no active bone remodeling around the TSAD.

We detected increased elemental strontium deposition in newly mineralizing alveolar bone
shown as warmer colors on the tension side of tooth movement around the roots of right first
permanent molar (Fig. 8d) indicating robust alveolar bone remodeling associated with
orthodontic tooth movement. Minimal or no deposition of Sr was seen on the control side. (Fig.
8a) There was no detectable difference in densities of Ca (Fig. 8b,e) and P (Fig. 8c,f) found

between control and OTM side

Figure 3-7: Sagittal (a) and cross-sectional (e) backscattered images and electron microprobe
mapping of calcium (b, f); phosphorus (c, g); Strontium (d, h) composition of the
alveolar bone surrounding the micro-TSAD. No evidence of recognizable
difference in the calcium or phosphorus levels of bone immediately around the
micro-TSAD and the surrounding preexisting bone (). (d, h) shows no
strontium deposition in the alveolar bone immediately surrounding the micro-
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TSAD. Lack of strontium deposition confirms no active bone remodeling and
excellent micro-TSAD stability. * TSAD cavity. Scale bars = 1 mm in (a-h)
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Figure 3- 8: Electron microprobe mapping of strontium (a, d) calcium (b, €); phosphorus (c, f)
composition of the alveolar bone surrounding the upper left (control) and right
first permanent molar (OTM) respectively. Panel d, shows increased Strontium
deposition (*) surrounding the roots of right first permanent molar where OTM
occurred. Evidence of increased strontium deposition indicates increased bone
remodeling on the tension side of OTM. No difference in the Ca (b, €) and P (c,
f) composition could be seen between control and OTM side. OTM=Orthodontic
Tooth Movement. Scale bars =2 mm in (a-c); 5 mm in (d-f)

3.5.4Histological results:

Fig. 9 shows hematoxylin and eosin stained sections of rat maxilla at level of first molar (Fig.
9a,b) and TSAD. (Fig. 9d) While no active remodeling is seen on the control side, robust
alveolar bone remodeling with stretching of PDL fibers, enlarged blood vessels is seen on the
tension side of right first permanent molar. (Fig. 9c) The alveolar bone surrounding the TSAD
had good bone-TSAD contact with no signs of cellular infiltrate. (Fig. 9d) Inadvertent infiltration

and damage to the PDL was also seen with this tooth movement model.
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Figure 3-9: Histologic hematoxylin and eosin stained paraftin sections of the maxillary left (a)
and right (b) first permanent molar area. While normal bone remodeling occurs on
the control side with no gap between the first and second molar (a) increased
separation between the first and second permanent molars (tooth movement) and
increased bone remodeling is evident on the tension side of OTM (b). (¢) Higher
magnification of boxed area in (b) with stretched PDL fibers (Inset). (d) Alveolar
bone surrounding the micro-TSAD. (arrows) with part of TSAD inadvertently
into PDL space surrounding the tooth root. * denotes micro-TSAD space; scale
bars = 1 mm

3.6 Discussion

Our study effectively used a TSAD as an anchorage device to facilitate OTM in rats. The results
showed substantial tooth movement at 4 weeks (0.62 mm) and 8 weeks (1.99 mm) compared to
baseline. With the exception of five TSADs (two failed between 0 and 4 weeks and three TSADs
became loose between 4 and 8 weeks), the remaining twenty were stable and well integrated with
the surrounding alveolar bone during the 8 week experimental period. Our success rate of 92% at
4 weeks and 80% at 8 weeks was comparable to a success rate of 83.6% reported in recent meta-

analyses.'®"” Various factors affect TSAD stability during insertion and following loading and
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can be broadly divided into factors affecting primary and secondary stability. Factors affecting
primary stability play a role during the first month post insertion, after which factors affecting
secondary stability take over. Thickness of overlying gingival tissue, TSAD design, diameter,
length, pitch of screw and distance between threads and micro-motion during insertion all affect

primary stability.2**!

High micro-motion coupled with early loading can lead to TSAD loosening
and subsequent failure. Literature suggests a critical micro-motion level to be between 50 and
150 pm.* Although our FE results showed a micro-motion of 0.136um, the micro-motion
analyzed in our FE model was during load application and did not take into account micro-
motion encountered during insertion. Excessive micro-motion due to increased insertion torques
could lead to micro crack propagation in the alveolar bone resulting in accelerated bone turnover
leading to TSAD loosening and failure. We hypothesize that loosening of two TSADs between
week 0 and 4 was due to lack of primary stability from excessive micro-motion during insertion.
The primary author found it very challenging to control insertion torque and minimize micro-
motion due to the miniature size of the TSAD. Skeggs et al.> in their Cochrane review discussed
that during TSAD placement, the surgeon should be aware of the depth of the TSAD into the
actual bone and not the bone and soft tissue insertion. This is absolutely critical as a thick soft
tissue biotype can deceive the clinician from achieving primary stability. In our study 1.5 mm
insertion depth of the TSAD into the cortical bone was based on FE analysis wherein minimal
displacement of the TSAD was observed (2.24 um) even at 140 gms of force. The amount and
type of force applied is critical for effective tooth movement to avoid critical failures. Bernhart et
al.** showed that excessive force during orthodontic loading can lead to micro fractures and

mobility, and light forces® can lead to adequate bone remodeling and accelerated stability.”

Based on the FE results, 140 gms force was the amount that a rat maxillary bone (c=45.7 MPa)
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could tolerate without permanent deformation of the bone.”” Although the maxillary bone could
tolerate a force of 140 gms without permanent deformation, the loading force employed in our
study using NiTi coil spring was ~ 30 gms as reported in literature’ as the amount of force need
to protract a rat molar is very small. Miyawaki et al® achieved 85% success rate of micro-screws
and attributed the 15% failure rate to peri-implant inflammation. Freudenthaler et al.”® and
Roberts et al.”’ supported this view and showed the most important factors affecting TSAD
stability was peri-implant inflammation rather than orthodontic loading. Based on FE results, less
than 25 MPa von Mises stress and 0.64 pm displacement was observed, indicating ideal loading
force for implant stability. Although we did not measure peri-implant inflammation, we
hypothesize that peri-implant inflammation might cause accelerated bone turnover and TSAD
loosening. Secondary stability of the TSAD starts about one month post TSAD insertion and
depends on bone remodeling around the implant and amount of bone-to-implant contact. For
bone remodeling to occur around the TSAD an optimal level of strain should be achieved not
exceeding the critical limit of 4000 microstrain.*® Our FE results showed maximal displacement
of the alveolar bone around 0.64um. EPMA and histology showed adequate bone-to-implant
contact with no signs of active bone turnover as evidenced by lack of Strontium deposition in the
alveolar bone around the TSAD. Strontium is known to act as a surrogate to calcium during bone
remodeling by replacing calcium in the newly forming bone. Lack of strontium deposition
around the TSAD suggests no active bone remodeling indicating good secondary stability. (Fig.
7d,h) There were no changes in the densities of calcium and phosphorus of the bone immediately
surrounding the TSAD in comparison to a distant but similar alveolar bone. (Fig. 7b.f,c,g) This
was confirmed by histology with good implant-to-bone contact without any cellular infiltrate that

would compromise secondary stability. (Fig. 9d) Although we were able to demonstrate no
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active bone remodeling around the TSAD as evidenced by EPMA and histology, absolute
anchorage with TSAD was not achieved. Literature shows evidence of 0-2.7 mm of TSAD
displacement with maximum values upto 5.5 mm.*"** Our results showed TSAD displacement of
0.42 mm at 4 weeks and 0.94 mm at 8 weeks. The rate of TSAD displacement was 0.014
mm/day from 0-4 weeks and 0.018 mm/day from 4-8 weeks. The rate and amount of TSAD
displacement was not significant at 4 weeks. (p~0.057) This failure to achieve absolute
anchorage did not prevent using the TSAD as stable anchorage for tooth movement. Statistically
significant tooth movement of the right first permanent molar was achieved with 0.62 mm and
1.99 mm of tooth movement at 4 and 8 weeks respectively. (p~0.0003) The rate of tooth
movement had an exponential increase from 0.022 mm/day by 4 weeks to 0.048 mm/day by 8
weeks. Both the amount and rate of tooth movement were comparable to published
literature®™*? Bone remodeling with new bone formation on the tension side of first permanent
molar was evident in EPMA analysis with increased strontium deposition (fig. 8d) and new bone
formation with stretched PDL fibers on histological sections (Fig. 9b,c) indicating robust bone

remodeling associated with orthodontic tooth movement.

Our study is the first to use TSADs as direct anchorage to facilitate tooth movement overcoming
some of the inadequacies associated with previous rodent models of tooth movement. Many of
the studies on orthodontic tooth movement in rats used inaccurate, unreliable and non-
physiologic methods of tooth movement.”> We were able to show that TSADs could be used as
a stable anchorage device with significant tooth movement at 4 and 8 weeks, adequate TSAD
stability, maintenance of constant force levels and preventing harmful iatrogenic effects to both
the maxillary and mandibular incisors teeth. In previous studies, maxillary incisors were used as

anchorage to secure the appliance and to prevent appliance loosening during mastication and
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physiologic eruption;’ the mandibular incisors were repeatedly ground down resulting in tooth
fracture, pain, discomfort and occasional pulpal exposure of the incisors. Our study allowed for
normal physiologic eruption of both the maxillary and mandibular incisors without any
iatrogenic trauma and the orthodontic appliance using TSADs was stable enough to allow
normal masticatory process. Most of the previous studies measured tooth movement from 2-4
weeks that did not provide clinically significant tooth movement to estimate the stability of the
anchorage device.® Our study was also able to provide evidence that TSADs could be used as
direct anchorage to provide the optimal force levels to allow significant tooth movement of 2
mm up to 8§ weeks. This amount of tooth movement was clinically significant along with

statistical significance.

3.7 Conclusions
1. TSADs can be used as a stable anchorage device for OTM in rats.

2. Statistically significant amount of tooth movement was achieved with 0.62 mm at 4

weeks and 1.99 mm at 8 weeks.
3. Success rate of TSADs were 92% at 4 weeks and 80% at & weeks.

4. Absolute anchorage was not achieved with secondary TSAD displacement of 0.42 mm at

4 weeks and 0.094 mm at 8 weeks.
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Chapter 4 Impact of Bisphosphonate Drug Bone Burden
during Orthodontic Tooth Movement in a Rat Model:
A Pilot Study
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4.1 Abstract

The purpose of this pilot study was to investigate the effect of long-term bisphosphonate drug
use (bone burden) on orthodontic tooth movement in a rat model. METHODS: Sprague Dawley
rats were used for orthodontic protraction of the maxillary first molars with nickel-titanium coil
springs and Temporary skeletal anchorage devices as anchorage. Four groups of 5 rats each were
included in the study; the first 2 groups were dosed with alendronate or a vehicle during
concurrent orthodontic tooth movement. The third and fourth groups were pretreated for 3
months with alendronate or vehicle injections, and bisphosphonate drug treatment was
discontinued before orthodontic tooth movement. Tooth movement measurements were obtained
at 0, 4, and 8 weeks using high-resolution in-vivo microcomputed tomography, and the tissues
were analyzed with histology and dynamic labeling of bone turnover. RESULTS: Appreciable
tooth movement was achieved during the 8-week duration of this study with nickel-titanium coil
springs and Temporary skeletal anchorage devices. Both bisphosphonate treatment groups
exhibited reduced tooth movement compared with the vehicle-dosed controls with a tendency
toward more severe reduction in the bisphosphonate predosed group. Concurrent dosing of the
bisphosphonate drug resulted in 56% and 65% reductions in tooth protraction at the 4-week and
8-week times, respectively. The impact of bisphosphonate bone burden in retarding tooth
movement was even greater, with 77% and 86% reductions in tooth movement at 4 and 8 weeks,
respectively. CONCLUSIONS: In this study, we used a robust rat model of orthodontic tooth
movement with Temporary skeletal anchorage devices. It has provided evidence that the bone

burden of previous bisphosphonate use will significantly inhibit orthodontic tooth movement.
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4.2 Introduction

Orthodontic tooth movement (OTM) occurs through the controlled application of
mechanical forces creating a biologic response on teeth.! The resultant tooth movement is
achieved through a myriad of events in the periodontal ligament (PDL) and surrounding alveolar
bone.” Despite the clinical precision of orthodontic mechanics to facilitate the required tooth
movement, some pharmacological agents such as bisphosphonate (BP) drugs commonly used to
prevent and treat osteoporosis, a bone disease, can alter OTM when trapped in bone in sufficient
concentration.’

BP drugs are structural non-hydrolyzable analogues of inorganic pyrophosphates* and act
by selective adsorption to bone mineral surfaces and subsequent inhibition of osteoclasts, the
cells responsible for bone dissolution.” BP drugs are extensively used for primary osteoporosis in
adults along with glucocorticoid-induced secondary osteoporosis, Paget’s disease of bone,
hypercalcemia of malignancy and tumor-induced osteolysis.® The nitrogen containing BP drugs
exhibit greater antiresorptive potency due to their ability to interrupt the prenylation of cellular
GTPases thus interfering with osteoclast survival and function.” Alendronate, a nitrogen-
containing BP, is one of the most common antiresorptive drugs used for the prevention and
treatment of osteoporosis and has been shown to significantly reduce the incidence of new

' Bone strength is determined by both stiffness

fragility fractures in osteoporotic women.*
(measure of toughness) and flexibility (measure of energy absorption), and optimal balance
between bone quantity and quality is crucial to maintain health.'""'> Although BP drugs have
been effective in the preservation of bone mass in patients with osteoporosis, recent studies

question the effects of long term BP use. They show evidence of poor bone quality with decrease

in energy-absorption capacity compared to normal bone."*This sequelae predispose the bone to
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atypical fractures especially in the femoral neck, lumbar spine and distal radius. These drugs

alter the material properties of the bone along with net changes in the mineral-matrix ratio,
thereby leading to an increase in atypical fractures and/or osteonecrosis of the jaws'®
particularly in association with high-dose intravenous (IV) BP use.

Recent literature investigating the effect of various BP drugs on orthodontic tooth
movement has to date been limited to rodent models and have used BP drugs either systemically
or locally during OTM. They have shown BP drugs to significantly retard tooth movement in
those rodent models.18-24 In a recent study in rats, alendronate when administered concurrently
with OTM inhibited tooth movement by 75% at 2 weeks and 58% at 4 weeks.18 50% of
alendronate drug that enters the blood stream following an oral dose gets preferentially bound to
areas of high bone turnover.”> Alveolar bone has 10-times more bone turnover than other bones,
and correspondingly, the accumulation of BP drugs in alveolar bone is significantly higher.?® The
incorporation of BP drug during long term bisphosphonate use to treat osteoporosis can lead to
substantial accumulation of the drug into bone. That continued accumulation (loading) of the
drug over a prolonged period of time in effect serves to burden the normal bone remodeling
process and we have coined the term “bone burden” to describe that phenomenon. Once
incorporated, the BP drug would be released slowly during physiologic bone turnover and to a
greater degree during accelerated remodeling processes associated with orthodontic tooth
movement. This will likely have adverse outcomes on bone turnover during attempts to move the
tooth roots into BP loaded bone, due to the drug’s ability to interfere with osteoclastic activity.

There is limited scientific evidence currently available on the actual consequence of
accomplishing orthodontic tooth movement in patients undergoing, or who have undergone, a

regimen of BP drug therapy (a clinical scenario of an individual taking long term bisphosphonate
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drugs to treat Osteoporosis and interested in orthodontic alignment of his/her dentition). This
bone burden effect which can result from bisphosphonates remaining attached to the bone tissue
from previous BP use and being released during active remodeling process, such as in natural
remodeling or OTM, can have adverse outcomes, and have not been investigated. Thus,
particularly during bone healing or the linear phase of OTM, where activated bone cells
orchestrate resorption of mineralized bone, cells will encounter BP drug molecules that have
become trapped in the bone matrix due to their affinity for calcium ions and mineralized tissues.
We hypothesized that, when this bone burden of incorporated BP drug was released into the local
micro-environment, it will interfere with bone cell activity, resulting in cell death and retardation
of remodeling, OTM and/or bone healing. The objective of this animal study was to evaluate and

quantify the inhibition of tooth movement associated with long term alendronate use.

4.3 Methods

4.3.1 Experimental protocol and design of OTM appliance:

Twenty 12-wk old female Sprague Dawley rats were used in this study and were randomly
assigned to 4 cohort groups (n=5/group); a) Control vehicle (saline) concurrent-dosed, b) BP
concurrent-dosed (0.015 mg/kg s.c. dosed concurrently twice weekly during OTM for 8 weeks),
c¢) Control vehicle (saline) pre-dosed for 12 weeks prior to, and subsequent OTM for 8 weeks,
and d) BP pre-dosed (0.015 mg/kg s.c. pre-dosed for 12 weeks prior to, and subsequent OTM for
8 weeks). This antiresorptive twice-weekly sub-cutaneous dosing schedule for the BP drug

alendronate has previously been used successfully in rats.”” ** The 12 week predosing interval
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was chosen to mimic an effective dose of bisphosphonate capable of blocking bone resorption

over the 12 week period.

The Control group followed the same dosing schedule using saline vehicle instead of the

active drug. The experimental design and dosing schedule is shown in Figure 1.
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Figure 4-1: Experimental design and time schedules for (A) BP concurrent-dosed and (B) BP
pre-dosed groups and their respective controls. Alendronate sodium or saline dosing
was started 1 week prior to and concurrent with OTM for 8 weeks and in-vivo uCT
scanning was done at 0, 4, 8 weeks of OTM with a strontium 10 day pulse prior to
euthanasia. (A) Alendronate or saline dosing started 12 weeks prior to OTM and
OTM was continued for 8 weeks with pCT scanning at 0, 4, 8 weeks of OTM and a
strontium 10 day pulse prior to euthanasia (B)
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Ethics approval was obtained from the University animal care and use committee.
Animals were purchased from University biosciences, and housed with 12 hours dark and light
cycles. All animals were fed standard lab soft diet ad libitum. To insert TSADs and coil springs,
rats were anesthetized using 2% Isoflurane/L oxygen, (Forane®, Baxter, Deerfield, IL) and
placed supine in a custom designed surgical jig which maintained the rat’s obligate nasal
inhalation of anesthetic, while permitting retraction of the mandible to expose the maxilla and
palate. A small 4 mm semi-lunar incision was made from the disto-palatal gingival margin of the
maxillary right incisor posteriorly using a No.15 surgical blade. After achieving adequate
hemostasis, a pilot hole was drilled in the maxillary bone at a 45° angle using a 1/2 mm round
bur attached to an NSK slow speed electric dental handpiece (Brassler, Savannah, GA). A self-
threading Stryker 1.2 x 3 mm titanium Temporary skeletal anchorage device (TSAD, Stryker-
Leibinger Inc, Hamilton, ON) was inserted to a depth of 1.5 mm into the alveolar bone at about
12-14 mm distance from the mesial aspect of the right first permanent molar. The fit and stability
of the TSAD into the alveolar bone was verified physically by finger pressure, using a side to
side and in-out motion. A stainless steel ligature wire was placed around the neck of upper right
first permanent molar and secured in position by tightening. A 9 mm closed coil NiTi spring
(GAC International, Bohemia, NY) was secured to the right first permanent molar and the
implant neck anteriorly with 0.010 stainless steel ligature. The appliance was left in place for 8
weeks to achieve appreciable tooth movement, as measured by pCT imaging (described below).
The left side acted as an intra-animal control with no appliance. The surgical TSAD placement

and appliance insertion is shown in Figure 2.
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Figure 4-2: Orthodontic appliance in the right maxilla for tooth movement using micro-implant
and NiTi closed coil spring.

4.3.2 Force-displacement measurements.:

NiTi-closed coil springs (stated by the manufacturer GAC International to exert 50 g of
force; GAC International, Bohemia, NY) were tested for force levels at different displacements
using an Instron universal testing machine with load cell capacity +/- 1 kN. (Model No. 4443;
Instron®, Norwood, MA) Briefly, an acrylic resin attached to a hook was glued on the lower
platen and GAC light NiTi closed coil spring was attached from the hook to the upper loading
crosshead. Loading and unloading curves were generated by applying a constant displacement of

2.5 mm/min up to12 mm of displacement.

4.3.3 uCT Assessment of OTM.:

In-vivo pCT imaging (SkyScan 1076 in-vivo imager, SkyScan NV, Kontich, Belgium)
was performed on all animals at baseline (0 weeks), 4 and 8 weeks of OTM. All scans were

conducted at 100 kV, 100 pA through 180° with a rotation step of 0.5° to produce serial
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projectional images of isotropic 18 pum’ voxels. All images were processed using bundled
commercial software. Data was Gaussian filtered and globally threshold to extract the
mineralized phase representing the 3D bone architecture. Visualization of the 3D architecture
was generated to provide a qualitative assessment of bone structure. Measurements were made
between the first and second right maxillary molars at all timepoints.

4.3.4 Measuring tooth movement using uCT:

Briefly, uCT rendered 2D scans were reconstructed as .bmp files and viewed using
SkyScan Data Viewer software. (SkyScan NV, Kontich, Belgium) The 2D slices displayed as
three orthogonal sections in X, Y, Z planes of space were centered at the desired point inside the
reconstructed space. Once the image was centered in all three planes, the linear distance from the
most convex contact area between the upper right first and second molar was measured and
recorded. Measurements were recorded at 0, 4, 8 weeks and amount of tooth movement was
obtained by subtracting the distance obtained at 4 and 8 weeks from baseline reading.
Measurements were performed by the primary author (NK) in a blinded fashion, and repeated for

reliability. (r=0.93) (Fig. 3)
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Figure 4-3: Image of uCT rendered 2D scan viewed with Data Viewer software for measuring
tooth movement. Once the image was centered in three planes of space, the linear
distance between the most convex contact area between the upper right second
and first permanent molar was measured and recorded at 0, 4 and 8 weeks and the
amount of tooth movement was estimated by measuring the difference in tooth
movement at 4, 8 weeks compared to baseline (0 weeks)

4.3.5 Histological assessment:

At the experiment end point (8 weeks) all animals were euthanized using isoflurane/CO, to effect,
and the right and left maxilla dissected, stored in 4% paraformaldehyde (Sigma-Aldrich Canada Co.
Oakville, ON) and fixed for 1 week with frequent changes. Following fixation, each hemi maxillae was
cut sagittally at the level of first permanent molar. The palatal half was processed for the spatial mapping
of bone turnover using Electron-Probe Microanalysis (EPMA), with the buccal half being processed for
routine histology. All samples processed for histology were rinsed and immersed in 4.13% EDTA

(Disodium Ethylene Diamine Tetra Acetic acid - Sigma-Aldrich Canada Co. Oakville, ON) decalcifying
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solution for 3 weeks. After decalcification, samples were paraffin embedded and sagittal sections (6 um)

were cut and stained with H&E for routine histological examination by light microscopy.

4.3.6 Electron probe microanalysis of dynamic Strontium label.:

All animals were given a brief 10 day pulse of elemental Strontium (Strontium ranelate,
PROTOS®, Servier Laboratories, Australia, 308 mg/kg/day body weight) by gavage prior to being
euthanized. We have previously shown, sub-therapeutic levels of elemental Strontium will serve as an
exquisite dynamic tracer for bone turnover capable of detection by electron probe micro analyzer
(Cameca SX-100, CAMECA Instruments, Inc. Madison WI) at very high resolution.”” EPMA was
performed on the palatal half of the right first permanent molar for spatially mapping the location and
distribution of elemental Strontium. Briefly, the first molar sagittal section was defatted in acetone,
embedded in epoxy resin, progressively polished (~ 0.5 um) and scanned to analyze the Ca, Sr and P

content in both BP dosed group and controls.
4.4 Statistical Analysis

This pilot data (n=5/group) was not assumed to be normally distributed due to small
sample size and a non-parametric approach was used for statistical analysis. To compare mean
amount of tooth movement at 4 and 8 weeks respectively among the groups, a Kruskal-wallis H
non-parametric test was performed with significance level set at 95% (a~0.5). The hypothesis of

interest was whether the tooth movement was same regardless of the drug use, namely:

H,: Mean amount of tooth movement is the same among groups at 4, and 8 weeks

H,: Mean amount of tooth movement is different among the groups at 4, and 8 weeks
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SPSS 16.0 statistical software was used to analyze the data. OTM measurements, weight change
in animals and force level change of the NiTi closed coil spring obtained from age-matched
cohorts were used for statistical analyses. All quantitative data was expressed as the mean +
standard deviation (S.D.). A value of P<0.05 was considered statistically significant. Mann-
Whitney U test was performed for individual comparison between groups with the p-value set at

a~0.016.

4.5 Results

None of the animals encountered post-operative complications or infection, although some food
impaction was observed around the implant site. All animals remained healthy and survived the
experimental process without any statistically significant loss of weight in any of the four groups
at 4 (p~0.262) and 8 weeks (p~0.1) Four animals (two in BP concurrent-dosed and two in control
concurrent-dosed groups) exhibited spontaneous appliance loosening necessitating removal of

the implant and removal of those animals from the study.

4.5.1 Force-displacement measurement:

Figure 4 shows the loading and unloading curves of all the NiTi1 springs used in the study.
There was no difference in the mean force levels at 0 weeks between controls (29.5+7.4) and BP
dosed rats (30.6£3.1). In addition, the experimental animal model showed no statistically

significant changes in the force levels among different groups at 4 (p~0.76) and 8 weeks

(p~.918).
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Force in gms
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Figure 4- 4: Loading and unloading curves of NiTi closed coil springs measured using Instron
universal testing machine with a load cell +/- 1kN. Loading and unloading curves
were generated by applying a constant displacement of 2.5 mm/min up to12 mm
of displacement.

4.5.2 BP dosing with OTM:

Descriptive statistics of tooth movement between the groups at different time points are
presented in Table 1. The difference in tooth protraction between control and the BP dosed
groups was evident qualitatively upon examination of 3D pCT renderings at 0, 4 and 8 weeks at
the coronal level (Figures. 5). Non-parametric ANOVA showed statistically significant
difference among all four groups at 4 weeks (P~0.008) and at 8 weeks (p~0.008). In terms of
measured distance (in mm), results showed statistically significant reduction in tooth movement
of 0.51+0.1 mm (77% reduction) and 1.7+ 0.1 mm (86% reduction) at 4 (p~0.009) and 8 weeks
(p~0.009) respectively between BP pre-dosed and controls. As the significance level was set at

0~0.016, the BP concurrent-dosed group showed non-significant reduction in tooth movement
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compared to its respective control at 4 weeks (p~0.05) and 8 weeks (p~0.05) and the amount of
reduction was only 0.48+0.1 mm (56%) and 1.2+0.2 mm (65%) at 4 and 8 weeks respectively as
shown in figure 6. There was no significant difference between the treatment groups (BP pre-

dosed group and BP concurrent-dosed group) at 4 weeks (p~0.0.053) and 8 weeks. (p~0.297)

Mean weight | Mean weight Mean force Mean force OTM at4 wks | OTM at 8 wks Mean diff Mean diff
change at 4 change at 8 level change level change {Meant5.D} {Mean5.D} OTM at4 OTM at 8 wks

wks wks at 4 wks at 8 wks in mm inmm wks {Mean15.D.}
{Mean5.D} {Mean15.D} {Mean5.0} {Mean#5.D} {Meani$.D.} inmm
in gms In gms in gms iin gms in mm

Control
pre-
dosed 41.5+56.4 59.8%49.9 -3.8%6 -4.916.5 0.610.2 1.9+0.3 0 0

BP pre-
dosed -0.6£20.5 10+14.3 -2.2+2.3 -2.7¢1.9 0.05£0.06 (2401 -0.5+0.2 -1.7+0.4

Control
concurre
nt-dosed 23.8+11.5 29.4+9.2 -0.3%0.5 -1.4£15 0.7+0.2 1.7+0.0 0.240.2 -0.240.4

BP
concurre
nt-dosed 24.1#19.3 32.1#154 -0.8£0.6 -1.6+15 03#0.1 (5404  -0.3$02 -14+0.4

Table 4-1: Mean changes in the animal weight, force levels and tooth movement measured at 4,
8 weeks respectively compared to baseline (0 weeks) in all four groups.
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Figure 4-5: 3D uCT rendered representative model showing difference in tooth movement in
control and BP pre-dosed rats at 0, 4 and 8 weeks. (M1, right first permanent
molar; M2, right second permanent molar; M3, right third permanent molar)
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Figure 4-6: Mean amount of tooth movement measured at 4 and 8 weeks in all four groups.
(Significance level set at 0.016: *; > 0.0016: **; > 0.00016: **%*)

4.5.3 EPMA:

We readily detected elemental strontium deposition in newly mineralizing alveolar bone
using EPMA, as a dynamic label of bone turnover in the final 10 days of orthodontically-induced
tooth movement and subsequent bone remodeling. Results showed increased strontium
deposition on the tension side of the tooth movement, (*) with minimal or no deposition on the
compression (or pressure) side in control animals. BP dosed animals showed decreased strontium

deposition (&) both on the pressure and tension side of first permanent molar tooth (Fig. 7).
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Figure 4-7: EPMA rendered images of upper right first molar region of (A) control and (B) BP
drug burden group depicting increased strontium deposition in the control group
(**) and negligible strontium deposition in the BP burden group (<) The warmer
color (light blue) indicates strontium deposition (*) wherein the strontium
molecule replaces calcium during new bone deposition at the tension side of the
tooth following tooth movement. Due to negligible tooth movement and lack of
alveolar bone remodeling very limited to none strontium deposition is seen in the
BP drug group as shown () (MP-mesiopalatal; DP-distopalatal).

4.5.4 Histology:

Hematoxylin and eosin stained sections of rat maxilla at the level of first molar
demonstrated evidence of tooth movement with increased bone resorption on the pressure side
and increased bone formation on the tension side (sites of PDL fiber stretching and cement line

formation). With respect to newly forming bone in the bisphosphonate laden group (pre-dosed
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group), distinct morphological areas lacking bone remodeling was evident with decrease in bone

remodeling and retraction of osteoclasts from the bone surface (Figure. 8).

BP DRUG BURDEN

CONTROL

MP Root

I
1l Molar

Figure 4-8: Histologic H & E stained sections of upper right first molar area in (A) control and
(B) BP burden group showing decreased tooth movement in the BP burdened
group. (magnification 2.5x) While the control animals showed normal features of
alveolar bone remodeling following tooth movement including stretching of the
gingival and periodontal ligament fibers ( ) and increased bone remodeling (),
the BP dosed animals showed lack of active bone remodeling. Lower panels (C
and D) show higher magnification of the interseptal bone in the first molar area.
(Magnification 10x) Panel C shows active bone remodeling with cement lines
(arrows) depicting areas of new bone formation whereas the BP burden group
showed presence of bony islands () due to lack of active remodeling, lesser
vascular channels and greater fibrotic component with regular and round shaped
osteoclasts lacking ruffled border (arrows- Inset panel D) (MP-mesiopalatal).
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4.6 Discussion

We used this novel model of OTM to investigate the effect of bone burden of a potent
nitrogen-containing BP (alendronate sodium), a commonly used therapeutic bisphosphonate
drug. It is important to note that several dental studies have been published on the potential
benefits of BP drug use in orthodontics to confer tooth anchorage. In the earlier published
literature, the aim was to prevent undesirable movement of anchor teeth or to prevent relapse
following OTM.'®** However, there are no studies published to date that examined the effect of
BP bone burden on tooth movement simulating the clinical situation, wherein a patient on long
term bisphosphonate therapy would come into an orthodontic practice requesting orthodontic
alignment of teeth and would be advised to stop the bisphosphonate drug as it would interfere
with and inhibit orthodontic tooth movement. It is known that BP drugs can remain in the
skeleton (especially the jaw bones) long after discontinuation of their use due to their long
terminal half-life (e.g. alendronate sodium ~ 10 years). Resultantly, this burden of BP drug in
bone can have significant impact during OTM treatment, as cells involved in the biologic process

of tooth movement (such as osteoclasts) are modified by BP drugs and rendered inactive.

We demonstrated that prior BP drug use will significantly inhibit tooth movement by
77% and 86% after 4 and 8 weeks of tooth movement respectively (BP drug burden group),
when compared to control rats. The 12 week predosing interval in the BP burden group was
arbitrarily chosen to mimic prior long term bisphosphonate usage in light of the reduced life span
of a Sprague Dawley rat (~ 2 yrs) in comparison to humans. It is impossible to compare our
findings with previous scientific literature as this is the first study to look at the bone burden

effect of bisphosphonate drugs. The only scientific literature currently available by Karras
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(2009)"* showed 58% reduction in tooth movement at 4 weeks in the BP drug group, where in
the drug treatment was started during OTM which was similar to findings in our study of 56%
reduction at 4 weeks and 65% reduction in 8 weeks of tooth movement in BP concurrent-dosed
group. Result from our investigation clearly demonstrates that long term BP drug use can have a
significant inhibitory effect on orthodontic tooth movement. A recently published retrospective
survey out of Washington State estimated 10% of females’ age > 50 years that underwent
orthodontic treatment had history of bisphosphonate use. They also concluded that extraction
therapy in these patients resulted in longer treatment times with incomplete space closure and
less than ideal root approximation.®® Our finding is significant as it highlights the importance for
the orthodontist in obtaining detailed health histories of current and previous medications, in
order to assess the limitations in treatment planning decision making and potentially forsake an
“ideal OTM result” in order to prevent risk of necrotic bone associated with slower tooth
movement in BP laden bone. Although we were able to show at least 20% reduction in tooth
movement in the BP bone burden group compared to BP concurrent-dosed group, we could not
demonstrate statistically significant difference with p~0.053 and p~0.297 at 4 and 8 weeks
respectively. This lack of statistical significance probably was due to loss of two animals from
the BP concurrent dosed group due to appliance loosening which decreased the sample size in

this drug group.

We used alendronate sodium (Fosamax) because Fosamax was the 19" most commonly
prescribed medication in the United States in 2005°" when bisphosphonates were the drug of
choice for post-menopausal osteoporosis. With emerging evidence about the long term retention
of bisphosphonate drugs in the bone and their adverse effects, including, esophageal cancer,

bone, muscle and joint pain, atypical fractures, acute phase reactions, atrial fibrillation,
-98-



hypocalcemia and potentially debilitating osteonecrosis of the jaw'> the orthodontist is faced
with the dilemma of gauging the relative risk of BRONIJ (Bisphosphonate Related Osteonecrosis
of Jaw) occurrence in this patient population. Although the risk of BRONJ in osteoporosis
patients is rare (incidence of 0.09 to 0.38%) the constant remodeling encountered during OTM
along with bacterial colonization in the oral cavity can predispose the risk for BRONJ that has
not been adequately determined. Furthermore, potent IV bisphosphonates are also used in
children to treat osteopenia, Paget’s disease, osteogenesis imperfecta, hypercalcemia of
malignancy etc, and these young patients who might present to the orthodontist for treatment
likely have a higher risk for BRONIJ.> The dosing and the drug administration regime was based
on previous studies who used subcutaneous administration of alendronate sodium in rats to

achieve the desired therapeutic effect’”*

and was based on body-mass conversion factors used to
simulate long term BP drug use to treat osteoporosis in humans. Although our effort was to
closely duplicate a clinical scenario, our results obtained with this animal model should be
interpreted with caution. The sub-cutaneous dosing helped us to bypass the stomach and prevent
the side effects of upset stomach, gastrointestinal pain, dysphagia, inflammation and erosion of
esophagus associated with oral dosing of bisphosphonate drugs.'’ With the sub-cutaneous dosing
we did not observe any side effects and the animal weight did not change significantly at

different time points when compared to the control rats (p~0.262 at 4 weeks and p~0.094 at 8

weeks)

Our study further highlighted the utility of elemental strontium as a dynamic tracer of
newly mineralizing bone, by acting as a surrogate for calcium in areas of active remodeling. As

seen under EPMA, bisphosphonate laden bone showed a distinct absence of strontium deposition
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on the tension side of tooth movement indicating significant inhibition of bone remodeling, in
comparison to the warmer colors seen at the tension side of control animals with substantial
strontium deposition in these animals indicating robust bone remodeling associated with
orthodontic tooth movement (Figure 7). This lack of bone remodeling in BP burdened animals
might make the bone susceptible to osteonecrosis. This “non-exposed” variant of osteonecrosis
of the jaws has previously been reported in a case-series published by Fedele et al who showed
1/3 of the total patients screened in that study had an unexposed variant of osteonecrosis.**
Clinicians need to be aware that this transient stage of osteonecrosis (or unexposed variant) can
still result in severe jaw bone pain, sinus tracts and bone swelling prior to leading to necrotic
bone exposure. Bisphosphonates inhibit bone remodeling by having a direct effect on osteoclasts.
When the osteoclasts adhere to bone surface during bone turnover events, they encounter BP
drug molecules which are then internalized by the osteoclasts. Once internalized the BP drug
molecules interfere with melovonate pathway and prevent formation of GTPases needed for
formation of ruffled border and cell adhesion of the osteoclasts and render them inactive and
further causes apoptosis.” Our histological data showed that osteoclasts in the BP burden group
were round in shape, detached from the bone surface with lack of ruffled border further
providing proof that BP laden group has enough bisphosphonate molecules that cause apoptosis

of osteoclasts, the critical cell need for orthodontic bone remodeling. (Panel D, Figure 8).

In summary, despite orthodontic treatment being primarily undertaken in adolescents, a
growing number of adult patients are seeking orthodontic care.”>’ A recent survey showed
adults comprising 20% of all orthodontic patients and this number is on the rise.*® This paradigm

shift challenges our current understanding of the role of bisphosphonate drugs in orthodontics.*
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Our current study has provided evidence that bisphosphonate bone burden can significantly
inhibit orthodontic tooth movement and can prevent active bone remodeling. Thus, it is
imperative that future studies investigate further, the effects of bisphosphonate bone burden
during active orthodontic treatment and associated bone remodeling and develop treatment plans
which avoid patient harm whilst achieving desired OTM treatment outcomes. Future studies
should investigate the effect of drug holiday on the outcome of bisphosphonate drug induced
inhibition of tooth movement and whether there would be substantial difference from the present
study. We hypothesize that, due to long terminal half-life of the drug (~ 10 years) there would
not be significant changes in the inhibitory effect of these drugs on orthodontic tooth movement

even with a drug holiday.

4.7 Conclusion

1. This pilot study demonstrated that Alendronate sodium significantly inhibited tooth
movement by 86% at 8 weeks and 77% at 4 weeks in the bone burden group versus age-
matched control rats.

2. The reduction in tooth movement was 20% greater in the bone burden group than the BP
concurrent-dosed group, although the difference was not statistically significant.

3. The inhibition of tooth movement and lack of bone remodeling as shown by EPMA
should caution the Orthodontist in formulating ideal treatment plans to avoid longer

treatment times and/or adverse orthodontic outcome
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Chapter 5 Impact of Selective Alveolar Decortication on
Bisphosphonate Burdened Alveolar Bone during Orthodontic
Tooth Movement
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5.1 Abstract

The purpose of this study was to investigate the effect of Selective Alveolar Decortication
(SADc) facilitated orthodontic tooth movement (OTM) on bisphosphonate burdened alveolar
bone in a rodent model. OTM was accomplished by protraction of the maxillary right first
molars. Four groups were included of which two groups were pretreated for three months with
alendronate sodium (BP+TM+SADc and BP+TM group) and two groups were given saline
(TM+SADc and TM group). Selective alveolar decortication surgery was performed on day 1 of
appliance insertion. OTM measurements were obtained at 0, 4, and 8 weeks using in-vivo pCT.
Tissues were also analyzed with histology and dynamic labeling of bone turnover. Our results
showed appreciable tooth movement of 0.39 mm and 0.75 mm in the BP+TM+SADc group at 4
and 8 weeks respectively with 113% increase in tooth movement compared to BP+TM group at
4 weeks and only 10% increase at 8 weeks. In comparison, SADc+TM group showed 0.63 mm
and 2.1 mm of tooth movement at 4 weeks and 8 weeks respectively with only 6% increase at 4
weeks and 2% increase at 8 weeks compared to TM group. Severe interproximal and buccal bone
loss around the first permanent molar in the BP+TM+SADc group was seen with uCT imaging
and histology. Some animals in BP+TM+SADc group histologically showed signs of
osteonecrotic bone with irregular borders, loss of osteocytes and absence of osteocytic lacunae.
This study demonstrated selective alveolar decortication accelerates tooth movement in a
bisphosphonate burdened alveolar bone in the short term but the potential of such an invasive

injury can be have adverse effects.

Key words: Orthodontic tooth movement, Bisphosphonate, Bone burden, Selective alveolar

decortication, pCT imaging, Electron probe microanalysis.
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5.2 Introduction

Orthodontic tooth movement occurs as a result of orchestrated activity of bone cells (osteoclasts
and osteoblasts) that remodel alveolar bone to facilitate the required tooth movement. The force
system acting on the tooth generates strains in the surrounding periodontal ligament and the
alveolar bone, producing areas of compression and tension that results in resorption on the side
of pressure and bone formation on the tension side.! The rate and amount of tooth movement is
affected by the rate of bone turnover.” To date, various treatment modalities have been
investigated to accelerate tooth movement including; corticotomy,*>® low level laser
therapy,™ mechanical vibration,'® pulsed electromagnetic therapy,'' electrical currents'? and

. . - 13,14,15
distraction osteogenesis. ™

Even biologic approach to accelerate tooth movement have been
attempted through invitro'® and in vivo localized RANKL gene therapy.!” A recent systematic

review by Long et al.'® showed that corticotomy is an effective modality to accelerate tooth

movement and is relatively safe compared to any other method.

Corticotomy is a surgical procedure to accelerate rate of orthodontic tooth movement by causing
localized osteopenia and accelerated bone metabolism as a result of controlled surgical
damage'. Frost (1983) coined the term “Regional Acceleratory Phenomenon (RAP)” to explain
this tissue response.”’ RAP is usually seen following a fracture to long bones and involves
recruitment, proliferation and activation of progenitor cells necessary for wound healing. The
tissue response during RAP involves decreased bone mineral density and accelerated bone
turnover.”! The sequence of events during RAP associated tissue injury include; initiation within

21,22

a few days of injury, peaking at 1-2 months and effects typically lasting 4 months. Many

. 23,242 s 2 . .
animal>***** and human studies’® have demonstrated the phenomenon of reversible osteopenia
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and accelerated tooth movement using corticotomy. Ren et al.** showed accelerated tooth
movement without associated root resorption and pulpal damage in beagle dogs and Mostafa et
al.” showed doubled rate of tooth movement in dogs. Wilcko and colleagues patented a
technique called Periodontally accelerated osteogenic orthodontics (PAOQO) wherein
mucoperiosteal flap is raised and osteotomy cuts in the cortical bone is performed alongside
tooth roots accompanied by small perforations into the alveolar bone, and a resorbable bone graft
placed to augment bone. This is followed by faster activation of orthodontic appliance with every

two week intervals to accelerate tooth movement.?’

A rat model” demonstrated the actual biological response to corticotomy induced tissue damage.
The authors showed that the increased turnover rate in alveolar bone is a result of anabolic and
catabolic modeling which increases by third week of tissue injury with decrease to normal
remodeling levels by seventh week and stabilization by eleventh week of alveolar decortication
surgery.”® The same group using a rat model showed that selective alveolar decortication
enhanced the total tooth displacement from 5.30 mm in the traditional tooth movement group to
6.94 mm in the combined SADc+TM group as a result of increase in osteoclastic and

osteoblastic activity and alveolar bone remodeling.®

Wilcko et al.”* proposed that corticotomy accelerated tooth movement should be contraindicated
in moving ankylosed teeth; and tooth movement in areas of devitalized bone such as with long
term use of bisphosphonates or steroid therapy. Bisphosphonate drugs have been extensively
used to prevent and treat primary osteoporosis, glucocorticoid-induced secondary osteoporosis,
hypercalcemia of malignancy, tumor-induced osteolysis and paget’s disease of bone.”” The

ability of bisphosphonate molecules to be trapped in large quantities in the bone and released
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during normal and active bone remodeling, can lead to apoptosis of osteoclasts,’® the cells
needed for bone resorption associated with orthodontic tooth movement.*' Prolonged use of
bisphosphonate drugs have been shown to cause atypical fractures of femur and spine** and
osteonecrosis of the jaws especially with invasive dental procedures such as tooth extractions

3334 We have recently shown that bisphosphonate burdened

and dental implant placement.
alveolar bone from long term bisphosphonate use can significantly inhibit the rate and amount of
tooth movement in a rat model.*” To date there has not been any published studies that looked at
the effect of selective alveolar decortication on remodeling changes in bisphosphonate burdened
alveolar bone and associated tooth movement. We hypothesize that selective alveolar
decortication will accelerate OTM in BP-burdened rats but the beneficial effects of such an
injury is questionable.

The objective of this animal study was to evaluate and quantify the acceleration of tooth
movement associated with selective alveolar decortication in the alveolar bone of a

bisphosphonate burdened rat model and to further investigate the tissue effects of such an

invasive injury.
5.3 Materials and Methods

5.3.1. Research Design:

Ethics approval was obtained from the University of Alberta animal care and use committee. The
study included 34 female Sprague-Dawley rats (age, 12 weeks) purchased from Biosciences,
University of Alberta and randomly assigned to 4 cohort groups. The animals were housed with
two in a cage with 12-hour dark-and-light cycles. All animals were fed a standard laboratory soft

diet ad libitum. Two groups were pretreated for three months with Alendronate sodium (0.015
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mg/kg subcutaneously) (BP+TM group (n=7) and BP+TM+SADc group (n=10)) and two groups
were pretreated with saline (TM group (n=7) and TM +SADc group (n=10). The two groups
with selective alveolar decortication surgery (SADc) had the surgical procedure completed at the
time of orthodontic appliance insertion. The experimental design and dosing schedule are shown

in Figure 1.
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Figure 5-1: Experimental design and time schedules for experimental groups and their
respective controls: A, BP burden group. B, BP burden + SADc group and their
respective controls

5.3.2 Surgical Procedure and appliance insertion:

Selective alveolar decortication surgery was executed as per Baloul et al.® Briefly, full thickness

mucoperiosteal flap was raised following a sulcular incision made using a Bard Parker No. 15
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blade around the sulcus of the maxillary first right permanent molar both buccally and palatally
extending 5 mm mesially into the edentulous space. Five decortication indentations each; buccal
and palatal of right first permanent molar 0.25x0.25 mm in diameter were made using No. %
round bur on a slow speed electric handpiece (NSK; Brassler, Savannah, GA). Flaps were
sutured back using 6-0 Vicryl bioresorbable suture (Ethicon, Somerville NY) to obtain primary
closure. Appliance insertion was similar to our previous study’® using Temporary skeletal
anchorage devices (Stryker-Leibinger, Hamilton, ON) and NiTi coil springs (GAC International,
Bohemia, NY). In brief, the rats were anesthesized using 2% isofluorane/L oxygen (Forane;
Baxter, Deerfield, I11) and placed supinely in a custom-designed surgical jig that maintained the
rat’s obligate nasal inhalation of the anesthetic, while permitting retraction of the mandible to
expose the maxilla and the palate. A small 4-mm semilunar incision was made from the
distopalatal gingival margin of the maxillary right incisor posteriorly with a number 15 surgical
bard parker blade. After achieving adequate hemostasis, a pilot hole was drilled in the maxillary
bone at a 45° angle using a 0.5-mm round bur attached to slow-speed electric dental hand piece
(NSK; Brassler, Savannah, GA). A self-threading 1.2x3 mm titanium Temporary skeletal
anchorage device (Stryker-Leibinger, Hamilton, ON) was inserted to a depth of 1.5 mm into the
alveolar bone about 12 to 14 mm from the mesial aspect of the right permanent first molar. The
fit and stability of the Temporary skeletal anchorage device into the alveolar bone was verified
by finger pressure, with a side-to-side and in-and-out motions. A stainless steel ligature wire was
placed around the neck of the maxillary right permanent first molar and secured in position by
tightening. A 9-mm closed-coil nickel-titanium spring (GAC International, Bohemia, NY)

delivering ~25-30gms of force was secured to the right permanent first molar and the implant

-113 -



neck anteriorly with a 0.010-in stainless steel ligature. The Appliance was left in place for 8

weeks to achieve appreciable tooth movement.

5.3.2 uCT analysis of OTM:

In vivo nCT scan (Skyscan 1076 “in-vivo” pCT, Skyscan NV, Kontich, Belgium) of the alveolar
bone surrounding the first molar and extending anteriorly to the maxillary incisors was
performed at baseline (0 weeks) and repeated in vivo after 4 weeks and 8 weeks of appliance
insertion. For all pCT imaging, scans were conducted at 100 kV and 100 mA current through
180° with a rotation step of 0.5° to produce serial projectional images of isotropic 18—pm3 voxels.
All image data was processed using commercial software bundled with the uCT system in our
laboratory (DataViewer, Skyscan, Kontich BE). The acquired data was Gaussian filtered and
underwent global thresholding to extract the mineralized phase representing the 3D tooth
movement and bone architecture.

5.3.4 Measurement of Tooth movement:

The measurement of amount of tooth movement was accomplished as follows: In brief,
microcomputed tomography-rendered 2-dimensional scans were reconstructed as .bmp files and
viewed using Data Viewer software (DataViewer, Skyscan, Kontich BE). The 2-dimensional
slices displayed as 3 orthogonal sections in the x, y, and z planes of space were centered at the
desired point inside the reconstructed space. Once the image was centered in all 3 planes, the
linear distance from the most convex contact area between the maxillary right first and second
molars was measured and recorded for the amount of tooth movement. Measurements were
obtained by the primary author (N.K.) in a blinded fashion and repeated for reliability one week

apart. (r=0.98)
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5.3.5 Histological assessment:

At the experiment end point (8weeks), all animals were euthanized using isofluorane followed by
CO; inhalation to effect, and the right and left maxilla were immediately dissected, stored in 4%
paraformaldehyde (Sigma-Aldrich Canada, Oakville, ON, Canada) and fixed for 1 week with
frequent changes. Following fixation, one each hemi-maxillac of SADc and SADc + BP burden
group were cut sagitally at the level of first permanent molar for qualitative histological and
EPMA analysis. The palatal half was processed for spatial mapping of bone turover using EPMA
(Electron-Probe Microanalysis) and the buccal half was processed for routine histology. The rest
of the animals were processed for quantitative histochemistry for alveolar bone surface area and
surface perimeter changes. All samples processed for histology were rinsed with PBS
(Phosphated Buffered Saline) wash buffer (pH 7.3) and immersed in 4.13% EDTA (Disodium
Ethylene Diamine Tetra Acetic acid; Sigma-Aldrich Canada, Oakville, ON, Canada)
decalcifying solution for 3 weeks. The tissue was checked and further decalcified if inadequate
decalcification was observed. Following decalcification, samples were processed for routine
histology by paraffin embedding. Sagittal sections (6 um) were cut and stained with hematoxylin

and eosin for routine histology.

5.3.6 Histomorphometric analysis:

For dynamic quantification of bone parameters; serial 6-um thick cross sections were cut in the
first molar area with a microtome every 100 pum and stained with hematoxylin and eosin. The
sections were viewed using Leica light microscope (Leica Microsystems Inc., Concord, ON,
Canada) and imaged using RS imaging software and CoolSNAPgz; CCD camera (Photometrics,

Tuscon, AZ, USA) at 5x original magnification. Histomorphometric analysis of bone parameters
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was measured by sequentially analyzing the images using commercially available Adobe

1.7 Briefly, the trabecular bone

Photoshop® and Image J software as reported by Egan et a
between all five roots of the first permanent molar was selected as a Region of Interest (ROI)
consistent for all images (15 mm?®); a black and white mask was created using Adobe

Photoshop®, imported into Image J software and thresholded to measure bone area (BA) and

perimeter and the results tabulated. (Figure. 2)

Figure 5-2: Histomorphometric analysis was performed for bone parameters with construction
of the black and white image mask. (A) A region of interest was selected from a
Hematoxylin and eosin stained section obtained at 5x magnification (B) The
captured image was then opened in Adobe Photoshop® to prepare the black and
white mask. Within the selected region of interest, bone was identified and
represented in black (C) and the remaining non-bone area was selected as white.

(D)
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5.3.7 Electron Probe Micro-Analysis (EPMA):

Two animals from each group were randomly chosen and were given a brief 10-day pulse of
elemental strontium (Strontium ranelate, PROTOS; Servier Laboratories, Hawthorn, Victoria,
Australia; 308 mg/kg/day body weight — sub-therapeutic dosage at lower limit of therapeutic
index) by gavage 10 days prior to euthanization. Strontium has been shown as an excellent
dynamic label for bone turnover and can readily be detected by EPMA at high spatial
resolution.® EPMA was performed on the palatal half of the right first permanent molar for
spatially mapping the location and distribution of elemental, Sr, Ca, and Phosphate (P). Briefly,
the first molar sagittal sections were defatted in acetone for 1 week, dried in a 40°C oven,
embedded in epoxy resin (Epo-Kwick®, Beuhler Ltd., Lake Bluff, IL, USA), progressively
polished (~ 0.5 um) and scanned at 2 and 5 um resolution and current set at 15kV and 30nA to
analyze the Ca, Sr and P content of the alveolar bone surrounding the control left permanent first
molar and orthodontically moved right first permanent molar using a Cameca SX100 electron
probe (Cameca, Paris, France) and vendor supplied PeakSight 4.1 (Cameca, Paris, France)

analysis software.

5.4 Statistical Analysis

SPSS statistical software (version 16.0; SPSS, Chicago, IL, USA) was used to analyze the data.
Descriptive statistics were analyzed as Means £ S.D (mm). OTM measurements,
histomorphometric bone area and bone perimeter results obtained from age-matched cohorts
were used for statistical analyses. To compare the mean amount of tooth movement at 4 and 8

weeks, mean difference in bone area and bone perimeter a Kruskal-Wallis H nonparametric test
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was performed with the significance level set at 95% (a = 0.05). A Mann-Whitney U post-hoc

comparison was performed within groups to see individual variation.

5.5 Results

All surgeries and appliance insertion were performed by the primary author. (NK) No post-
operative complications were observed. Meloxicam (2mg/kg body weight) was used as an
analgesic for post-operative pain management. No significant loss of weight was observed in any
group throughout the experimental period. Four animals (2 in BP+TM+SADc group and 2 in
TM+SADc group) had spontaneous loosening of the TSAD necessitating removal of the animals

from the study.

5.5.1 Magnitude of tooth movement:

The effectiveness of selective alveolar decortication on tooth movement was analyzed using
uCT. Figure 3 shows representative 3D rendered microcomputed tomography images of tooth
movement in all four groups. The difference in the amount of tooth movement is visually evident
in the bisphosphonate burdened animals (Fig 3C & 3D) compared to the control groups. (Fig 3A

& 3B)
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Figure 5-3: 3D uCT rendered model showing difference in tooth movement in A, TM; B,
TM+SADc; C, BP+TM and D, BP+TM+SADc rats at 0, 4 and 8 weeks. TM =
Tooth Movement; SADc = Selective Alveolar Decortication; BP =
Bisphosphonate burden; M1 = Upper right first permanent molar; M2 = Upper
right second permanent molar; M3 = Upper right third permanent molar.

Table 1. shows the mean amount of tooth movement in all groups at 4 and 8 weeks.

OTM at 4 weeks OTM at 8 weeks Mean Bone Area Mean Bone Perimeter

[(Meant5D) (mm) [(Meant5D) (mm) (Mean5D) (mm?) (Mean2sD) [rrlrn)

Control 0.00+0.00 0.00+0.00 1.79+0.41 16.17+3.53
™ 0.57+0.21 1.9+0.35 1.48+0.62 20.98+3.07
TM+SADc 0.63+0.21 2.1+0.88 1.23+0.83 16.49+4.04
BP 0.00+0.00 0.00+0.00 1.63+0.19 15.95%0.69
BP+TM 0.07+0.05 0.18+0.11 1.62+0.5 16.39+£2.25
BP+TM+SADc 0.39+0.1 0.75+£0.014 1.69+0.21 14.41+2.69
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Table 5-1. Mean amount of tooth movement measured at 4 and 8 weeks and histomorphometric
measurement of bone area and bone perimeter in all 4 groups with left side acting
as intra-animal control in bone burdened and control animals. OTM =
Orthodontic Tooth Movement; TM = Tooth movement; SADc = Selective
Alveolar Decortication; BP = Bisphosphonate burden; SD = Standard Deviation.

Kruskas-Wallis non-parametric test showed significant difference in the amount of tooth

movement among all groups at 4 weeks (p~0.001) and 8 weeks (p~0.0001) (Fig 4).

Test Statistics™®
fourweeks | eightweeks
Chi-Square 15.908 20.463
df 3 3
Asymp. Sig. .001 .000
a. Kruskal Wallis Test
h. Grouping Variable: grouped

Figure 5-4: Kruskal Wallis non parametric test shows significant difference in the mean amount

of tooth movement among all four groups at 4 weeks (p~0.001) and 8 weeks
(p~0.0001)

To find out the individual variation, Mann-Whitney post-hoc test was done to test the actual
difference between individual groups. At 4 and 8 weeks, there was a non-significant 6% and 2%

increase in tooth movement respectively in TM+SADc group compared to TM group. (Fig 5)
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Figure 5-5: Mean amount of orthodontic tooth movement measured at 4 and 8 weeks in all four
groups (significance level: *p<0.05, **p<0.005, ***p<0.0005, NS = Non
Significant

However, in the BP+TM+SADc group, selective alveolar decortication accelerated tooth
movement by 113% at 4 weeks when compared to BP+TM group (p~0.003). When compared to
SADc+TM and TM groups, BP+TM+ SADc group showed only 22% (p~0.012) and 15%
(p~.106) reduced tooth movement at 4 weeks. This effect was not seen in 8 weeks with only a
modest 10% increase in tooth movement from four to eight weeks in the BP+TM+SADc group
compared to BP+TM group (Fig 6). BP burdened animals where only tooth movement was
attempted had 77% (p~0.008) and 86% (p~0.008) reduction in tooth movement at 4 and 8 weeks

respectively when compared to TM group.
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5.5.2 Qualitiative uCT and histologic analysis:

Figure 6 (A-F) shows uCT rendered sagittal images depicting alveolar bone remodeling between
upper right first and second molar area. Figure 6G-L show hematoxylin and eosin stained
sections of the area of interest ( | | ). While normal robust remodeling occurs in control animals,
with (Fig 6C) or without (Fig 6B) selective alveolar decortication with stretching of periodontal
ligament fibers, increase in blood vessels and osteoblastic bone formation, BP burdened animals
show either lack of remodeling in BP burdened alveolar bone when tooth movement alone was
attempted (Fig 6E & 6K) or severe interproximal alveolar bone loss associated tooth movement
(Fig 6F & 6L) as a result of tissue injury from selective alveolar decortication. Some animals in
BP+TM+SADc group that underwent selective alveolar decortication and has the
bisphosphonate burden in the alveolar bone showed radiographic features of necrotic bone seen
as bony fragments with irregular borders that were separated from the remaining alveolar ridge.
(Fig 7A) Histologic sections (Fig 7B & 7C) stained with hematoxylin and eosin of the area of
interest () showed evidence of osteonecrotic bone associated with bacterial infiltration (black
arrows), inflammatory cell infiltrate and presence of pyknotic and/or diffuse loss of osteocytes
with confluent areas of empty lacunae in the area of necrotic bone (yellow arrows). Evidence of

increased periosteal bone formation was also noticed in these animals. (Data not shown)
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Figure 5-6. Panel (A-F) show uCT rendered sagittal images depicting alveolar bone remodeling
between upper right first and second molar area. Panel (G) thru (L) Hematoxylin
and eosin stained sections of the area of interest ( [ ) original magnification 5x.
While normal remodeling occurs in control animals; BP burdened animals show
either lack of remodeling in BP burdened alveolar bone when tooth movement
alone was attempted (panel (E) and (K) or severe interproximal alveolar bone loss
((Arrows (F) and (L)) as a result of tissue injury from selective alveolar
decortication. C = Control; TM = Tooth Movement; SADc = Selective Alveolar
Decortication; BP = Bisphosphonate burden; M1 = Upper right first permanent
molar; M2 = Upper right second permanent molar
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Figure 5-7: Panel (A) Micro-CT rendered coronal images showing areas of necrotic bone (['1)
detached from the rest of the alveolar and basal bone. Panel (B) Hematoxylin and
eosin stained sections of the area of interest ([]) with osteonecrotic bone
associated with bacterial infiltration (black arrows), inflammatory cell infitrate
surrounding the necrotic bone and presence of pyknotic osteocytes in the area of
necrotic bone (yellow arrows). (Panel C) DB = Disto Buccal; MP = Mesio
Palatal; MB = Mesio Buccal; M1 = Upper right first permanent molar; M2 =
Upper right second permanent molar; NB = Necrotic Bone. Panel B original
magnification 10x; panel C original magnification 20x.

5.5.3 Quantitative histomorphometric analysis:

We further evaluated the histopathologic appearance and histomorphometric analysis of the

alveolar bone in control and bisphosphonate burdened animals. (Fig. 8)
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Figure 5-8: Histopathology and histomorphometric analysis of tissue response to selective
alveolar decortication in control and bisphosphonate burdened animals. Kruskal-
Wallis non parametric test showed no significant difference among the groups in
trabecular bone area (p~0.846) while a significant difference in the bone
perimeter was found among groups (p~0.038). In the control animals the left
contralateral control site (A) has significantly more trabecular bone compared to
right experimental side in TM group (B) and TM+SADc group (C). Although
robust remodelling was associated with SADc there was no significant difference
in the bone area (p~0.818) or perimeter (p~0.065) between TM+SADc group (C)
compared to TM group alone. (B) In the bisphosphonate burdened animals no
changes in the architecture was evident between the left contralateral side (D) and
right tooth movement side (E). The bisphosphonate burdened animals in both D
and E show dense trabecular bone with decrease in vasculature compared to
normal bone (A). The effect of selective alveolar decortication injury in
bisphsophonate burdened animals coupled with tooth movement (F) showed
severe buccal bone loss (arrows) with lack of active bone remodelling usually
associated with corticotomy surgery. MeantS.D. of trabecular bone surface area
(G) and trabecular bone perimeter (H) in different groups at the end of
experimental time point (8 weeks). (Hematoxylin and eosin; orginal magnification
: A-F x5.) M = Mesial; MP = Mesio Palatal; MB = Mesial Buccal; DB= Disto
Buccal; DP = Disto Palatal; TB = Trabecular Bone; C = Control; TM = Tooth
Movement; SADc = Selective Alveolar Decortication; BP = Bisphosphonate
burden.
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Figure 8 shows histopathology and histomorphometric analysis of tissue response to selective
alveolar decortication in control and bisphosphonate burdened animals. Kruskal-Wallis non
parametric test showed no significant difference among the groups in trabecular bone area
(p~0.846) while a significant difference in the bone perimeter was found among groups
(p~0.038). Although robust remodeling was associated with SADc there was no significant
difference in the bone area (p~0.818) or perimeter (p~0.065) between TM+SADc group (Fig 8C)
compared to TM group alone. (Fig 8B) In the bisphosphonate burdened animals no changes in
the architecture was evident between the left contralateral side (Fig 8D) and right tooth
movement side (Fig 8E & 9D). The bisphosphonate burdened animals show dense trabecular
bone with decrease in vasculature compared to normal bone (Fig 8A, D, E & Fig 9D). The effect
of selective alveolar decortication injury in bisphosphonate burdened animals coupled with tooth
movement (Fig. 8F & 9C) showed severe buccal bone loss (arrows) with lack of transient
osteopenia and active bone remodeling usually associated with corticotomy surgery. Figure 8
graphs show Mean+S.D. of trabecular bone surface area (Fig 8G) and trabecular bone perimeter
(Fig 8H) in different groups at the end of experimental time point (8 weeks). Histopathologic
evaluation of the cross sectional image of the trabecular interradicular bone demonstrated that
there was no statistically significant difference in the trabecular bone area among the groups.
(p~0.846) Although the results showed lack of significance, there was a trend towards decrease
in trabecular bone area in the BP+TM+SADc group (1.23+0.83 mm?) compared to TM group
(1.48+0.62 mm?) or control side (1.79+0.41 mm?). No decrease in trabecular area was seen in BP
burdened animals with bone area measuring 1.69+0.21 mm® in BP+TM+SADc group and
1.62+0.5 mm’ in BP+TM group. (Fig 8G) There was a significant difference in the bone

perimeter with p~0.038 among the groups. (Fig 8H) The most significant increase in bone
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perimeter was evident in TM group due to the robustness of the remodeling associated with tooth
movement and associated alveolar bone changes. There was a significant increase in bone
perimeter in the TM group (20.98+3.07 mm) compared to control group with no tooth movement
(p~0.013) and compared to bisphosphonate burdened animals. (BP group = p~0.01; BP+TM
group = p~0.004; BP+TM+SADc group = p~0.01) There was no difference in bone perimeter
between TM group and TM+SADc group (p~0.065) indicating that active remodeling of the
trabecular bone occurred in both groups with increase in trabecular bone changes which in turn
increases the bone perimeter due to stretching of PDL fibers, angiogenesis and osteoblastic bone

formation usually associated with tooth movement.

Figure 5- 9: Histologic H & E stained sections of upper right first molar area in (A) SADc, (B)
Control, (C) BP burden + SADc and (D) BP burden group showing more tooth
movement in the BP burden + SADc group when compared to BP burdened
group. While the control animals (A & B) showed normal features of alveolar
bone remodeling following tooth movement including stretching of the gingival
and periodontal ligament fibers (*) and increased bone remodeling (), the BP
dosed animals showed lack of active bone remodeling with severe interproximal
bone loss (arrows) in the BP burden + SADc group. (Hematoxylin and eosin;
original magnification: A-D x2.5). SADc = Selective Alveolar Decortication; BP
= Bisphosphonate; MP = Mesio Palatal.

5.5.4 EPMA qualitative analysis:

We used elemental Sr as a surrogate for calcium and molecular tracer of alveolar bone

remodeling at the mineralization front. Strontium was given to the animals as oral gavage (308
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mg/kg/day) for the last 10 days of experimental tooth movement. EPMA maps show uniform
dynamic labeling of strontium over the actively remodeling mineralization front on the tension
side of experimental tooth movement in both TM group (Fig 10B) and TM+SADc group (Fig
10C). The warmer colors indicates Sr peaks with EPMA analysis (shown as asterisk *) in Figure
10B and 10C, demonstrating robust new bone formation in the TM and TM+SADc groups as a
result of active bone remodeling wherein Sr has replaced Ca ions to form SrP crystals instead of
hydroxyapatite crystals usually seen with bone formation. As expected, lack of Dynamic labeling
of strontium was seen in the bisphosphonate burdened animals when tooth movement was
attempted (shown as &) in Figure 10E due to lack of active bone remodeling associated with
bisphosphonate burdened alveolar bone wherein the bisphosphonate drug will apoptose any new
osteoclasts that forms in the vicinity to start the remodeling process. Interestingly
BP+TM+SADc group also showed absence of Dynamic labeling of strontium on the tension side
(Fig 10F ). This indicates that although tooth movement was more in BP+TM+SADc group at
8 weeks (0.75+0.14 mm) compared to BP+TM group (0.018+0.11) most of the tooth movement
that occurred was not due to active remodeling process but due to loss of interproximal and

furcal alveolar bone in these animals as shown in Fig 6F, 8F & 10F)
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Figure 5-10: Electron-probe micro analyzer rendered images of maxillary molar region of (A),
contralateral left control side with limited remodelling activity in comparison to
right molar region of (B), TM group and (C) TM+SADc groups; showing
increased strontium deposition in both the groups (*) In contrast the BP burdened
tissues show lack of appreciable remodeling with no strontium uptake and activity
in (D) control left side; (E) BP+TM group and (F) BP+TM+SADc group. ().
The warmer colors in both the TM and TM+SADc group as shown by red asterisk
(*) demonstrates increased bone remodeling due to high tissue turnover; that is
apparently lacking in the bisphosphonate laden bone in BP+TM and
BP+TM+SADc groups. Also there is evidence of severe buccal and interpoximal
bone loss in BP+TM+SADc group. (arrows) MP = Mesio Palatal; DP = Disto
Palatal; TM = Tooth Movement; SADc = Selective Alveolar Decortication; BP =
Bisphosphonate burden

5.6 Discussion

We demonstrated for the first time, the impact of selective alveolar decortication on
bisphosphonate burdened alveolar bone during experimental tooth movement in rats. Selective
alveolar decortication a variant of corticotomy surgery has been known to accelerate tooth

movement in both humans and animal models.***° Localized injury to the alveolar bone leads to
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anabolic and catabolic activity that result in accelerated bone remodeling28 in turn increasing
tooth movement.® This accelerated tooth movement has been shown to peak in 21 days in a rat
model and lasts about four months in humans.” This is due to transitory localized osteopenia in
the medullary bone leading to decreased resistance of alveolar bone to orthodontic force in turn
preventing hyalinization usually seen during the “lag phase” where limited tooth movement
occurs. This lag phase usually occurs between 7 and 21 days of initiation of tooth movement.*’
Our results showed that at 4 and 8 weeks, there was a non-significant 6% (p~0.947) and 2%
(p~0.947) increase in tooth movement respectively in TM+SADc group compared to TM group.
(Fig 6) The average rate velocity also showed no significant change with only a marginal
increase of 2um/day in TM+SADc group compared to TM group between 0 and 4 weeks.
(p~0.739) From 4 to 8 weeks the average rate velocity doubled in both the groups but the
difference was only marginal with 5 um/day increase (p~0.739) in TM+SADc group compared
to TM group. (Fig 7) The results demonstrate that SADc surgery did not have a significant
increase in both the rate and amount of tooth movement in non-bisphosphonate burdened
animals. Our results are in agreement with Baloul et al.,” who although demonstrated rapid tooth
movement at earlier time points and hypothesized that the coupling mechanism of bone
resorption and formation without any pathologic consequence to the alveolar bone was the
science behind effective accelerated tooth movement; showed that the effectiveness of selective
alveolar decortication was not sustained long term with no significant difference in both amount

and rate of tooth movement at 4 (p~0.11) and 6 (p~0.23) weeks.

Long et al.'® concluded that corticotomy is an effective and safe modality to accelerate tooth
movement but Wilcko et al.*® suggested that one of the contraindications against use of

corticotomy surgery was in patients on long term bisphosphonate or steroid therapy. There is no
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study published to date to demonstrate the effect of corticotomy surgery in bisphosphonate
burdened alveolar bone that would help the clinician in making an evidence based decision on
the effectiveness of corticotomy in bisphosphonate burdened individuals. We have previously
demonstrated that bisphosphonate burdened alveolar bone inhibits tooth movement.” Hence
research investigating attempts to reverse this inhibitory effect of bisphosphonate drug on
orthodontic tooth movement would be useful for the clinician at the crossroads with his/her
patient, who is on long term bisphosphonate use and requesting orthodontic services as an
adjunctive therapy or as a definitive therapy for improving self-esteem. Our purpose was to
investigate whether the transient osteopenia associated with selective alveolar decortication
would open up the underlying marrow vascular spaces, to maintain a stable state of bone but at
the same time leach out enough bisphosphonate drugs from the alveolar bone to allow for normal
remodeling process to occur thereby increasing tooth movement without any adverse effects. We
were able to demonstrate in BP+TM+SADc group, selective alveolar decortication accelerated
tooth movement by 113% at 4 weeks at an average rate of 13.94+3.6 um/day in BP+TM+SADc
group as compared to 2.4£1.8 um/day in BP+TM group (p~0.003). The accelerated tooth
movement could be attributed to occurrence of localized osteopenia near the surgical site
resulting in leaching out of bisphosphonate drug from the cortical and cancellous bone into the
blood stream. This unavailability of bisphosphonate drug to target the osteoclasts coupled with
increase in osteoclastic recruitment and activity as a result of tissue injury, could have resulted in
accelerated tooth movement even in a bisphosphonate burdened alveolar bone. But the effect did
not last until 8 weeks with only a modest 10% increase in tooth movement from four to eight
weeks in the BP+TM+SADc group compared to BP+TM group with the average rate velocity
plateauing from 4 to 8 weeks (12+6.7 um/day). When compared to SADc+TM and TM control
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groups, BP+TM+ SADc group showed only 22% (p~0.012) and 15% (p~.106) reduced tooth
movement at 4 weeks. BP burdened animals where only tooth movement was attempted
(BP+TM group) had 77% (p~0.008) and 86% (p~0.008) reduction in tooth movement at 4 and 8
weeks respectively when compared to TM group and a very low rate of tooth movement from 0
to 4 weeks (2.4+1.7 um/day) with continued low rate of tooth movement from 4 to 8 weeks
(4.09£2.9 um/day). These results demonstrate that although selective alveolar decortication
increased tooth movement at 4 weeks by 113% it was still not effective to leach out the entire
bisphosphonate drug to allow normal remodeling process. Once the effectiveness of the
decortication surgery was diminished (one cycle of anabolic and catabolic activity associated
with corticotomy type surgery in experimental rat model usually about 21 days in rats (Sebaoun
et al., 2008%")) the burden effect of the bisphosphonate drug on the alveolar bone prevented
further tooth movement from 4 to 8 weeks reaching similar levels evident in BP+TM group. This
lack of effective tooth movement and bone remodeling at 8 weeks was also seen by pCT and
histology. While normal robust remodeling occurred in control animals, with (Fig 6C) or without
(Fig 6B) selective alveolar decortication; demonstrating stretching of periodontal ligament fibers,
increase in blood vessels and osteoblastic bone formation, BP burdened animals showed lack of
active remodeling and was associated with severe interproximal and buccal alveolar bone loss
associated tooth movement (Fig 6F & 6L) as a result of tissue injury from selective alveolar
decortication. It could be argued that the increased tooth movement shown at 4 weeks in these
animals is a result of bone loss and decrease in bone support rather than bone remodeling process
associated with accelerated orthodontic tooth movement. Some animals in BP+TM+SADc group
that underwent selective alveolar decortication and had the bisphosphonate burden in the alveolar

bone showed radiographic features of necrotic bone seen as bony fragments with irregular
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borders that were separated from the remaining alveolar ridge. (Fig 7A) Histologic sections (Fig
7B & 7C) stained with hematoxylin and eosin of the area of interest (/) showed evidence of
osteonecrotic bone associated with bacterial infiltration (black arrows), inflammatory cell
infitrate and presence of pyknotic and/or diffuse loss of osteocytes with confluent areas of empty
lacunae in the area of necrotic bone (yellow arrows). BP drugs have been shown to cause
osteonecrosis of the jaws. This bisphosphonate induced osteonecrosis (BRONJ) is more

40-43 than oral

prevalent in individual taking IV bisphosphonate drugs with a risk of 1-11%
bisphosphonates (0.001-0.1%).***® This risk of BRONJ occurrence is on the rise due to chronic
oral BP use and increase in screening of BP patients.*® Marx*’ demonstrated that 81% of BRONJ
cases had an initiating event such as uncontrolled periodontal disease, tooth extraction either due
to periodontitis or caries, periodontal surgery or apicoectomy. This establishes that extensive
tissue trauma coupled with bacterial infection can be a predisposing factor in BRONJ
occurrence. Allen and Burr (2009)*® attempted to explain this occurrence and showed that altered
bone remodeling, angiogenesis inhibition, constant microtrauma and bacterial infection could be
hypothesized as initiating factors for BRONJ development. Long term bisphosphonate burden of
alveolar bone in beagle dogs showed matrix necrosis of the alveolar bone.* Fedele et al. (2010)*
showed that jaw pain, sinus tracts, bone enlargements and gingival enlargement are associated
with non-exposed variant of BRONJ. Any additional tissue injury coupled with bacterial
infection could lead signs and symptoms of clinically exposed BRONJ in these individuals. We
previously demonstrated that long term use of alendronate in rats can lead to decreased tooth
movement, atypical trabecular alveolar bone with decrease in blood vessels and lack of bone

remodeling.*>> These animals did not show signs of necrotic bone. But additional trauma to the

bisphosphonate burdened alveolar bone from decortication injury, lead to rapid bone loss and
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associated bacterial infection and tissue inflammation that predisposed these animals to signs of
BRONJ with necrotic and sequestered bone, severe bone loss and tissue inflammation.
Histological examination confirmed the presence of necrotic bone with diffuse loss of osteocytes
and empty lacunae, diagnostic of osteonecrosis and hallmark of BRONIJ histopathology in
humans.’’ Aghaloo et al. (2011)*' proposed a model for BRONJ pathophysiology and
demonstrated that when tissue trauma occurs to bisphosphonate burdened alveolar bone, due to
diminished activity of osteoclasts; alveolar bone is not resorbed away from the inflammation
areas, exposing the bone to environment rich in bacterial toxins, inflammatory cytokines, or
oxidative stress. Such high toxicity results in rapid bone loss and osteonecrosis. Our finding of
osteonecrotic bone with irregular borders associated with bacterial infiltration, inflammatory cell
infitrate and presence of pyknotic and/or diffuse loss of osteocytes with confluent areas of empty
lacunae in the area of necrotic bone is similar to pathophysiology of BRONJ development
proposed by Aghaloo et al. (2011)°' The histologic features of BRONJ like development,
induced by selective alveolar decortication in BP burdened animals combined with lack of active
bone remodeling as seen with absence of dynamic labeling of strontium in EPMA images in
BP+TM+SADc group, (Fig 12F) should caution us from attempting acceleration of tooth
movement in bisphosphonate burdened alveolar bone even if selective alveolar decortication
accelerated tooth movement short term in this rodent model. This would predict that other
invasive accelerators of tooth movement such as RANKL gene therapy, piezocision, osteotomy,
distraction osteogenesis, corticotomy could, similar to selective alveolar decortication cause

adverse effects to the alveolar bone predisposing individuals to osteonecrosis.

It would be interesting to investigate whether other non-invasive interventions to accelerate

tooth movement such as low-level laser therapy, pulsed electromagnetic fields, electrical
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currents, and mechanical vibrations would lead to same tissue response as found with selective

alveolar decortication. Currently, there is lack of peer-reviewed scientific evidence; to

demonstrate whether any of these supposedly non-invasive treatment modalities would

accelerate tooth movement at all in normal alveolar bone, let alone in bisphosphonate burdened

alveolar bone.

5.7

Conclusion

Selective alveolar decortication did not significantly increase amount of tooth movement
in normal alveolar bone at 4 and 8 weeks respectively.

Selective alveolar decortication significantly accelerated tooth movement in
bisphosphonate burdened alveolar bone by 113% at 4 weeks compared to tooth
movement alone.

The tooth movement effect of selective alveolar decortication in bisphosphonate
burdened alveolar bone was short term with only a modest (not significant) 10% increase
in tooth movement from 4 to 8 weeks.

The increased tooth movement with selective alveolar decortification in bisphosphonate
burdened alveolar bone was associated with severe interproximal and buccal bone loss,
bacterial infiltration, inflammatory infiltrate. pCT imaging and histology showed areas of

necrotic bone with irregular borders, absence of osteocytes with empty lacunae.
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6.1 Discussion

This dissertation showed for the first time the impact of long term use of BP drug burden on
alveolar bone using a novel model of orthodontic tooth movement. In order to demonstrate a
clinically significant effect of BP drug burden on OTM; we had to choose an animal model that
would allow us to employ constant unloading force for efficient tooth movement without
frequent manipulation of the device and allow us to measure clinically significant tooth
movement reliably and accurately in real time. Many biomedical devices have been designed to
initiate and trial the effects of OTM in laboratory animal models.' The most commonly used
device to facilitate OTM remains stainless steel brackets and arch wires. Arch wire approaches in
developing animal models of OTM are ideally suited to large animal species (e.g., dog,
monkeys) with near equivalent sized teeth to that of humans. However, for smaller animal
models (such as in the rat or mice), archwires are difficult to place, and custom fixtures are
expensive to manufacture. As an alternative to archwires, nickel-titanium (NITI) springs and
stainless steel ligature wires have been routinely used to induce OTM in vivo for smaller animal
models.” With that approach, a coil spring is secured to the neck of the molar tooth using ligature
wire, with the other end of the spring anchored by a ligature loop around the two incisor teeth.
That approach is successful in the mesial tipping and protraction of the rat maxillary first
permanent molar, and various rat models are in common usage in research worldwide.”® In those
studies, external measurements need to be taken to determine tooth movement and often use
handheld micrometers and the measurement is unreliable and imprecise. Furthermore, as rat
incisor teeth are continuously growing, they are not ideal for anchorage as the plane of applied
mechanical force is constantly changing. This can result in constant manipulation of the
appliance, iatrogenic trauma to the incisors to prevent their eruption and appliance loosening.
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TSADs have been used as anchorage devices in animal studies and have been effective to
provide absolute anchorage. But TSADs have been tried for anchorage purposes only in large
animals like dogs and pigs.'

Our study for the first time effectively used TSAD as direct anchorage to facilitate tooth
movement in a rat model. In development of a new tooth movement model using rat TSADs we
used Stryker 1.2x3 mm micro-implant and attached a NiTi closed coil spring from the TSAD to
right first permanent molar using a 0.010 inch stainless steel ligature wire to initiate tooth
movement. FE modeling of the TSAD stability showed minimal displacement (2.24 um) with
average von Mises stress of 25 mPa. /n vivo micro-CT measurement of tooth movement using
the new model provided evidence for a clinically and statistically significant tooth movement of
0.62 mm at 4 weeks and 1.99 mm at 8 weeks compared to baseline. (p~0.0003) The amount of
tooth movement was comparable to previous rat models® without the deleterious effects of
iatrogenic trauma to the incisors, pulpal damage, and change in force levels due to constant
manipulation of the appliance.®” Also contrasting results regarding the velocity of tooth
movement between 3-4 weeks demonstrates that clinically effective tooth movement
measurements would be possible only if the experimental end point is more than 4 weeks. Hence
our tooth movement model’s experimental end point of 8 weeks was ideal to show clinically and
statistically significant tooth movement to offset the controversies that exists in the literature.” °
Rats have natural eruption of their incisors to compensate for loss due to mastication induced
abrasion. This natural development and spontaneous eruption of incisors can lead to significant
change in force vector of the orthodontic appliance when the incisors are used as anchorage.’™
Although the eruption velocity is minimal (0.3 mm/week) and decreases with application of
orthodontic force overtime;” ' it still is a significant factor to affect the reliability of a research
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design. Some others have applied cortical anchorage on the incisors to prevent their eruption but
the effect is transient and impedes animal welfare.” Hence the new proposed model using TSADs
allowed for natural attrition, eruption and development of the incisors with significant tooth
movement. We also showed that this model of tooth movement in rats is very predictable with
only 8% failure rate at 4 weeks and 20% failure rate at 8 weeks. Although 100% success with
TSADs is desired, the failure rate in our study is comparable to published in literature.'>"> The
design of this new model of tooth movement in rats provided evidence that TSADs could be used
as effective anchorage devices to provide optimal force levels for clinically and statistically
significant tooth movement.

However precise and efficient the model is; the rate limiting step in achieving clinically
significant tooth movement without deleterious effects depends on the rate of alveolar bone
turnover which in turn could be manipulated by physical, chemical and surgical means.'*"> The
rate of bone turnover is affected by many drugs that can retard or accelerate tooth movement.'® It
is well established that BP drugs have deleterious effect on osteoclast-mediated bone

. 17,1
resorption' > '®

and can remain in the skeleton long after discontinuation of their use due to their
long terminal half-life. (e.g. alendronate sodium ~ 10 years) Resultantly, this burden of BP drug
in bone can have significant impact during OTM; as cells involved in the biologic process of
tooth movement (osteoclasts) are modified by BP drugs and rendered inactive.” We
hypothesized that, when this bone burden of incorporated BP drug was released into the local
micro-environment, it will interfere with bone cell activity, resulting in cell death and retardation
of remodeling, OTM and/or bone healing.

Most of the current orthodontic literature, as recent as year 2014 focused on using BP

drugs concurrent with tooth movement'*° or performed tooth movement for a smaller period of
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time; not to effectively demonstrate clinically significant inhibition of tooth movement.*" ** Our
study provided evidence that BP drug burden on alveolar bone due to long term BP use can
result in clinically and statistically significant reduction in tooth movement of 0.55 + 0.1 mm
(77%) and 1.7 £ 0.2 mm (86%) at 4 and 8 weeks respectively while showing 56% and 65%
reduction in tooth movement with concurrent dosing of BP drugs during OTM; which is in
agreement with studies published in the literature.' *

Our study for the first time highlighted the utility of elemental strontium as a dynamic
tracer of newly mineralizing alveolar bone, by acting as a surrogate for calcium in areas of active
bone remodeling. Strontium (308mg/kg/body weight) was given as oral gavage during the last 10
days of experimental tooth movement. This dose is below the therapeutic range of causing
permanent change in bone mineral density as strontium is known for its bone seeking
properties.”* As seen under EPMA, bisphosphonate laden bone showed a distinct absence of
strontium deposition on the tension side of tooth movement indicating significant inhibition of
bone remodeling, in comparison to the warmer colors seen at the tension side of control animals
with substantial strontium deposition in these animals indicating robust bone remodeling
associated with orthodontic tooth movement. (Fig. 4-7)

Our next goal was to investigate whether any methods to accelerate tooth movement
would be effective in BP burdened alveolar bone and the impact of such an acceleration attempt
on the tissues. To date, various treatment modalities have been investigated to accelerate tooth

1 . . . 2
3031 mechanical V1brat10n,3

movement including; corticotomy,”>’ low level laser therapy,
pulsed electromagnetic therapy,” electrical currents’® and distraction osteogenesis.”™’ Even

biologic approach to accelerate tooth movement have been attempted through invitro®® and in

vivo localized RANKL gene therapy.” A recent systematic review by Long et al.** showed that
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corticotomy is an effective modality to accelerate tooth movement and is relatively safe
compared to any other method.

Corticotomy or selective alveolar decortication (SADc) has been shown to induce RAP
(regional acceleratory phenomenon) effect due to localized osteopenia in the areas of medullary
bone following tissue injury. This RAP effect can lead to accelerated catabolic and anabolic
activity thereby enhancing the rate the alveolar bone remodeling*' and in turn increasing the rate
of tooth movement.”® We performed SADc surgery on both normal and BP burdened alveolar
bone and induced tooth movement using our efficient model of OTM. There was 113% increase
in tooth movement in the BP burdened bone as a result of SADc surgery at 4 weeks but the
effectiveness of SADc surgery and subsequent increase in tooth movement was not evident by 8
weeks with only a modest 10% increase in tooth movement. In our study, SADc only showed 2%
and 6% increase in tooth movement in the control animals. Recent literature on the effectiveness

. 42,4
of corticotomy***

in humans or SADc™ in rats showed effective increase in tooth movement
during initial time points with diminishing effects over time.***® They showed that the effect of
corticotomy surgery lasted only 4 months** in humans and 21 days in rats.*' Similarly in our
study, once the effectiveness of the decortication surgery was diminished (one cycle of anabolic
and catabolic activity) the bone burden effect of the bisphosphonate drug on the alveolar bone
prevented further tooth movement from 4 to 8 weeks and the amount of tooth movement was
similar to BP burden animals that did not have SADc surgery.

The impact of SADc surgery on BP burdened alveolar bone showed signs of

osteonecrosis with radiographic and histologic evidence of necrotic bone fragments with

irregular borders, inflammatory cell infiltrate, bacterial infiltration, empty osteocyte canaliculi in
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areas of necrotic bone associated with areas of severe interproximal and buccal bone loss. (Fig.

5-7)

6.2

Conclusions

TSADs can be used as a stable anchorage device for OTM in rats.

Statistically significant amount of tooth movement was achieved with 0.62 mm at 4

weeks and 1.99 mm at 8 weeks using this new model of OTM.

Success rate of TSADs were 92% at 4 weeks and 80% at 8 weeks.

Absolute anchorage was not achieved with secondary TSAD displacement of 0.42 mm at

4 weeks and 0.094 mm at 8 weeks.

The bone burden effect of BP drugs due to long term BP drug use was significant.
Alendronate sodium significantly inhibited tooth movement by 86% at 8 weeks and 77%
at 4 weeks in the bone burden group versus age-matched control rats.

The reduction in tooth movement was 20% greater in the bone burden group than the BP
concurrent-dosed group, although the difference was not statistically significant.

The inhibition of tooth movement and lack of bone remodeling as shown by EPMA
should caution the Orthodontist in formulating ideal treatment plans to avoid longer
treatment times and/or adverse orthodontic outcome.

Selective alveolar decortication did not significantly increase amount of tooth movement
in normal alveolar bone at 4 and 8 weeks respectively.

Selective alveolar decortication significantly accelerated tooth movement in
bisphosphonate burdened alveolar bone by 113% at 4 weeks compared to tooth

movement alone.
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10. The tooth movement effect of selective alveolar decortication in bisphosphonate
burdened alveolar bone was short term with only a modest (not significant)10% increase
in tooth movement from 4 to 8 weeks.

11. The increased tooth movement with selective alveolar decortification in bisphosphonate
burdened alveolar bone was associated with severe interproximal and buccal bone loss,
bacterial infiltration, inflammatory infiltrate. pCT imaging and histology showed areas of

necrotic bone with irregular borders, absence of osteocytes with empty lacunae.

6.3 Potential Impact

With emerging trend of increasing number of adults seeking orthodontic care, the
orthodontist will come across patients who have been on long term oral bisphosphonate drug use
for osteoporosis or similar disorder or IV bisphosphonates for osteolytic cancers. These baby
boomers are at crossroads where in they effectively seek improving their quality of life and are
actively seeking orthodontic care to straighten their teeth and smile esthetics and in turn have an
impact on their self-esteem. Our current study has provided evidence that bisphosphonate bone
burden can significantly inhibit orthodontic tooth movement and prevent active bone remodeling
and any tissue injury to the BP burdened alveolar bone leads to deleterious effects of
osteonecrosis. The impact of BP drugs on OTM and their deleterious effect on alveolar bone as
shown by our study will caution the Orthodontist in obtaining detailed health histories in these
potential patients and formulate treatment plans that would be less than ideal; but would have
less harmful effects on the biology of the oral tissues. This study would also help the
Orthodontist in showing evidence to the patients the potential harmful effects of attempting

aggressive orthodontic treatment like extraction therapy that would mimic selective alveolar
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decortication type injury and obtaining detailed informed consent in protecting themselves from

litigation.
6.4 Limitations

The outcome of this research proves unequivocally the impact of BP drug burden on
orthodontic tooth movement. But the results of our study should be interpreted with caution. The
research was conducted in rats with evidence of normal alveolar bone. BP drugs are extensively
used to prevent and treat osteoporosis and they have been shown to effectively reduce fragility
fracture in osteoporotic bone. Although alveolar bone has been shown to affected less than long
bones by osteoporotic disease, the bone biology would still be different than an osteoporotic

bone and should be investigated.

The rat model is an effective experimental model of tooth movement. It is useful model due to
less research costs, better animal handling, ability to do real time micro-CT imaging to 3-
dimensionally and accurately measure tooth movement to less than 2/100"™ of a millimeter. But
the difference in the bone architecture and biology between a rat and human should caution the

reader in extrapolation of the results to humans.

The goal of the research was to investigate the impact of BP drug burden on tooth movement. In
order to demonstrate a clinically significant effect on tooth movement that experimental end
point was 8 weeks. Although the experimental end point of 8 weeks did effectively show
difference in tooth movement between normal and BP burdened animals, the experimental
analysis we carried out using micro-CT, histology, histomorphometry and EPMA, was not
enough to show the molecular level impact on BP drug on osteoclast, the cell necessary for OTM

associated active bone remodeling. We would have shed more light on the molecular
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mechanisms of bone remodeling by using experimental techniques of RT-PCR and

immunohistochemistry at earlier time points like 3, 7 and 14 days.

6.5 Future Direction

This study has served as basis for potential future research in field of bone biology
associated with BP drugs. The potential impact of BP bone burden in an osteoporotic animal
model should be investigated. Also the role of other potential accelerators of tooth movement
such as localized targeted delivery of RANKL peptides and low level laser therapy should be
investigated. It would be interesting to study if these new treatment modalities will have the
same deleterious effects as selective alveolar decortication in the BP burdened bone. Finally
effectiveness of non-nitrogen containing first generation BP drugs on their ability to leach out
nitrogen containing BP drug thereby counteracting the deleterious bone burden effect of nitrogen

BP drugs during OTM should be investigated.
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