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The effect of mechanical vibration on orthodontically induced
root resorption

Sumit Yadav?®; Thomas Dobie"; Amir Assefnia®; Zana Kalajzic®; Ravindra Nanda®

ABSTRACT

Objective: To investigate the effect of low-frequency mechanical vibration (LFMV) on orthodonti-
cally induced root resorption.

Materials and Methods: Forty male CD1, 12-week-old mice were used for the study. The mice
were randomly divided into five groups: group 1 (baseline)—no spring and no mechanical vibration,
group 2—orthodontic spring but no vibration, group 3—orthodontic spring and 5 Hz of vibration
applied to the maxillary first molar, group 4—orthodontic spring and 10 Hz of vibration applied to
maxillary first molar, and group 5—orthodontic spring and 20 Hz of vibration applied to maxillary
first molar. In the different experimental groups, the first molar was moved mesially for 2 weeks
using a nickel-titanium coil spring delivering 10 g of force. LFMVs were applied at 5 Hz, 10 Hz, and
20 Hz. Microfocus X-ray computed tomography imaging was used to analyze root resorption.
Additionally, to understand the mechanism, we applied LFMV to MC3T3 cells, and gene
expression analyses were done for receptor activator of nuclear factor kappa-B ligand (RANKL)
and osteoprotegerin (OPG).

Results: Orthodontic tooth movement leads to decreased root volume (increased root resorption
craters). Our in vivo experiments showed a trend toward increase in root volume with different
frequencies of mechanical vibration. In vitro gene expression analyses showed that with 20 Hz of
mechanical vibration, there was a significant decrease in RANKL and a significant increase in OPG
expression.

Conclusion: There was a trend toward decreased root resorption with different LFMVs (5 Hz,
10 Hz, and 20 Hz); however, it was not more statistically significant than the orthodontic-spring-
only group. (Angle Orthod. 2016;86:740-745.)
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INTRODUCTION

Orthodontic tooth movement (OTM) involves mod-
eling and remodeling of the alveolar bone in response
to an external load." Numerous noninvasive ap-
proaches have been studied to decrease total treat-
ment time.?® Longer duration of orthodontic treatment
is associated with increased chances of inflammatory
root resorption.?

Orthodontically induced root resorption (RR) is an
inevitable sequela of OTM. RR is a physiological or
pathological process that involves breakdown of root
structure, specifically mineralized cementum and
dentin and nonmineralized dentin.2** Physiological
RR occurs naturally and is responsible for the RR of
deciduous teeth, whereas pathological RR is usually
inflammatory in nature.

A number of in vitro and in vivo studies have
suggested that mechanical vibration can affect bone
metabolism.®” Low-frequency mechanical vibration
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(LFMV) is believed to accelerate fracture healing by
anabolic modeling of bone. Further, LFMV has been
shown to improve bony architecture in the postmen-
opausal female.®

Osteoprotegerin (OPG) and receptor activator of
nuclear factor-kappaB ligand (RANKL) are paracrine
regulators of osteoclastogenesis and cementoclasto-
genesis.®'® Among the many signals released in
response to mechanical vibration, RANKL and OPG
are regarded as two critical molecules regulating
osteoclasts.”""'> RANKL is expressed as a transmem-
brane protein in osteoblasts, whereas OPG is a protein
secreted by the osteoblasts acting as a decoy receptor
blocking the RANKL-RANK ligand interaction, thus
antagonizing the formation of mature osteoclasts.”''

Our null hypothesis is that there is no difference
between the root volumes resulting from the effect of
different LFMVs. We sought to study the effects of
different LFMVs on orthodontically induced RR and to
understand the underlying cellular mechanism of
LFMV. Our study had two specific aims: (1) to quantify
the amount of RR between different control and
experimental groups and (2) to quantify the expression
of OPG and RANKL in the cells to understand the
mechanism behind RR. We understand that this is the
first mechanistic study (both in vivo and in vitro)
looking at the effects of LFMV on RR.

MATERIALS AND METHODS
In Vitro Experiments

To stimulate the MC3T3 cells with LFMV, six-well
plates cultured with MC3T3 were mounted on a plat-
form. A feedback-loop-controlled, electromechanical
actuator (Model 3230, Bose/EnduraTec, Minnetonka,
Minn) was used to apply the LFMV. The loading
protocol for individual cell culture plates consisted of
30 minutes of LFMV at 1 g of force through an
electromechanical actuator at a frequency of 5, 10, or
20 Hz (cycles/s), depending on the group the cells
were assigned to. LFMV was applied at 3-day intervals
(days 1, 4, and 7).

Quantitative Real-Time Polymerase
Chain Reaction

The total RNA from the cultured cells under different
LFMVs was isolated 3 hours after the last mechanical
vibration using Trizol reagent (Invitrogen, Carlsbad,
Calif). Total RNA was converted to cDNA by an ABI
High Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, Calif) following the manufacturer’s pro-
tocol. Real-time polymerase chain reaction was
performed to express OPG and RANKL, and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was

used as the endogenous control. Three technical and
biological replicates of each sample were amplified
using predesigned, unlabeled, gene-specific PCR
primers and TagMan MGB FAM dye-labeled probe.
The primer sequences used for OPG, RANKL, and
GAPDH were based on the published literature. Gene
expression labels were calculated and are presented
as a fold change relative to the control samples.

In Vivo Experiments

Experimental design. The animal care committee at
the University of Connecticut approved this study. Data
were obtained from 40 male CD1 mice (Charles River
Laboratories, Wilmington, Mass; body weight, 26-30 g).
The 12-week-old mice were randomly divided into five
groups: group 1 (baseline)—no spring and no mechan-
ical vibration, group 2—orthodontic spring but no
vibration, group 3—orthodontic spring and 5 Hz of
vibration applied to the maxillary first molar, group 4—
orthodontic spring and 10 Hz of vibration applied to the
maxillary first molar, and group 5—orthodontic spring
and 20 Hz of vibration applied to the maxillary first
molar. The animals were allowed a week to acclimatize
before the experimental procedure at the Health Center
to compensate for their different origins.

Appliance delivery. The mice were anesthetized
with xylazine (13 mg/kg) and ketamine (87 mg/kg). A
custom mouth prop was fabricated from 0.036-mm
stainless steel (SS) wire and placed between the
maxillary and mandibular incisors to hold the mouth
open. A 0.004-inch SS ligature wire was passed
beneath the contact between the maxillary first and
second molars and threaded to the first molar
(Figure 1A). A nickel-titanium coil spring (Ultimate
Arch Wires, Bristol, Conn) delivering 10 g of force
was attached to the ligature wire around the first molar
and the other end of the spring was attached to the
incisors using the ligature wire.

To prevent dislodging the spring from the incisors
due to their curvature, 0.5-mm deep grooves were
prepared on the facial, lingual, and distal surfaces of
the incisors. Self-etching primer (Transbond Plus, 3M
Unitek, St Paul, Minn) and light-cured adhesive resin
cement (Transbond, 3M Unitek) were applied to the
lingual surface of the first molar and incisors to secure
the ligature wire. In order to minimize distal movement
of the left incisor and reinforce anterior anchorage, the
right and left incisors were joined to act as a unit
(Figure 1A). The appliance was checked every other
day and additional bonding material added if neces-
sary.

Mechanical vibration for OTM. A feedback-loop-
controlled, electromechanical actuator (Model 3230,
Bose/EnduraTec) was used to apply unilateral LFMV
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Figure 1. (A) Inserted NiTi coil spring. (B) Application of low-
frequency mechanical vibration on maxillary right first molar.

to the occlusal surface of the maxillary right first molar
along the tooth’s long axis (Figures 1B and 2). The
mechanical vibrations in the different experimental
groups were applied after the induction of anesthesia.
A custom mouth prop fabricated from 0.017 X 0.025-
inch titanium-molybdenum alloy wire was placed
between the maxillary and mandibular incisors in order
to hold the mouth open. The loading protocol for
mechanical vibrations for individual animals consisted
of 15 minutes of LFMV at 1 g of force through an
electromechanical actuator at a frequency of 5, 10, or
20 Hz, depending on the experimental group the
mouse was assigned to. The vibration was applied to
the occlusal surface of the maxillary first molar in an
occulusogingival direction. The vibrations were applied
at 3-day intervals (days 1, 4, 7, 10, and 13) (Figure 2).

Euthanasia. After 14 days, the animals were
euthanized by inhalation of carbon dioxide, followed
by cervical dislocation.

Micro-CT

RR was measured on the mesiobuccal root of the
maxillary first molar. The customized software seg-
mented the mesiobuccal root, and the root volume was
measured by contouring the root surfaces on the two-
dimensional slices; the crown was not included in the
measurement. The root volume was analyzed using
microcomputed tomography (micro-CT) (Scanco Med-
ical AG, Bruttisellen, Switzerland). The samples were
scanned in liquid, one at a time, with a high resolution
of 16 um. The X-ray tube potential (peak) was 55 kVp
at an intensity of 145 Joules-Ampere. There were 1000
projections for each sample, with a scanning time of
300,000 seconds for each sample.

The root volume measurement (including cementum
and root dentin) was used to quantify RR. Changes in

Bonding of Vibration Vibration
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root volume were quantified by analyzing the mesio-
buccal root of the maxillary first molar.

Statistical Analysis

Simple descriptive statistics were used to summa-
rize the data. Outcomes examined were root volume
and gene expression of RANKL and OPG. Statistical
analyses were carried out using Graph Pad Prism
Version 7 (GraphPad Software Inc, La Jolla, Calif).
Statistical significance of differences among means
was determined by one-way analysis of variance with
a Bonferroni post hoc test. All statistical tests were two
sided, and a P value of < .05 was deemed to be
statistically significant.

Our analysis of gene expression on the MC3T3 cell
population showed that the 20-Hz vibration caused
significantly decreased expression of RANKL (P < .05)
compared with baseline (Figure 3A). Moreover, there
was a tendency to decrease RANKL expression with
increased frequency of vibration, but it was not
statistically significant among the various vibration
groups (Figure 3A). The transcript expression of OPG
was significantly (P < .05) higher at 20 Hz compared
with the other groups (baseline, 5 Hz, and 10 Hz)
(Figure 3B).

QOur in vivo experiments showed that the mice in all
the experimental groups tolerated the appliance well,
there was no net loss in weight, and the application of
orthodontic force led to a significant decrease (P < .05)
in root volume (spring + no vibration <baseline)
(Figures 4 and 5). Moreover, we saw an increase in
root volume (fewer resorption craters) at different low-
frequency mechanical vibrations. However, it was not
significantly different from baseline (P > .05) and spring
+ no vibration group (P > .05) (Figures 4 and 5).

DISCUSSION

The null hypothesis of this study—that there would
be no difference in the amount of root volume (RR)
between different LFMVs—was accepted. To our
knowledge, this is the first study reporting the effects
of LFMV on orthodontically induced RR. Our results
showed that there is a trend for decreased RR with
different frequencies of mechanical vibration, but this
was not statistically significant between the various
experimental groups.

Vibration Vibration Euthanization

spring | | | | | | |

Days 0 1 4

7 10 13 14

Figure 2. Schematic of experimental procedure and application of low-frequency mechanical vibration.
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Figure 3. Gene expression of RANKL and OPG with different low-frequency mechanical vibrations in MC3T3 cells. Real-time PCR analysis was
performed for gene expression of RANKL and OPG. Points are the mean = SD for each group. (A) Relative gene expression analysis for RANKL
transcript. * Significant difference between 20-Hz vibration and baseline (P < .05). (B) Relative gene expression analysis for OPG transcript.
* Significant difference between the 20-Hz vibration and other experimental groups (P < .05).

OTM in this study was induced using a light,
continuous, 10-g force. Zhuang et al.” have reported
that in rodents, 10 g of force may lead to RR, having
possibly exceeded the physiological limit. Micro-CT
with a high resolution of 16 pm per pixel can be used to
calculate the root volume and visualize the RR craters,
as done in the present study. Similarly, other studies
have used micro-CT to investigate RR."®"” Our study
showed a trend toward increase in root volume with
different frequencies of mechanical vibration.

Rubin et al.® reported that mechanical vibration could
be used to stimulate bone formation. Studies have
suggested that mechanical vibration can positively
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Figure 4. Micro-CT data showing root volume of mesiobuccal root in
different groups. Note significantly (*) decreased root volume in the
spring + no vibration group (group 2) compared with baseline group.

influence skeletal homeostasis.™®'® Moreover, it has
been shown that low-magnitude, high-frequency vibra-
tions decrease osteoclastic activity.?® Our results show
that LFMV alters the levels of RANKL and OPG
expression, thus altering osteoclastic activity and that
the expression of RANKL significantly decreases
(P < .05) with 20-Hz vibration compared with other
experimental groups. Our results were similar to those
of Lau et al.,” who showed that low-magnitude, high-
frequency vibrations decrease RANKL expression with
increased frequency, but they applied the mechanical
vibrations to osteocytes rather than to the osteoblastic
cell line.” Similarly, Dalla-Bona et al.*' treated cem-
entoblasts with high-intensity (150 mW/cm?) and
low-intensity (30 mW/cm?) ultrasonic radiation (low-
intensity, pulsed ultrasound) and found that both high
and low intensity increased the OPG expression but did
not affect RANKL expression. Our results were similar
to those of Dalla-Bona et al.?' with respect to OPG
expression, but in our research there was a decrease in
RANKL expression, and the observed difference may
be due to differences in cell type and mechanical
vibration applied.

Mechanical vibration has been shown to stimulate
proliferation and differentiation of mesenchymal stem
cells into osteogenic and chondrogenic lineage.?*?®
These findings suggest that mechanical vibration has
broad tissue-regeneration potential and in the near
future might be used for hard tissue (bone and root)
repair and regeneration (apical RR). Since this was an
animal study, extrapolation of our findings to the
clinical situation must be done with caution, as rodents
lack the secondary remodeling present in humans and
higher animals. Nevertheless, this study helped us
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Figure 5. Mesiobuccal root in different experimental groups was imaged by micro-CT (VivaCT40, Scanco Medical AG, Bassersdorf,
Switzerland). (A) Baseline. (B) Spring + no vibration. (C) Spring + 5-Hz vibration. (D) Spring + 10-Hz vibration. (E) Spring + 20-Hz vibration.

understand the effect and mechanism of different
mechanical vibration frequencies on root volume.

CONCLUSIONS

« Mechanical vibration with frequencies of 5, 10, and
20 Hz for 15 minutes on days 1, 4, 7, 10, and 13 did
not significantly affect root volume. However, there
was a trend toward increasing root volume with
different low-frequency mechanical vibrations.

« Mechanical vibration with 20 Hz led to a significant
decrease in RANKL expression and a significant
increase in OPG expression.
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