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Accelerated toothmovement (ATM) has been one of the vital
treatment considerations in orthodontics. Currently, acceler-
ated tooth movement is not limited in orthodontics only, but
it extends into other parts of dentistry, such as periodontics,
oral surgery, and prosthodontics. More and more, the dental
treatments are approached interdisciplinary to achieve the
best treatment outcomes and long-termprognosis in patients.
There are increasing interests in defining the biologic changes
to enhance the toothmovement and numerous in vitro and in
vivo experimental studies contributed in understanding the
modulators to enhance faster tooth movement to apply in
mechanics. In accelerating the tooth movement, temporary
skeletal anchorage devices (TSADs) have become one of
the clinical modalities that gained so much recognition.
TSADs can aid in targeting tooth movement control by
providing skeletal anchorage without depending on adjacent
teeth. In clinical practice, the combination of ATM and
TSADs together can further advance treatment efficiency and
efficacy of patients achieving treatment goals. The stability
of TSADs is essential to fulfill the purpose of the treatment.
This special issue delivers original research on the different
aspects of TSADs’ stability and also provides clinical research
on new treatment method for ATM utilizing TSADs. N.
Kaipatur et al.’s study was to develop an FE model of a
TSAD in the rat maxilla to estimate the stress distribution
in the surrounding cortical bone and the TSAD stability at

different force levels followed by in vivo validation using a
rodent model of orthodontic tooth movement. The strength
of this article stems from the fact that there is no study
published to date that usedmicroimplants as TSAD for direct
anchorage to facilitate tooth movement. Most of the studies
that published on toothmovement used incisors as anchorage
with iatrogenic and deleterious effects and concern for animal
welfare. The significant amount of tooth movement they
found would not have been possible without TSAD stability
and resultant constant force levels although 6.7 microns/day
distal drift and cranial growth could have had a minor
influence on implant stability measurement.

The stability of TSADs in healthy patients has been
proved through numerous researches and journals. However,
it would be meaningful to figure out factors that influence
the stability of TSADs in systemic diseased patients. Diabetes
mellitus affects bone healing and so it poses risk in stability
of TSADs. J.-B. Park et al. and N.-H. Oh et al. made various
attempts to improve the success rate of TSADs in DM
patients. J.-B. Park et al.’s study aimed to evaluate effects
of type 1 diabetes mellitus and mini-implant placement
method on the primary stability of mini-implants by com-
paring mechanical stability and microstructural/histological
differences. Through their animal study, type 1 diabetes
mellitus and placement method of mini-implant did not
affect primary stability of mini-implants.
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Figure 1

Study of N.-H. Oh et al. was to investigate effects of
surface treatment of mini-implants in diabetes-induced rab-
bits by comparing osseointegration around mini-implants.
In surface-treated mini-implants, maximum removal torque
was higher in both diabetic and control groups. Type 1 dia-
betes mellitus and surface treatment method of mini-implant
affected primary stability of mini-implants. In addition, the
use of orthodontic mini-implants in a diabetic patient is
likely to show results similar to that of the healthy patient.
Further study is necessary; nevertheless from the studies by
J.-B. Park et al. and N.-H. Oh et al., it has been confirmed
that the surface treatment of TSADs and the implant method
influence the stability of TSADs. When loosening and failure
were experienced during TSADs usage, they were often
replanted via recycling in a patient. Study by S. Estelita
et al. provides another solution about the consequences of
mechanical stimulation occurring during recycling of TSADs
on mechanical stability of mini-implants.

They evaluated the influence of recycling process on the
torsional strength of mini-implants. The recycling protocols
did not influence torsional strength of bone screws even
when sandblast cleaning produced an abrasive mechanical
stripping of the screw surface, but the structural loss was
not sufficient to significantly influence the fracture torque.
The stability of TSADs with minimum number of TSADs
for enabling the detailed 3-dimensional tooth movement has
been suggested by 3DCAD/CAMclinical study of S.-Y. Kwon
et al. In their study, custom lingual orthodontic appliances
named kinematics of lingual bar on nonparalleling technique
(KILBON) were virtually designed by merging 3D model
images with lateral and posterior-anterior cephalograms
(Figure 1).This report describes CAD/CAM fabrication of the
complex anteroposterior lingual bonded retraction appliance
for intrusive retraction of the maxillary anterior dentition.

In conclusion, TSADs have tremendously broadened
the orthodontic treatment scope and impacted on reducing
the need for surgical treatment. Application of TSADs for
the ATM and the stability of TSADs within alveolar bone
are critical; therefore, the original articles in this special
issue on the methods of TSADs implantation and surface
finish in terms of stability would pose significant role in
future of contemporary orthodontics. In addition, recent
advancement of 3D CAD/CAM imaging would permit least
number of TSADs for the maximum treatment effect accu-
rately.There are anatomic limitations in placement of TSADs
and orthodontic tooth movement and also challenges in
the improvement of medical image for detailed CAD/CAM

appliance fabrications; nonetheless, the progress of science
and the further researches would overcome these obstacles.

Seong-Hun Kim
Shin-Jae Lee

Gerald Nelson
Ki Beom Kim
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The aim of this animal study was to develop a model of orthodontic tooth movement using a microimplant as a TSAD in rodents.
A finite element model of the TSAD in alveolar bone was built using 𝜇CT images of rat maxilla to determine the vonMises stresses
and displacement in the alveolar bone surrounding the TSAD. For in vivo validation of the FEmodel, Sprague-Dawley rats (𝑛 = 25)
were used and a Stryker 1.2 × 3mm microimplant was inserted in the right maxilla and used to protract the right first permanent
molar using a NiTi closed coil spring. Tooth movement measurements were taken at baseline, 4 and 8 weeks. At 8 weeks, animals
were euthanized and tissues were analyzed by histology and EPMA. FE modeling showed maximum von Mises stress of 45Mpa
near the apex of TSAD but the average von Mises stress was under 25Mpa. Appreciable tooth movement of 0.62 ± 0.04mm at 4
weeks and 1.99 ± 0.14mm at 8 weeks was obtained. Histological and EPMA results demonstrated no active bone remodeling around
the TSAD at 8 weeks depicting good secondary stability. This study provided evidence that protracted tooth movement is achieved
in small animals using TSADs.

1. Introduction

Orthodontic tooth movement (OTM) occurs through con-
trolled application of mechanical forces on teeth and sur-
rounding biological tissues [1]. Current rat models of OTM
(for molar mesialization) utilize the maxillary incisors for
anchorage and employ a NiTi closed coil spring attached to
the molar tooth to deliver a specific magnitude of force [2–
4]. This model is currently used in rodent research due to
easy accessibility to secure the appliance but has several dis-
advantages including retardation in normal eruption process
of incisor [5], loss of pulp vitality of the incisor [3, 5], and

change in force vector due to continuous incisor eruption that
occurs in rats, with subsequent loss of anchorage [6].Hence, it
would be advantageous to develop an anchorage device that
is easily inserted, provides stable anchorage, and maintains
a constant force delivery without the undesirable side effects
mentioned above.

Mini-implants have been used extensively as stable
anchorage devices to achieve predictable toothmovement [7–
9]. Although there are numerous commercial mini-implant
systems available for use in humans, they remain too large
for application to the rat. An alternative approach is to use
microimplants, as their miniature size allows them to be
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placed in practically any location and are similar to those used
for osteotomy fixation during orthognathic surgery and facial
reconstructions [10–12].

In the current study, we used a Stryker titaniummicroim-
plant (1.2 × 3mm in diameter) (Stryker-Leibinger Inc.,
Hamilton, ON, Canada) as a temporary skeletal anchorage
device (TSAD) because of its smaller size and availability. In
order for the TSAD to withstand forces of magnitude large
enough to cause tooth movement, it would likely result in
loading of surrounding cortical and cancellous bone in which
it is inserted. The effects upon surrounding alveolar bone
during TSAD placement and subsequent anchorage for tooth
movement have not been studied extensively and the effect
of those stresses on bone remodeling remains unanswered.
Thus, we chose to employ the finite element method (FEM)
as a tool to define stress concentrations on the surrounding
bone during post insertion anchorage for tooth movement.

FEM is a numerical method of analyzing stresses and
deformations in any structure of a given geometry. The
structure geometry (precise or imprecise) is discretized into
so called “finite elements” connected to each other by nodes.
The type, arrangement, and total number of elements affect
the accuracy of the results. FEM has become the most used
computational and analysis tool since the 1960’s and was first
used in implant dentistry in 1976 [13]. It is postulated that a
TSAD inserted into the alveolar bone changes the local stress
state of the bone and induces an adaptive phenomena. Stress
distribution depends on many assumptions including geom-
etry of themodel studied, material properties of the bone and
the TSAD, boundary conditions, and load applied, alongwith
contact status between the TSAD and surrounding cortical
bone [14]. Currently, with the advent of advanced imaging
techniques and improvement in mathematical computation
methods, a precise geometric representation of the actual
model can be considered for near accurate results [15].

An ideal animal model for OTM should include a force
system with constant magnitude of force in the desired
direction and provide sufficient anchorage to trigger tooth
movement without any undesirable side-effects. Therefore,
the objective of the present study was to develop an Finite
Element (FE) model of a TSAD in the rat maxilla to estimate
the stress distribution in the surrounding cortical bone and
the TSAD stability at different force levels followed by in vivo
validation using a rodent model of OTM.

2. Materials and Methods

2.1. Building an FE Model. The FEM was built as follows.
Microcomputed tomography (𝜇CT) images of the rat maxilla
were obtained from scanned data using Skyscan 1076 imager
for small animals. (SkyScan 1076, Kontich, Belgium) The
images were imported into Mimics (Mimics 13.1, Leuven,
Belgium) to segment the maxilla by Hounsfield values and
manual mask segmentation. Three-dimensional geometry
files were created for each mask and saved as stereolithogra-
phy (STL) files. Computer Assisted Design (CAD) software
(Geomagic 12.0, Research Triangle Park, NC, USA) was used
for extracting surfaces and solids from STL files. Triangle

and intersection fixing techniques were performed and then
Standard for the Exchange of Productmodel data (STEP) files
were created and exported for the maxilla and molar teeth
separately into ABAQUS. ABAQUS, FE modeling software
(ABAQUS 6.9.1, Providence, RI, USA) with CAE and Solver
modules, was used for pre- /postprocessing and analysis
calculation. The geometry of the TSAD was created in
ProE (Pro/Engineer Needham,MA, USA) according to exact
dimensions of the actual Stryker 1.2 × 3mm microimplant
and imported into ABAQUS. The TSAD was registered at
the desired location on the rat maxilla based on the amount
of bone present and insertion depth required. The inserted
depth of the TSAD was approximately 1.5mm from the
cortical surface of the bone to the bottom tip of the TSAD.
This depth of 1.5mm was based on the thickness of the
maxillary bone in the proposed location of TSAD placement
as measured by 𝜇CT.

Material properties of the rat maxillary bone (Young’s
modulus (𝜀) −20.0 Gpa; Poisson’s ratio (]) −0.3) were
obtained from literature [16]. The TSAD was modeled as a
rigid body as it was assumed that the titanium implant with
a high Young’s modulus would not undergo any measurable
deformation at the force level applied in this study. A
reference point (RP) was defined just anterior to the TSAD
to represent the motion of the rigid body. The maxilla
was meshed as 10-node tetrahedron elements, C3D10M; for
proper contact performance and to model the threads of the
TSAD appropriately, a smaller element size (0.1 mm) was
used to model them locally. Contact was set between the
TSAD and the maxilla, so that small sliding was allowed
between the contact surfaces. Contact between the TSADand
alveolar bone was considered friction affected and friction
coefficient was set at 0.2 [16]. Constraints (boundary condi-
tions) were applied to the maxilla on the mesial end to allow
for bone bending and displacement in the direction of the
load. Once the material properties and boundary conditions
were assigned, the force was applied on RP in the direction
of the first permanent molar to mimic the direction of
force applied during actual tooth movement. The model was
analyzed by ABAQUS processor and postprocessing results
were displayed in the form of color-coded maps of vonMises
stresses and displacements of the alveolar bone around the
TSAD (Figure 1).

2.2. Animal Model of OTM. Ethics approval was obtained
from the animal care and use committee of the University
of Alberta. Three-month-old female Sprague-Dawley rats
(𝑛 = 25) were obtained from Biosciences, University of
Alberta and caged in animal housing with 12 hours dark and
light cycles and fed a soft diet ad libitum. Rats were sedated
using general anesthesia 2% Isoflurane/L oxygen (Forane,
Baxter, Deerfield, IL, USA) and placed supine in a custom
designed surgical jig (i.e., respiratory plenum). To insert
the temporary skeletal anchorage device, a 4 mm semilunar
incision was made from the distopalatal gingival margin
of the maxillary right incisor posteriorly with a number 15
surgical blade. After achieving adequate hemostasis, a pilot
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Figure 1: Computer modeling of TSAD placement into the rat maxilla 3D model of hemimaxillae in (a) sagittal view and (b). Transverse
view (c). 3D model of the hemimaxillae showing the direction of force applied during FE analysis (d), (e). Fine mesh of the TSAD and the
surrounding maxillary bone.

hole was drilled in the maxillary bone at a 45∘ angle using
a 0.5mm round bur attached to a NSK slow speed electric
dental handpiece. (NSK; Brassler, Savannah, GA, USA) A
self-threading Stryker 1.2 × 3mm titanium TSAD (Stryker-
Leibinger, Hamilton, ON, Canada) was inserted to a depth
of 1.5mm into the alveolar bone about 12 to 14mm distance
from the mesial aspect of the right first permanent molar.
The fit and primary stability of the TSAD into the alveolar
bone was verified by finger pressure, with a side-to-side and
in-and-out motion. A stainless steel ligature wire was placed
around the neck of the right first permanent molar and
secured in position by tightening. A 9mm closed coil NiTi
spring (GAC International, Bohemia, NY, USA), was secured
to the posterior molar and the TSAD neck anteriorly with
0.010 inches stainless steel ligature. The appliance was left in
place for 8 weeks to achieve appreciable tooth movement, as
measured by 𝜇CT imaging (described below). The left side
acted as an intra-animal control with no appliance (Figure 2).

2.3. 𝜇CT Analysis of OTM. All rats underwent baseline
in vivo 𝜇CT scan (Skyscan 1076 “in-vivo” 𝜇CT, Skyscan
NV, Kontich, Belgium) of the alveolar bone surrounding
the first molar and extending anteriorly to the maxillary
incisors. The scans were repeated in vivo after 4 weeks and
8 weeks of appliance placement and tooth movement was
accurately measured from 𝜇CT projections using bundled
vendor analysis software (DataViewer, Skyscan, Kontich BE).
For all 𝜇CT imaging, scans were conducted at 100 kV and
100mA current through 180∘ with a rotation step of 0.5∘ to

Maxillary
1st molar

9mm NITI
coil spring

Figure 2: Orthodontic appliance in the right maxilla for tooth
movement using TSAD and NiTi closed coil spring. Inset: 𝜇CT 3D
rendered cross-section model of rat maxilla with appliance.

produce serial projectional images of isotropic 18 𝜇m3 voxels.
All image data was processed using commercial software
bundled with the 𝜇CT system in our laboratory.The acquired
datawasGaussian filtered andunderwent global thresholding
to extract the mineralized phase representing the 3D tooth
movement and bone architecture. Measurements were made
between the first and second right maxillary molars at 0, 4,
and 8 weeks.
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2.4. Measurement of Tooth Movement and TSAD Displace-
ment. The measurement of amount of tooth movement and
TSAD displacement was accomplished as follows. Briefly,
microcomputed tomography-rendered 2-dimensional scans
were reconstructed as .bmp files and viewed using Data
Viewer software (DataViewer, Skyscan, Kontich BE). The 2-
dimensional slices displayed as 3 orthogonal sections in the
𝑥, 𝑦, and 𝑧 planes of space were centered at the desired
point inside the reconstructed space. Once the image was
centered in all 3 planes, the linear distance from the most
convex contact area between the maxillary right first and
second molars was measured and recorded for the amount
of tooth movement. For the TSAD displacement, the linear
distance from the TSAD head to centre of the right third
permanent molar was measured and recorded. Measure-
ments were recorded at 0, 4, and 8 weeks, and the amount
of tooth movement and TSAD displacement was obtained
by subtracting the distances at 4 and 8 weeks from the
baseline.Measurements were obtained by the primary author
(Neelambar Kaipatur) in a blinded fashion and repeated for
reliability one week apart (𝑟 = 0.96).

2.5. Electron Probe Microanalysis (EPMA). All animals were
given a brief 10-day pulse of elemental strontium (Strontium
ranelate, PROTOS; Servier Laboratories, Hawthorn, Victo-
ria, Australia; 308mg/kg/day body weight—subtherapeutic
dosage at lower limit of therapeutic index) by gavage; 10
days prior to euthanization. Strontium has been shown as an
excellent dynamic label for bone turnover and can readily be
detected by EPMA (Electron-Probe Microanalysis) at high
spatial resolution [17]. EPMA was performed on the palatal
half of the right first permanent molar and around the TSAD
for spatiallymapping the location and distribution of elemen-
tal, Strontium (Sr), Calcium (Ca), and Phosphate (P). Briefly,
the sagittal sections of right first molar and the alveolar bone
surrounding the TSAD were defatted in acetone, embedded
in epoxy resin, progressively polished (∼0.5𝜇m), and scanned
at 2 and 5 𝜇m resolutions to qualitatively analyze the Ca, Sr,
and P content in the alveolar bone surrounding the TSAD,
and the molars.

2.6. Histological Assessment. At the experiment end point (8
weeks), all animals were euthanized using isoflurane followed
by CO

2
inhalation to effect, and the right and left maxilla

were immediately dissected, stored in 4% paraformaldehyde
(Sigma-Aldrich Canada, Oakville, ON, Canada) and fixed
for 1 week with frequent changes. Following fixation, each
hemimaxilla was cut sagittally at the level of first permanent
molar. The palatal half was processed for spatial mapping of
bone turnover using EPMAand the buccal half was processed
for routine histology. The alveolar bone surrounding the
TSADwas also processed.All samples processed for histology
were rinsed with PBS (phosphate buffered saline) wash buffer
(pH 7.3) and immersed in 4.13% EDTA (disodium ethylene
diamine tetra acetic acid; Sigma-Aldrich Canada, Oakville,
ON,Canada) decalcifying solution for 3weeks.The tissuewas
checked and further decalcified if inadequate decalcification

was observed. Following decalcification, samples were pro-
cessed for routine histology by paraffin embedding. Sagittal
sections (6 𝜇m) were cut and stained with hematoxylin and
eosin for routine histology.

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

3. Results

3.1. FE Analysis. The FE method was used to predict the
von Mises stresses in the cortical bone surrounding the
TSADs. The von Mises stress distribution and the resul-
tant displacement of the bone surrounding the TSAD at
different force levels are presented in Figure 3. Dark blue
color represents areas with minimal von Mises stress and
minimal displacement and red color represents area with
maximum vonMises stress andmaximumdisplacement with
gradient of colors in between. Understanding the limitation
of this FE model, with the assigned material properties,
friction coefficient, contact, and boundary conditions, the
maximum von Mises stresses on the contact surface of bone
was 45.7MPa, near the apex of the TSAD, but the majority
of the stresses throughout were under 25MPa. Finite element
analysis revealed that the rat maxillary bone could withstand
stress of up to 140 gms force traction on the TSAD toward
the molar, with possibly higher stress at the thread edge due
to local stress concentration. The micromotion of the TSAD
under 140 gms of force was only −0.89 to 0.136 𝜇m along
the TSAD axis and 2.29 𝜇m along the force direction. The
maximum displacement of the bone was 0.64 𝜇m (Figure 4).

3.2. OTM and TSAD Stability. All animals were healthy and
gained weight steadily during the entire treatment time with
no evidence of significant weight loss. The survival rate of
TSADs was 92% at four weeks and 80% at 8 weeks. This was
due to loosening of two TSADs between 0 and 4 weeks and
three TSADs between 4 and 8 weeks. These animals were
removed from the study. Results of tooth movement at 0,
4, and 8 weeks can be seen in the 𝜇CT images in Figure 5.
Kolgomorov-Smirnnov test for normality and Levene’s test
for equal variance were satisfied. In terms of measured dis-
tance, therewas substantial toothmovement, both translation
and tipping, at 4 weeks (0.62 ± 0.04) and 8 weeks (1.99 ± 0.14)
(Figure 6(a)). Repeatedmeasures ANOVA showed a high sta-
tistically significant toothmovement with a𝑃 value of 0.0003.
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Figure 3: Displacement (panel above) and von Mises stresses (panel below) at (a). 0 gms, (b). 30 gms (c). 60 gms and (d). 140 gms of force.
The warmer colors depict increase in the amount and distribution of the stress and displacement and shows stresses concentrated at the apex
of the TSAD and at the coronal contact area between the TSAD and the bone.
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Pairwise comparisons at both 4 and 8 weeks compared to
baseline showed statistically significant toothmovement (𝑃 ∼
0.0003). The rate of tooth movement was 0.022mm/day from
zero to 4 weeks with a steady increase to 0.048mm/day from
4 to 8 weeks with statistically significance (𝑃 ∼ 0.0001)
TSAD displacement was measured to be 0.42mm ± 0.14 mm

at 4 weeks and 0.94mm ± 0.17mm at 8 weeks. The rate of
TSAD displacement was 0.014mm/day from zero to 4 weeks
and remained constant with very minimal increase in rate
from 4 to 8 weeks (0.018mm/day) (Figure 6(b)). There was
no statistically significant difference in TSAD displacement
from baseline to 4 weeks (𝑃 ∼ 0.057) but from 4 weeks to
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Figure 5: Three-dimensional microcomputed tomography—rendered images showing the amount of tooth movement of the right first
permanent molar at 4 and 8 weeks. (M1, right permanent first molar; M2, right permanent second molar; M3, right permanent third molar).
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Figure 6: (a) Mean (±S.E) amount of orthodontic tooth movement and implant displacement measured at 4 and 8 weeks. (Significance level:
∗

𝑃 < 0.05). (b) Mean rate of orthodontic tooth movement and implant displacement measured at 0, 4, and 8 weeks.

8 weeks, the amount of TSAD displacement was significant
(𝑃 ∼ 0.016). Rate of TSAD displacement was not significant
at 4 and 8 weeks (Figure 6(a)).

3.3. Elemental Mapping of Ca, P, and Sr in the Alveolar Bone.
Figure 7 shows EPMA mapped densities of Ca, P, and Sr in

the bone around the TSAD. There was no evidence of rec-
ognizable difference in the Ca density of bone immediately
around the TSADwhen compared to that of surrounding dis-
tant alveolar bone. (Figures 7(b) and 7(f)) The concentration
of P also demonstrated similar findings. (Figures 7(c) and
7(g)). Figures 7(d) and 7(h) show that elemental strontium
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Figure 7: Sagittal (a) and cross-sectional (e) backscattered images and electron microprobe mapping of calcium ((b) and (f)); phosphorus
((c) and (g)); strontium ((d) and (h)) composition of the alveolar bone surrounding the micro-TSAD. No evidence of recognizable difference
in the calcium or phosphorus levels of bone immediately around the micro-TSAD and the surrounding preexisting bone (♣). ((d) and (h))
show no strontium deposition in the alveolar bone immediately surrounding the micro-TSAD. Lack of strontium deposition confirms no
active bone remodeling and excellent micro-TSAD stability. ∗TSAD cavity. Scale bars = 1mm in ((a)–(h)).
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Figure 8: Electron microprobe mapping of strontium ((a) and (d)) calcium ((b) and (e)); phosphorus ((c) and (f)) composition of the
alveolar bone surrounding the upper left (control) and right first permanent molar (OTM), respectively. Panel (d) shows increased strontium
deposition (∗) surrounding the roots of right first permanent molar where OTM occurred. Evidence of increased strontium deposition
indicates increased bone remodeling on the tension side of OTM. No difference in the Ca ((b) and (e)) and P ((c) and (f)) composition could
be seen between control and OTM side. OTM-orthodontic tooth movement,← indicates direction of tooth movement. Scale bars = 2 mm
in ((a)–(c)); 5mm in ((d)–(f)).

was not readily detected in the alveolar bone immediately
surrounding the TSAD indicating no active bone remodeling
around the TSAD.

We detected increased elemental strontium deposition in
newly mineralizing alveolar bone shown as warmer colors
on the tension side of tooth movement around the roots of
right first permanent molar (Figure 8(d)) indicating robust
alveolar bone remodeling associated with orthodontic tooth

movement. Minimal or no deposition of Sr was seen on the
control side (Figure 8(a)). There was no detectable difference
in densities of Ca (Figures 8(b) and 8(e)) and P (Figures 8(c)
and 8(f)) found between control and OTM side.

3.4. Histological Results. Figure 9 shows hematoxylin and
eosin stained sections of rat maxilla at level of first molar
(Figures 9(a) and 9(b)) and TSAD (Figure 9(d)). While no
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Figure 9: Histologic hematoxylin and eosin stained paraffin sections of the maxillary left (a) and right (b) first permanent molar area. While
normal bone remodeling occurs on the control side with no gap between the first and second molar (a), increased separation between the
first and second permanent molars (tooth movement) and increased bone remodeling is evident on the tension side of OTM (b). (c) Higher
magnification of boxed area in (b) with stretched PDL fibers (Inset). (d) Alveolar bone surrounding the micro-TSAD, (arrows) with part of
TSAD inadvertently into PDL space surrounding the tooth root. ∗ denotes TSAD space; scale bars = 1mm.

active remodeling is seen on the control side, robust alveolar
bone remodeling with stretching of PDL fibers and enlarged
blood vessels is seen on the tension side of right first per-
manent molar (Figure 9(c)). The alveolar bone surrounding
the TSAD had good bone—TSAD contact with no signs of
cellular infiltrate (Figure 9(d)). Inadvertent infiltration and
damage to the PDL was also seen with this tooth movement
model.

4. Discussion

Our study effectively used a TSAD as an anchorage device to
facilitate OTM in rats. The results showed substantial tooth
movement at 4 weeks (0.62mm) and 8 weeks (1.99mm)
compared to baseline.With the exception of five TSADs (two
failed between 0 and 4 weeks and three TSADs became loose
between 4 and 8weeks), the remaining twentywere stable and
well integrated with the surrounding alveolar bone during
the 8 week experimental period. Our success rate of 92% at
4 weeks and 80% at 8 weeks was comparable to a success rate
of 83.6% reported in recent meta-analyses [18, 19]. Various
factors affect TSAD stability during insertion and following
loading and can be broadly divided into factors affecting
primary and secondary stability. Factors affecting primary

stability play a role during the first month after insertion,
after which factors affecting secondary stability take over.
Thickness of overlying gingival tissue, TSAD design, diam-
eter, length, pitch of screw, and distance between threads and
micromotion during insertion all affect primary stability [20,
21]. Highmicromotion coupled with early loading can lead to
TSAD loosening and subsequent failure. Literature suggests a
critical micromotion level to be between 50 and 150 𝜇m [22].
Although our FE results showed a micromotion of 0.136 𝜇m,
the micromotion analyzed in our FE model was during
load application and did not take into account micromotion
encountered during insertion. Excessive micromotion due
to increased insertion torques could lead to microcrack
propagation in the alveolar bone resulting in accelerated
bone turnover leading to TSAD loosening and failure. We
hypothesize that loosening of two TSADs between week 0
and 4 was due to lack of primary stability from excessive
micromotion during insertion. The primary author found it
very challenging to control insertion torque and minimize
micromotion due to the miniature size of the TSAD. Skeggs
et al. [23] in their Cochrane review discussed that during
TSAD placement, the surgeon should be aware of the depth
of the TSAD into the actual bone and not the bone and
soft tissue insertion. This is absolutely critical as a thick
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soft tissue biotype can deceive the clinician from achieving
primary stability. In our study 1.5mm insertion depth of
the TSAD into the cortical bone was based on FE analysis
wherein minimal displacement of the TSAD was observed
(2.24𝜇m) even at 140 gms of force. The amount and type of
force applied is critical for effective tooth movement to avoid
critical failures. Bernhart et al. [24] showed that excessive
force during orthodontic loading can lead to microfractures
and mobility, and light forces [25] can lead to adequate bone
remodeling and accelerated stability [26]. Based on the FE
results, 140 gms force was the amount that a rat maxillary
bone (𝜎 = 45.7MPa) could tolerate without permanent
deformation of the bone [27]. Although the maxillary bone
could tolerate a force of 140 gmswithout permanent deforma-
tion, the loading force employed in our study using NiTi coil
springwas∼30 gms as reported in literature [3] as the amount
of force needed to protract a ratmolar is very small.Miyawaki
et al [8] achieved 85% success rate of microscrews and
attributed the 15% failure rate to peri-implant inflammation.
Freudenthaler et al. [28] and Roberts et al. [29] supported
this view and showed that the most important factors affect-
ing TSAD stability were peri-implant inflammation rather
than orthodontic loading. Based on FE results, less than
25MPa von Mises stress and 0.64 𝜇m displacement was
observed, indicating ideal loading force for implant stability.
Although we did not measure peri-implant inflammation,
we hypothesize that peri-implant inflammation might cause
accelerated bone turnover and TSAD loosening. Secondary
stability of the TSAD starts about one month after TSAD
insertion and depends on bone remodeling around the
implant and amount of bone-to-implant contact. For bone
remodeling to occur around the TSAD an optimal level of
strain should be achieved not exceeding the critical limit
of 4000 microstrain [30]. Our FE results showed maximal
displacement of the alveolar bone around 0.64𝜇m. EPMA
and histology showed adequate bone-to-implant contact
with no signs of active bone turnover as evidenced by lack
of strontium deposition in the alveolar bone around the
TSAD. Strontium is known to act as a surrogate to calcium
during bone remodeling by replacing calcium in the newly
forming bone. Lack of strontium deposition around the
TSAD suggests no active bone remodeling indicating good
secondary stability (Figures 7(d) and 7(h)). There were no
changes in the densities of calcium and phosphorus of the
bone immediately surrounding the TSAD in comparison to a
distant but similar alveolar bone (Figures 7(b), 7(f), 7(c), and
7(g)). This was confirmed by histology with good implant-
to-bone contact without any cellular infiltration that would
compromise secondary stability (Figure 9(d)). Although we
were able to demonstrate no active bone remodeling around
the TSAD as evidenced by EPMA and histology, absolute
anchorage with TSAD was not achieved. Literature shows
evidence of 0–2.7mmof TSAD displacement withmaximum
values up to 5.5mm [31, 32]. Our results showed TSAD
displacement of 0.42mm at 4 weeks and 0.94mm at 8 weeks.
The rate of TSAD displacement was 0.014mm/day from 0 to
4 weeks and 0.018mm/day from 4 to 8 weeks. The rate and
amount of TSAD displacement was not significant at 4 weeks
(𝑃 ∼ 0.057). This failure to achieve absolute anchorage did

not prevent using the TSAD as stable anchorage for tooth
movement. Statistically significant tooth movement of the
right first permanent molar was achieved with 0.62mm and
1.99mm of tooth movement at 4 and 8 weeks, respectively,
(𝑃 ∼ 0.0003).The rate of toothmovement had an exponential
increase from 0.022mm/day by 4 weeks to 0.048mm/day
by 8 weeks. Both the amount and rate of tooth movement
were comparable to published literature [3, 5, 6, 33] Bone
remodeling with new bone formation on the tension side of
first permanent molar was evident in EPMA analysis with
increased strontium deposition (Figure 8(d)) and new bone
formation with stretched PDL fibers on histological sections
(Figures 9(b) and 9(c)) indicating robust bone remodeling
associated with orthodontic tooth movement.

Our study is the first to use TSADs as direct anchor-
age to facilitate tooth movement overcoming some of the
inadequacies associated with previous rodent models of
tooth movement. Many of the studies on orthodontic tooth
movement in rats used inaccurate, unreliable, and nonphys-
iologic methods of tooth movement [2–5]. We were able
to show that TSADs could be used as a stable anchorage
device with significant tooth movement at 4 and 8 weeks,
adequate TSAD stability, and maintenance of constant force
levels, preventing harmful iatrogenic effects to both the
maxillary and mandibular incisors teeth. In previous studies
maxillary incisors were used as anchorage to secure the appli-
ance and to prevent appliance loosening during mastication
and physiologic eruption [5]; the mandibular incisors were
repeatedly ground down resulting in tooth fracture, pain,
discomfort, and occasional pulpal exposure of the incisors.
Our study allowed for normal physiologic eruption of both
themaxillary andmandibular incisors without any iatrogenic
trauma; and the orthodontic appliance using TSADs was
stable enough to allow normal masticatory process. Most
of the previous studies measured tooth movement from 2
to 4 weeks that did not provide clinically significant tooth
movement to estimate the stability of the anchorage device
[6]. Our study was also able to provide evidence that TSADs
could be used as direct anchorage to provide the optimal force
levels to allow significant tooth movement of ∼2mm up to
8 weeks. The design of this new model of tooth movement
in rats provided evidence that TSADs could be used as
effective anchorage devices to provide optimal force levels for
clinically and statistically significant tooth movement.

5. Conclusions

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

(2) Statistically significant amount of tooth movement
was achieved with 0.62mm at 4 weeks and 1.99mm
at 8 weeks.

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

(4) Absolute anchorage was not achieved with secondary
TSAD displacement of 0.42mm at 4 weeks and
0.094mm at 8 weeks.
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Purpose. This study evaluated the influence of recycling process on the torsional strength of mini-implants.Materials and Methods.
Two hundredmini-implants were divided into 4 groups with 50 screws equally distributed in five diameters (1.3 to 1.7mm): control
group (CG): unused mini-implants, G1: mini-implants inserted in pig iliac bone and removed, G2: same protocol of group 1
followed by sonication for cleaning and autoclave sterilization, and G3: same insertion protocol of group 1 followed by sonication
for cleaning before and after sandblasting (Al

2

O
3

-90 𝜇) and autoclave sterilization. G2 and G3 mini-implants were weighed after
recycling process to evaluate weight loss (W). All the screws were broken to determine the fracture torque (FT). The influence
of recycling process on FT and W was evaluated by ANOVA, Mann-Whitney, and multiple linear regression analysis. Results. FT
was not influenced by recycling protocols even when sandblasting was added. Sandblasting caused weight loss due to abrasive
mechanical stripping of screw surface. Screw diameter was the only variable that affected FT. Conclusions. Torsional strengths of
screws that underwent the recycling protocols were not changed. Thus, screw diameter choice can be a more critical step to avoid
screw fracture than recycling decision.

1. Introduction

Skeletal anchorage with bone screws has beenmore andmore
incorporated into orthodontic practice making treatment
quicker due to reduced need for patient compliance with
anchorage reinforcement appliances. However, bone screw
success rate is around 85%, making screw reinsertion an
unexceptional clinical event [1–4]. Reinsertion rate can still
be greater if it is considered that some orthodonticmechanics
require screw repositioning according to the phase of mal-
occlusion correction [5, 6]. Because bone screw anchorage
frequently includes screw replacement and repositioning, its
reuse has been considered by some authors [5, 7–9], but
this clinical procedure can require a careful screw recycling
process, which should keep the mechanical and biological
characteristics of the bone screws.

An efficient cleaning and sterilization process has to pre-
cede bone screw reuse to avoid contamination and infection.

The purpose of cleaning is to remove or reduce visible smears
including blood, protein, and debris that were precipitated
on the screw surface [10, 11]. Sterilization serves to eliminate
or stop reproduction of microorganisms including bacteria,
spores, and fungi. Usually, cleaning is done first, followed
by sterilization. Cleaning processes including electrolytic,
ultrasonic, and chemical methods have been used separately
or in association to achieve a greater efficiency [11–13]. It
has been demonstrated that autoclave sterilization does not
influence mechanical resistance, fracture risk, and primary
stability of bone screws [13–16]. However, more recently,
microscopic images showed that the bone and organic tissues
adhered to the surface of failed bone screws were not easily
removed even aftermany cleanings and sterilizations [7].This
highlights that a stricter guideline seems to be needed regard-
ing recycling of retrieved bone screws, mainly if reuse is to
be performed between different patients [7]. Furthermore,
bone screw surface irregularities, such as scratches produced
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Figure 1: The equipment used for bone screw insertion in high-
density artificial bone (0.80 g/cm3) and fracture.

Figure 2: Bone screws inserted into blocks of pig iliac bone. After
removal, the bone screws were fractured in high-density artificial
bone using the same protocol showed in Figure 1.

by the mechanical machining process, roughness associated
with sandblasting, and corrosion areas, canmake the cleaning
process still harder [17–19].

It can be speculated that a more aggressive mechanical
cleaning process including a slight abrasive stripping of the
screw surface by sandblasting could have a greater efficiency
to remove any organic or inorganic residual, providing a safer
reconditioning method for used bone screws. However, the
impact of this recycling protocol on bone screw performance
must be evaluated. Thus, the objective of this study was to
evaluate the null hypothesis that the mechanical strength of
bone screws retrieved from iliac bone pig and recycled by
sandblasting and ultrasonic bath is not different from new
screws.

2. Materials and Methods

Two hundred bone screws of the same type and brand
especially manufactured for this experiment (Dentos, Daegu,
South Korea) such that the nominal and core diameter
changes were the only variable among them were used in
this study. Thus, the dimensional characteristics of head and

thread (length, pitch, flank angle, thread form, thread depth,
and taper) were systematically standardized because they
could distort the effect of the recycling process on the screw
mechanical strength, reducing reliability of the results. The
sample was divided into four groups with 50 bone screws
each, equally distributed in 5 diameters that progressively
increased from 1.3 to 1.7mm, in increments of 0.1mm. Bone
screws of each diameter were randomly allocated in the
experimental and control groups.

Fifty new bone screws (control group, CG) were inserted
in high-density artificial bone (0.80 g/cm3, Sawbones Divi-
sion of Pacific Research Laboratories, Vashon Island, Wash,
ASTM F1839-08) to achieve a torque value able to cause
torsional fracture of the screws (Fracture Torque, FT). An
essay machine equipped with a screwdriver fit to a digital
torquimeter was used for bone screw insertion, perpendicu-
larly to artificial bone blocks, to achieve fracture torque values
that were measured in Newtons per centimeter (Figure 1).

Group 1 consisted of bone screws inserted into blocks
of pig iliac bone and subsequently removed to reproduce
torsional stress developed at the screw threads during clinical
placement and removal from the jaw bones (Figure 2). The
cortical thickness close to the iliosacral joint ranged from 0.5
to 1mm, which is similar to the buccal cortical thickness in
some anatomic regions of the human maxilla and mandible
[20]. After removal, the bone screws were fractured in high-
density artificial bone using the same protocol applied to the
CG, and fracture torque was recorded.

Bone screws from group 2 were submitted to the same
experimental protocol applied to group 1, but before screw
insertion into high-density artificial bone for fracture torque
measurement, the anchorage devices underwent a recycling
process that included ultrasonic cleaning and autoclave ster-
ilization. Ultrasonic bath was operated at 40 kHz and 25∘C
for 20min in detergent solution. Afterwards, the screws were
rinsed in deionized water and sonicated again for 15min in
deionized water. Subsequently, the bone screws were packed
in sealed bags and the autoclaving process was performed at
121∘C and 18 psi for 20min.

Group 3 underwent the same experimental procedures
applied to group 2, except for the recycling process of the
bone screws, which included sandblasting (Figure 3). The
sequence of procedures included ultrasonic bath in detergent
solution, rinsing in deionized water, blasting of the screw
thread surface with Al

2
O
3
-90 𝜇m particles at 60 psi with

the sandblaster unit positioned 10mm away from the screw
surface, and ultrasonic cleaning of the residual alumina
particles in deionized water for 20min.

After the recycling process and before the fracture pro-
cedure, the bone screws of groups 2 and 3 were individually
weighed on a precision scale to evaluate if a significant
amount of metallic structure was lost during sandblasting.

3. Statistical Analyses

Analysis of variance (ANOVA) followed by Tukey tests was
used to compare the fracture torque among groups and
diameters. Weights of the bone screws after the recycling
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Table 1: Comparison of fracture torque among diameters and recycling groups (ANOVA).

Groups 1.3mm 1.4mm 1.5mm 1.6mm 1.7mm
𝑃

Mean SD Mean SD Mean SD Mean SD Mean SD
CG 9.05a 0.53 12.17b 0.32 16.45c 0.41 21.61d 0.51 27.26e 0.88

<0.0011 8.94a 0.42 12.21b 0.48 16.28c 0.73 21.41d 0.96 26.98e 1.41
2 8.01a 0.60 12.52b 0.97 15.75c 1.14 21.78d 0.47 26.96e 1.01
3 8.04a 0.41 11.58b 0.39 15.79c 0.81 21.17d 0.47 26.72e 0.72
∗Different letters (e.g., CG row—a, b, c, d, and e) represent significant difference of fracture torque among diameters, defined by Tukey tests.
∗Same letters (e.g., 1.3mm column—a, a, a, and a) represent similarity of fracture torque among groups, defined by Tukey tests.

Table 2: Weight comparison between nonsandblasted and sandblasted bone screws (Mann-Whitney tests).

Diameters Group 2 (nonsandblasted) Group 3 (sandblasted)
𝑃

Mean (g) SD Mean (g) SD
1.3mm 0.0519 0.000568 0.0508 0.000422 0.0014
1.4mm 0.0567 0.000483 0.0551 0.000568 0.0003
1.5mm 0.0607 0.000675 0.0599 0.000738 0.0211
1.6mm 0.0664 0.000516 0.0653 0.000675 0.0040
1.7mm 0.0746 0.000516 0.0733 0.000823 0.0031

Figure 3: Nonsandblasted and sandblasted bone screws.

processes were compared between groups 2 and 3 with
Mann-Whitney tests. A multiple linear regression analysis
was performed taking into account the fracture torque as
dependent variable to simultaneously evaluate the influence
of two recycling processes, 5 different diameters, and weight
loss on the mechanical strength of bone screws. Statistical
analyses were performed with Statistica Software (Statistica
forWindows 6.0, Statsoft, Inc., Tulsa,Oklahoma), at𝑃 < 0.05.

4. Results

Table 1 shows that the bone screws of the control and
experimental groups had similar fracture torque regardless
of previous insertion in bone tissue and recycling process
applied to groups 1, 2, and 3. However, the fracture torque
was significantly greater for each 0.1mm added in bone

Table 3: Influence of recycling protocols, diameters, and weight loss
on fracture torque (multiple linear regression analysis).

Independent
variables Beta SE 𝑅

2
𝑃

Recycling
protocols 0.025 0.014 <0.001 0.081

Diameters 0.989 0.014 0.979 <0.001
Weight loss 0.008 0.015 <0.001 0.562

screw diameter regardless of previous insertion or recycling
protocol.

Theweights of sandblasted bone screws were significantly
smaller than those of the nonsandblasted (Table 2).

When all the variables (recycling protocols, diameters,
and weight loss) were simultaneously evaluated in the regres-
sion analysis, bone screw diameter was the only significant
variable in predicting fracture torque, explaining more than
97% of its variability (Table 3).

5. Discussion

Fifteen to twenty percent of bone screws are early discarded
only because of stability failure, which can occur a few
days or months after insertion [1, 2, 4]. Other significant
percentages of bone screws are early discarded only because
the orthodontic mechanics require screw repositioning in
the arch to be continued [5, 6]. In both situations, bone
screws are frequently thrown away before complete anchor-
age objectives are met. Thus, it is not surprising that timely
bone screw reuse has been considered by orthodontists,
reducing the number of titanium screws necessary to finish
skeletally anchored treatments [5–9]. However, when bone
screw reuse is considered, an initial concern is whether the
mechanical strength will support the reinsertion and removal
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procedures. A similar fracture torque of new (CG) and used
bone screws (G1) showed that screwswere not weakened after
single insertion and removal in pig iliac bone (Table 1).These
findings are in accordancewithNoorollahian et al.’s [13] study,
which found similar fracture torque for unused and single
used bone screws. In fact, Defino et al. [21] observed that
orthopedic bone screws had the mechanical performance
affected only after the third repeated insertion. However, this
is only a first condition for screw reuse because, besides
structural strength, reuse requires a recycling protocol to
produce a reconditioned screw surface free of any organic
residuals, microorganisms, or corrosion products.

Several studies have demonstrated that autoclave steril-
ization does not have any negative impact on bone screw
strength and fracture torque even after several sterilization
cycles (up to 50 times, as in Adelson et al.’s [15] study) [13–16].
However, some studies have demonstrated that autoclaving
alone can fail to completely decontaminate infected instru-
ment if it is not adequately cleaned prior to the sterilization
cycle [22, 23]. In general, cleaning can be performed by
manual scrubbing, enzymatic agents, and ultrasonic bath,
but the association between them (mechanical and chemical
regimens) seems to be the most effective cleaning procedure
[24, 25]. However, it can be speculated that ultrasonication
followed by autoclave sterilization would weaken the bone
screw structure; this was not confirmed by the results of this
study because a similar fracture torquewas observed between
control group and group 2 (Table 1).

Importantly, scientific lines of evidence have shown that
traditional cleaning processes, such as sonication, even when
associated with chemical agents, cannot be sufficient to effi-
ciently remove the proteinaceous biofilm from contaminated
instruments, and more aggressive and complex recycling
methods as electrolysis have been suggested [7, 12, 26]. Con-
sidering that sandblasting is a simple procedure able to clean
the screw surface by abrasivemechanical stripping, which can
still benefit bone tissue response [27, 28], this study evaluated
the mechanical strength of screws previously inserted in
pig iliac bone that underwent recycling processes including
sonication, sandblasting, and autoclave sterilization (group
3). The results showed that the recycled bone screws had
similar fracture torque when compared to the control group
and groups 1 and 2 (Table 1). The weights of sandblasted
screws were slightly smaller than nonsandblasted, highlight-
ing that sandblasting produced cleaning by abrasive stripping
of the superficial layer of the titanium screws with some
metallic structure reduction (Table 2) [28]. Nevertheless, this
structural loss was limited and not enough to significantly
affect the bone screws torsional strengths (Tables 1 and 2).

Only screw diameter variation (0.1mm) was sufficient
to significantly change the fracture torque (Table 1). This
fact shows that, from the viewpoint of mechanical strength,
the professionals should be more concerned with any screw
diameter change, even if small, than if the bone screw was
recycled to be reused (Table 1). However, most professionals
do not show a great concern if bone screw diameter has to be
changed in only 0.1mm, but they are deeply worried about
mechanical performance of recycled bone screws. When
the recycling protocols of groups 2 and 3, the five different

diameters, and the weight loss were included in a regression
model, the only variable significantly and strongly associated
with fracture torque was the screw diameter (Table 3). Thus,
the choice of screw diameter is critical to perform a safe
insertion procedure because an increase in cortical bone
thickness can easily approximate the insertion torque from
the fracture torque. According to these results, the breakage
risk of a reused bone screw is more associated with inade-
quate diameter choice than with a single recycling process.
However, if the screws underwent sequential recycling cycles
for multiple uses other results can be found [21].

It has been demonstrated that surface roughness
of titanium screws produced by macrosandblasting
(Al
2
O
3
-350 𝜇m) has a better response of bone tissues

than microsandblasted surfaces (Al
2
O
3
-50 𝜇m). Thus, the

evaluated recycling process with Al
2
O
3
-90𝜇m can still be

adjusted to benefit the biological response [27]. Ultrasonic
bath in group 3 was used after sandblasting to remove
loose particles of Al

2
O
3
because Al ions could elicit an

inflammatory response and disturb bone differentiation
and deposition, although this speculation has not been
scientifically confirmed [28–30]. Thus, any residual particle
of Al
2
O
3
that remains embedded in the screw surface after

recycling does not have deleterious effect on bone response.
Instead, some studies consider that Al

2
O
3
exerts a favorable

influence on bone formation [30, 31]. As a consequence,
osseointegration and stability of the mini-implant can be
benefitted without compromising its removal [32].

This paper provides some guidelines for bone screw
recycling, but it does not evaluate professional preference or
acceptance degree about this procedure. However, if screw
reuse is performed by some professionals, and it is, then this
study corroborates the important opinion of other authors
that recycling should follow stricter guidelines [7, 12]. From
a viewpoint of screw mechanical characteristics, recycling
by ultrasonic-sandblasting and autoclave sterilization can
be a feasible protocol. However, these results should be
complemented by in vivo studies because metal corrosion,
orthodontic or orthopedic loading, and occlusal forces dur-
ing chewing can produce an additional impact onmechanical
properties of retrieved bone screws.

6. Conclusion

Bone screws were not weakened after insertion and removal
from pig iliac bone.The recycling protocols did not influence
torsional strength of bone screws even when ultrasonic bath
was associated with Al

2
O
3
blasting. Sandblasting cleaning

produced an abrasive mechanical stripping of the screw sur-
face, but the structural loss was not sufficient to significantly
influence the fracture torque. However, differences of 0.1mm
in bone screw diameter significantly changed the fracture
torque.
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Introduction. The purpose of this study was to investigate effects of surface treatment of mini-implants in diabetes-induced rabbits
by comparing osseointegration around mini-implants. Methods. Twelve New Zealand white rabbits were divided into two groups
(alloxan-induced diabetic group and control group). A total of 48mini-implants were placed after four weeks of diabetic induction.
24 mini-implants were surface-treated with SLA (sandblasted with large grit, and acid etched) and the remaining 24 mini-implants
had smooth surfaces. Four weeks after placement, 32 mini-implants were removed from 4 control and 4 diabetic rabbits. Insertion
and removal torques were measured. The remaining 16 mini-implants from the two groups were histomorphometrically analyzed.
Results.Maximum insertion torque showed no difference between diabetic and control groups, but total insertion energywas higher
in control group. In surface-treatedmini-implants,maximum removal torquewas higher in both diabetic and control groups. Bone-
implant contact (BIC) was increased in the control group when compared to the diabetic group. Surface-treated group had higher
BIC than smooth surface group in both control and diabetic groups. However, there was no significantly statistical difference.
Conclusions. Type 1 diabetes mellitus and surface treatment method of mini-implant affected primary stability of mini-implants. In
addition, the use of orthodontic mini-implants in a diabetic patient is likely to show results similar to the healthy patient.

1. Introduction

Use of orthodontic mini-implants is gaining popularity
due to providing absolute anchorage without reactive tooth
movement. With skeletal anchorage such as osseous dental
implants, miniplates, miniscrews, or microscrews, clinicians
can expect reliable anchorage while depending less on patient
compliance [1–7]. Most current orthodontic mini-implants
have untreated screw surfaces, and mini-implants achieve
primary stability through mechanical retention [5, 8]. In

the field of prosthodontics, surface-treated dental implant is
preferred due to its improved osseointegration [9–12]. A few
surface-treated orthodontic mini-implants are available and
their removal torque is higher than smooth surface mini-
implant. Surface-treated mini-implants are reported to have
less failure and can support heavier andmore dynamic forces
[13, 14].

Recently, the number of adult orthodontic patients is
increasing in the past few years. Consequently, more diabetic
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Figure 1: Comparison between the changes of the rabbit’s weight in the control (black) and diabetic (red) groups throughout the 8-week
experimental period. (a) An asterisk (∗) represents a significant difference (𝑃 < 0.05). (b) The line graph represents the blood glucose levels
for the control (black) and diabetic (red) groups. The blood glucose level in the diabetic group increased significantly 1 week after injection
of alloxan monohydrate and remained increased for the rest of the experimental period (𝑃 < 0.05).

patients are seeking orthodontic treatment than before. Dia-
betes mellitus is a group of metabolic diseases in which a
person has high blood sugar, either because the body does not
produce enough insulin or because cells do not respond to the
insulin that is produced. Two fasting glucose measurements
above 126mg/dL (7.0mmol/L) are considered diagnostic for
diabetes mellitus. According to U.S. Department of Health
and Human Services, 14.7 million people are diagnosed with
diabetes from the age of 20 to 65. Diabetes is prevalent
not only in adults but also in youth. During 2002–2005,
15,600 youth (younger than 20 years of age) were newly
diagnosedwith type 1 diabetes annually in theUSA.Although
there has been some conflicting evidence, diabetic patients
seem to be more prone to infection and delayed healing
after surgery. Furthermore, some animal studies report that
diabetes interferes with the process of osseointegration [15–
19].

Clinical application and prognosis of implants in healthy
patients have been studied extensively and long-term success
of prosthodontic implant has been documented. However, it
is not known whether diabetes increases risk of mini-implant
failure.

In diabetic patients, comparative study between surface-
treated implants andmachine-surfaced implants has not been
performed. This study aimed to investigate effect of surface-
treated orthodontic mini-implants in diabetic patients. Four
weeks after diabetic induction, mini-implants were placed.
The mini-implants were removed after four weeks of healing
period. Osseointegration on both the surface-treated and
smooth surface mini-implants was examined.

2. Materials and Methods

2.1. Subjects and Induction of Diabetes. Streptozotocin and
alloxan, having specific cytotoxic effects on pancreatic beta-
cells, are widely used to induce diabetes mellitus in animal
studies. There have been many studies to induce diabetes in
rats [20, 21]. But few studies were performed in rabbits and
this studywas novel in inducing diabetes in rabbits.Therewas
trial and error when finding the dosage of alloxan and timing
of glucose injection.

After the pilot animal study to clarify the adjustment of
diabetic induction, 12 New Zealand white rabbits, weigh-
ing approximately 3 kg, were used. Eighteen rabbits were
assigned to diabetic group and single intravenous injection
of 150mg/kg body weight 10% alloxan monohydrate (Sigma
Co., St. Louis, USA) into a marginal aural vein [20, 21].
After injection of alloxan, 20mL of 5% glucose (JW Phar-
maceutical, Seoul, Republic of Korea) was injected 5 times
subcutaneously to prevent hypoglycemic shock. Additional
glucose injection was given to rabbits that denied feeding
for three days. Blood glucose was monitored by the glucose-
oxidase method one week after the injection of alloxan. Tail-
nicked blood samples were obtained and rabbits were also
monitored for weight loss or gain as an indicator of overall
health weekly. If the glucose level was over 200mg/dL, a
diagnosis of diabetes was made [20, 21]. Blood glucose levels
in diabetic rabbits were more than 300mg/dL throughout
the entire experiment (Figure 1). Six healthy controls and
six diabetic rabbits were used. Experiment protocol was
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approved by the Institutional Animal Care and Use Com-
mittee (The Catholic University of Korea, St. Mary’s Hospital,
Seoul, Republic of Korea) (CUMC-2010-0094-04).This study
was performed by one examiner for reproducibility for the
quantitative evaluation.

2.2. Surgical Procedures. A total of 48 orthodontic mini-
implants were used in this study (24 SLA surface-treated, 24
smooth surface implants).Themini-implants were 1.8mm in
diameter and 8.5mm in length. They were two-component
system composed of screw and head portion (threaded
portion 6.5mm) (Cimplant Co., Seoul, Republic of Korea)
[22]. The mini-implants were self-tapping and dull-pitched
modified cylinder type and they were the same for both
diabetic and control groups except for the surface treatment
of one group.

Because blood glucose level increased significantly after
injection and steadily maintained during 4 weeks and body
weight decreased in diabetic group from 3 weeks (Figure 2);
the implants were placed on six healthy controls and six
diabetic rabbits 4 weeks after the induction of diabetes. Two
anesthetics were intramuscularly administered for general
anesthesia, Tiletamine-Zolazepam (10mg/kg, Zoletil, Virbac
Korea Co., Seoul, Republic of Korea) and Xylazine (2mg/kg,
Rompun, Bayer Korea, Seoul, Republic of Korea). To obtain
local anesthesia and hemostasis, 1.8mL of local anesthetic
(2% lidocaine with 1 : 100,000 epinephrine) was injected in
the surgical site.The surgical area was shaved and disinfected
with potadine solution. The dissection was performed with
a number 15 blade through skin and subcutaneous tissue to
the periosteum and fascia. A periosteal elevator was used to
expose the tibia.

Mini-implants were placed according to the random-
ized balanced complete block design to maintain sufficient
distance between each other and minimize the position
difference and variation [13, 23]. Predrilling was carried out
with 1.5mm diameter guide drill under profuse irrigation
to penetrate 3.5mm into the bone. Mini-implants were
placed to penetrate through the first cortical layer and
reach approximately 6.5mm [13]. A surgical engine (Elcomed
SA 200C, W&H, Burmoos, Austria) was used to record
insertion torque in every 0.125 second during insertion
of mini-implants. Insertion depth was controlled by fully
embedding surface-treated area into bone [23, 24]. After
placement, mini-implant head was connected (Figure 3).
Periosteum and muscle were closed in separate layers using
absorbable sutures. Analgesics (Ketoprofen 1mg/kg, q.d.) and
antibiotics (Gentamicin 4mg/kg, q.d.) were subcutaneously
administered for 3 days.

2.3. Removal of Mini-Implants and Histomorphometric Evalu-
ation. Six diabetic and six control rabbits were randomly sac-
rificed following four weeks of healing period with overdose
of anesthetics. Bonemetabolism in rabbit is three times faster
than human and four weeks in rabbit correspond to 3months
in human.

A total of 32 implants were removed from 4 control
rabbits and 4 diabetic rabbits. Removal torque was mea-
sured with the surgical engine, during counterclockwise

rotation. For mechanical analysis, torque was measured
continuously during insertion and removal of mini-implants,
and maximum torque was extracted from these measures.
Total insertion energy was calculated during placement to
maximum torque point. Total removal energy was calculated
from maximum torque point to complete removal.

Specimens for the histomorphometric evaluation were
prepared with 16 mini-implants around tibia in remaining
two control rabbits and 2 diabetic rabbits. Tibia contain-
ing mini-implants were dehydrated in step gradients of
ethanol (70%, 80%, 90%, and 100%) and infiltrated and
embedded in a mixture of ethanol and Technovit 7200
resin (EXAKT GmbH, Germany). Samples were sectioned
by EXAKT diamond cutting system after hardening of resin
and the sections were polished to a final thickness of 40 ±
5 𝜇m by EXAKT grinding system. The specimens were then
stained with hematoxylin-eosin and investigated by light
microscopy. CCD camera (SPOT Insight 2Mp scientific
CCD digital Camera system, DIAGNOSTIC instrument,
Inc., USA), attached to light microscope (BX51, OLYMPUS,
Japan), was used to obtain images. Digitized images were
evaluated histomorphometrically using SPOT Software V 4.0
(Diagnostic Instrument, USA) and Image Pro plus (Media
Cybernetics, USA). The percentage of bone to implant con-
tact (BIC %) was calculated as total BIC divided by total
circumference of mini-implant × 100.

2.4. Statistical Analysis. The amount of total energy during
placement and removal was calculated using a computer
program [25]. Statistical analysis was performed with the
language R. Two-way ANOVA (analysis of variance) was
calculated to compare the results according to the presence
of diabetes and surface treatment. Mann-Whitney test for
nonparametric statistics was performed for the analysis of
BIC. A significant 𝑃 value was set at <0.05.

3. Results

3.1. Average BodyWeight and Blood Glucose Level. Figure 1(a)
shows the weights of the rabbits (mean ± standard deviation
(SD)) in both groups.The diabetic group showed a significant
decrease in weight from 3 weeks in comparison with the
control group (𝑃 < 0.05). One week after injection of 10%
alloxan monohydrate, the glucose-oxidase method showed
that the blood glucose levels showed hyperglycemic state
throughout the entire experiment and sustained weight loss
was observed in diabetic rabbits as in previous studies [20,
21]. No significant inflammation was found at the surgical
site.

3.2. Torque and Energy during Insertion andRemoval. In both
diabetic and control groups, all the mini-implants remained
stable and did not fail until removal.

There was no significant difference between diabetic and
control groups in maximum insertion torque, regardless
of surface treatment. Total insertion energy was higher in
control group than diabetic group. In maximum removal
torque, no significant difference was found between diabetic
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Figure 2: Chronologic sequence of the study.
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Figure 3: Orthodontic mini-implants placed in rabbit tibia ((a) predrilling with guide drill of 1.5mm width. (b) The machined surface
mini-implants being inserted. (c) SLA surface-treated mini-implants being inserted. (d) The head part being connected on the screw part of
mini-implants.).

and control groups. Total removal energy was greater in
diabetic group but difference was not clinically significant.
In the diabetic group, maximum removal torque and total
removal energy were significantly higher in the surface-
treated group than in the smooth surface group. In the healthy
control group, however, there was no significant difference in
total removal energy between the surface-treated group and
the smooth surface group.

3.3. Histomorphometric Evaluation (Figure 4). BIC was in-
creased in the control group compared with the diabetic
group without statistical significance. Similarly, in both con-
trol and diabetic groups, BICwas increased in surface-treated
group compared with non-surface-treated group but there
was no significantly statistical difference (Table 1).

4. Discussion

Previous literatures have reported that diabetic state led
to more bone loss and reduced bone formation. Chronic

hyperglycemia due to insulin deficiency state is known to sup-
press bone formation. Long-term increase in blood glucose
concentration alters the response to parathyroid hormone
that suppresses osteoblast differentiation and regulates the
metabolism of calcium and phosphate [26]. Hyperglycaemia
leads to increased formation and accumulation of advanced
glycation end products (AGEs) in the blood.Thesemolecules
developmicrovascular complications and reduce the number
of osteoblasts and the level of osteocalcin and hence have
an effect on bone matrix and slow bone formation [27–29].
The diabetic hyperglycemic state also has a negative impact
on mineral deposition and bone density and delays bone
healing and metabolism. Thus, diabetes increases failure rate
of prosthetic implants [14–18, 30–32].

Maximum insertion and removal torque and total inser-
tion and removal energy were used to evaluate osseointegra-
tion and stability of the mini-implant. Stress to adjacent bone
during mini-implant placement was evaluated with insertion
torque. Total insertion energy is the total energy recorded
from the beginning of insertion to the point at which the
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Figure 4:Microscopic photographs of mini-implants 4 weeks after placement (hematoxylin-eosin staining). (a) ×40; machined surfacemini-
implant in control group; (b) ×40; SLA treated mini-implant in control group; (c) ×40; machined surface mini-implant in DM group; (d)
×40; SLA treated mini-implant in DM group. Yellow marking means bone contact measurement.

Table 1: Maximum torque (Ncm), total energy (J), and BIC (%).

DM Type of mini-implant (mean ± SD) Significance
Control SLA

𝑁 = 8

per group

Maximum insertion torque
(Ncm)

DM 11.63 ± 4.39 11.06 ± 5.19 Control ≓ SLA (𝑃 = 0.410)
Normal ≓ DM (𝑃 = 0.460)Normal 13.31 ± 2.75 11.50 ± 3.26

Total insertion energy
(J)

DM 1.64 ± 0.55 1.27 ± 0.54 Control ≓ SLA (𝑃 = 0.066)
Normal >DM (P = 0.027)∗Normal 1.95 ± 0.34 1.70 ± 0.35

Maximum removal torque
(Ncm)

DM 3.94 ± 1.05 6.13 ± 2.30 Control < SLA (P = 0.001)†
Normal ≓ DM (𝑃 = 0.332)Normal 3.75 ± 0.85 5.31 ± 1.07

Total removal energy
(J)

DM 0.74 ± 0.27 0.96 ± 0.61 Control ≓ SLA (𝑃 = 0.445)
Normal <DM (P = 0.018)∗Normal 0.56 ± 0.13 0.53 ± 0.11

𝑁 = 4

per group BIC (%) DM 13.21 ± 5.46 14.77 ± 7.67 Control ≓ SLA (𝑃 = 0.798)
Normal ≓ DM (𝑃 = 0.161)Normal 17.93 ± 6.71 19.48 ± 7.67

DM: diabetes mellitus; Ncm: newton per centimeter; SLA: sandblasted with large grit and acid etched; significance: ∗𝑃 < 0.05; †𝑃 < 0.01; BIC: bone to implant
contact ratio.

maximum insertion torque is reached. The pressure exceed-
ing the normal limit can cause complications such as blood
circulation blockage and microfracture [33]. Previous studies
have shown that total insertion energy should be in adequate
range. Removal torque was used to measure mechanical
interlocking between bone and implant surface. Contact
area and removal torque between bone and implant were
increased over time and highly correlated [34]. To minimize
measuring error, a surgical engine, which can record the

torque in every 0.125 second during insertion and removal
of mini-implants, was used to measure maximum insertion
and removal torque and total insertion and removal energy.

In maximum insertion torque, there was no significant
difference between diabetic and control groups. Total inser-
tion energy, however, was higher in the control group than the
diabetic group. Total insertion energy is the area below the
graph of continuous torque measured during placement.The
slope of the graph to maximum insertion torque is steeper in
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control group than diabetic group. Therefore, total insertion
energy, the area below the steep graph, is greater in control
group than diabetic group.The stress applied to adjacent bone
at the time of implantation is thought to be less in diabetic
group due to compromised bone quality.

Total removal energy was greater in diabetic group but
the amount of difference was not clinically significant. No
significant difference was found inmaximum removal torque
between diabetic and control groups. These findings were
interesting, since the authors had anticipated that maximum
removal torque and total removal energy would be higher in
the normal group than in the diabetic group. This result can
be interpreted that there is not much difference between con-
trol and diabetic groups in mechanical interlocking between
bone and implant surface.

Currently, most of available orthodontic mini-implants
are not surface-treated. In this study, the difference in
osseointegration between the surface-treated group and the
non-surface-treated group was investigated through the
placement of implants in healthy controls and diabetic
rabbits, respectively.

Since the mini-implants in this study are in same shape,
the amount of load to surrounding bone during placement
was not significantly different; thus total insertion energy
was similar between smooth surface group and SLA treated
group. And because the moment of disosseointegration is
maintained very shortly and decreases rapidly to zero, degree
of osseointegration is represented in maximum removal
torque rather than total removal energy. The maximum
removal torque of the surface-treated group was signifi-
cantly higher than that of the smooth surface group in
both the diabetic and control groups. Surface-treated mini-
implants showed more resistance by showing higher maxi-
mum removal torque in both diabetic (6.13 ± Ncm > 3.94
± Ncm) and control groups (5.31 ± Ncm > 3.75 ± Ncm).
This result means that the surface treatment enhances the
osseointegration of mini-implants even in a diabetic patient.
The result is based on four- week follow-up of data after
placement. Bone remodeling period in the rabbit is about
one- third of that in humans.Thus, 4 weeks in rabbit indicates
3 months in human.

Both maximum removal torque and total removal energy
were greater in SLAmini-implants than smooth surfacemini-
implants in diabetic group. Total removal energy is the total
energy recorded from the point at which the maximum
removal torque is reached to the end of the removal pro-
cedure. This was higher in SLA treated mini-implant than
smooth surface mini-implants in diabetic group. Therefore,
in diabetic patient, SLA treated mini-implants can be recom-
mended.

In a previous study where osseointegration was histo-
metrically analyzed 12 weeks after implantation, BIC had no
significant difference between diabetic and normal groups
[35]. This result is in accordance with our study. However,
small sample size due to high mortality rate of rabbits during
diabetes induction may be one of the reasons that BIC is
not being significantly different. Another reason can be wide
range of standard deviation resulting in less accurate BIC

measurement. Further studies need to be conducted regard-
ing BIC measurement. Low BIC values can be considered as
anatomic limitation of rabbit model. Rabbit tibia is composed
of cortical bone and the rest is bone marrow. The tibia in
rabbit is a site more abundant in bone marrow than in rats.

Another limitation of this study is that the mini-implants
were not loaded. Since the mini-implants were not loaded
during the healing process, it can be assumed that the bone
healing showed no significant difference at the interface
between the mini-implant and bone in the diabetic group or
the control group. Further study needs to be performed when
orthodontic forces are applied on mini-implants. Moreover,
type 1 diabetes was induced in this study, whereas type 2
diabetes is more clinically prevalent. In prolonged type 2
diabetes, however, the insulin deficiency can be advanced
as in type 1 diabetes, so the result of this study may have
relevance to many clinical situations.

5. Conclusion

To understand the effective use of orthodontic mini-implants
in the diabetic patient, a study was performed comparing
normal rabbits to rabbits with intentionally induced diabetes.
It can be concluded that the use of orthodonticmini-implants
in a diabetic patient is likely to show results similar to the
healthy patient. Various literatures reported that surface-
treated mini-implants had improved osseointegration than
smooth surface mini-implants. This applies to diabetic state
as well in terms of surface treatment.

In conclusion, diabetes did not interfere with success of
orthodontic mini-implants. Success rate of surface-treated
mini-implants was higher.

Disclosure

This study is based on a research thesis (O.N.H.) completed
at the Catholic University of Korea.

Conflict of Interests

The authors declare no potential conflict of interests with
respect to the authorship and/or publication of this paper.

References

[1] T. D. Creekmore and M. K. Eklund, “The possibility of skeletal
anchorage,” Journal of Clinical Orthodontics, vol. 17, no. 4, pp.
266–269, 1983.

[2] R. Kanomi, “Mini-implant for orthodontic anchorage,” Journal
of Clinical Orthodontics, vol. 31, pp. 763–767, 1997.

[3] H. S. Park, “Clinical study on success rate of microscrew
implants for orthodontic anchorage,” Korean Journal of
Orthodontics, vol. 33, pp. 151–156, 2003.

[4] H. S. Park, “The skeletal cortical anchorage using titanium
microscrew implants,” Korean Journal of Orthodontics, vol. 29,
pp. 699–706, 1999.

[5] S. H. Kyung, J. K. Lim, and Y. C. Park, “The use of miniscrew as
an anchorage for the orthodontic movement,”Korean Journal of
Orthodontics, vol. 31, pp. 415–424, 2001.



International Journal of Dentistry 7

[6] T. Albrektsson, P.-I. Branemark, H.-A. Hansson, and J. Lind-
strom, “Osseointegrated titanium implants. Requirements for
ensuring a long-lasting, direct bone-to-implant anchorage in
man,” Acta Orthopaedica Scandinavica, vol. 52, no. 2, pp. 155–
170, 1981.

[7] H. S. Park, “Anewprotocol of the slidingmechanics withmicro-
implant anchorage (M.I.A.),” Korean Journal of Orthodontics,
vol. 30, pp. 677–685, 2001.

[8] M. J. Kim, S. H. Park, H. S. Kim et al., “Effects of orthodontic
mini-implant position in the dragon helix appliance on tooth
displacement and stress distribution: a three-dimensional finite
element analysis,” Korean Journal of Orthodontics, vol. 41, no. 3,
pp. 191–199, 2011.

[9] G. Cordioli, Z. Majzoub, A. Piattelli, and A. Scarano, “Removal
torque and histomorphometric investigation of 4 different
titanium surfaces: an experimental study in the rabbit tibia,”
International Journal of Oral and Maxillofacial Implants, vol. 15,
no. 5, pp. 668–674, 2000.

[10] S. A. Cho and K. T. Park, “The removal torque of titanium
screw inserted in rabbit tibia treated by dual acid etching,”
Biomaterials, vol. 24, no. 20, pp. 3611–3617, 2003.

[11] S. A. Cho and S. K. Jung, “A removal torque of the laser-treated
titanium implants in rabbit tibia,” Biomaterials, vol. 24, no. 26,
pp. 4859–4863, 2003.

[12] A. Costa, M. Raffainl, and B.Melsen, “Miniscrews as orthodon-
tic anchorage: a preliminary report,” The International Journal
of Adult Orthodontics and Orthognathic Surgery, vol. 13, no. 3,
pp. 201–209, 1998.

[13] S. S. Mo, S. H. Kim, Y. A. Kook, D. M. Jeong, K. R. Chung,
and G. Nelson, “Resistance to immediate orthodontic loading
of surface-treated mini-implants,” Angle Orthodontist, vol. 80,
no. 1, pp. 123–129, 2010.

[14] S. H. Kim, S. J. Lee, I. S. Cho, S. K. Kim, and T. W. Kim,
“Rotational resistance of surface-treated mini-implants,” Angle
Orthodontist, vol. 79, no. 5, pp. 899–907, 2009.

[15] M. L. Nevins, N. Y. Karimbux, H. P. Weber, W. V. Giannobile,
and J. P. Fiorellini, “Woundhealing around endosseous implants
in experimental diabetes,” International Journal of Oral and
Maxillofacial Implants, vol. 13, no. 5, pp. 620–629, 1998.

[16] M. J. Giglio, G. Giannunzio, D.Olmedo, andM. B. Guglielmotti,
“Histomorphometric study of bone healing around laminar
implants in experimental diabetes,” Implant Dentistry, vol. 9, no.
2, pp. 143–149, 2000.

[17] F. Takeshita, S. Iyama, Y. Ayukawa, M. A. Kido, K. Murai,
and T. Suetsugu, “The effects of diabetes on the interface
between hydroxyapatite implants and bone in rat tibia,” Journal
of Periodontology, vol. 68, no. 2, pp. 180–185, 1997.

[18] J. T. Siqueira, S. C. Cavalher-Machado, V. E. Arana-Chavez, and
P. Sannomiya, “Bone formation around titanium implants in the
rat tibia: role of insulin,” Implant Dentistry, vol. 12, no. 3, pp.
242–251, 2003.

[19] H. Hasegawa, S. Ozawa, K. Hashimoto, T. Takeichi, and T.
Ogawa, “Type 2 diabetes impairs implant osseointegration
capacity in rats,” International Journal of Oral and Maxillofacial
Implants, vol. 23, no. 2, pp. 237–246, 2008.

[20] J. A. de Morais, I. K. Trindade-Suedam, M. T. Pepato, E. Mar-
cantonio Jr., A. Wenzel, and G. Scaf, “Effect of diabetes mellitus
and insulin therapy on bone density around osseointegrated
dental implants: a digital subtraction radiography study in rats,”
Clinical Oral Implants Research, vol. 20, no. 8, pp. 796–801, 2009.

[21] M. A. Abbassy, I. Watari, and K. Soma, “The effect of diabetes
mellitus on rat mandibular bone formation and microarchitec-
ture,” European Journal of Oral Sciences, vol. 118, no. 4, pp. 364–
369, 2010.

[22] I. S. Cho,H. Choo, S. K. Kim et al., “The effects of different pilot-
drilling methods on the mechanical stability of a mini-implant
system at placement and removal: a preliminary study,” Korean
Journal of Orthodontics, vol. 41, no. 5, pp. 354–360, 2011.

[23] Y. S. Shin, H. W. Ahn, Y. G. Park et al., “Effects of predrilling
on the osseointegration potential of mini-implants,” Angle
Orthodontist, vol. 82, no. 6, pp. 1008–1013, 2012.

[24] I. S. Cho, S. K. Kim, Y. I. Chang, and S. H. Baek, “In vitro and in
vivo mechanical stability of orthodontic mini-implants,” Angle
Orthodontist, vol. 82, no. 4, pp. 611–617, 2012.

[25] S. K.Kim, J. Y.Kwon, S. J.Heo, J. Y.Koak, and J.H. Lee, “Software
for measurement of energy absorbed by bone,” Korean Patents
Registration 2007:No. 2007-2001-2199-004155.

[26] R. B. Santana, L. Xu, H. B. Chase, S. Amar, D. T. Graves, and
P. C. Trackman, “A role for advanced glycation end products in
diminished bone healing in type 1 diabetes,” Diabetes, vol. 52,
no. 6, pp. 1502–1510, 2003.

[27] N. Ahmed and P. J. Thornalley, “Advanced glycation end-
products: what is their relevance to diabetic complications?”
Diabetes, Obesity and Metabolism, vol. 9, no. 3, pp. 233–245,
2007.

[28] D. Jing, J. Cai, G. Shen et al., “The preventive effects of pulsed
electromagnetic fields on diabetic bone loss in streptozotocin-
treated rats,” Osteoporosis International, vol. 22, no. 6, pp. 1885–
1895, 2011.

[29] D. G. Quintero, J. N. Winger, R. Khashaba, and J. L. Borke,
“Advanced glycation endproducts and rat dental implant
osseointegration,”The Journal of Oral Implantology, vol. 36, no.
2, pp. 97–103, 2010.

[30] R. Margonar, C. E. Sakakura, M. Holzhausen, M. T. Pepato, J.
R. C. Alba, and J. E. Marcantonio, “The influence of diabetes
mellitus and insulin therapy on biomechanical retention around
dental implants: a study in rabbits,” Implant Dentistry, vol. 12,
no. 4, pp. 333–339, 2003.

[31] M. McCracken, J. E. Lemons, F. Rahemtulla, C. W. Prince, and
D. Feldman, “Bone response to titanium alloy implants placed
in diabetic rats,” International Journal of Oral and Maxillofacial
Implants, vol. 15, no. 3, pp. 345–354, 2000.

[32] A. Mellado-Valero, J. C. Ferrer Garćıa, A. Herrera Ballester, and
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Objective. This study aimed to evaluate effects of type 1 diabetes mellitus and mini-implant placement method on the primary
stability of mini-implants by comparing mechanical stability and microstructural/histological differences.Methods. After 4 weeks
of diabetic induction, 48 mini-implants (24 self-tapping and 24 self-drilling implants) were placed on the tibia of 6 diabetic and 6
normal rabbits. After 4 weeks, the rabbits were sacrificed. Insertion torque, removal torque, insertion energy, and removal energy
were measured with a surgical engine on 8 rabbits. Remaining 4 rabbits were analyzed by microcomputed tomography (micro-
CT) and bone histomorphometry. Results. Total insertion energy was higher in self-drilling groups than self-tapping groups in
both control and diabetic groups. Diabetic groups had more trabecular separation in bone marrow than the control groups in
both SD and ST groups. Micro-CT analysis showed deterioration of bone quality in tibia especially in bone marrow of diabetic
rabbits. However, there was no statistically significant correlation between self-drilling and self-tapping group for the remaining
measurements in both control and diabetic groups. Conclusions. Type 1 diabetes mellitus and placement method of mini-implant
did not affect primary stability of mini-implants.

1. Introduction

Primary stability is the most important factor for the survival
of mini-implants and is obtained by mechanical interlock
between bone and mini-implant [1–3]. Most of orthodontic
mini-implants are either self-tapping (ST) or self-drilling
(SD) type. A ST mini-implant requires predrilling and a
SD mini-implant is placed without predrilling [4–7]. The
ST system has been used for a long time but complications
can occur during predrilling such as thermal damage, root
damage, and a drill fracture.

Placement of the SDmini-implant is simple and takes less
time and thermal damage can be avoided. Moreover, there

is no risk of the drill fracture. This system also enhances
primary stability by compressing bones during implantation
and contact surface of bone to implant is wider [4].Therefore,
primary stability of SD mini-implants is affected by intimate
bony contact during placement. Micromobility of a mini-
implant is minimized proper stability, which enhances new
bone formation [8]. The SD system is advantageous with
better stability, especially in bone with low density such
as maxilla and adolescent patients [6, 7, 9, 10]. In high
density bone or thick cortical bone, however, the SD system
is disadvantageous in obtaining good primary stability by
inducing excessive pressure that can cause microfracture,
adjacent cell damage, and other complications [5].
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Majority of orthodontic patients are healthy young indi-
viduals. But there has been dramatic increase in the num-
ber of adults seeking orthodontic treatment in the last 20
years. And more diabetic patients are getting orthodontic
treatment. According to the U.S. Department of Health and
Human Services, 15,600 young people (younger than 20 years
of age) were newly diagnosed with type 1 diabetes annually
in the United States during 2002–2005. Therefore, clinicians
are required to understand effects of diabetes in orthodontic
treatment, especially when placing mini-implants.

Although it is still controversial, diabetes is known to
disrupt blood supply by inducing microvascular complica-
tions and delay wound healing and increase susceptibility to
infection and periodontal disease [11, 12]. It was reported that
the stability of mini-implant was not obtained in diabetic
patients because of poor bone quality and chronic hyper-
glycemia, which suppressed osteoblast differentiation [13].
Many previous literatures reported that mineral metabolism
and formation of osteoid and bone were reduced in diabetic
hyperglycemic state [14].

The SD system, which can enhance bone-implant con-
tact by compressing bone, is advantageous to obtain good
primary stability. However, it has not been studied how
the SD mini-implant affects stability in diabetic patients.
The purpose of this study was to evaluate effects of type 1
diabetes mellitus (DM) and mini-implant type (self-drilling
and self-tapping) on primary stability of mini-implants.
Comparative analysis between intentionally induced diabetic
rabbits and control group was performed 4 weeks after place-
ment inmechanical stability andmicrostructural/histological
differences.

2. Materials and Methods

2.1. Animals. Six healthy controls and six diabetic New
Zealand white rabbits were used in this study. Mini-implants
were placed 4 weeks after diabetic induction. Those mini-
implants were removed in 4 control rabbits and 4 diabetic
rabbit following 4 weeks of healing. Micro-CT and histolog-
ical analysis were performed in four rabbits. The experiment
protocol was approved by the Institutional Animal Care and
Use Committee. (CUMC-2010-0093-01).

For the alloxan injection, rabbits were lightly anesthetized
with ketamine hydrochloride 30mg/kg and xylazine 3mg/kg
(IM). Alloxan monohydrate (Sigma Aldrich Chemical, Saint
Louis, MO, USA) was dissolved in sterile normal saline
to achieve concentration of 5% (W/V), and 100mg/kg was
immediately administered intravenously via marginal ear
vein for 2 minutes. 4, 8, and 12 hours after alloxan injection,
10mL of glucose (5%W/V)was administered subcutaneously
[15]. Four days after the injection, blood samples were
collected from aural vein and blood glucose level was mon-
itored using ACCU-CHECK Performa (Roche Diagnostics,
Mannheim, Germany). If glucose level was over 200mg/dL,
diabetes was diagnosed [16]. Blood glucose level and weight
of rabbits were also monitored weekly to check the diabetic
state.

6

1.6

1.5

Figure 1: Orthodontic mini-implant used for this study. The size is
1.6mm at the neck and 1.5mm at the apex in external diameter and
6mm in length (Jin-E Screw, Jin Biomed Co., Bucheon, Korea).

2.2. Surgical Procedures for the Implantation of Orthodon-
tic Mini-Implant. Orthodontic mini-implants (Ti-grade-V-
alloy, Jinbiomed, Bucheon, Korea) used in this study were
modified cylindrical type (external diameter: 1.6mm at neck,
1.5mm at apex, length: 6mm) with cutting flutes at the
apex (Figure 1). Two implants in one tibia were placed and
a total of 4 implants were placed on each rabbit. Forty-
eight implants (24 for diabetic group and 24 for control
group) were placed. The self-tapping (ST) mini-implants
were placed after predrilling with 1.0mm diameter pilot
drill (Figure 2). Implants position was assigned by com-
plete random block design. Depth of placement was up to
smooth surface below the threaded end of mini-implant
head. A surgical engine (Elcomed SA-200C, W&H, Bur-
moos, Austria) was used to record torque value in every
0.125 second during insertion and removal of mini-implants.
After the surgery, flap was closed. Analgesics (Ketoprophen
1mg/kg, q.d.) and antibiotics (Gentamicin—4mg/kg, q.d.)
were subcutaneously administered for 3 days. The rabbits
were sacrificed following four weeks of healing using an
overdose of anesthetics to induce heart failure.

2.3. Micro-CT and Histomorphometrical Analysis. Tissue
specimens were prepared from 2 diabetic and 2 control
rabbits. Micro-CT images (pixel size—7 𝜇m) were obtained
using SkyScan-1172 high-resolutionmicro-CT (Skyscan,N.V.,
Kontich, Belgium) after fixation of specimens by 10% neutral
formalin for 2 days. 3D images were reconstructed with
software (CTrecon, SkyScan N.V., Kontich, Belgium). Tissue
volume (TV), bone volume (BV), bone-volume fraction
(BV/TV), trabecular thickness, trabecular number, and tra-
becular separation in 1mm area around implants were ana-
lyzed with CTAn (SkyScan N.V., Kontich, Belgium) software.
Cortical bone and bone marrow was separately analyzed
(Figure 3). After micro-CT scanning, tissue specimens were
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(a) (b)

(c) (d)

Figure 2: Orthodontic mini-implants implanted in rabbit tibia. (a) Predrilling for the self-tapping mini-implant was perfomed. (b) Self-
tapping mini-implant was placed into the hole. (c), (d) Self-drilling mini-implant was placed into the bone without predrilling.

(a) (b)

(c) (d)

Figure 3: 3D micro-CT images of bone microarchitecture determined by the volume of interest (VOI). (a) Cortical bone area in control
group. (b) Bone marrow area in control group. (c) Cortical bone area in diabetic group. (d) Bone marrow area in diabetic group.

fixed again in 10% neutral formalin for 2 weeks and dehy-
drated with ethanol series and cured specimens were cut into
220 ± 20mu thick and were ground into 40 ± 5mu thick
using EXAKT system (KULZER EXAKT400CS, Germany)
and stained with HE solution.The specimens were examined

under a light microscope (BX51, OLYMPUS, Japan) with
CCD camera (Diagnostic Instrument, USA). Image analysis
was performed with designated software, SPOT Software
V4.0 (Diagnostic Instrument, USA) and Image Pro plus
(MediaCybernetics, USA) (Figure 4).
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(a) (b)

Figure 4: Histologic measurements. (a) Bone to implant contact, the percentage of linear surface of the implant directly contacted by
mineralized bone (BIC%). (b) Bone density, the percentage of mineralized bone over the total tissue volume (BV/TV%).
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Figure 5: (a) Average body weights of alloxan-induced diabetic rabbit throughout the 8-week experimental period. (b) Blood glucose levels
of alloxan-induced diabetic rabbit throughout the 8-week experimental period.

2.4. Statistical Analysis. Two-way ANOVAwas performed to
compare effects of diabetes and placement methods [17, 18].
Mann-Whitney test was used to confirm significant differ-
ences of values, bone-volume fraction, trabecular thickness,
trabecular number, trabecular separation, bone to implant
contact, and bone density, according to the presence of
diabetes and placement methods.

3. Results

3.1. Body Weights and Blood Glucose Level. Diabetic rab-
bits showed continuous decrease in body weights. Controls
showed continuous increase in weights except at four weeks
when implants were placed (Figure 5(a)). High blood glu-
cose level over 300mg/dL was achieved after injection of
alloxan andmaintained throughout the experiment. Controls
showed less variable blood glucose level ranging from 105 to
143mg/dL (Figure 5(b)).

3.2. Comparative Analysis of Microstructure of Bone. As for
bone-volume fraction and trabecular number, similar result
was found in cortical bone between the controls and diabetic
rabbits. In bone marrow, however, diabetic rabbits showed
smaller bone-volume fraction and trabecular number than
the controls. Trabecular thickness was slightly higher in
both cortical bone and bone marrow between the control
and diabetic groups. Diabetic rabbits had less trabecular
separation in cortical bone, but more trabecular separation
in bone marrow (Table 1).

3.3. Maximum Torque and Total Energy. When compared
to the controls, maximum insertion torque was smaller in
diabetic rabbits without statistical significance. In diabetic
group, maximum insertion torque was higher in SD system
without statistical significance. In control group, SD and ST
systems showed similar results. Total insertion energy was
significantly higher in SD system in both diabetic and control
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Table 1: Three-dimensional bone microstructure analysis in cortical and bone marrow area.

Group
Area

Cortical area Marrow area
(Mean ± SD) (Mean ± SD)

Bone volume/tissue volume (%) DM 96.13 ± 3.79 0.11 ± 0.16
Control 93.88 ± 0.59 1.42 ± 1.39

Trabecular thickness (mm) DM 0.13 ± 0.04 0.04 ± 0.01
Control 0.17 ± 0.07 0.06 ± 0.02

Trabecular number (1/mm) DM 7.68 ± 2.15 0.02 ± 0.03
Control 6016 ± 2087 0.18 ± 0.14

Trabecular separation (mm) DM 0.03 ± 0.00 0.97 ± 0.01
Control 0.05 ± 0.01 0.80 ± 0.21

Table 2: Maximum torque (Ncm) and total energy (J) during insertion and removal.

Group
Type of pilot drilling

SignificanceSelf-drilling Self-tapping
(Mean ± SD) (Mean ± SD)

Maximum insertion torque (Ncm) DM 9.88 ± 1.30 9.38 ± 2.76 NS
Control 10.75 ± 1.20 10.75 ± 1.83

Total insertion energy (J) DM 3.56 ± 1.01 2.27 ± 0.63 Self-drilling > self-tapping
Control 3.42 ± 0.54 2.55 ± 0.47

Maximum removal torque (Ncm) DM 4.44 ± 1.21 4.28 ± 1.68 NS
Control 4.13 ± 1.38 4.13 ± 2.03

Total removal energy (J) DM 0.52 ± 0.15 0.50 ± 0.08 NS
Control 0.45 ± 0.10 0.44 ± 0.13

Two-way ANOVA was calculated.

groups (𝑃 value < 0.01). Maximum removal torque and total
removal energy were similar regardless of placement method
and diabetics (Table 2).

3.4. Histomorphometric Analysis of Peri-Implant Bone. Mini-
implants in this study maintained stability until the com-
pletion of the experiment and showed 100% success rate. In
cortical bone, all values were similar regardless of placement
method and diabetes (Table 3). Trabecular separation was
significantly higher in diabetic rabbits than in controls (𝑃 <
0.05). Bone volume/tissue volume and trabecular thickness
were smaller in a diabetic group. In both diabetic and control
groups, the SD system showed higher bone volume/tissue
volume and trabecular thickness. But there was no statistical
significance.Thenumber of trabecularwas smaller in diabetic
group than in control group. In diabetic group, trabecular
was more abundant in SD system and in control group. No
significant difference was found between SD and ST mini-
implants (Table 4).

In the histometrical analysis, BIC was smaller in diabetic
group than in control group. In controls, BIC was higher
in SD system. In diabetic rabbits, BICs in SD system and
ST system were similar but significantly variable and not
statistically significant. Bone density (BV/TV%) was also
smaller in diabetic group (Table 5).

4. Discussion

Diabetes is related to bone disease such as osteoporosis
and bone fracture. Bone formation and osteoid volume are
reduced early in the course of this disorder [19, 20].The effect
of diabetes on osseointegration, however, has not thoroughly
verified, especially for orthodontic mini-implants. As use
of orthodontic mini-implants is gaining popularity, studies
were required to increase success rate and stability of mini-
implants in increasing diabetic patients.

Stability is determined by the shape of mini-implant as
well as bone quality, primary stability, and surgical protocol
[19–21]. When placing mini-implants in adolescent patients,
thin cortical bone, or low bone density such as maxilla, self-
drilling mini-implant can enhance primary stability by con-
densing bone. On the contrary, when placing mini-implants
in patients with thick cortical bone or high density bone
such as mandible, self-drilling procedure reduced stability
by inducing excessive stress to outer surface of the cortical
bone [5, 22, 23]. Sowden and Schmitz reported greater
bone damage when placing self-drilling mini-implants when
compared with self-tapping mini-implant using scanning
electron microscopy [5]. The endosteal surface of the self-
drilling system showed large voids adjacent to the screw
threads at the interface and microfractures of the bone
at bone-implant interface [5]. Motoyoshi et al. investi-
gated the relationship between the success rate and torque
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Table 3: Three-dimensional bone microstructure analysis in cortical bone area.

Group
Type of pilot drilling

SignificanceSelf-drilling Self-tapping
(Mean ± SD) (Mean ± SD)

Bone volume/tissue volume (%) DM 95.54 ± 5.18 93.96 ± 5.93 NS
Control 95.87 ± 4.24 98.00 ± 2.17

Trabecular thickness (mm) DM 0.16 ± 0.07 0.19 ± 0.10 NS
Control 0.24 ± 0.10 0.28 ± 0.14

Trabecular number (1/mm) DM 6.91 ± 2.78 5.95 ± 2.81 NS
Control 4.46 ± 1.39 4.32 ± 2.17

Trabecular separation (mm) DM 0.04 ± 0.01 0.04 ± 0.01 NS
Control 0.04 ± 0.01 0.03 ± 0.01

Mann-Whitney test was used.

Table 4: Three-dimensional bone microstructure analysis in bone marrow area.

Group
Type of pilot-drilling

SignificanceSelf-drilling Self-tapping
(Mean ± SD) (Mean ± SD)

Bone volume/tissue volume (%) DM 6.05 ± 2.81 4.91 ± 0.96 NS
Control 8.24 ± 2.23 7.90 ± 3.04

Trabecular thickness (mm) DM 0.09 ± 0.01 0.08 ± 0.00 NS
Control 0.10 ± 0.00 0.09 ± 0.02

Trabecular number (1/mm) DM 0.66 ± 0.22 0.61 ± 0.10 NS
Control 0.83 ± 0.22 0.84 ± 0.30

Trabecular separation (mm) DM 0.91 ± 0.08 0.86 ± 0.04 NS
Control 0.80 ± 0.05 0.81 ± 0.05

Mann-Whitney test was used.

Table 5: Comparison of BIC% and BV/TV% values between groups.

Group
Type of pilot drilling

SignificanceSelf-drilling Self-tapping
(Mean ± SD) (Mean ± SD)

BIC% Control 86.21 ± 8.18 82.72 ± 9.84 NS
DM 73.03 ± 13.55 73.16 ± 28.89

BV/TV% Control 92.69 ± 2.86 90.05 ± 5.55 NS
DM 79.34 ± 12.07 70.02 ± 31.21

when tightening into the buccal alveolar bone of poste-
rior regions. To improve success rate of 1.6mm-diameter
mini-implants, they recommended the placement torque
to be from 5 to 10NCm [23]. Self-drilling system and
tapered mini-implants may increase primary stability, but
harmful stress can be generated if the torque is excessive
[24, 25].

In micro-CT image analysis, cortical bone did not show
significant difference between SD and ST groups and diabetic
and control groups. In bone marrow, however, amount and
thickness of trabecular bone was decreased significantly
in this study. This coincides with the previous study that
reported advanced trabecular bone resorption in a diabetic

state [26]. Similar result was found in surrounding bone as
well. In cortical bone, no significant difference was observed
between the controls and the diabetic group as well as self-
drilling and self-tapping systems. More significant difference,
however, was found in bone marrow. The controls showed
higher bone-volume fraction, trabecular thickness, and tra-
becular number than the diabetic group. In both groups,
the self-drilling system was higher in bone-volume fraction,
trabecular thickness, and trabecular number than the self-
tapping system but there were no statistical differences. The
diabetic group showed higher trabecular separation than
the controls and the difference was significant. From these
findings, it can be assumed that placingmini-implants in area
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where there is more cortical bone will be more advantageous
in diabetic patients.

Bone to implant contact (BIC%) and bone density
(BV/TV%) were smaller in diabetic state than the controls.
This resulted from reduced direct bone contact due to
decreased total amount of bone in diabetic rabbits. When
using the self-drilling system, however, it showed more bone
contact between mini-implant and surrounding bone. This
concurs with the previous studies by Heidemann et al. [4, 7].

Maximum insertion torque was less in diabetic group.
It can be assumed that the mechanical property of cortical
bone was weakened due to diabetes, however, no statistical
difference was found. In this study, the results came from
four weeks after placement. If this period increases, the
effect of diabetes on bone will increase as well. The self-
drilling and self-tapping systems showed a similar result in
maximum insertion torque in both controls and diabetic
group.This result did not match with the expectation that the
self-drilling system, which has no predrilling procedure, will
have higher maximum insertion torque than the self-tapping
system. Total insertion energy is the energy absorbed by bone
from the beginning to the maximum torque value of mini-
implant insertion. It can be calculated by measuring torque
value continuously during insertion [27]. In both controls
and diabetic group, total insertion energy was higher in SD
system than STsystem (𝑃 < 0.001). This can be considered
that more energy was absorbed into surrounding bone when
using SD system.There was no significant difference between
diabetic and control groups inmaximum removal torque and
total removal energy, regardless of placement system. Small
sample size due to difficulties of maintaining diabetic state
and variability of measurements make it difficult to confirm
the statistical significance. Therefore, further studies with
more animals and longer duration of diabetic condition are
required. Moreover, further study needs to be conducted in
regard to potential effect of loading on these mini-implants,
since they will be loaded ultimately.

5. Conclusions

In this animal study, higher bone to implant contact ratio
and bone density were observed through the self-drilling
method than self-tapping method in controls and diabetic
rabbits. This result had no statistical significance, but it can
be assumed that bone was damaged or deformed due to
absorbed energy. In this study, diabetes was induced through
medication with animals; thus it might differ from the actual
responses in human body. However, it can be concluded that
the presence of diabetes and placement system do not affect
the initial stability of orthodontic mini-implants.
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The availability of 3D dental model scanning technology, combined with the ability to register CBCT data with digital models,
has enabled the fabrication of orthognathic surgical CAD/CAM designed splints, customized brackets, and indirect bonding
systems. In this study, custom lingual orthodontic appliances were virtually designed by merging 3Dmodel images with lateral and
posterior-anterior cephalograms. By exporting design information to 3D CAD software, we have produced a stereolithographic
prototype and converted it into a cobalt-chrome alloy appliance as a way of combining traditional prosthetic investment and cast
techniques. While the bonding procedure of the appliance could be reinforced, CAD technology simplified the fabrication process
by eliminating the soldering phase. This report describes CAD/CAM fabrication of the complex anteroposterior lingual bonded
retraction appliance for intrusive retraction of the maxillary anterior dentition. Furthermore, the CAD/CAM method eliminates
the extra step of determining the lever arm on the lateral cephalograms and subsequent design modifications on the study model.

1. Introduction

Advances in digital imaging systems, computer-aided design,
and computer-aided manufacturing (CAD/CAM) technol-
ogy are providing new possibilities in orthodontics. The
application of CAD/CAM for establishing a virtual setup
and fabricating transfer tray/jigs [1–3] has greatly improved
the indirect bonding process. CAD/CAM has also enabled
3D virtual diagnosis, treatment planning, wafer fabrication,
and customized bracket design [4–7]. Its use in orthognathic
surgery has shown multiple advantages including reducing
laboratory time for making surgical splints and improving
accuracy for repositioning of the maxilla and mandible.

Although the lingual orthodontic appliance provides dis-
tinctive esthetic advantages, its use has been limited due to
increased chair time and more difficult mechanical control.
Application of lingual orthodontic appliances is becoming
easierwith new technologies such as virtual positioning of the
brackets and indirect bonding systems which utilize virtual
setup models.

Accurate surface imaging is required to digitally manu-
facture orthodontic appliances. Even when CBCT scans are
used for the diagnosis or design of an appliance, separate
surface imaging of the dentition is required to compensate
for poor surface rendering in the CBCT. Surface images of the
dentition are typically obtained froma 3Doptical scanner and
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(a) (b)

Figure 1: The newly designed lingual retraction system; kinematics of lingual bar on nonparalleling technique (KILBON appliance). The
anterior segment is made of lingual pads-wire and lever arms for retraction of the anteriors. Posterior segment has a short tube where guide
wire of anterior segment slides through.

registered with a CBCT scan. However, taking a CBCT solely
for the fabrication of an orthodontic appliance is impractical
considering the expense and radiation dose. Recently, 3D
dental CAD/CAM solution software utilizing 2D lateral and
posteroanterior (PA) cephalograms and 3D virtual dental
models (3Txer version 2.5, Orapix, Seoul, Korea) has been
introduced. Choi et al. evaluated the accuracy of orthognathic
surgical wafers fabricated using the software and concluded
that the new method using the cephalograms and surface
scan can be regarded as an effective alternative for conven-
tional 3D surface scan and CBCT methods [7].

The lateral cephalogram is important in designing
orthodontic appliances for en-masse retraction of the maxil-
lary anterior dentition. The lever arm length of the appliance
is determined by the location of the center of resistance of
the maxillary anterior teeth on the lateral cephalogram. The
appliance design is then drawn on the studymodel. However,
there is room for error when transferring design information
from the lateral cephalogram to the actual study model.

On the contrary, the CAD/CAM method can precisely
transfer the design information from the lateral cephalogram
to the final design of the appliance. In order tominimize these
errors, this study utilizes merged three-dimensional (3D)
model images and cephalograms to virtually design custom
lingual appliances. In addition to improving the design
accuracy, CAD/CAM technology has simplified fabrication
by also eliminating soldering process. It provides a mesh
type base in the lingual pads to increase bonding strength
of the appliance. Additionally, rapid-prototyping technology
makes it possible to support undercuts on the lingual pad
base, which are not possible with conventional fabrication
methods. This study introduces a technique for CAD/CAM
fabrication of lingual orthodontic appliances and assesses the
final position of the cemented appliance with the planned
position on the lateral cephalogram.

2. Materials and Methods

This new custom lingual appliance is named kinematics
of lingual bar on nonparalleling technique (KILBON). The

torque on the maxillary anterior segment is determined by
the center of resistance (Cres) and the corresponding retrac-
tion force vector. In the sagittal plane, the retraction vector
is determined by the vertical position of a palatal temporary
skeletal anchorage device (TSAD) and the location of the
lever arm [8–10]. When anterior teeth are retracted with
palatal TSADs, the lever arm can be located closer to the
center of resistance of the maxillary anterior teeth when
compared to retraction with buccal TSADs.

The KILBON system consists of the following compo-
nents: palatal TSADs, anterior lingual pads connected by
archwire, and posterior segments (Figure 1). The anterior
segment is made of a 0.036-inch wire connected to lingual
pads splinting six anterior teeth into a single unit. Two lever
arms are attached to the anterior segment and connected to
the TSADswithNiTi closed-coil springs for direct retraction.
This provides translation of the anterior segment. Each
posterior segment is also splinted as one unit, and a short
tube is extended from the maxillary first molar. This tube
functions as a sliding yoke and vertical hook for intrusion
of posteriors. A 0.036-inch guide wire is connected to the
retraction hooks and extends distally through the tube. The
posterior extension wire gives vertical stabilization to the
anterior group of teeth, which prevents unwanted extrusion
or intrusion.

The KILBON appliance was designed with dental
CAD/CAM solution software (3Txer version 2.5, Orapix,
Seoul, Korea) and commercial 3DCAD software (Rhinoceros
3D v5.0, Mc Neel & Associates, USA). The 3D image of the
study model was produced using a laser scanner (KOD-
300 3D, Orapix, Seoul, Korea; accuracy, ±20𝜇m). The
model image was registered with the lateral and frontal
cephalograms using the 3Txer software, as described by Choi
and colleagues (Figure 2) [11].

On the lateral cephalogram, the center of resistance
(Cres) was marked using the measurement function within
the software. The placement location of the TSADs and lever
arm length were determined based on the desired orientation
of the retraction vector. The preliminary construction of the
appliance was designed using this information (Figure 3).
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(a) (b)

Figure 2: Three-dimensional (3D) model image was obtained by scanning the study model (a) and was registered with cephalograms in the
3Txer software (b).

(a) (b)

(c) (d)

Figure 3: Preliminary design in the 3Txer software. (a) Lever arm length was designed considering center of resistance (Cres) of the 6 anterior
teeth on the lateral cephalogram. (b) Registration of 3Dmodel and lateral cephalogram. (c) Appliance design on the frontal view. (d) Occlusal
view.

Design data was exported to commercial 3D CAD software.
The bases of the lingual pads were designed according to the
lingual anatomy of individual teeth.The exact anatomy of the
lingual teeth surfaces was captured using Boolean operator
functions within the software. The Boolean operation is a
method for obtaining the new shape from two or more

existing shapes. The subtraction Boolean operation subtracts
one object fromanother at the pointwhere the objects overlap
each other. The resulting object has a surface identical to
the lingual surface, and this object is modified to design
the lingual pads. To increase bonding strength, repetitive
indents were engraved on the pad base. Additional parts
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(c) (d)

Figure 4: Final design of the appliance in the 3D CAD software. (a) Occlusal view. (b) Retention feature was provided on the lingual pad
base. ((c) and (d)) Lingual arch wire was connected to the anterior lingual pads.

of the appliance were designed on the virtual model. The
lingual archwire connected to the anterior pads is illustrated
in Figure 4.

Before producing a stereolithographic prototype, any
defects or voids were examined with reverse engineering
software (Rapidform 2006, 3D systems, Seoul, Korea). A
prototype of the KILBON appliance was manufactured using
a rapid-prototyping machine (Projet MD3000 Plus, 3D sys-
tems, Circle Rock Hill, SC, USA). The actual appliance was
then manufactured from this stereolithographic prototype
using conventional dental casting. The lingual arch com-
ponent and right and left posterior tube segments were
invested using phosphate-bonded investment material and
casted with cobalt-chrome alloy. After final finishing and
polishing, a transfer jig was fabricated for indirect bonding
of the appliance.

Prior to trying in the appliance, the tooth surfaces
were first etched with 37% phosphoric acid gel (3M Dental
Products, St. Paul, MN, USA) for 30 seconds. In a thin film,
a primer (Transbond XT, 3M, Dental Products, St. Paul,
MN, USA) was applied to the etched tooth surface. Then an
adhesive paste (Transbond XT, 3MDental Products, St. Paul,
MN, USA) was applied, and the appliance was positioned
using the transfer jig (Figure 5).

To optimize the design with the least distortion during
the fabrication process and produce the closest to en-masse
anterior retraction, various lever arm designs were applied on
five patients. After placing the KILBON appliance, occlusal
photographs and lateral cephalograms were taken. Positional
accuracy and rigidity of each design were evaluated by
comparing the planned design on the 3D model to the new
occlusal photograph and through superimposing the new
lateral cephalogram on the initial cephalogram containing
the design information (Figure 6).

3. Results and Discussion

The rigidity and stability of the appliance during retraction
varied depending on the lever armdesign.When 0.8mmwire
was used for the lever arm (case 1, 17-year-old female), the
lever arm bent slightly during en-masse retraction (Figures
6(a) to 6(c)). In cases 2 and 3 (23-year-old females), the wire
diameter was increased to 0.9mm to withstand the retraction
force. In these cases, the final position of the appliance devi-
ated slightly from the planned position due to deformation of
the anterior lingual wire from postcasting polishing (Figures
6(d) to 6(i)). To overcome this in case 4, an auxiliary wire was
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Figure 5: Bonding procedure. (a) Occlusal view of the transfer jig. (b) Resin was applied on the bonding surface of the appliance. (c) The
appliance was bonded on the upper arch using a transfer jig. (d) A TSADwas placed and a closed-coil spring was inserted between the TSAD
and KILBON appliance.

added between the extension arm and lever arm to prevent
positional change of the lever arm and distortion during
casting (22-year-old female, Figures 6(j) to 6(l)). Stability
and positional accuracy were improved with this addition.
In case 5 (26-year-old female), multiple auxiliary wires were
applied to prevent distortion during casting and en-masse
retraction, resulting in the best outcome in terms of stability
and positional accuracy (Figures 6(m) to 6(o)). In this case,
the cemented KILBON appliance maintained the desired
position, as planned in the software.

CAD/CAMtechnology shows a range of promising possi-
bilities in the fabrication of orthodontic appliances.When 3D
model andCBCT scans or lateral cephalograms are combined
together, the lever arm vector can be virtually designed
in the software, and this design information can be saved
and exported to the other 3D CAD software. Furthermore,
after minor adjustments, this framework design can be used
for other patients after minor adjustments. The appliance
design can also be converted to fabricate customized brackets
following the retraction of the anterior segment. When used
with virtual articulation software, premature contacts on the
appliance can be eliminated and chair time adjustment is
reduced. The treatment result is easily evaluated by compar-
ing registered pre- and posttreatment lateral cephalograms.

Another advantage of the CAD design method is
improved bonding of the lingual bracket base. One of
the most important factors in the bonding of orthodontic
brackets is the type of bracket base [12]. The most commonly
used bracket bases are perforated bases, foil mesh bases,

photoetched bases, and integrated cast-type bases. The high-
est resolution of commercially available stereolithographic
printers is approximately 0.3mm [13], which is sufficient
for providing the retention feature on the base of a stere-
olithographic prototype. The base of a metal bonded attach-
ment must be manufactured so that a mechanical interlock
between the bondingmaterial and the attachment surface can
be achieved [14]. For steel brackets, the bonding material is
attached mechanically to the bracket base penetrating into
the undercuts provided usually by a fine mesh welded or
brazed onto the back of a metal bracket. In another study on
CAD/CAM fabricated lingual bracket [15], the smooth sur-
face of the bracket basewas sandblastedwith aluminumoxide
(Rocatec-Pre/Rocatec-Plus, 3M ESPE, USA) to enhance the
retention of the gold alloy bracket. In this study, sandblasting
was unnecessary because of the built-in retention features
designed in the bracket base. 3D scanning of the models with
a high-resolution scanner enabled individualization of the
brackets using a precise image of the lingual surface. This
is necessary since the lingual surfaces of teeth vary much
more widely than labial surfaces [16–18]. This method also
minimizes bracket thickness [19].

The vertical height of retraction hooks controls the
resulting movement of the anterior teeth, resulting in tip-
ping, bodily movement, or lingual root movement during
retraction. The double J retractor introduced two lever arm
hooks for space closure [20]. The anterior long lever arm
hooks were designed to pass the line of action of this
force through the center of resistance. Unlike traditional



6 International Journal of Dentistry

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 6: 3D KILBON appliance in the CAD software, occlusal photograph and lateral cephalograms. Positional accuracy and rigidity of
each design were evaluated by comparing the planned design on the 3D model with a new occlusal photograph and by superimposing a new
lateral cephalogram on the initial cephalogram containing design information in the 3Txer software.
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lingual brackets and archwire, the one-body structure of the
lingual pads and lingual wire eliminated any wire play in
the brackets and prevented loss of torque control during
retraction. Furthermore, the single-body design reduced the
high cost of lab fees for lingual brackets.

The KILBON appliance was fabricated by casting a
stereolithographic prototype.During casting, the fragile parts
of the appliance are subject to distortion and require rein-
forcement. In most cases, conventional dental casting utilizes
a wax pattern, and distortion of this casting can be attributed
to distortion of the wax pattern. The stereolithographic
prototype is much more rigid, and therefore distortion is
reduced in comparison to the traditional lost wax technique.
However, some distortion can be caused by hardening of
the investment around the prototype, whereby setting and
hygroscopic expansion could lead to uneven deformation of
the walls of the prototype.This depends on the thickness and
configuration of the prototype.The addition of auxiliary wire
and selection of the appropriate wire diameter result in less
distortion of the appliance.

In this study, the KILBON appliance was applied on
five patients. A greater sample size is required for a more
thorough evaluation. Further studies are required to optimize
the angulation of the lever arm and resulting retraction
vectors of the anterior and posterior segments.

4. Conclusions

CAD technology, equipped with merged image of 3D model
image and cephalograms or CBCT scans, enables improved
accuracy of orthodontic appliance design. Using computer-
assisted design andmanufacturing of the KILBON appliance,
the following results were obtained:

(1) the use of auxiliary wires reduced the distortion of the
appliance during casting;

(2) wire diameter should be larger than 0.9mm to with-
stand retraction force.
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