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ABSTRACT

APPLICATION OF MECHANICAL VIBRATION TO MODULATE ORTHODONTC
TOOTH MOVEMENT (OTM) IN MICE

-A PILOT MICRO CT STUDY

Andrew Rummel

Marquette University, 2010

Purpose: The purpose of this study was to use micro CT to evaluate the effect of
mechanical vibration on orthodontic tooth movement (OTM) in miMaterials and
Methods: Thirty-six mice (C57BL/6, 20 weeks old, male) were randomly divided into
four groups: spring/vibration (SV), spring only (S), vibration only (V), control (C). A
nickel-titanium (NiTi) spring was fabricated and inserted bilatetzdiyveen the
maxillary ' molars, delivering an initial force of 20 grams. From day 0, mechanical
vibration (4Hz frequency, 20micron displacement, 5 min per session duration) was
applied to the left maxillary*imolar every three days for 3 weeks (21 days). Following
the completion of the experiment, animals were euthanized and the harvestegemaxill
were evaluated by micro CT analysis. Various variables (5 on coronal view and 6 on
axial view) were defined and measured on the micro CT images. One way AN
Dunnett’s post hoc was employed to determine the statistical signifioaddéerences
between the vibrated and non-vibrated sides, and among the treatment groups (jt value se
at 0.05) Results Significant orthodontic tooth movement was observed in the spring and
spring/vibration groups versus the control and vibration alone groups (p<0.05).
Differences between spring and spring/vibration groups as targeted werentiiedie
statistically however an overall tendency was observed demonstratinehabrated
side had increased OTM when compared to its contra-lateral non-vibratedtide in
spring/vibration groupConclusion: Micro CT can be used to evaluate orthodontic tooth
movement in mice, which however requires improvement to further study the effect of
mechanical vibration on orthodontic tooth movement.
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CHAPTER I: INTRODUCTION



The specialty of orthodontics is very rewarding practice both for the patient a
practitioner. Orthodontists are able to change smiles, improve self eatekimprove
function. However, there are drawbacks associated with orthodontics such as root
resorption, increased susceptibility to oral hygiene issues, compliancegatmaetnt
duration. Of importance to orthodontists in reference to these issues is treatraent
The less time fixed appliances are used, there is less likelihood thess factior cause
problems to the patient’s heafthThe use of mechanical vibration to modulate

orthodontic tooth movement might be a strategy towards decreasing treatneent tim



CHAPTER II: LITERATURE REVIEW



Mouse-Experimental Model

At the present time, the laboratory mouse has become a central tool for skeletal
studies, mainly because of the extensive use of genetic manipulations in ¢fésspe
The ability to manipulate the genetics of the mouse model provides many opportunities
for researchers in different disciplines. Examples of genetic manipulatidnganc
transgenic and knockout species. Knockout mice have one or more genes that have been
turned off by a targeted mutatidnBy turning off particular genes, it may be possible to
determine the function of the targeted gene. Mice are currently the natstirel
laboratory animal species to humans, where knockouts can be easily produced.
transgenic mouse contains additional, artificially-introduced genetigialateevery
cell® This often confers a gain of function, for example, the mouse may produce a new
protein, but a loss of function may occur if the integrated DNA interrupts anothet gene.
A transgenic mouse is a very useful system for studying mammahanfigection and
regulation because analysis is carried out on the whole organism. Until 2003, researche
were unable manipulate the rats genetic code to produce knockout spetifmmever,
given the method that was used, the genes may only be altered at random. The vast
majority of information and ease of creating knockout mice may continue te entic

researchers to use the mouse model.

Mouse Anatomy

The inbred strailC57BL/6 mice have maxillary®1. 2", and & molars
with two incisors (Figures 1, 2). No premolars or canines are present. Each

molar has three roots present: mesio-buccal, disto-buccal, and palatabof®he r



of the £' molar are more defined and separated when compared t§ thelar,

where the roots appear to be more convergent.

Figure 1: Diagram of mouse anatomy, axial view.



Figure 2: Diagram of mouse anatomy, sagittal view.

Age of Mice

Barnett et al, compared alveolar bone in young and aged’ miceing
mice were 12 weeks old, while aged mice were 94 weelkss idhe current
study we looked at 20 week old mice, comparing our study to the previous studies
we could consider our mice to be grouped as adult. In regards to tooth movement
in young or aged mice, there is very little information in the literature. edewy
it has been shown in rats who are 6 weeks old, that in the initial phase of tooth
movement the rate was faster in the young rats than in aged rats (9-12 months
old).” Although once tooth movement reached the linear phase, the rate of tooth

movement was the same in both gro(ps.



Bone

There are several different types of bone that are formed depending on the
physiologic situation. The following list describes the various types of bonedoand

cites situations where they may be present.

1. Woven Bone weak, disorganized, and poorly mineralized. Plays a crucial role in
wound healing by rapidly filling osseous defects, providing initial continuity for
fractures and osteotomy segments and strengthening a bone weakened byosurgery
trauma’ Orthodontic tooth movement results in rapid formation of relatively
immature new bone, which is woven bdneWoven bone can also be seen in the
mid-palatal suture after rapid palatal expansion has taken place.

2. Lamellar Bone: strong, highly organized, well-mineralized, and makes up over 99%
of the adult human skeletdnThe full strength of lamellar bone that supports an
orthodontically moved tooth is not achieved until about 1 year after completion of
active treatmertt.

3. Composite Bone an osseous tissue formed by the deposition of lamellar bone within

a woven bone lattice. Composite bone is an important intermediary type of bone in

the physiologic response to orthodontic loading and it usually is the predominant

osseous tissue for stabilization during the early process of retention or pateper
healing®

Bundle Bone a functional adaptation of lamellar structure to allow attachment of

tendons and ligaments. Distinct layers of bundle bone are usually seen adjacent to the

PDL along physiologic bone-forming surfaces.



Mechanical Adaptation of Bone

Stress, in its simplest definition, occurs when a load is placed on bone which
stretches the intermolecular bonds that resist with an elastic'foteain occurs when a
load is placed on bone and deform¥ iferost suggested that living bone may depend
more on strain than stress to generate the signals that control its bialegateons to
mechanical loads. Small strains would help to guide the remodeling and modeling phases
of bone healing, however, excessive strains can usually prevent bonyUfiba.
naturally permissible strains might lie in the 100-2000 microstrain region, cedhjmar
bone’s fracture strain which is in the 25,000 microstrain relfiavicrostrain is a
measurement defined as deformation per unit length (unit of strain, a micrést&®
of length changel? In 1987, Frost developed the mechanostat theory (Figure 3) to show

the relationship between dynamic loading, strain, and bone response.

Figure 3: Diagram representing the ranges of microstrain and its'fesult.



The following is a set of interacting mechanical variables that maydeake

signal for skeletal adaptatith

1. Strain Magnitude: The percentage change in length of a bone. If bone adapts to
the magnitude of strain, then surface strains on bone should be propoudicoafical
thickness. Burr suggested it may be more reasonable to exfixecte to adapt not to
peak principal strain, but to the lower physiologic strain lirhig, limit above which bone
mass is retained rather than lost.

2. Strain Distribution/Strain Direction : The pattern of strain magnitude across a
section of bone. The adaptive response of bone may be related to tti@at\styains are
distributed within the bone. Lanyon (1987) proposed that the stimulus eéqtor
produce an adaptive response may change, depending upon the strain distfibuti
Lanyon proposed that the strain required to elicit an adaptive respaysbe lower if
the manner of loading is different from the usual pattern of loddigdditionally, if the
strain distribution is usual, the threshold to initiate an adaptiamge may be higher,
requiring a larger strain stimuld®.

3. Stimulus Duration: Total number of deformation cycles or the period of time
over which they are applied. Burr mentioned that the overwhelmingitgagbevidence
indicates that the duration of loading is a minor determinant ofhgnitude of the
adaptive remodeling response. A stimulus may be required to etkeeddeshold for a
relatively few cycles to elicit an adaptive response. Rubin and Latgyoonstrated that
1800 cycles per day did not increase the remodeling more than &8 @gr day did

when using the same loading reginien.
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4. Strain Rate: The speed at which bone is deformed. Bone is considered to be a
viscoelastic material. Repetitive loading is necessary to cause bondiadapta

5. Strain Frequency. The number of deformation cycles/second or harmonics
associated with these. Burr explained that frequency analysis ofaimessgnal

generated during locomotion shows that there are significant strainriigque

components up to about 50 Hz. McLeod and Rubin found that strain magnitudes
normally associated with bone loss at 1 Hz cause significant new boneiformben

applied at 15 H2° They also found that high frequency components of strain (12-30Hz)
predict a maximum osteogenic response for bone in the strain range of 2000-3000
microstrain, the range generally conceded to be the peak principal straiosfor m
animalst® Given this information it would be possible that bone is more or less
responsive at different frequencies.

6. Strain Polarity: Tension, compression, or shear in particular planes of space.
Burr described the different views of orthopedists and orthodontists, snggestt the
observation that cortical drift occurs is clear evidence that bayeeither form or resorb

on compressive and tensile surfaces. In general, orthodontists amguid that bone
resorbs on the compressive side and apposition occurs on the tension side.

7. Strain Energy Density. The elastic energy stored in bone during deformation, or
energy dissipated. The strain energy is equal to the product stféiss and strain, or the

area under the stress/strain curve.
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Remodeling/Modeling

Both trabecular and cortical bone grow, adapt, and turn over by two
fundamentally distinct mechanisms: modeling and remodé&fiBgne modeling involves
independent sites of resorption and formation that change the faape(ahd/or size) of
a bone'’ However, bone remodeling is a specific coupled sequence of resorpton a
formation events to replace previously existing bbnBue to the difference of the two
mechanisms, you are able to visually see modeling on x-rays, wdmedeling is
apparent at the microscopic level using histological analysisording to Roberts, bone
modeling is the dominant process in growth as well as in adaptatapplied loads such
as headgear, rapid palatal expansion, and functional applignBesh modeling and
remodeling are controlled by an interaction of metabolic and mechamonals:’ These
signals include functional and applied loads, in addition parathyroid horrande
estrogen can play a role in the response of remodeling. Such asgmapr women,
orthodontic tooth movement is faster in contrast, patients with low toonever, such as

hypothyroidism, see delayed appearance of resorption and formative estiviti

Root Resorption

The loss of tooth substance has been referred to by many names; root absorption,
external apical resorption, external resorption, and root resofftiactors associated
with external apical root resorption include trauma, infection, and tooth movement.
However, the effect of drugs, role of genetics, the immune systemmtpagee, patient

gender and the patient’s medical history have also been reviewed as flaatonay be
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associated with root resorptiéh?>%*?*|In regards to resorption and tooth movement,
many factors can play a role in the prediction and the amount of resorption thakevil

place.

1. Tooth Vulnerability : Most studies report that the upper lateral, upper central and
lower incisors are the most frequently affected teeth. In addition, riskois al
associated with the shape of the root, especially for those with blunt or @ibagted
roots. Malmgren et al reported that traumatized teeth were not more prone to

resorption than uninjured teeth.However, Malmgren noted that traumatized teeth

with signs of root resorption prior to treatment, may be more prone to root resorption

during treatment> Endodontically treated teeth have been suggested to be more
resistant to resorption because of increased dentin hardness anddensity.

2. Age Adult patients experience more resorption than younger patieftss was
substantiated by the moderate number of cells and the fact that the fibroes tiss
reacts more slowly and the turnover rate of collagen is in general slowkris®a

3. Orthodontic Appliances. According to Linge and Linge, in regards to orthodontic
appliances, highly significant risk factors were the use of rectangolaviaes and
Class Il elasticé’ Additionally, fixed appliances caused significantly more apical
root resorption than removable appliantes.

4. Application of Force: Studies have demonstrated that intermittent forces move
teeth more physiologically than continuous foré&s. It is believed that this may

allow the resorbed cementum to heal, which would lead to less resdrption.

5. Duration of Force: Baumrind et al described that increased length of treatment time

was positively associated with increased root resorption.
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6. Type of tooth movement As discussed by Graber, intrusion and torque are probably
the most detrimental tooth movemeht®uring these movements, radiographs must
be taken, light forces used and frequent rest periods to provide an intermittent type

force.

Resorption can be detected by the use of panoramic x-rays or periapigal x-ra
Either form of diagnosis will show a blunting of the apical portion of the root in mild
cases, to loss of more than one-third of the root in more severe cases. Detection of
resorption radiographically is most obvious in the apical area; however, histologic
investigation provides evidence that the same resorptive process also occursida the
surface of the roots, which is difficult to find using routine radiograpHsterestingly,
no articles have reported tooth loss caused by severe apical root resorpimstess
with orthodontic therapy where no other form of trauma or infection was invéivid.
apical root resorption is detected during treatment it is advisable to stivpemédor a

period of time.

During orthodontic tooth movement many changes take place within the
periodontium. The forces that are applied create strains in the tooth-suppostieg tis
that manifest almost immediately and can be roughly categorized as congegsbi
tensile>* However, recently it was found that given the nonlinear behavior of the PDL,
the classical zones of tension and compression could not be*folather than in
distinct areas, the tension and compression zones are correlated to the alveolar bone

morphology??
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Resorption of the alveolar bone takes place on the compression side of the
periodontal ligament, while apposition takes place on the tension side. When orthodontic
forces are applied, if heavy, pain will develop almost immediately as tiuelpetal
ligament is crushetf The pain associated with the application of forces is related to the
ischemic areas of the periodontal ligament. Initially, the force thpaced on the tooth,
could be big enough to partially or totally occlude the blood supply to the periodontal
ligament. During this occlusion of the periodontal ligament, necrosis ensues théhi
compressed area of the ligam&hHistologically, cells disappear in the areas of necrosis,
and this avascular area becomes referred to as “hyalintzliring this period of

hyalinization, tooth movement is ceased and a process of undermining resorption occurs.

Osteoclastogenesis, formation of osteoclasts, in orthodontic tooth movement is
initiated by two related changes brought upon by the application of forces: tissagejam
with the subsequent production of inflammatory processes in the periodontal ligament
and deformation of the alveolar procés©steoclasts appear within the adjacent bone
marrow spaces and attack the underside of the bone immediately adjacent todte nec
periodontal ligament ar€’d. The delay that is experienced with this process results from
the delay in cell differentiation in the necrotic areas and the amount of bone that has to be
removed by undermining resorption. In regards to root resorption, the cells that resorb
the necrotic tissue may also resorb the root surface indiscrimiRafBhys resorption
process continues until no hyaline tissue is present and/or the force levakdstre
Reviewing reactivation schedules of force, Brezniak and Wassersten notiuk thetient
of root resorption was increased only when force reactivation was perfornmedpaatk

presence of osteoclast coufits.
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Repair of resorption has been observed as early as 3-5 weeks after thenimtia
light orthodontic tooth movemefit Additionally, it is believed that the healing process
of a resorption cavity starts when orthodontic force is discontinued or reduced to below a
certain leveP In regards to repair, secondary cementum is laid down in the resorption
lacunae, which can be located in the apical, middle, or coronal portions of the root.
Interestingly, Ownman-Moll et al demonstrated that huniaprémolars 8 weeks into
retention had nearly 50% of the resorption lacunae with no repair or only partial coverage

with healing cementuri.

In 2006, Al-Qawasmi et al studied the genetic contributions associated with root
resorption with the application of orthodontic forces in 8 different groups of inbred
mice3 The study, which included the inbred strain C57BL/6 (the strain used for our
study), applied 25 g of force using a coil spring from the maxillaryriidar to the
incisor for nine day&® Using histological analysis, it was found that the C57BL/6 inbred

strain is actually fairly resistant to root resorption.

Mechanical Vibration

Currently in the literature there is limited information on using vibration to
modulate orthodontic tooth movement. Nishimura et al looked at the effects of resonance
vibration (application of vibration with continuously changing frequency onto teath)
tooth movement and root resorption in ritslwelve male wistar rats were divided into
2 groups, .012 nickel titanium (NiTi) expansion spring with an initial force of 12.8 grams
for 21 days’’ Resonance frequency was performed on the occlusal surfatenofdrs

for 8 minutes once a week, with an average frequency and displacement of 61.02 Hz and
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.014 mm, respectively/. After 21 days, the amount of tooth movement in the vibration
group was significantly greater (15%) than the control gfduphere was no significant

difference in the level of root resorption between the control group and vibration group.

37

Studies in animals and humans have shown whole body vibration provides an
anabolic potential to bori&>® Whole body vibration is thought to provide increased
bone density to patient’s with osteoporosis or for preventing bone loss in an aging or bed
ridden patienf® Christiansen et al tested adult male C57BL/6 mice, whole body vibration
was done at 45 Hz for 15min/day, seven days/week for five weeks with varying
magnitudes® A non-dose dependent response of bone volume was found when varying
magnitudes® In humans, whole body vibration was done at 30 Hz, which was found to
be strongly anabolic in animal studi@sAt this low frequency, prevention of bone loss

was seen but no formation of bone was néted.

In addition to mechanical vibration, several other methods have been used to try
to increase the rate of orthodontic tooth movement such as pulsed electromagdetic f
driven vibration. Magnets are attached intra-orally into the specimen of tnsmasgs
or coils are used to induce tooth movement, then an electromagnetic field is @eated t
cause the vibration. Using this method with a frequency of 30 Hz in rats, orthodontic
tooth movement was increased when coil springs were 48ded.997, an
electromagnetic field was used with a frequency of 15 Hz and orthodontic force tof 159
test orthodontic tooth movement in guinea pPig#t the end of the 10-day experimental
period, the amount of tooth movement noted in the magnet and pulsed electromagnetic

field groups was significantly greater than that of the group that used splomg4®
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The increase in the rate of tooth movement was suggested to be the result oi@reduct
of the initial lag phase when force is applfédHowever, it is impossible to distinguish
the magnetic field’s effect vs. the magnetic field driven force’scefféhese results
suggest that the presence of the magnetic field had induced multipotentiakditeto
differentiate more rapidly into active osteoclasts, thereby incrgdise rate of bone

resorption and hence tooth movemént.

Stark and Sinclair used a stainless steel coil with a force of 12g and anfreaiie
25 Hz* They found that at the end of 10 days, the experimental group had an additional
0.9 mm of tooth movement when compared to the coriftolsdditionally, the
incremental pattern of tooth movement found was similar to that seen in humans with an
initial rapid movement, followed by a lag phase, and then a gradual incredse for t

remainder of the study.

The purpose of this study is two-fold: (1) to develop a standardized protocol for
applying mechanical vibration to mice; (2) use this model to explore the hyisdties
mechanical vibration (4Hz frequency, 20micron displacement, 5Smin/session duration)

increases OTM and decreases root resorption.
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Subjects
This pilot study included thirty-six male, 20 week old, inbred strain C57BL/6

mice (Charles River Laboratories Inc., Wilmington, MA). Mice werdia@ated for a
minimum of 2 weeks to a 12-hour/light/dark cycle. Approval for the project was
obtained through the IACUC at Marquette University, protocol # AR-218. No special
eating or drinking patterns were imposed during this study. They amdemly

assigned to 4 groups: control (n=6), spring only (n=10), vibration only (n=10), and spring
and vibration (n=10). Mice were anesthetized using a combination of Ketamine
(100mg/kg) / Xylazine (10mg/kg) placed as an intra-peritoneal injectionsthesa was
given initially for spring placement and then repeated every thirdadtagbration
application. Following the duration of the experiment (21 days), all mice were
euthanized by C@inhalation. The maxilla was dissected and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) with springs in place for further

examination.

Orthodontic Appliance
Springs (G & H Wire Company, Greenwood, IN), were fabricated using .010”

NiTi (Figure 4). Springs, in the shape of an omega loop, were placed across the pala
with the terminal curve placed around the disto-lingual line angle on the angfi

molars (Figures 5 and 6).
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e 2.5mm —

— 2mm —

Figure 4: Diagram of approximate dimensions of NiTi spring.
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Figure 5: Schematic of NiTi spring placed across the palate between the
maxillary I molars.
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Figure 6: Photo of spring inserted in a mouse with a custom made mouth retractor
holding the jaws apart.

The spring was secured by etching (self etching primer, 3M Unitek, Monrovia,
CA) the enamel surface, followed by placement of light cure adhesivetia,
Reliance, Itasca, IL). G & H wire constructed springs to deliver amli@ifi grams of
force. The forces being delivered by the spring were tested by G &HawiMTS
Insight 1, electro mechanical load cell and frame, manufactured by MTS Htdeae,
MN). Placement was aided by the use of a custom made retractor, .0368sst aitelel

wire (GAC International Inc., Bohemia, NY).
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Method of Vibration

In collaboration with the School of Engineering at Marquette Universdgyviace
was developed and fabricated to deliver vibration (Figure 7). Vibration wasdfplie
animals in two groups, vibration only and spring/vibration, as a split mouth design
(vibrated side vs. non-vibrated contra-lateral side). All vibration was pegtbon the
maxillary left ' molar with the maxillary rightimolar serving as a control. The
regimen for vibration was a frequency of 4 Hz, displacement of 20 um, and 5 minutes per
session. Sessions were repeated every three days, for a total ab’sseghin the 12-

day experimental period.

Laptop
I Upper jaw
(fixed in cephalostat)
Piezo Amplifier NI USB-6211 Slgnal
and Cantroller DAd conditioner ;
‘ I\
d ¥ -~ Molar
Adapter plate f % f:

3 axis stage Zmovement | X

St —
s | L I
. ' maovement f &
—~ P |
: "4 (7 '“

Mapual X and Y pos«itron- i
adjustment

.- >
b -J * movemant
T

Standard

Str i
s orthodontic pick

Deziagn specifications
Displacement or fores input
Magnitude:. 0-1.00 {peak 1o peak)
Cisplacement: 0-20 micrometers active
-2mm — 2mm manual
Frequency: 0-20Hz

Madular piezoelectric drive Base fixture
with manual adjustment (partially shown)

Figure 7: Diagram of vibration instrument.
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HCT Scans

The upper jaws/skull of the mice were scanned using a micro CT (LCT) system a
the Milwaukee VA hospital (Figure 8). The use of the pCT system has been previously

discussed and outlined by Karau éf and will be reviewed in the following paragraphs.

e 8: Diagram showing pCT settb.

The uCT x-ray system consisted of a micro-focal x-ray source in comgnneith
an image-intensifier detector optically coupled to a digital charge-abdelce (CCD)
camera. The x-ray was mounted on a precision optical rail, with the conmmalbeam
emerging in a horizontal orientation. The image intensifier was mounted onl thighra
provision for movement along the beam axis with source-detector distarageari
continuously between 30 and 150 cm. Also mounted on the rail, between the source and
detector and adjustable between 0 and 120 cm, is a micro-positioning stage allowing

animal preparations or other specimens to be manipulated in space with four degrees of



24

freedom, x-y-z8, providing the ability to acquire the desired x-ray projections through
the specimen, variable magnification, and rotation for acquiring the image sexjt@nce
three dimensional reconstruction. Stage and camera operations were under thefcontr
a Dell Precision 610 workstation. The physical design principle exploited to a¢hitve
magnification, and thereby superior spatial resolution, is the combination of yhe ver
small x-ray source focal spot with the large-format, digital detectohidnrhaging
geometry, when the sample is placed in close proximity to the source and therdetect
some distance away, geometric magnification is achieved with minimal peaum
blurring. Available computing hardware include an Apple MacPro workstation,|a Del
workstation, and several Pentium-based personal computers. These compaters we
connected to a local area network and have Internet access. These ragergces
accessible for signal and image processing, image reconstructionakticheedata
acquisition and analysis. Samples of mouse maxilla were fixed on the spe@gesn st
and rotated in 1 degree increments to acquire 360 projection images. After each uCT
session, phantom images were taken to characterize and evaluate treecighect
imaging acquisition and analysis. The phantom images included flood-field inthge w
the mouse skull removed. The flood-field image was used to correct for spatibmar

in the x-ray beam and/or image-intensifier gain. The second image was tdranugrid

of 1-mm diameter stainless steel spheres (BB’s) spaced at 1.5-cvalseend embedded
in a Plexiglas disk (Figure 9). The BB phantom image was used to correct fal spat

distortion due to the beam geometry and image intensifier.
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Figure 9: Diagram of BB phantoffi.

Reconstruction

High spatial resolution 3-D volume data was reconstructed using the FeldKamp
cone-beam algorithm. As explained by Karau et al, prior to reconstructingdge i
volume from the 360 planar images, preprocessing of the individual images was
performed in the following steps: 1) two-dimensional polynomial dewarping to torrec
the image-intensifier spatial distortion, 2) locating the axis of rotation rapgiag the
projection images to center on that axis, 3) flood-field division to correct for nonuniform
illumination intensity, and 4) normalization of the intensity between projestio correct

for any temporal driff> Preprocessing produced a final image size of 497x497 fixels.

Reconstruction was done using X-11(X_windows) and Image J (downloaded
from http://rsbweb.nih.gov/ij/). Using these programs reconstruction was pedam

the projection data to yield an isotropic reconstruction matrix of 497x497x497 Voxels.
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Measurements

Micro-CT scans were reconstructed. Axial and coronal views were used to
measure the various structures using Analyze (Biomedical Imagsgurce, Mayo
Clinic, MN).***>“® Five random specimens were selected to determine intra-rater
reliability. The Five specimens were measured by the same exahtheee different

time points with a minimum of 1 week in between.

Coronal View

The reconstruction was manipulated to provide a view of the palatal root
on the maxillary T molar. The image was adjusted by using infout, up/down,
left/right, and rotation adjustments to provide an image where the left portion of
the image was nearly identical to the right portion of the image (dividing line for
the left/right was done by the mid line of the skull). The image was considered
suitable if the crown anatomy, root anatomy, skull symmetry, and open apex were
similar for both the right and left sides. Left and right sides were detedny
scrolling through slices to determine the sequence of anatomy, such as where the
2"%and 3 molars were located, or by the direction of the spring if present. Once
the image was obtained, the coordinates were saved allowing that particukar imag

to be brought up for further measuring.
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Coronal Measurements
Assuming the midline of the skull did not change during
the experiment, several measurements used the midline to provide
a reliable reference in order to compare measurements and gather
information. Midline structures may include vomer, perpendicular

plate of ethmoid, and palatal suture (Figure 10).

\ \ by .
Maxilla \ Premaxilla

f
\ \ / Nasal bone |
‘h,‘ Nasal crest / [

X : /  Sphenopalatine foramen
Premaxilla-maxilla suture /

lﬁfraorbital foramen
Premaxillary-frontal suture

/ 1** Molar
Frontal spine ;-" Vomer Labyrinth
.‘;" / Perpendicular plate of Ethmoid |

5.2 —~ 6.2

Figure 10: Diagram demonstrates midline structures used for measuring.

1. Midskull / CEJ: Distance from lingual CEJ to midline of the skull.

Measurement is taken from CEJ along line to contact point with midline lirfeariae

right sides measured (Figure 11).
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2. Midskull / Long axis of tooth: Angle formed between the long axis of the

palatal root of the maxillary*imolar and midline of the skull. Left and right sides
measured, provides the amount of tipping (Figure 11).

3. Midskull / occlusal table: Angle formed between a line representing the occlusal
table and the midline of the skull. Left and right sides were measured, provides the
amount of tipping (Figure 11).

4, Root Length at 90: Base line formed from connecting lingual and buccal CEJ’s.
A second line is drawn at a 90 degree angle to the base line down to the most apical
portion of the root. Measurement is taken from apical portion of root to where lisng ax
line bisects CEJ line. Left and right sides were measured, provides ¢é¢rigtbure 11).

5. PDL width at 90: Base line is connecting lingual and buccal CEJ’s. Two lines
are then drawn to form a 90 degree angle with the line connecting the CEX@;nonst
apical portion of root, second is to the alveolar bone. Measurement is taken from the end
point of each long axis line to where the line bisects with CEJ line. The difgere
between the two lines is recorded. Left and right sides were measured, prontteof

periodontal ligament (Figure 11).
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Figure 11: Diagram representing the various coronal measurements.

Axial View

The reconstruction was manipulated to provide a cross section of the left
and right , 2" and &' maxillary molar roots. The image was adjusted by using
in/out, up/down, left/right, and rotation adjustments to provide a reliable view of
the palate. When reviewing the anatomy of the mouse, it was determined that
when the palate was in full view it would provide as a reliable marker that the
image was showing a cross section of thenblar roots halfway down the root
structure® The image was considered suitable if the root anatomy, skull

symmetry, and clear view of the palate were similar for both the right #ind le
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sides. Left and right sides were determined by scrolling through slices to
determine the sequence of anatomy, such as where which direction the apex or
crown was, or by the direction of the spring if present. Once the image was
obtained, the coordinates were saved allowing that particular image to be brought

up for further measuring.

Axial measurements

Assuming the midline of the skull did not change during the
experiment, several measurements used the midline to provide a reliable
marker in order to compare measurements and gather information (Figure

12).

1. Palatal suture width: The width of the palatal suture was measured (mm). The
suture for each specimen was measured adjacent to the palatal root of tregyniaxi
molar in order to have a standardized point for measuring (Figure 12).

2. Midskull / buccal root: Angle formed by a line through the midline of the skull
and a line bisecting the center of disto-buccal and mesio-buccal roots. Lafjtdnd r
sides were measured, used to provide information on tipping movement (Figure 12).
3. PDL width buccal: Two lines were drawn bisecting the center of mesio-buccal
root and forming a 90 degree angle with midline. The first line was drawn to the mos

buccal portion of the PDL space, while the second line was drawn to the most buccal
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portion of the root. Distance between the two lines was the width of the buccal PDL
space (mm). Left and right sides measured (Figure 12).

4. Midskull to buccal plate: A line was then drawn through the center of the
mesio-buccal root of theImolar to the most buccal portion of the buccal plate,
perpendicular to midline. The distance (mm) from the buccal plate to midlme wa
recorded. Left and right sides were measured (Figure 12).

5. PDL width lingual: Two lines were then drawn bisecting the center of mesio-
buccal root and forming a 90 degree angle with the midline. The first lindraas to

the most lingual portion of the root, while the second line was drawn to the most lingual
portion of the PDL. The difference between the two lines gave the width (mm) of the
lingual PDL. Left and right sides measured. (not shown)

6. Midskull to lingual plate: A line was then drawn through the center of the
mesio-buccal root of theimolar, perpendicular to the midline. The distance (mm) from
the most lingual portion of the PDL to the midline was recorded. Left and ritg# si

were measured (not shown).
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Figure 12: Diagram representing the various axial measurements.

Statistical Analysis

Means and standard deviations were calculated for all measured vaaiad les
the differences between paired variables (left — right). One-waysamalyariance
(ANOVA) was used to test the significance of differences among tesafgnoups.

Dunnett’s test was used to assess comparisons between groups when the omnibus test
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(ANOVA) was significant (P<0.05). This test is useful when group variates s
substantial differences. Differences between left side and right gita & treatment
group were analyzed using the one-sample t-test. Intra-examineilitgliaas assessed
using the intra-class correlation coefficients as described by Shrouteissl #9795’

All computations were performed using SPSS 17.0 software (SPSS, Inc., CHi¢ago,



CHAPTER IV: RESULTS
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Intra examiner reliability

Intra examiner reliability was completed for all variables (laft aght sides).
Outcomes were considered highly reliable when intra-class correlagdinceent
(ICC)>0.8 and moderately reliable when ICC ranged from 0.5 to 0.8. Variables with an
intra-class correlation coefficient of less than .499 were considereiihblee Those
variables were: root resorption by long axis (mm) (left and right) and widthdsf m

palatal suture (mm).

Results of variable measurements

Results for the variables measured are shown below in tables 1-11 and XRyures

33.

Variables on coronal plane of space

1. Midskull / CEJ (mm)

The control and vibration groups were significantly different than the

spring and the spring+vibration groups (p<0.05).



Table 1. Results of Midskull / CEJ (distance in mm)

Std.
Side Mean Deviation N
Control Right | 1.475 .0437 6
Left 1.491 .0499 6
Diff 0.0177 0.0377 6
Spring Right | 1.746 133 10
Left 1.856 .180 10
Diff 0.110 0.282 10
Spring+Vibration  Right | 1.750 .0910 10
Left 1.897 214 10
Diff 0.147 0.282 10
Vibration Right | 1.422 .0405 10
Left 1.457 .0368 10
Diff 0.035 0.070 10

36
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Changes of Midskull / CEJ (Mean with 1SD)
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Figure 13: Graph depicting Mid-skull / CEJ length for left and right sides for
each group. Data were presented as mean+1SD. (p-value <0.05).



Mean +- 1 SD Different (Midskull / CEJ)
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Difference (L-R) of Midskull / CEJ (Mean with 1SD)
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Figure 14: Graph depicting Mid-skull / CEJ length differences between
left side and right side (L-R) for each group. Data were presented as
meanz1SD.
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2. Midskull / Long axis of tooth (degree)

Mean values for groups “Control” and “Vibration” were similar. A
treatment effect was observed for groups “Spring” and “Spring+Vibratiamy. A
difference observed between “left” and “right” sides was not statiltic
significant.

Table 2: Results of Midskull / Long axis of tooth (angle in degree)

Std.
Sidgl Mean | Deviation |N

Control Right 12.525( 1.534 |6

Left| 11.665| 2.682 |6

Diff | -0.860 3.957 |6

Spring Right] 27.543 4.815 |10

Left | 25.449| 8.515 (10

Diff | -2.094| 10.763 |10

Spring+Vibration Righg 26.679( 5.453 |10

Left| 27.974| 8.146 (10

Diff | 1.295 11.621 (10

Vibration Righy 12.071( 2.645 |10

Left| 12.292] 2.795 (10

Diff | 0.221 3.478 |10
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Changes of Midskull / Long axis of tooth (Mean with 1SD)
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Figure 15: Graph depicting Mid-skull / CEJ length for left and right sides for
each group. Data were presented as mean+1SD. (p-value <0.05).
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Difference (L-R) of Midskull / CEJ (Mean with 1SD)
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Figure 16: Graph depicting Mid-skull / CEJ length differences between
left side and right side (L-R) for each group. Data were presented as
meanz1SD.
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. Midskull / Occlusal table (degree)
Mean angle size was comparable for “Control” and “Vibration”. As

expected, Spring treatment resulted in a smaller angle as seen in “Sihg”
“Spring+Vibration” (p<0.05). Within “Spring+Vibration” group, the effect of

vibration treatment was indicated by a trend towards further angle reduction.

Table 3. Results of Midskull / Occlusal table (angle in degree)

Std.
Side Mean Deviation N
Control Right | 84.561 4.251 6
Left 84.176 1.906 6
Diff -0.385 5.667 6
Spring Right | 64.475 5.353 10
Left 65.464 6.978 10
Diff 0.989 8.949 10
Spring+Vibration Right | 68.129 3.267 10
Left 63.778 10.123 10
Diff -4.351 9.8346 10
Vibration Right | 85.359 2.166 10
Left 84.524 2.613 10
Diff -0.835 4.011 10
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Changes of Midskull | Occlusal table (Mean with 1SD)
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Figure 17. Graph depicting Midskull / occlusal table for left and right sides for
each group. Data were presented as mean+1SD. (p-value <0.05).



Mean +- 1 SD Different (Midskull / Occlusal table)
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Difference (L-R) of Midskull / Occlusal table (Mean with 1SD)
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Figure 18. Graph depicting mid-skull / occlusal table differences between
left side and right side (L-R) for each group. Data were presented as
mean+1SD.



4. Root Length at 90 (distance in mm)
There was a statistically significant (p<0.05) difference for thisoooéc

among treatment groups.

Table 4. Results of Root Length at @stance in mm)

Std.
Side Mean | Deviation N
Control Right | 1.136 .0136 6
Left 1.103 .00816 6
Diff -0.03 0.020 6
Spring Right | 1.108 .0446 10
Left 1.144 .0587 10
Diff 0.044 0.074 10
Spring+Vibration Right | 1.123 .0505 10
Left 1.158 .0373 10
Diff 0.025 0.040 10
Vibration Right | 1.084 .0347 10
Left 1.081 .0360 10
Diff 0.003 0.048 10

45
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Root length at 90 (Mean with 1SD)
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Figure 19. Graph depicting RR at 90 for left and right sides for each group. Data
were presented as meanz1SD. (p-value <0.05).



Mean +- 1 SD Different (RR at 90)
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Difference (L-R) of RR at 90 (Mean with 1SD)
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Figure 20. Graph depicting RR at 90 differences between left side and
right side (L-R) for each group. Data were presented as meanz1SD.
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5. PDL width at 90 (distance in mm)
There was a statistically significant (p<0.01) tendency towardsegreat
PDL width in treatment groups “Spring” and “Spring+Vibration” from “Control”
and “Vibration”. No differnece was observed between left and right in any

treatment group.

Table 5: Results of PDL widtfdistance in mm)

Std.
Side| Mean |Deviation| N

Control Right] .0683| .0204 6

Left | .0850| .0207 6

Diff | 0.027| 0.035 6

Spring Right] .157 .0290 10

Left | .145 .0359 10

Diff |-0.015| 0.0474 10

Spring+Vibration Right] .151 .0360 10

Left | .155 .0432 10

Diff | 0.015]| 0.0619 10

Vibration Right] .0880| .0154 10

Left | .0960| .0217 10

Diff | 0.007| 0.0271 10
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PDL width at 90 (Mean with 1SD)
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Figure 21. Graph depicting PDL width at 90 for left and right sides for each
group. Data were presented as mean+1SD. (p-value <0.05).
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Difference (L-R) of PDL at 90 (Mean with 1SD)
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Figure 22. Graph depicting PDL at 90 differences between left side and
right side (L-R) for each group. Data were presented as meanz1SD.
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Variables on axial plane of space

1. Palatal suture width (distance in mm)
A statistically significant (p<0.05) treatment effect was observedonpg

“Spring” and “Spring+Vibration”. The difference between “Control” and
“Vibration” was explained by chance (p>0.5). Similarly, the difference

between “Spring” and “Spring+Vibration” was not statistically significant

Table 6: Results for Palatal suture widdstance in mm)

Std.
Group Mean Deviation N
Control .0683 .0160 6
Spring 185 .0432 10
Spring+Vibration .188 .0949 10
Vibration .0940 .0157 10
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Palatal suture width (Mean with 1SD)
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Figure 23: Graph depicting mid-palatal suture width for each group. Data
were presented as mean+1SD. (p-value <0.05).
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2. Midskull / buccal root (degree)
A statistically significant (p<0.05) treatment effect was observeddsstw

the groups that had spring activation and those that did not. The difference

between “Spring” and “Spring+Vibration” was not statistically signiftcan

Table 7: Results of Midskull / buccal root

Std.
Side Mean | Deviation N
Control Right | 4.775 923 6
Left 4.905 597 6
Diff 0.130 0.7399 6
Spring Right | 9.089 3.598 10
Left 10.118 4.630 10
Diff 1.029 2.591 10
Spring+Vibration Right | 9.097 3.390 10
Left 10.030 4.388 10
Diff 0.933 2.067 10
Vibration Right | 4.536 1.169 10
Left 4.400 1.423 10
Diff -0.136 1.7165 10




Midskul / buccal root (degree)

Midskull / buccal root (Mean with 1SD)
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Figure 24: Graph depicting angle formed by Midskull / buccal root§' afdlar
for left and right sides in each group. Data were presented as mean+1SD.
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Difference (L-R) of Midskull / buccal root (Mean with 1SD)
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Figure 25. Graph depicting mid-skull / buccal root differences between
left side and right side (L-R) for each group. Data were presented as
mean+1SD.
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3. PDL width buccal (mm)
A statistically significant (p<0.05) treatment effect was observed anly i

the Control group. The difference between “Spring” and “Spring+Vibratio

was not statistically significant.

Table 8: Results of PDL width buccal

Std.
Side | Mean |Deviation N

Control Righty .0717| .0160 6

Left | .0667| .0225 6

Diff |-0.005| 0.0321 6

Spring Right] .0980| .0301 10

Left | .0989| .0284 10

Diff | 0.002| 0.0323 10

Spring+Vibration Right] .103 .0374 10

Left | .109 | .0395 10

Diff | 0.006| 0.0384 10

Vibration Right} .0930| .0188 10

Left | .0920| .0122 10

Diff |-0.001| 0.02685 10
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PDL width buccal (Mean with 1SD)
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Figure 26: Graph depicting width of buccal PDL of mesiobuccal roof'ondlar
for left and right sides in each group. Data were presented as mean+1SD. (p
value <0.05).



Mean +- 1 SD Different (PDL width buccal)
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Difference (L-R) of PDL width buccal (Mean with 1SD)
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Figure 27. Graph depicting PDL width buccal differences between left
side and right side (L-R) for each group. Data were presented as
mean+1SD.
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4. Midskull to buccal plate (mm)
A statistically significant (p<0.05) treatment effect was observeddsstw

the vibration group and the other three groups.

Table 9: Results of Midskull to buccal plate

Std.
Side Mean Deviation N
Control Right 2.585 134 6
Left 2.566 .0484 6
Diff -0.1833 0.1175 6
Spring Right 2.517 .0377 10
Left 2.522 .0438 10

Diff 0.0111 0.03655 10

Spring+Vibration Right 2.533 .0666 10
Left 2.539 .0570 10
Diff 0.006 0.0401 10
Vibration Right 2.461 .0409 10
Left 2.470 .0496 10

Diff 0.009 0.0484 10




Midskull to buccal plate (mm)
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Midskull to buccal plate (Mean with 1SD)
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Figure 28: Graph depicting length from midskull to buccal portion of
buccal plate at*imolar mesio-buccal root for left and right sides in each
group. Data were presented as mean+1SD. (p-value <0.05).
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Difference (L-R) of Midskull to buccal plate (Mean with 1SD)
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Figure 29. Graph depicting Mid-skull / buccal plate differences between
left side and right side (L-R) for each group. Data were presented as
mean+1SD.
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5. PDL width lingual (mm)
A statistically significant (p<0.05) treatment effect was observeddsstw

the control group and the other three groups.

Table 10: Results of PDL width lingual

Std.
Side Mean Deviation N
Control Right | .0617 .0160 6
Left .0683 .0204 6
Diff. 0.0067 0.0273 6
Spring Right 126 .0337 10
Left .0970 .0275 10
Diff -0.029 0.0289 10
Spring+Vibration Right 118 .0541 10
Left 103 .0231 10
Diff -0.015 0.051 10
Vibration Right | .0810 .0119 10
Left .0990 .0191 10
Diff 0.018 0.0155 10
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PDL width lingual (Mean with 1SD)
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Figure 30: Graph depicting width of lingual PDL of mesiobuccal root on
1% molar for left and right sides in each group. Data were presented as
mean+1SD.
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Difference (L-R) of PDL width lingual (Mean with 1SD)
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Figure 31. Graph depicting PDL width lingual of tooth differences
between left side and right side (L-R) for each group. Data were presented
as meanz1SD.



65

6. Midskull to lingual plate (mm)
A statistically significant (p<0.05) treatment effect was observeddsstw

the vibration group and the other three groups.

Table 11: Results of Midskull to lingual plate

Std.
Side Mean | Deviation N
Control Right | 1.733 .0582 6
Left 1.721 .0591 6
Diff 0.0117 0.0445 6
Spring Right | 1.759 .0517 10
Left 1.773 .0742 10
Diff 0.014 0.0652 10
Spring+Vibration Right | 1.756 .0514 10
Left 1.799 .0392 10
Diff 0.043 0.0501 10
Vibration Right | 1.671 .0321 10
Left 1.666 .0359 10
Diff -0.005 0.0417 10
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Midskull to lingual plate (Mean with 1SD)
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Figure 32: Graph depicting length from Midskull to lingual portion6friblar
mesio-buccal root PDL for left and right sides in each group. Data were gesent
as mean+1SD. (p-value <0.05).
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Figure 33. Graph depicting Mid-skull / lingual plate differences between
left side and right side (L-R) for each group. Data were presented as
mean+1SD.
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Animal Species

Researchers that study orthodontic tooth movement (OTM) in animals generally
use rats as their mod&1?°*84°*9The ability to use mice rather than rats is of interest
mainly due to the array of knockout mice available for experimental testishthe
relevance these knockouts have for understanding physiology. The difficuksyngf
mice rather than rats is their size. Simply said, it is easier to sserthodontic
appliance and vibrate molar in a rat than a mouse. In addition, it is morenghailéo
make physiological measurements in mice. However, our attempt to provide a pmtocol t
study OTM and vibration in mice is valuable because it may allow using knockait mic

to test an almost unlimited numbers of very interesting hypotfeses.

Experimental OTM Models
1. Appliances

To induce OTM, several different types of devices have been used. Studies have
used a closed coil spring that is attached to the first molar and iA¢is8he drawback
of this model is that the incisors are used as an anchor that could be relativety and
fractured or quickly worn out during chewing function. Additionally, the closed coill
spring may not provide continual and consistent force over time. In our experience, once
the spring was placed it was quite possible for food (mouse chew) to be caught in the

individual coils, which made the coil less effective.

In order to achieve our study goal of comparing the effects of vibration versus

non-vibration on orthodontic tooth movement, it is necessary to have a carefully designed
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experimental protocol. In this regard, if using the coil spring to move teeth, tbhen tw
separate coil springs will be individually engaged betweentmealars and incisors
bilaterally. Our pilot trial showed it is almost impossible to keep the fexads exactly

the same between the two sides, hence an error of unequal loading will be introduced. To
offset the potential for unequal loading, Nishimura et al (2008 used an expansion spring
that was retained by its own force and delivered 12.8g of force t&'tmelars in rats’
Therefore, we decided to use Nishimura’'s expansion spring model, for tsomgedl)

the spring appliance delivers two equal and opposite forces on the bildteralats,

avoiding the introduction of the error of loading force; (2) the spring appliascéhéa

least possibility of being distorted by chewing and caught by food. Howether than

have the spring be retained under its own force, we bonded the terminal curve end of the
spring to the first molars. This is based on our prior experience with this spplignce.

We found that without bonding, the retention of the spring appliance in place could not

be guaranteed for more than two weeks, which was not long enough for the current study

2. Force magnitude

Forces used to induce experimental OTM have ranged from 5g $'8%3°* In
our study, NiTi expansion springs were designed and specially manufactugstHby
wire company who calibrated the initial force delivery to be 20 grams. Twestusied
a similar expansion spring. Nishimdfand Hod'reported forces of 12.8g on a NiTi
spring and 57g on a steel spring, respectively. We decided to use 20g NiTi fmrings
two reasons: (1) 20 grams of force (larger than 12.8g as reported by Nishimurd)shoul

able to cause a definite hyalinization on which the vibration is targeting. Producing a
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hyalinization area was important in order to test our hypothesis that meahabration

can reduce the degree of hyalinization due to collapse of blood vessels in the sethpres
PDL during OTM; (2) our experience has shown that 20 grams of force would gelm m
better self retention of the spring appliance than using lower fancesas Nishimura’s

12.8g.

Vibration frequency

The range of frequency used in the literature varies from 1Hz to 61Hz (Nishimura
(61Hz), Christiansen (45Hz), Rubin (30Hz), Darendeliler (30Hz, 15Hz), Stark and
Sinclair (25Hz), and Warden and Turner (1Hz, 5Hz, 10Hz, 20Hz, and 30Hz)). A
frequency of 4Hz was used in the current study. Warden and Tistuetied ulnar
vibration in C57BL/6 mice and found that cortical bone adaptation to mechanical loading
increased with increasing loading frequency up to 5-10Hz. In contrast, Mcleod and
Rubin'® predicted that a range of 15-30Hz will provideaximum osteogenic response.
Additionally, Mcleod and Rubifinoted that strain magnitudes (force) that normally
causes resorption when associated with a frequency of 1Hz, can cause new bone
formation at 15Hz. . Christians&rsuggested that it may be possible that some
frequencies produce almost no osteogenic response, despite positive reswiks antl
higher frequencies. Given the success of the previously mentioned authors in
demonstrating an increase in the rate of bone formation or OTM at frequemgexsyr
from 5-61Hz, selecting 4Hz for the current study was certainly comgacahkidering

the animal model used for testing.
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Vibration duration

There is little published evidence that would provide guidance for selection of
optimum duration and timing of vibration episodes. Whole body vibration studies have
applied vibration every day for 10-15 minuf&$® Orthodontic tooth movement studies
have ranged from applying vibration once a week to every dayrthopedic studies
have demonstrated that applying vibration 5Smins/day every three days ischiveffe
regimen for ulna, tibia, and femtfr Due to the lack of a standardized approach, we
chose to apply vibration at 5mins/day every three days for two reasons. RrdenV
and Turne¥ have shown success in their orthopedic studies, and secondly, animal care
regulations required that mice needed three days of recovery aftevahey
anesthetized. Ketamine and Xylazine were delivered as an intra-peritgaetbn,
which usually takes 2-3 days to be metabolized. Unfortunately it was also not@tssibl
deliver isoflurane as an inhalant anesthetic because we were working ialtbawvity.
Given the regulations that had to be met and the reported evidence from thediteratur
applying vibration for 5mins/day every three days was deemed to be an effective

protocol.

Intra-examiner variability

It is important that examiners can reliably exam the outcome variabdeseskl
for the study. Intra-examiner variability was acceptable for mosbmés. However, two

exceptions were found: (1) coronal view, the measure of the length of the root fram a li
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bisecting the buccal and lingual CEJ’s through the long axis of the root to the ncast api
portion of the root. (2) axial view, the width of the palatal suture measured at therpositi
of the palatal root on the maxillary first molar. The following reasons imag

accounted for the lack of reliability: (1) insufficient image quality ttedaine

parameters; (2) the sharp and clear boundaries of bony structures drerbhsee

mineral density. Bone density is low (not yet mineralized) during the mgdalocess of

OTM, thus rendering the definition of boundaries extremely difficult.

Differences of OTM between groups and between sides

In this study, a protocol of using micro CT technique to evaluate the orthodontic
tooth movement under mechanical vibration was developed. Five variables (2 angular
and 3 linear) were constructed on the coronal view and 6 variables (1 angular and 5
linear) on the axial view. By their definitions, the variables were detedtmeepresent
tooth positions except for the midpalatal suture, however they were not equaligtacc
and reliable. Some variables were hard to measure precisely on the CTdineagehe
image quality issue and lack of resolution. For example, distance “Midskatli€ell
defined. However, because the expansion spring was left in place to avoid possible
relapse of tooth movement during micro CT scanning, the image of the metal spring
overlapped the CEJ. This made identifying the appropriate point along the G&Ldtdiff
affects the variable’s accuracy and reliability. Assessing trabiidy of the various
variables, although beyond the scope of this study, could be valuable for further studies.
Clearly, most variables used in this study were associated with substanghility.

This could have masked subtle differences that may have existed betvataete
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groups and between sides within treatment groups. Potential causes of the higje vari
are discussed in limitations (below). The split mouth design is based on the higtf level
symmetry of features observed on both sides of the jaw. To assess diffenahcesur

on both sides of the jaw, it is convenient to subtract the measurement of the right side
from the same measurement on the left side. If the difference (L-Rositave “+”

number, it is indicative of the left sid& inolar moving more than the right side molar,
and vice visa. Theoretically, the difference (L-R) in the control group shoulerbge z

since both sides received no treatment. The spring group should also be zerthesinc
applied forces were equal on both sides. The vibration group would also most likely lie
near the zero difference, although there may be a slight tendency in eithesithe or
negative direction. In the spring/vibration group, it was expected that thecdisia

angle measured on the left side would be bigger than that on the right side. For instance,
the variable “Midskull / CEJ” showed that the mean difference (L-Ryef t
spring/vibration group was positive, indicating that the left side had a tendemgy to t

more than the right side.

The present study failed to show statistical significance for the priamatynost
of secondary outcome variables. However, the study showed a strong overaéiiiteatm
effect due to spring forces. Mice that were exposed to spring force or spaagrfo
combination with vibration exhibited, as expected, significantly more tooth movement or

tipping than animals in the control group or those who received vibration alone.

Root Resorption

Root resorption is a major concern in orthodontic treatment today. In an attempt

to identify root resorption on the pCT scans, the length of the mesio-buccal root of the
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first molar was measured on both sides of the jaw. The results showdtethatt length

in the vibration group was significantly smaller (p<0.05) than in the othex gnoaips.

No significant difference existed between the control, spring, and spriradi@ibr

groups. Based on the theoretical consideration, the vibration and control groups were
expected to have similar root lengths. In contrast, shorter roots wereeskfieotcur in
both groups that were exposed to spring forces. There is currently no adequate
explanation for the vibration-induced root resorption. Possible reasons include the
difficulty/error in locating the most apical portion of the tooth due to its irreiylar
pinpointing the exact location of CEJ’s. It may be possible that a more concloswera

can be obtained from histology and histomorphometry analyses.

Limitations and Future Directions

This was a pilot study to evaluate the usefulness of a murine model for the study
of vibration as an adjunct to spring forces in OTM. Several aspects of the protocol

deserve special consideration.
1. Spring insertion and retention

Given the size of mouse molars, it was very difficult to clean the tooth surfdce a
place the adhesive on the spring aflanblar only. There was a chance that the adhesive
spread onto the occlusal surface of tH®t2'® molars or interproximately, bonding the
2" molar to the T molar and spring, which potentially introduced another factor into the

force system.
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2. Vibration

Due to anesthesia requirements and recovery time the mice were vilmeged o
every three days. Although there is little to no evidence currently in theureré

would be interesting to determine if more frequent vibration would increase OTM

3. CT scan and reconstruction

A big limitation of this study is that it was not possible to take baseline micro CT
scans before force and vibration application. Micro CT uses high dose of radiation tha
was determined to be lethal if used repeatedly. A new generation uCThe#udti uses
a lower dose radiation would allow taking uCT images of living mice. Regpe&T
images would be a definite improvement, possibly also leading to improved measureme

quality.

Another crucial step was the method of taking the uCT scan. When the specimen
was placed on the holder, it was necessary to assure no motion to prevent blurring of the
image. We attempted to take the scan with mouse skull affixed inside al qapgtc
cylinder with and without liquid, but found the cylinder affected the image quality
Movement could affect the reconstructed images by compromising the abdigfine
landmarks due to pixilation. The scanning process will be reassessehnsdhe

basis for obtaining a reliable image to complete the measurements.

4. CT image measurement

Once the image was reconstructed, it was necessary to orientate tadomag

obtaining proper coronal and axial views. Since the force was applied only totkhe tee
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across the midpalatal suture, it was assumed that the cranial structutdgprovide
sufficient stationary landmarks as reference for making measuren@taining an
absolutely symmetrical view is difficult when aligning the mesio-bucwat. The
alignment was improved when it was based on the palatal root of thelar. It is
important to symmetrically align the left and right sides when obtainingaifumal and
axial images. If the symmetry is off, the measurements willatettee error. Although an
honest effort was made to achieve symmetrical views, there may be ssucgated

with aligning and measuring the coronal and axial views.

In conclusion, this pilot study attempted to produce a murine protocol of using
micro CT to study orthodontic tooth movement under mechanical vibration. A specially
designed expansion spring was introduced to generate orthodontic tooth movement, upon
which mechanical vibration (4Hz frequency, 20micron displacement,
5min/session/3days) was imposed during a 21 day study period. Significant orthodontic
tooth movement was observed in the spring and spring/vibration groups versus the
control and vibration alone groups. Differences between spring and springdbribrati
groups as targeted were not identified statistically, however an oterd#ncy was
observed demonstrating that the vibrated side in the spring/vibration group had thcrease
OTM when compared to its contra-lateral non-vibrated side. Further effedsmée
made to improve the protocol, especially with respect to measurement accuracy and

selection of a reliable primary outcome variable.
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