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Abstract Structural variations of the periodontal liga-
ment (PDL) induced by orthodontic forces have been
evaluated by optical coherence tomography (OCT) and
compared to images obtained by conventional radiography.
Here, two specially designed orthodontic appliances were
installed on the maxillary anterior teeth of white rats for
applying different magnitudes of orthodontic forces. Con-
stant distraction force magnitudes of 0, 5, 10, and 30 gf
were given to four respective rats over a period of 5 days.
At the end of the treatment period, the rats were sacrificed
and the maxillaries were extracted for X-ray and OCT
imaging. The PDL variations, proportional to the force
magnitude, were clearly indicated in the OCT measure-
ments. The OCT images further showed that the ligament
was torn for a constant orthodontic force of 30 gf. These
results support the clinical dental application of OCT for
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monitoring the ligament changes during orthodontic pro-
cedures. The real-time imaging capability of OCT, together
with its high resolution, has the potential to help dentists
with in vivo orthodontic treatments in human subjects as
well.
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1 Introduction

Orthodontic tooth movement is associated with biological
reactions within the periodontal ligament (PDL) and the
alveolar bone [13, 17, 19]. For this reason, there is a
strong requirement for the development of precise diag-
nostic tools to detect and characterize tooth movement
during orthodontic procedures by monitoring PDL
responses to treatment. During the treatment process, it is
important to select the most appropriate mechanical
properties of orthodontic devices to avoid any side effects,
discomfort, or PDL damage [23]. Improper appliances can
cause patients to suffer from periodontal diseases, and
inadequate biomechanical consideration has the potential
to cause various side effects during teeth adjustments,
which are controlled by a series of bone resorption and
apposition. To this end, several researchers [2, 18, 19]
have studied the optimal conditions for tooth movement
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with various animal tests, and concluded that it was very
difficult to perform an accurate analysis of the correlation
between tooth movement and the magnitude of the applied
orthodontic force.

Conventional radiography [26] is one of the most
popular diagnostic imaging tools in clinical dentistry. The
utility of radiography, however, is limited due to its rela-
tively low axial resolution, and by the fact that
radiography provides only an overlapped two-dimensional
image, making an interactive rapid therapeutic response
during orthodontic treatment considerably difficult.
Although 3D computed tomography (CT) has been
introduced to overcome these weaknesses, there is one
further intrinsic limitation in radiography, the danger of
irradiation. Thus, the development of an imaging modality
that can support functions such as high axial-resolution
and real-time monitoring during treatment is a potential
solution for preventing these negative effects, increasing
the efficiency of treatment, and reducing the treatment
time.

In terms of anatomy, PDL is a thin and fibrous ligament
mainly composed of collagen, which connects the tooth to
its bony socket [3]. Since it is the first area from which
sequential reactions start when an external force is applied,
the critical tolerable level of the force that can be applied
during orthodontic treatment should be identified by
monitoring its response to a range of applied forces.
However, there has been no appropriate tool made clini-
cally available to measure the orthodontic forces required
for maintaining the homeostasis of the teeth and their
surrounding tissues; unfortunately, there is no confirmable
clinical criteria for safety established yet, either.

Optical coherence tomography (OCT) is a medical
diagnostic imaging modality that can provide a noninva-
sive two-dimensional [11] or three-dimensional [15, 25]
image of biomedical tissues with a high resolution. OCT
has been studied in terms of its use in such medical
research fields as ophthalmology [20], dentistry [4, 8, 14,
24], gastroenterology [10], urology [21], and gynecology
[9], and endoscopic probes for OCT have been attempted in
various fields of applications [9, 22]. In addition, to
enhance the performance of optical biopsies based on OCT
images, a Fourier or spectral domain OCT has also been
studied [5, 7].

In this article, we present the results of our study on
PDL variation under orthodontic forces by using both
conventional X-ray and OCT imaging. Here, specially
designed appliances were employed to apply different
magnitudes of force on the maxillary anterior teeth of white
rats [10 weeks old, Sprague-Dawley (SD) rats, male].
Then, the OCT and X-ray radiographic images used for
comparison were obtained under distraction tooth
movement.
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2 Materials and methods
2.1 Orthodontic appliances

The orthodontic appliances were designed and constructed
using small pieces of orthodontic memory-form-wire and
resin. By using metal wires having different diameters, the
adjustment of the orthodontic force to the teeth could be
easily done when similar bending was applied. The springs
seen in Fig. 1 were partially covered with a light curable
hard resin (BISFIL™ CORE, Bisco, Inc., USA) to main-
tain the bend of the spring, which was designed to apply a
constant magnitude of force on a sample during the
experiment. Table 1 classifies the groups depending on the
force magnitudes and type of appliance; the constant
orthodontic force magnitudes were classified as four force-
based groups [control (0 gf), light (5 gf), medium (10 gf),
and heavy (30 gf)] to evaluate the PDL structure under
distraction tooth movement.

Specially designed brackets having a center hole
0.7 mm in diameter were used in this study, with a light
curable bonding resin (Light Bond®, Reliance Ortho Prod.
Inc., USA) being used to fix the appliances, as shown in
Fig. 1d. The springs transferring the orthodontic forces to
the brackets were made with Ni—Ti wires that had different
diameters to enable the control of different force magni-
tudes. These springs were installed into the holes of the
brackets on the maxillary anterior tooth and fixed with a
light curable resin (FiltekTM Flow, 3M ESPE), as shown in
Fig. 2. Figure | presents photographs showing the
designed appliances used in this experiment; the arrows
shown in Fig. la—c indicate the orthodontic force direc-
tions applied to the samples.

2.2 Preparation of the rats

We selected four white rats (10 weeks old, SD rats, male)
and treated them for 5 days under different magnitudes of
orthodontic force to evaluate the change of PDL. In terms
of experimental design, the white rats were classified
according to the force magnitude to be applied: 0 (no
force), 5, 10, and 30 gf, respectively. Each rat was treated
individually to protect against any potential distortion of
the designed appliances. Prior to fixing the appliances,
tribromo-ethanol (2,3,4-tribromo-ethanol, 300 mg/kg) 3 cc
was injected via IM for anesthesia after ether inhalation.
Acid etching was treated on the tooth surface with 37%
phosphoric acid, and irrigation was done with normal sal-
ine to prepare the tooth surface for resin bonding. Heads
were rotated slightly to the lateral side and gauzes were
prepared to separate the oral and nasal cavities during
irrigation to ensure there was no airway obstruction.
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Fig. 1 The photographs of the
designed appliances; the springs
for a 5 gf, b 10 gf, and ¢ 30 gf
force magnitudes, respectively.
Each one is partially covered
with a light curable hard resin.
The arrows indicate the force
direction. d The specially
designed bracket with a center
hole of 0.7 mm in diameter

Table 1 Classification depending on the force magnitude and type of

appliance

Group Force magnitude (gf) Type of appliance
Control 0 Plastic bracket® only
Light 5 0.014 Ni-Ti spring®
Medium 10 0.016 Ni-Ti spring
Heavy 30 0.018 Ni-Ti spring

# Plastic bracket; specially designed resin bracket for rats
° Ni-Ti spring; Jinsung Industrial Co. Ltd (Korea)

Fig. 2 The designed memory-
form-wire installed using the
bracket and resin on the
maxillary anterior teeth of a rat;
front view (left), side view
(right)

Figure 2 shows the designed spring installed into the
bracket on the maxillary anterior teeth of the white rat.
Here, the bonding positions on the lateral surface of the
teeth were selected because the labial and lingual surfaces
could be under the heavy irritation during mastication. The
maxillaries were extracted for OCT and radiographic
evaluations on the 5th day from the initial force
application.

For the extraction of maxilla, the white rats were pre-
pared for general anesthesia using the same method
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previously described, and the rats were subsequently
euthanized. Circumferential incisions were then made in
the upper vestibule area to separate the upper jaw from the
skin. Next, a surgical microsaw connected to a low speed
engine was used to separate the upper jaw from the skull at
the area from the nasal cavity to the palatal bone, and the
separated maxillaries were fixed in a formalin solution
(neutral buffered 10%). It should be noted that all of these
processes were done under the evaluation of and permis-
sion from the Institutional Animal Care and Use
Committee, Ulsan University (Ulsan, Korea).

2.3 Experimental set-up

To evaluate the structural variation of PDL induced by the
orthodontic forces, we performed noninvasive imaging in
two ways; X-ray imaging was used as a conventional
method, and OCT imaging was used as a high-resolution
optical imaging approach. Since OCT can provide a cross-
sectional high-resolution image without requiring the sec-
tioning of samples, it was possible to carry out a
sophisticated optical biopsy.

The schematic diagram of the OCT system employed in
this experiment is shown in Fig. 3. The system utilizes a
broadband light source with an output power of 4 mW, a
center wavelength of 4. = 1310 nm, and a bandwidth of
A = 38 nm. The optical power from the low coherent
light source is split at the 3 dB fiber coupler and directed
toward the sample and the reference arms of the fiber-based
Michelson interferometer. The lights back-reflected from
the reference mirror and back-scattered from the sample
are then recombined at the same coupler and subsequently
delivered to the detector.

An interferometric signal is detected only when the
optical path length difference between both arms is less
than the coherence length of the light source. A simple
voice coil-driven positioning scanner and a precision

Aiming
Beam

| biE

Sample

50:50
coupler

OCT L_| gp |'
Image

Detector

ODL

Fig. 3 Schematic diagram of the implemented fiber-based OCT
system; ODL optical delay line, EP electrical processing
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motorized stage are employed for varying the reference
path length and for transverse scanning on the sample,
respectively. A cross-sectional image is then obtained by
transversely scanning the beam across the sample and
detecting the power of the reflected light in terms of its
depth along the sample at each transverse position. The
interferometric signal from the detector is first processed
with a bandpass filter to obtain a modulated signal with a
minimum of noise. To extract the axial information of the
sample, the signal is electronically demodulated thereby
allowing only the envelope signal to be extracted. Then, the
electrical signal is digitized by an acquisition board and
constructed into a tomographic image with a personal
computer.

To enhance the signal contrast, balancing the optical
powers of the back-reflected signals from both arms is
necessary. To adjust the reflected optical power from the
reference arm, a neutral density filter or intentional mis-
alignment in the reference arm is used. In this experiment,
the axial and the lateral resolutions were measured to be 14
and 10 pm, respectively. The resolutions were sufficient
for detecting the minute change of PDL spaces, an average
thickness of 0.15-0.38 mm in the case of humans [1].

3 Results

The effect of orthodontic force on the ligament structure
was evaluated by imaging the PDL region. Then, changes
in the PDL were compared based on the images acquired
using two imaging methods; intraoral digital X-ray radio-
graphy (Digital X-ray intra-oral sensor system, VATECH,
Korea) and OCT. Figure 4 shows an optical photograph, a
radiographic image, and an OCT image of the maxillary
anterior tooth of the white rat in the control, to which no
orthodontic force was applied. The arrow shown in Fig. 4a
indicates the OCT scanning direction. As can be seen in
Fig. 4b, c, the PDL of the white rat was too narrow to be
clearly identified, and as such only the boundary between
the epithelium and the tooth could be distinctly shown.
Variations in the PDL structures were, however,
observed with OCT imaging when orthodontic forces were
applied. Figure 5d—f shows the OCT images taken with
different orthodontic forces. To fully appreciate the
increased detail available in the images obtained with the
OCT technique, the images taken with conventional radi-
ography are shown in Fig. Sa—c; the arrows in the upper
X-ray images indicate the direction of the sample scanning
for subsequent OCT imaging. As can be seen in the figure,
the X-ray images could show only the spaces between the
teeth and the alveolar bone. However, the OCT images
show the change of PDL structures much more clearly
(Fig. 5b). It should be noted that the PDL structure was
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7
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Fig. 4 Maxillary anterior tooth of a white rat in the control group, to which no orthodontic force was applied: a optical photograph;
b radiographic image; ¢ OCT image

Fig. 5 Radiographic (top) and
OCT images (bottom) of the
maxillary anterior teeth of white
rats under several orthodontic
forces: a and d 5 gf; b and e
10 gf; ¢ and f 30 gf forces,
respectively. The two-
dimensional OCT image in the
bottom was taken along the
arrow direction in each of the
top (radiographic) figures
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Fig. 6 The one-dimensional OCT images taken near the enlarged PDL structure; a light (5 gf), b medium (10 gf), and ¢ heavy (30 gf) force
magnitudes, respectively. The one-dimensional OCT image was taken along the dotted line in Fig. 5d—f

torn out when 30 gf force was applied, and that the mea-
suring area of the image was 1.5 mm X 2 mm
(transverse x axial).

Figure 6 shows the one-dimensional (thus, line) profiles
of the PDL structure obtained from the acquired two-
dimensional OCT raw data. The sectioned lines are indi-
cated by the dotted lines in the images Fig. 5d—f, with a
sectional profile length of 1.5 mm in each image. Each
profile shows the change of the PDL structure with the
applied force magnitude of 5, 10, and 30 gf, where it can be
seen that the PDL was proportionally stretched with the
orthodontic force, and variations of the space were mea-
sured to be 225, 345, and 535 pm, respectively. Our results
indicate that in the case of the light force magnitude (5 gf),
the amplitude of the signal back-reflected from PDL was
relatively higher compared to the medium magnitude
(10 gf), and that there was no signal from PDL for the
heavy magnitude (30 gf).

4 Discussion and conclusions

Although continuous efforts have been made to apply OCT
in the area of dentistry, the active or real-time monitoring
of the PDL under various orthodontic forces, including
functional or parafunctional forces, has been rarely repor-
ted to date. However, the use of OCT is potentially
clinically valuable as a means of evaluating the active
states of oral tissues during orthodontic treatment, espe-
cially with respect to the increased safety and convenience
of patients. If a treatment procedure can be completed
while continuously monitoring PDL response, a dentist will
be able to more effectively choose optimum orthodontic
forces, which can be different for different patients, thereby
minimizing any discomfort faced by the patient and
avoiding accidental PDL damage.

We aimed to evaluate the feasibility of using OCT in the
field of active diagnosis for dentistry, as PDL is very
sensitive to outer irritation and easily changed by the
application of an external pressure. To verify this variance,
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the teeth of a white rat were selected as the target samples
in this study. The periodontal tissues of a white rat are quite
active due to the fact that their tooth eruption cycle is only
8-10 days; the PDL space is basically the area between the
rounded margins of a tooth root and its alveolar socket. In
addition, the hard and the soft tissues of a rat are very thin,
making them adequate for OCT examination. For these
reasons, we selected the white (SD) rat as the best sample
for an animal-based experiment.

In this experiment, we observed that the OCT signal
amplitude of the PDL for the case involving a small
orthodontic force was higher than for the case involving a
larger force. This observation might be understood by
considering the fact that PDL is composed of a sparse
structure, mainly collagen. Therefore, relatively less light
power could be back-scattered when the PDL was stretched
more; in general, a sparse medium has less scattering than a
dense one. The OCT image taken under the medium force
magnitude (10 gf) showed a better image quality than
under the light force (5 gf) magnitude. With the medium
force, the PDL was suitably stretched and we could observe
some vertical structures inside the PDL. In addition,
through the use of OCT we also could observe the most-
upper surface margin of the ligament.

In the OCT image of the control group, Fig. 4c, onto
which no orthodontic force was applied, we observed only
the boundary between the epithelium and the tooth. The
PDL structure could not be observed. We believe that the
imaging depth of the implemented OCT system was not
sufficient for reaching the depth of the PDL, and as such
we might have failed to image some sections of the
samples, though unfortunate. Here, each group consisted
of a different white rat. Thus, preparing the same repre-
sentative sample from different rats was difficult, as was
targeting the same sections for measurement. Based on
these limitations, a more careful experiment might pro-
vide further detail of the PDL structure under no
orthodontic force. It is thought that polarization-sensitivity
OCT (PS-OCT) [6, 12, 16] could be helpful for sub-
sequent PDL evaluation, because collagen is the main
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component of PDL and well known as having a strong
birefringence.

During the experiment, it was found that conventional
X-ray radiography could not discriminate any variation of
the PDL under orthodontic forces. It only showed the
existence of the PDL space, from which detecting minute
changes of the PDL was almost impossible.

To carry out a more sophisticated examination, we
should evaluate the various effects of surface texture, the
distance between different tissues, the composition of tis-
sues, and the effect of moisture in the target sample. In
addition, an OCT system having a better axial resolution
and an improved signal-to-noise ratio could enable a more
precise evaluation of a thinner PDL. It is noteworthy that
the amount of PDL change around a rat tooth is smaller
than the one in a human subject.

To be able to use OCT for clinical dentistry, of course,
there are many tasks that remain to be overcome. However,
from these experimental results, we believe that OCT can
be used for in vivo evaluations of the PDL in human
subjects, and has a great potential for use in the active
diagnoses of many diseases that are related to changes of
the PDL as a result of functional or parafunctional outer
forces such as bruxism, temporomandibular joint disorder,
root resorption, periodontal bone destruction, etc.

In this study, we have successfully observed variations
of the PDL in the maxillary anterior teeth of white (SD)
rats under different orthodontic force magnitudes by using
a time-domain fiber-based OCT system. We believe that
subsequent research will allow this potential to be realized
in human subjects.
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