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Mohammad Abdullah M Aldosari

EFFECTS OF VIBRATION FORCES ON MAXILLARY EXPANSION AND
ORTHODONTIC TOOTH MOVEMENT

Vibration forces (VF) have been shown to alter the formative and resorptive
activities of bone. Studies have investigated the use of VF in applications such as the
treatment of osteoporosis, bone fracture healing and implant osteointegration with
favorable results. In dentistry, orthodontic tooth movement and maxillary suture expansion
are common procedures typically requiring prolonged treatment durations with high
relapse rates. We hypothesized that local, intermittent VVF applications can enhance bone
formation during rapid maxillary expansion and accelerate orthodontic tooth movement.
Moreover, we also investigated expression of periostin/OSF-2, an adhesion molecule
implicated in the formation of bone during maxillary suture expansion. Our results showed
that intermittent VVF significantly increased bone volume density of the expended palatal
bone but limited the amount of palatal expansion and mineral apposition rate at the suture
margins. Also, intermittent VVF forces did not show statistically significant acceleration of
orthodontic tooth movement but significantly enhanced bone volume density of the
interradicular bone after tooth movement. Maxillary expansion was also shown to induce
the expression of periostin which was proportional to the magnitude of the expansion force

with increased bone mineral deposition.

Sean Shih-Yao Liu, D.D.S., Ph.D., Chair
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INTRODUCTION

Dental malocclusion is a prevalent finding in the general population across all age
groups (W. R. Proffit et al., 1998). In the United States, approximately 45% of children
(ages 8-11), 55% of youth (ages 12-17), and 65% of adults (ages 18-50) exhibit tooth
crowding or misalignment (W.R. Proffit, 2013). Furthermore, approximately 10% of this
population exhibits narrow maxillae with posterior crossbites (Brunelle et al., 1996). Dental
malocclusion have been associated with problems with masticatory functions (Barbosa Tde
et al.,, 2013; Magalhaes et al., 2010), oral health (Andiappan et al., 2014; Borzabadi-
Farahani et al., 2011; Masood et al., 2013), psychological and quality of life issues (Agou
et al., 2008; Barbosa Tde et al., 2013; Martins-Junior et al., 2012). Depending on the
severity, treatment of dental malocclusions typically requires a significant amount of time
to accomplish often spanning a few years (Fisher et al., 2010; Jarvinen et al., 2004; Mavreas
& Athanasiou, 2008; Parrish et al., 2011). This long treatment duration increases the risk
of adverse events such as the development white spot lesions (Mizrahi, 1982; Srivastava et
al., 2013), periodontal problems (McComb, 1994; Nimeri et al., 2013) and external root
resorption (Rakhshan et al., 2012; Tieu et al., 2014) in addition to increased financial costs
and inconvenience (Badran et al., 2014). In order to relieve moderate dental crowding and
correct posterior discrepancies, rapid maxillary expansion (RME) is commonly used to
widen narrow maxillae and broaden the smile arc in order to improve patients’ appearances
and oral functions (Habersack et al., 2007; Keim et al., 2008). However, treatment relapse
often occurs because the two maxillary shelves tend to move back toward each other into

the remaining unfilled suture gap after expansion. Therefore, a long period of retention for
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at least 3-6 months is recommended after RME (Ekstrom et al., 1977; Hicks, 1978;
Schauseil et al., 2014). A need exists for a non-invasive or a minimally invasive method to
clinically increase orthodontic tooth movement (OTM) and RME efficiency to provide

more predictable treatment outcomes.

In order to improve OTM or RME treatment outcomes, we need to modify the bone
response to treatment. It has been well established that bone in general responds to changes
in its loading environment (Turner et al., 2009). Within its physiologic limits, bone
formation occurs as a response to increasing loads, but diminished loading stimuli results
in lower bone formation and increased resorption (McBride & Silva, 2012; Turner et al.,
1994). It is also recognized that bone responds to dynamic but not static loading, and that
only a short duration of mechanical loading is sufficient to initiate a response (Turner,
2006; Turner & Robling, 2005). Also, in order to elicit an anabolic bone response, loading
cycles needs to be intermittent with sufficient breaks to regain sensitivity (Robling et al.,
2002b; Saxon et al., 2005; Turner, 1998). Based on these characteristics of bone tissue,
previous investigations have attempted to increase bone remodeling through cyclic loading
or vibrational forces (VF). It has been shown that vibrational forces (VF) effectively
improve osteoporosis (Gilsanz et al., 2006; Wysocki et al., 2011), fracture healing (Kasturi
& Adler, 2011) and implant osteointegration (Zhang, Torcasio, et al., 2012; Zhang,
Vandamme, et al., 2012). Parameters of vibration that could be controlled includes
vibration frequency, amplitude, treatment duration and application schedules, and different
combinations of these parameters have been tested in a variety of uses. A few studies have
attempted to investigate VF for the acceleration of tooth movement, however no studies

compared the effects of different vibration frequencies or application schedules on OTM.



Also, no studies are currently available describing the effects of VF treatments applied

during maxillary expansion.

A better understanding of the processes involved in bone formation and remodeling
during RME will help identify possible biological targets that can be used to accelerate
suture bone formation and maturation. It has been recognized that periostin/OSF-2 plays
an essential role in bone remodeling during orthodontic tooth movement (Lv et al., 2014;
Taddei et al., 2013; Watanabe et al., 2012). However, the role of periostin in bone
formation during palatal expansion is not fully understood (Merle & Garnero, 2012)
Encoded by the POSTN gene, periostin is a matricellular protein originally identified in
the periosteum of bone and periodontal ligaments of mice (Horiuchi et al., 1999; Takeshita
et al., 1993). It has been suggested that periostin enhances cellular adhesion and is
identified as having roles in a wide range of biological processes such as tumorigenesis,
arthritis, atherosclerosis, cardiac repair and embryonic development (A. Y. Liu et al.,
2014). It is mainly found in collagen rich connective tissues such as the periodontal
ligaments, skin cardiac valves and the periosteum (Norris et al., 2007; Romanos et al.,
2014). Understanding the role of periostin in maxillary expansion might help design

treatments to achieve reduced treatment times and predictable RME treatment outcomes.

The overall objective of this study is to investigate the effects of VF on maxillary
expansion and orthodontic tooth movement, and to compare the effects of two different
expansive forces on RME and the expression of the adhesion protein periostin/OSF-2
within the maxillary sutures. Three animal studies were designed to achieve the following

specific aims:



Specific aim 1: To determine the effects of locally delivered, intermittent VF
treatments on rapid maxillary expansion (RME).

Specific aim 2: To investigate and compare the effects of intermittent and
locally delivered VF at two different frequencies and two different application regimens
on orthodontic tooth movement (OTM).

Specific aim 3: To determine the expression of periostin/OSF-2 in the
maxillary suture during expansion, and compare the effects of two levels of expansion

forces on periostin expression and bone formation.



THE EFFECTS OF VIBRATIONAL FORCES SUPERIMPOSITION

ON MAXILLARY EXPANSION IN RATS

Introduction

Rapid maxillary expansion (RME) is a commonly used orthodontic approach to
correct transverse maxillary deficiencies. (Keim et al., 2008). The orthopedic separation of
the palatal shelves induces new bone formation within the midpalatal suture resulting in a
wider palatal width, which in turn alleviates issues such as dental crowding, posterior cross-
bites or underdeveloped maxillae (Bishara & Staley, 1987; Schauseil et al., 2014).
However, it has been demonstrated that maxillary expansion treatments undergo
significant relapse, mainly due to the incomplete filling of the remaining suture gap by
mature bone. Retention times of six months or more are proposed to allow sufficient bone
formation and maturation within the suture to minimize RME relapse (Ekstrom et al., 1977,

Hicks, 1978; Schauseil et al., 2014).

Vibrational forces (VF) has been considered as a non-pharmacological and
noninvasive approach to stimulate bone formation. Positive results were reported in
applications such as osteoporosis prevention and treatment (Gilsanz et al., 2006; Wysocki
et al., 2011), bone fracture healing (Kasturi & Adler, 2011) and improving dental implant
osteointegration (Zhang, Torcasio, et al., 2012; Zhang, Vandamme, et al., 2012). Cyclic
VF loads delivered to long bone results in increased bone formation and mineral apposition
rates (McBride & Silva, 2012; Turner et al., 1994). Moreover, cyclic VF has been shown

to increase bone volume density of the alveolar bone (Alikhani et al., 2012). and induced



new bone growth of the craniofacial sutures (Kopher & Mao, 2003). However, no attempts
have been done to study the effects of intermittent cyclic loading on bone formation during
RME. The aim of this study is to investigate the effects of vibrational forces (VF) on the

maxillary suture during RME in rats.

Materials and methods
Animal procedures

All animal procedures were approved by the Institutional Animal Care and Use
Committee. Forty six 7-week-old male inbred rats (Fischer 344, Harlan Labs Indianapolis,
IN) were used for this study. The animals were randomly assigned into four groups and
received rapid maxillary expansion with vibrational force treatments (RME+VF), rapid
maxillary expansion only (RME only), vibrational force treatments only (VF only), and no

RME and no VF as the control, respectively.

For each animal, a mixture of xylazine (5-10 mg/kg) and ketamine (40-95 mg/kg)
was injected intraperitoneally to induce anesthesia. Stainless steel coil springs were then
bonded to the upper 1% and 2" molars bilaterally using orthodontic bonding resin (3M
Transbond) (Figure 1). The bonded springs were custom made from 0.014 inch stainless
steel wire and calibrated to deliver 22g of expansion with 2.5mm of activation using
Nanol7 force gauge (ATI Industrial Automation, Apex, NC) (Figure 2). Afterwards spring
placement all animals were fed with milled standard rodent diet and water ad libitum and

housed under standard conditions.



Application of VF treatments

A custom made device was assembled and used for delivering VF (Figure 3). VF
was applied on the hard palate three times per week for 2 weeks. Under anesthesia induced
by inhalation of isoflurane, each animal was secured in the supine position with mouth
opened. An actuator probe of the VF device was placed against the surface of the palate at
the midpoint between the maxillary 1% molars, registering a standardized pre-load of 70 cN
by the transducer. Afterwards, a VF treatment was initiated and lasted for 8 minutes with
the frequency at 60 Hz and 40 um of displacement resulting in 17.5+2.5 cN of loading

applied in a sinusoidal wave pattern (Figure 4).

Calcein green (10mg/kg) and alizarin red (20mg/kg) were injected intraperitoneally
as vital fluorochrome stains 11 days and 4 days prior to euthanasia. Animals were inspected
and weighed three times a week. After 14 days of RME, the animals were euthanized using
carbon dioxide inhalation and the maxillae were dissected, fixed and stored in a 70%

ethanol solution.

Micro-CT analysis

Fixed maxillae specimens were scanned using Skyscan 1172 micro-CT system at
the resolution of 8.99 um/pixel size. The system was set at a source of 60 kV/165 pA, a
rotation angle of 180° with a rotation step of 0.7°. Raw image data were then reconstructed
using NRecon software (Version 1.6.9.1; SkyScan). The reconstructed images were then
exported to using Ctan software (v1.13.5.1). Palatal width was measured from the bone
surface adjacent the midpoint of the mesio-palatal root of the left first molar to its
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contralateral counterpart on the right side. Suture width was also measured by averaging
the distance between the surfaces of the sutural bones at the level of mesio-palatal root

(Figure 5).

An area of interest (ROI) (1.5 mm x 0.5 mm x 90 slices) was selected from the
palatal bone 200 micron lateral to the suture surface (Figure 6). Bone volume fractions,
defined as bone volume / total volume (BV/TV%), and bone mineral density, indicated by
mean greyscale values, were was measured and calculated using Ctan software from the

ROLI.

Dynamic bone histomorphometry

The dissected maxillae containing the palatal sutures were infiltrated and embedded
in methyl methacrylate. Using a motorized microtome, serial sections with thickness of 4
micron were obtained in the coronal plane. Under epifluorescent microscopy, the interlabel
distances between calcein and alizarin bone labels of both palatal shelves was calculated
using Bioquant Osteo software (BIOQUANT Image Analysis Corporation, Nashville, TN)
(Figure 7). Mineral apposition rates (MAR) were calculated by averaging inter-label
distances divided by the number of days between the two vital fluorochrome label

injections (um/ day).

TRAP staining for osteoclasts



Tartrate-resistant acid phosphatase (TRAP) staining was performed to visualize
osteoclasts. Multinucleated TRAP-positive cells appearing in the suture and extending
approximately 700 pum laterally in 2 nonconsecutive sections were measured under an
inverted microscope (Leica DMI4000 B, Leica Microsystems, Bannockburn, IL) at high
magnification (40x). The average ratio of the bone surface area in direct contact with
osteoclasts versus the total bone surface area (osteoclast surface/bone surface; Oc.S/BS) in

each ROI was calculated using the Bioquant Osteo software (Figure 8).

Statistical analysis

Two-way ANOVA with Fisher’s Protected Least Significant Differences post-hoc
test was used for all comparisons at the 5% level of statistical significance using Statistical
Analysis System (SAS software) version 9.2 (SAS Institute, Inc., Cary, North Carolina,

USA).

Results

Both RME-only and RME+VF groups had significantly higher palatal widths
(p<0.001) (Figure 9), Oc.S/BS ratios (p<0.001) (Figure 10), suture widths (p<0.001)
(Figure 11) and MAR (p<0.001) (Figure 12) and significantly lower BV/TV% (p<0.001)
than VF-only and the control groups (Figure 13). The RME+VF group had significantly
lower palatal width (p<0.001), lower MAR (p<0.001), and higher BV/TV (p< 0.05) than

RME only group. When comparing VF-only and control groups, VF had no effects on



BV/TV (p=0.18), MAR (p=0.89), Oc.S/BS, or suture width (Figures 10, 6). Neither RME
(p=0.57) nor vibration (p=0.23) had a significant effect on mean greyscale values (Figure

14).

Discussion

The present study aimed to investigate the effects of superimposed mechanical
vibrational forces during maxillary expansion in rats. In this study, the application of
intermittent VF during maxillary expansion reduced RME resulting in narrower palatal
widths after 2 weeks when compared to maxillary expansion without VF. However,
applying VF resulted in significantly higher bone volume of the expanded palatal bones,
which is consistent with studies observing higher bone volume fractions under cyclic load
stimulation (Alikhani et al., 2012; Kasturi & Adler, 2011; Omar et al., 2008). Newer, less
mineral-dense bone would produce lower mean grayscale values due to lower x-ray
attenuation (Bouxsein et al., 2010; Ritman, 2011; Sheets et al., 2013). In this study, no
changes in mean grayscale values were observed. Thus, the higher bone volume fraction
BV/TV of the expanded sutural bones under VF may not be due to increased bone
formation but as a result of reduced osteoclast numbers or activity. Although not
statistically significant, the osteoclast surface to bone surface ratio in the RME+VF group
was lower, which could be a plausible explanation for the higher bone volume fractions of
the RME+VF compared to RME-only. This deduction is supported with studies that
hypothesized that VF would has an inhibitory effect on osteoclasts (E. Lau et al., 2010;

Ozcivici et al., 2010; Zhou et al., 2014).
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The suture widths were similar in both expansion groups. Thus, the difference in
palatal width can be attributed the difference in the of new mineral apposition rate at suture
edges. The mineral apposition rate at the suture margins of the RME+VF group was lower
when compared the RME-only group. It has been demonstrated that the amount of new
bone formation during suture expansion at the suture margins is controlled the by the
amount of suture separation (S. S. Liu et al., 2010; S. S. Liu et al., 2011). Given the
similarity of the amount of suture separation between the expansion groups, the reduction
of the MAR in the RME+VF group can be attributed to the effect of VVF treatments. This
finding is contrary to studies that showed that vibrational loading increased bone formation
in long bones, primarily due to different mechanisms of stimulating bone formation (Sun
et al., 2014; Wang et al., 2014) Also, these studies observed bone formation under isolated
VF loading, which did not include the constant, bone formative, tensile force delivered
through suture expansion. It has been established that maxillary expansion causes
prolonged stretching of the connective tissue fibers resulting in bone formation at the
opposing surfaces of the suture (Katebi et al., 2012; Schauseil et al., 2014). In contrast,
long bone cyclic loading creates transient areas of compression and tension that results in
sporadic burst of adaptive remodeling (McBride & Silva, 2012; Pearson & Lieberman,
2004). In this study, bone formation of the RME+VF group was influenced by a

combination of stretched connective tissue fibers and VVF stimulation.

Many studies have investigated whether low-magnitude VF with high frequency
can affect bone remodeling or bone cell activities. The VF frequency ranged from 1Hz to
200Hz with a wide range of load magnitude and loading regimens. No current literature is

available directly comparing with the present study due to the variety of VF parameters
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and loading regimens. In addition, no attempts have been made in the past to study the
effects of VF during suture expansion. The VF frequency of 60 Hz delivered three times a
week was chosen for this experiment which is a frequency commonly used to provoke
anabolic responses in bone when subjected to loads (Alikhani et al., 2012; de Oliveira et
al., 2010; Reyes et al., 2011). The higher frequency allows for a high number of load cycles/
day delivered per animal within a practical timeframe. Loading regimens in studies varied
form daily treatments to one treatment per week. Rubin et al. and others have found that
the bone response to loading can be increased progressively given that enough “breaks”
were inserted between loadings to regain sensitivity (Robling et al., 2001; Robling et al.,
2002a, 2002b). In this study three VF treatments per week were delivered thus enabling

sufficient number of treatments while allowing rest periods for bone to regain sensitivity.

Many animal studies have attempted to increase bone formation during maxillary
expansion. Local administration of medications (Uysal, Amasyali, et al., 2009; Uysal et al.,
2011), stem cell injections (Ekizer et al., 2014), low level laser therapy (Ceperaetal., 2012;
da Silva et al., 2012), and systemic medications (Uysal, Ustdal, et al., 2009) have been
attempted with varying levels of success. It is advantageous to develop a non-invasive non
pharmacologic approach to improve RME treatment outcomes. In this study we were able
to demonstrate that applying local stimulation using vibrational forces can cause significant
changes on the maxillary expansion process. However, at our tested conditions it resulted
in a decrease of palatal expansion, although an enhancement of the bone volumes of the
palatal bones was observed. Further investigations exploring different frequencies, loads
and routines of the VF is needed. A lower VF frequency such as 30 Hz, fewer applications

per week or lower loads of the VF may provide an improved result by maintaining bone
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volume in the palatal bones while allowing more bone mineral apposition within the

sutures.
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EFFECTS OF INTERMITTENT VIBRATIONAL FORCES ON ORTHODONTIC

TOOTH MOVEMENT

Introduction

Orthodontic tooth movement (OTM) is achieved by alveolar bone resorption
occurring in the compression side and bone formation in the tension side of effected
teeth. This dynamic nature of bone allows for clinical orthodontic treatments to occur,
although it is a process which normally takes years to achieve (Fisher et al., 2010;
Jarvinen et al., 2004; Mavreas & Athanasiou, 2008; Parrish et al., 2011). Increasing the
rate of bone turnover may result in shorter treatment times, thus potentially minimizing
the occurrence of adverse effects from orthodontic treatment. Previous studies have
attempted to accelerate OTM through the application of vibrational forces (VF).
Nishimura et al (Nishimura et al., 2008) demonstrated that the application of 60 Hz VF to
maxillary molars in a rat model significantly increased the rate of OTM. They used
expansion springs to achieve tooth movement which could have exaggerated the result
through skeletal expansion rather than tooth movement. Kalajzic et al. (Kalajzic et al.,
2014) found that VF of 30 Hz significantly reduced the rate of OTM, but no attempt was
done to confirm constant cyclic load was being delivered to the target tooth. The aim of
this present study is to investigate the effects of intermittent VF on OTM in addition to
comparing two different vibrational frequencies (30Hz and 60Hz) and two different
weekly application regimens on OTM while attempting to overcome the limitations of

previous experiments.
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Materials and methods

Animal procedures

All animal procedures were approved by the Institutional Animal Care and Use
Committee. Thirty two male Fischer 344 inbred rats at 16 weeks old were purchased from
Harlan Labs (Indianapolis, IN - USA) and housed under standardized conditions. After
acclimation, animals were anesthetized using a mixture of xylazine (5-10 mg/kg) and
ketamine (40-95 mg/kg) injected intraperitoneally. Orthodontic tooth movement (OTM)
was achieved by using nickel titanium closed springs (G&H) 8 mm in length, 0.019 in
lumen and 0.003 in diameter measured and calibrated to deliver 6 cN with 4 mm activation.
The springs were attached to a 0.008 inch stainless steel ligature wire that was tied around
the left maxillary fist molars and secured with orthodontic bonding resin (3M Transbond).
The other end of the spring was also tied with ligature wire and bonded to the maxillary
incisors. Right side maxillary 1% molars served as the controls (non-OTM side) (Figure
15). Afterwards the animals were randomly divided into four groups (n = 8). The first group
underwent only orthodontic tooth movement (OTM-only), the second group underwent
orthodontic tooth movement and also received vibration force (VF) treatment at 30 Hz
twice a week, the third group had orthodontic tooth movement and also received VF
treatment at 60 Hz twice a week, the fourth group underwent orthodontic tooth movement

and had VF treatments at 60 Hz once a week.

Application of VF treatments

15



Under isoflurane anesthesia, each animal was placed in the supine position on a test
bed with a mouth prop to keep the mouth open (Figure 16). An actuator probe was then be
lowered into the oral cavity until the tip of the probe engages the occlusal fossa of the
maxillary 1% molar, registering a pre-load of 1 N by the test bed transducer. The transducer
reading is then zeroed and VF treatment would commence for 8 minutes, delivering either
30 Hz or 60 Hz VF frequency at 20 um of displacement providing 17.5+2.5 cN of load in
a sine wave form (Figure 17). These treatments were performed either once a week or twice
a week according to group designation for a total of 4 weeks, with the exception of the

OTM-only group which received no VF treatments.

The animals were fed ground standard diet and water ad libitum and were inspected
and weighed three times a week. As the incisors erupted, springs were repositioned to
ensure constant forces and were adjusted accordingly. After 4 weeks of OTM, the animals
were euthanized using COz2 inhalation and the maxillae were dissected, fixed and stored in

a 70% ethanol solution.

Micro-CT analysis

Fixed maxillae were scanned using Skyscan 1172 micro-CT system at the
resolution of 6.57 um/pixel size. The system was set at a source of 60 kV/165 pA, and a
rotation angle of 180° with a rotation step of 0.5°. Raw image data were then reconstructed
using NRecon software (Version 1.6.9.1; SkyScan). The reconstructed images were then
exported to using Ctan software (v1.13.5.1). Tooth movement due to OTM was defined as

the interproximal distance between the 1% and 2" molars, from the most mesial point of
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the 2" molar to the most distal point of the 1% molar on the same side along the line of
tooth movement in the sagittal plane (Kalajzic et al., 2014) (Figure 18). Bone volume
fraction is defined as bone volume / total volume (BV/TV %) and was measured using Ctan
software. For measuring interradicular BV/TV, a region of interest (ROI) was defined as a
cylindrical ROI 550 pm in diameter and 591 um (90 slices) in height situated within the
intra-radicular bone between the roots of the maxillary 1% molar (Figure 19). The
interradicular bone volume fraction was then calculated from the ROI along with the mean
greyscale values for the interradicular bone areas for both right and left maxillary 1% molars

(Figure 20).

TRAP staining for osteoclasts

Tartrate-resistant acid phosphatase staining was performed to visualize osteoclasts.
Multinucleated TRAP-positive cells appearing against alveolar bone were quantified under
an inverted microscope (Leica DMI4000 B) at high magnification (40x). The ratio of
positively stained osteoclast in direct contact with bone surface area adjacent to the mesial
root versus the total bone surface area (osteoclast surface/bone surface; Oc.S/BS%) in each
ROI was calculated using the Bioquant Osteo software (BIOQUANT Image Analysis

Corporation, Nashville, TN).

Statistical analysis

17



The effect of vibration on displacement was analyzed using one-way ANOVA.
Statistical analysis was performed using a repeated measures ANOVA, with side as the
repeated factor with an unstructured variance/covariance matrix, and fixed effects for side,
group, and the side-by-group interaction. A 5% level of statistical significance was applied.

All analysis were performed using Statistical Analysis System (SAS software) v.9.2.

Results

A total of five animals which had springs fail over the pe2riod of the experiment
were excluded from the study, resulting in a total of at least 6 animals per group. Similar
amounts of tooth movement were achieved in all groups with no group significantly
different at the 5% level (Figure 21). An increased tendency in tooth movement rate was
observed in the group receiving VF at 60 Hz once a week, demonstrating a higher distance
of molar separation although not statistically significant (p = 0.054). The molars on the
contralateral non-OTM side showed no separation and remained in contact for all groups

at the conclusion of the study.

On the left maxillary 1% molars (OTM side), bone volume fractions (BV/TV %)
were significantly higher in the groups receiving 30 Hz VF twice/ week or 60Hz VF
once/week in the interradicular area of left 1% molar, compared to OTM-only group
(p<0.01) (Figure 22). There were no differences in the interradicular bone volume fractions
on the non-OTM side between treatment groups. In the OTM-only group, bone volume
fraction was significantly lower in the interradicular area of the 1% molar on the OTM side

compared to its counterpart 1% molar without OTM (p<0.05). For the groups receiving VF,
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there were no significant differences in bone volume fractions in the interradicular bone

area of the 1% molars when comparing OTM and non-OTM sides.

The mean greyscale values of the interradicular bone of the 1% molars were
significantly lower for the OTM sides than the non-OTM sides in the groups receiving 30
Hz twice/ week, 60 Hz twice/ week and 60 Hz once/week (p<0.01) but not for the OTM-
only group (p=0.3716). There were no differences in interradicular mean greyscale values
among groups for the 1%t molars with OTM (p=0.3998) or the contralateral controls without

OTM (p=0.6700) (Figure 23).

In the direction of tooth movement, osteoclast surface to bone surface ratios
(OcS/BS) values were 9.5£6%, 10.2+5.3%, 8.7+£4.2% and 8.9+6.8% for the control, 30Hz
twice/ week, 60 Hz twice/week and 60 Hz once/ week groups respectively. Differences

were not statistically significant between groups (p>0.05) (Figure 24).

Discussion

Bone resorbs adjacent to the periodontal ligament subjected to compression
and new bone deposits adjacent to the periodontal ligament subjected to tension
(Henneman et al., 2008; Zainal Ariffin et al., 2011). Increasing the bone remodeling
process might conceivably accelerate OTM, leading to reduced treatment durations
(Nimeri et al., 2013). The aim of this study was to acertain and compare the effects of two
different frequencies and application regimens of locally delivered VF on OTM. The
frequencies of 30 Hz and 60 Hz were chosen for this study as they are most commonly
used in dental loading studies, in addition to 30 Hz also being the frequency used in a
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FDA approved device for OTM (OrthoAccel Technologies, Inc, Bellaire, TX) (Alikhani

et al., 2012; Kalajzic et al., 2014; Nishimura et al., 2008). The number of occurences of

cyclic loading applications per week varied among studies, ranging from once a week to

daily applications (Kono et al., 2012; Raab-Cullen et al., 1994; Sun et al., 2014; Turner et

al., 1994). In this study we compared once weekly and twice weekly VF treatments.

According to Robling et. al. (Robling et al., 2002b), Saxon et.al. (Saxon et al., 2005) and

others, bone will respond to loading stimulations given that a sufficient “break” period is

provided for bone to recover its “sensistivity” to respond to further stimulations.

Therefore, providing VF treatments once or twice weekly is within this principle.

No significant differences in the amount of orthodontic tooth movement between study
groups were observed, although animals which underwent VF treatments given at 60 Hz
once/ week tended to have an increased orthodontic tooth movement after 4 weeks,
although not statistically significant (p=0.054). High variability was observed in the tooth
movement measurements of all groups. Similar variability has been previously reported
(Kalajzic et al., 2014; Madan et al., 2007). However, this variability could be due to the
lighter forces delivered though the more delicate sized nickel titanium coiled springs used
in this study (6 grams used vs. 25g or more in other studies). Although lighter forces are
generally considered favorable for tooth movement, the lighter springs would have been
more sensitive to local anatomical variation between animals such as the variation in the
shape and size of the maxillary incisors. Another source of variation could be the different
rates of incisor eruption which can affect the amount of activation of the attached coiled
springs, in addition to the changes in forces attained with spring adjustments. Also, the

relatively longer duration of OTM in this study at 4 weeks may have magnified the chance
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of variability in responses between animals. A study of shorter duration with heavier, more

rigid springs could overcome this problem.

Kalajzic et. al. (Kalajzic et al., 2014) found that applying VF at 30 Hz twice weekly
in rats inhibited OTM compared to the OTM only group. This is in contrast to our findings,
as no inhibition was observed as a result to VF treatments at either 30 Hz or 60 Hz. This
disparity could be due to the lower coil spring forces used to orthodontically move the teeth
and the lighter vertical VF forces used in the current study compared to the study by
Kalajzic (Gonzales et al., 2008; Kalajzic et al., 2014). Yee et al. (Yee et al., 2009), Weltman
et al. (Weltman et al., 2010) and others have described that using lighter forces when
moving teeth is advantageous with more predictable results (Barbagallo et al., 2008;
Karadeniz et al., 2011; Kohno et al., 2002). Also, it has been shown that the amount of
force delivered during cyclic loading is an important factor in determining the effects of
VF on bone remodelling (Cullen et al., 2001; Duncan & Turner, 1995). The combination
of the lighter coil spring forces along with the lighter vibrational loading may have resulted
in the different outcome observed in our current study compared to the study by Kalajzic

and coworkers.

The osteoclast counts on the surface of the bone directly in the path of movement
was similar in all groups, which correlates with the simlar amounts of tooth movement. It
was noteworthy that although amounts of OTM were similar in all goups, VF treatments
at either 30 Hz twice a week or 60 Hz once a week preserved the bone volume within the
intraradicular bone of the molars being moved to levels similar to their non-OTM sides.
Alikhai et al(Alikhani et al., 2012) demonstrated that vibrational loads at 30 Hz and 60 Hz

applied daily to rat molars increased bone volume fractions in the supporting bone. In this
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study the effect was also observed during orthodontic tooth translation, and this effect was
achieved while delivering only one or two VF treatments per week. In the OTM-only
group, the amount of bone volume in the radicular area of the first molar on the tooth
movement side was signifiacntly lower when compared to the non-OTM side after 4 weeks.
Also, mean grayscale values were used to indirectly compare mineral density of the bones
through x-ray attenuation (Bouxsein et al., 2010). Despite having similar amounts of bone
volumes, the intra-radiclar bone in the OTM-sides had lower mean greyscale values
compared to the non-OTM sides in the groups which received VF treatments. This
indicates that the intra-radicular bone in the vibration groups was newer, less mineral dense

bone which was formed as a consequence of VF treatments.

A disadvantage of this study is the reduced sample size due to spring failures,
which affected the statistical power. Nonetheless, further studies are needed to explore
other frequencies and loading schedules in order to ascertain the best parameters for a

clinically effective, non-invasive method for orthodontic tooth movement.
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PERIOSTIN/OSF-2 EXPRESSION DURING MAXILLARY SUTURE EXPANSION

IN MICE

Introduction

Transverse deficiency of the maxilla is a frequent skeletal problem typically
corrected clinically using rapid maxillary expansion (RME) (Keim et al., 2008). The
orthopedic separation of the palatal shelves induces new bone formation within the
midpalatal suture resulting in a wider palatal width, which in turn alleviates issues such as
dental crowding, posterior cross-bites or underdeveloped maxillae (Bishara & Staley,
1987; Schauseil et al., 2014). However, it has been demonstrated that maxillary expansion
treatments undergo significant relapse, mainly due to the incomplete filling of the
remaining suture gap by mature bone. Retention times of six months or more are proposed
to allow sufficient bone formation and maturation within the suture to minimize RME

relapse (Ekstrom et al., 1977; Hicks, 1978; Schauseil et al., 2014).

To reduce RME relapse, it would be beneficial to identify possible biological
targets that can be used to accelerate suture bone formation and maturation. Periostin/OSF-
2 is a matricellular protein necessary for normal skeletal bone formation and maturation
(Merle & Garnero, 2012; Rios et al., 2005). It is present in abundance in human and murine
periosteum and periodontal ligaments, in addition to tissues subjected to mechanical
stresses such as tendons (Merle & Garnero, 2012; Romanos et al., 2014). Periostin have
been found to have role in osteoblast differentiation and proliferation and a biomarker for

new bone formation (Merle et al., 2014). Several studies have investigated the potential for
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growth factors such as BMP-2 (S. S. Liu et al., 2013) and TGF-p (Sawada & Shimizu,
1996) on improving bone formation during suture expansion, but the limited successes or
the occurrence of complications drives the search for alternative biological targets (Cowan
et al.,, 2005; Walker & Wright, 2002). Although it has been demonstrated that
periostin/OSF-2 plays an important role in bone remodeling during orthodontic tooth
movement (Lv et al., 2014; Taddei et al., 2013; Watanabe et al., 2012), the role of periostin
in bone formation during palatal expansion is not fully understood (Merle & Garnero,
2012). The aim of this study is to investigate the expression of periostin in the maxillary
suture of mice during expansion, and compare the effects of two levels of expansion forces

on periostin expression and bone formation.

Materials and methods

Animal procedures

All animal procedures were approved by the Institutional Animal Care and Use
Committee. Sixty inbred 6-week-old CB57/6J male mice were randomly assigned into one
of three groups. Two groups underwent maxillary expansion using custom made appliances
delivering either 10g or 20g of force and the third group served as a control group with no

expansion.

Maxillary expansion was achieved by using custom-made expanders made using
0.010” and 0.012” nickel titanium (NiTi) wires (G&H, Franklin, IN) designed to deliver
10g, and 20 grams respectively with 2 mm of activation. A mixture of xylazine (5-10
mg/kg) and ketamine (40-95 mg/kg) was injected intraperitoneally to induce anesthesia.
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Afterwards, the springs were bonded to the upper 1% and 2" molars bilaterally using
orthodontic bonding resin (3M Transbond) (Figure 25). Animals were fed milled standard
rodent diet and water ad libitum and were checked and weighed daily. The animals were
given Calcein (30 mg/kg) on day 1 and Alizarin complexone (50 mg/kg) intraperitoneally
on day 11 post placement for fluorescent bone labeling. Animals were euthanized 14 days
after placement of springs through carbon dioxide inhalation. The maxillae were then

dissected and fixed with 10% formalin.

Micro-CT analysis

Fixed maxillary bones were scanned using Skyscan 1172 micro-CT system at the
resolution of 13.8 pum/pixel size. The system was set at a source of 60 kV/165 pA, and a
rotation angle of 180° with a rotation step of 0.7°. Raw image data were then reconstructed
using NRecon software (Version 1.6.9.1; SkyScan). The reconstructed images were then
exported to using Ctan software (v1.13.5.1). Suture width was measured by measuring the
average distance between the surfaces of the two opposing suture margins of the palatal
bones of ten image slices taken at the level of disto-palatal roots of the 1%t molars. Bone
volume fractions of the palatal bone (BV/TV%) were quantified by averaging the bone
volume fraction values of ten image slices covering the palatal bone from the surface of

the disto-palatal root of the 1st molar to the sutural margin.

Immunohistochemistry
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For immunohistochemistry, dissected maxillae were embedded in paraffin and
sections of 5 pm thickness in the coronal plane were obtained using a microtome.
Peroxidase in the sections was inactivated and afterwards blocked with 1.5% normal rabbit
serum blocking solution (Vector Laboratories, Burlingame, CA) for 30 minutes and then
incubated overnight at 4° C with goat anti-mouse periostin/OSF-2 polyclonal 1gG antibody
(Cat#AF2955, R&D Systems, Minneapolis, MN) at 1:500 dilution. Periostin-OSF-2
antibody stain was then visualized using an avidin-biotin complex immunoperoxidase kit
(Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA) and a 3,3-
Diaminobenzidine (DAB) substrate kit (Sigma, St. Louis, MO, USA). Mouse long bone
longitudinal section with periosteal and endosteal surfaces was used as positive control
tissue, and negative control sections were processed by omitting the primary antibody.
Sections were then counter-stained with 0.2% Methyl Green and microphotographs were
taken under standardized settings using an inverted microscope (Eclipse TS1000, Nikon,
Tokyo, Japan). Semi-quantification of periostin expression was performed by evaluating
positive DAB staining in connective tissues within the boundaries of the maxillary suture
and the signal intensity was stratified as strong (+++), moderate (++), weak (+) or no

staining (-).

Dynamic bone histomorphometry

The dissected maxillae were infiltrated and embedded in methyl methacrylate.
Using a motorized microtome, serial sections with thickness of 5 microns were obtained in

the coronal plane. Under epifluorescent microscopy, the inter-label distances between
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calcein and alizarin bone labels of both palatal shelves were measured using Bioguant
Osteo software (BIOQUANT Image Analysis Corporation, Nashville, TN). Mineral
apposition rate (MAR) was calculated by averaging inter-label distances divided by the

number of days between the two vital fluorochrome label injections (um/ day).

Statistical analysis

Mantel-Haenszel Chi-square test and One-way ANOVA followed by Bonferroni's
post-hoc tests were performed at p<0.05 significance for all statistical tests. All statistical
analyses were performed using the Statistic Package for Social Study (SPSS) software

package version 19 (SPSS Inc., Chicago, IL, USA).

Results

Suture width was verified using micro-CT images, indicating the distance of the
suture gap between the two suture margins (Table 1). The suture width after two weeks of
expansion was significantly wider (413+98um) in the 20g group than the 10g group
(247+116 um), and both the 20g and 10g groups were significantly wider than the control
group (92+8um) (p<0.05). Bone volume fraction of the palatal bone in the 20g group
(77+8.5%) was significantly lower than the 10g group (85.7+5.5%) and the controls

(89.4+2.6%) (p<0.05), but the 10g group was not significantly different from the control

group.
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Periostin expression intensity was higher in the 20g group than the 10g group
followed by the control group, with all groups significantly different from each other
(p<0.05) (Table 1). The signal was observed on the surfaces of the palatal bone suture
edges and along the bundles of connective fibers within the suture area of expanded sutures
(Figure 27). In the controls, the signal was sparse within the suture connective tissue with
most of the signal confined to the periosteum of the palatal shelves at oral and nasal borders
of the sutures, and little to no periostin expression was found directly against the suture

bone surfaces in controls.

The mineral opposition rate (MAR) was significantly higher (4.5 + 2.2 um/day) in
the 20g group than the 10g group (2.7 £+ 1.2 pm/ day) which was significantly higher than

the control group (1+0.77 um/ day) (p<<0.05)(Figure 31).

Discussion

Treatment relapse after maxillary expansion remains a significant clinical
occurrence (Romanyk et al., 2010; Vargo et al., 2007). This is mainly due to incomplete
filling of the suture gap with new bone after expansion. It has been suggested that periostin
has the ability to recruit and attach osteoblasts to the bone surface (Bonnet et al., 2009;
Kashima et al., 2009; Merle & Garnero, 2012). In this study, we observed that
periostin/OSF-2 is highly expressed in the palatal suture during maxillary expansion.
Periostin expression was found predominantly within the intercellular matrix along the
fibrous connective tissues bridging both ends of the suture, and also found directly against

the surfaces of the opposing suture shelves (Figure 3). This study also demonstrated that
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the intensity of the periostin expression was associated with the amount of expansion force,
which positively correlates with the bone mineral opposition on the surfaces on the sutures.
In non-expanded controls, immnunohistochemical staining revealed the presence of
periostin only along the periosteum and the nasal and oral boundaries of the suture, with

sparse expression within the suture connective tissues.

Liuetal. (S.S. Liuetal., 2010; S. S. Liu et al., 2011) found that the amount of bone
formation at the mid-sagittal suture of rabbits was proportional to the amount of suture
separation and the force used. In the present study, the higher force used to expand the
maxillae resulted in significantly wider sutures than those achieved with lower forces, with
more bone mineral deposition at the suture margins. However, the higher expansion force
resulted in a significant decrease of the bone volume fraction of the palatal bones by 12.1%

when compared to controls.

Periostin is an extracellular matrix protein expressed in connective tissues subjected
to stress like the periodontal ligaments, heart valves and tendons (Conway et al., 2011;
Kruzynska-Frejtag et al., 2001; Rios et al., 2005; Yoshiba etal., 2007). It was also observed
to have a role in the normal development of the embryonic skeleton and dental growth,
with periostin deficient mice displaying defective skeletal development (Rios et al., 2005).
It has been suggested that periostin promotes osteoblast functions through multiple
interactions. Through the avB3 integrin expressed by osteoblasts, periostin activates the
FAK and Akt/PKB pathways leading to cell migration and increased osteoblast survival
(Butcher et al., 2007; S. S. Liu et al., 2011; Ouyang et al., 2009). Also it functions by
binding to non-integrin receptors such as the Notch receptors on the surface of osteoblasts

up-regulating the expression of Notch and Bcl-xI which also prolongs cell survival,
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especially under mechanical stresses (Merle & Garnero, 2012; Tanabe et al., 2010).
Additionally, it also hypothesized that under mechanical stress periostin is up-regulated
through the Wnt/ B-catenin, stimulating bone formation (K. H. Lau et al., 2006; Robinson

et al., 2006; Romanos et al., 2014).

The findings of the current investigation suggests that periostin may enhance bone
formation at the suture margins during expansion. This creates the possibility of improving
clinical outcomes of RME by manipulating periostin levels at the suture, thus accelerating
bone formation and minimalizing treatment relapse. This result encourages further

exploration of the possible roles of periostin in the RME process.
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CONCLUSIONS

1. Intermittent VF under the tested experimental conditions significantly
reduces maxillary expansion with less bone mineral deposition at the suture margins.
Intermittent VF enhances palatal trabecular bone resulting in higher bone volume
fractions during expansion, but it does not affect mineral bone density with or without

RME.

2. Vibrational forces delivered at 30Hz twice weekly or 60Hz once a week
during OTM maintains bone volume in the intra-radicular bone of the orthodontically
moved teeth through increased bone formation compared to OTM only. However, a
larger sample size is needed to ascertain the effects of VF on the acceleration of

OTM.

3. Periostin/OSF-2 is highly expressed in the maxillary suture during
expansion. The intensity of periostin expression is proportional to the force of suture

separation with increased bone mineral deposition within the suture.
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CLINICAL EXTRAPOLATION

Both orthodontic tooth movement and rapid maxillary expansion rely on the
physiological responses of surrounding bone structures to occur. In this study, intermittent
vibrational forces have demonstrated the ability to modify the bone response to maxillary
expansion. Under the tested VF parameters, it reduced the amount of palatal width and new
bone deposition, but maintained palatal bone volume. These results revealed the possibility
of an ideal VF treatment to accelerate bone formation during clinical RME and
demonstrated that VF has the ability to maintain the bone volumes surrounding the teeth
during OTM, without affecting the amount of tooth displacement. This effect of VF
treatment may potentially reduce clinical relapse following orthodontic treatment due to
increased bone remodeling, or maintain bone for those at risk of further bone loss during
OTM. The increased expression of periostin within the expanded palatal sutures correlates
with increased expansion forces and bone formation. Clinically modifying the local
amounts of periostin expression may lead to improved bone formation at the suture and
thus better clinical outcomes. Our results establish a foundation for further examination of

the possible roles of periostin in RME treatments.
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TABLES AND FIGURES

Figure 1. Custom made RME device bonded in position
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Figure 2. Spring calibration using Nano17 force gauge (ATI Industrial
Automation, Apex, NC)
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Figure 3. Components and set-up of the VF delivery apparatus.
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Figure 4. Typical transducer readings during VF treatments.
Graph represents a 100 millisecond window on the y-axis, showing six
peaks of a 60 Hz waveform (left). Intra-oral photograph showing the
actuator tip delivering VVF over the palatal suture (right).
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Figure 5. A micro-CT image showing expanded palatal bones with the
mid-palatal suture highlighted in green.
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Figure 6. A reconstructed rat palate from a micro-CT scan, with a 1.5 mm
by 0.5 mm area of palatal bone near the suture digitally sequestered for bone
volume and greyscale analysis using Ctan software (v1.13.5.1; Skyscan).
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Figure 7. Epifluorescent micrograph of rat after maxillary expansion.
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Figure 8. Tartrate-resistant acid phosphatase (TRAP) stained section of the
palatal suture of a rat after undergoing expansion. TRAP positive cells in red
(arrowheads).
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Figure 9. Mean (SD) palatal widths after 2 weeks. ¢
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Figure 10. Mean (SD) of osteoclast surface/ bone surface ratios (Oc.S/
BS)(%) at the suture of the palatal bone after 2 weeks. *® different letters denotes
significance. (p<0.05)
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suture of the palatal bone after 2 weeks. ¢ different letters denotes
significance. (p<0.05)
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Figure 15. Orthodontic tooth movement (OTM) performed with bonded
closed nickel titanium spring.
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Figure 16. Intra-oral photograph showing the actuator tip delivering VF
over the left maxillary first molar.
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Figure 17. Typical transducer readings during VF treatments.
Graph represents a 100 millisecond window, thus including six
peaks of a 60 Hz waveform.
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Figure 18. Micro-CT reconstructed image of a maxillary left
molar after orthodontic tooth movement.
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Figure 19. Micro-CT image slice showing the intra-radicular area
of interest (ROI) used for bone analysis (highlighted in red).
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Figure 20. Micro-CT 3- dimensional reconstruction images
showing the intra-radicular area of interest (ROI) used for bone analysis.
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Figure 21. Mean (SD) 1st and 2nd interproximal distance after 4 weeks of
OTM. 2different letters denotes significance. (p<0.05)
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Figure 22. Mean (SD) of the bone volume fraction (BV/TV) of the Intra-
radicular bone after 4 weeks of OTM. Different upper-case letters denotes significance
within the same group. (p<0.05) Different lower-case letters denotes significance
between groups. (p<0.05)
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Figure 23. Mean (SD) of the mean grayscale values of the intra-radicular
bone after 4 weeks of OTM. Different upper-case letters denotes significance
within the same group. (p<0.05) Different lower-case letters denotes significance
between groups. (p<0.05)
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Figure 24. Tartrate-resistant acid phosphatase (TRAP) stained section
of alveolar bone anterior to the mesial root of the maxillary 1st molar after
OTM. TRAP positive cells in red (arrowheads).  No statistical significance at

(p<0.05)
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Figure 25: Positioning of the maxillary expander against the palate
of the mouse.
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Figure 26. Verification of suture separation using pCT of the controls

(A), 10g (B) and 20g groups (C).
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Periostin

Suture width | B\/TV (SD) | MAR (SD)
Group (SD) (um)* (%)* (um/day)* expression”
Control 92(8) © 89.4(2.3)° 0.9(0.77) ¢ Ok
10g 247(116) ® 85.7(5.5)° 2.7(1.2) ° (++) P
20g 413(98) @ 77.1(8.5) 4.5(2.2) 2 (+++)2

Table 1. Summary of results. (Different letters denotes significant differences)

* One-way ANOVA (p<0.05)

# Mantel -Haenszel Chi-square (p<0.05)
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Figure 27. Microphotographs of ilmmunohistochemistry staining for periostin
in representative sections of control (A) 10g (B) and 20g groups (C). Both experimental
groups showed increased expression of POSTN on the surfaces of the suture bone and
along the bundles of connective fibers within the suture area (B, C). Positive staining
was largely confined to oral and nasal borders of the sutures in the controls (A).
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Figure 28. 40x Magnification of suture area showing the pattern and
intensity of the positive staining for POSTN in representative sections of 20g
(A), 10g (B) and control groups (C).
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Figure 29. Three dimensional reconstruction of the suture area.
High degree of bone remodeling is evident in the 20g group resulting in
lower bone volume fractions (C) compared to the 10g group (B) and
control (A).
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Figure 30. Bone volume to total volume ratios (BV/TV)(%). The bone
volume density was reduced in the 20g group by 12.1% when compared to the
baseline (different letters denotes significant differences, p <0.05).
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Figure 31. Bioquant Osteo®© software was used to measure mineral apposition
rates. The 20g group had an average mineral opposition rate of 4.5 £ 2.2 um of bone
per day, the 10g group had an average of 2.7 + 1.2 um and the controls laid an average
of less than 1 + 0.77 um/ day (different letters denotes significant differences, p
<0.05).
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