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Abstract: Objectives: The study was done to evaluate the efficacy of optical coherence tomography (OCT), to detect
and analyze the microdamage occurring around the microimplant immediately following its placement, and to compare
the findings with micro-computed tomography (uCT) images of the samples to validate the result of the present study.
Methods: Microimplants were inserted into bovine bone samples. Images of the samples were obtained using OCT
and pCT. Visual comparisons of the images were made to evaluate whether anatomical details and microdamage
induced by microimplant insertion were accurately revealed by OCT. Results: The surface of the cortical bone with its
anatomical variations is visualized on the OCT images. Microdamage occurring on the surface of the cortical bone
around the microimplant can be appreciated in OCT images. The resulting OCT images were compared with the uyCT
images. A high correlation regarding the visualization of individual microcracks was observed. The depth penetration
of OCT is limited when compared to uCT. Conclusions: OCT in the present study was able to generate high-resolution
images of the microdamage occurring around the microimplant. Image quality at the surface of the cortical bone is
above par when compared with uCT imaging, because of the inherent high contrast and high-resolution quality of OCT
systems. Improvements in the imaging depth and development of intraoral sensors are vital for developing a real-time
imaging system and integrating the system into orthodontic practice.
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success of orthodontic treatment (Park et al., 2006). In
recent times, microimplants have gained immense
popularity and have developed into a reliable source
of absolute osseous anchorage. Primary stability is
one of the most important factors to be considered for
the success of microimplants and can be measured by
evaluating its insertion torque, removal torque, and
pull-out strength (Wilmes et al., 2006). Bone quality,
the design and size of the microimplants, and the
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preparation of the implantation site all have great
impact on the primary stability of the microimplants.
Initially, the stability of the microimplants depends
solely on the mechanical interlocking of the threads of
the implants with the surrounding bone (Melsen and
Costa, 2000). This interlocking mechanism, however,
causes extensive damage to surrounding bone and
presents in the form of diffuse damage and distinct
linear microcracks on the bone around the mi-
croimplants (Lee and Baek, 2010; Shank et al., 2012).
A high amount of microdamage can lead to a reduc-
tion of bone-implant contact after remodeling and this
may lead to dislodgement of microimplants (Lee and
Baek, 2010). It is imperative to decrease the for-
mation of these microcracks in order to improve the
primary stability of microimplants. Past studies on the
issue of microcracks are based on clinical observa-
tions backed by micro-computed tomography (WCT),
histomorphometric analysis (Wawrzinek et al., 2008),
and finite element analysis (FEA) studies (Motoyoshi
et al., 2009). The main drawback of the studies is that
they were invasive on the bone or were biomechanical
analysis models simulating the stress patterns on the
bone. Therefore, we chose to utilize a non-invasive
and non-destructive imaging system with high reso-
lution and high contrast, such as the optical coherence
system, to visualize and analyze the microcrack for-
mation on the bone around the microimplants.
Optical coherence tomography (OCT) is an im-
aging system which provides volumetric and cross-
sectional images to disclose the internal structure of
biological tissues non-invasively and non-destructively
(Bakhsh et al., 2013). OCT is based on the more than
100-year-old principle of Michelson interferometry.
The technique was first introduced by Fercher et al.
(1988) and Huang et al. (1991), for investigation of
the human eye. Application of OCT as a non-invasive
imaging tool has been used in ophthalmology
(Carrasco-Zevallos et al., 2016; Zhang et al., 2016;
Shirazi et al., 2017), agronomy (Ravichandran et al.,
2016a, 2016b; Wijesinghe et al., 2017), entomology
(Choi et al., 2017; Ravichandran et al., 2017), and
industrial inspection (Shirazi et al., 2016) and has
been studied for more than two decades. In the field of
orthodontics, it has proven to be of value for visuali-
zation of changes in the enamel surface after routine
orthodontic de-bonding and various demineralization
procedures (Koprowski et al., 2014; Pithon et al.,

2015; Wijesinghe et al., 2016; Seeliger et al., 2017).
The ability of the system to provide a 3-dimensional
(3D) image and also 2-dimensional (2D) images with
high sub-micron resolution is of note. The possibility
of real-time imaging makes it an exciting new system
in the field of orthodontic research.

As far as we know, no previous studies have
utilized OCT to assess the microdamage associated
with placement of orthodontic microimplants. This
preliminary study is the first of its kind to evaluate the
occurrences and prevalence of microdamage around
the microimplant immediately after its placement
onto the cortical bone. Thus, the aim of the study was
to: (1) to present OCT images showing the micro-
damage occurrences around the microimplant, and
(2) to compare OCT images with uCT images, in
order to evaluate the efficacy of OCT for examining
cortical bone microdamage.

2 Materials and methods
2.1 Experimental setup

Fresh bovine rib segments were harvested and
were cut into workable smaller pieces to serve as
placement sites of microimplants. The periosteum
was removed and the segments were stored in saline
until use. A previous study has shown that 2 mm of
cortical bone is necessary for placement of microimplants
(Fernandes et al., 2015). Bovine ribs present with the
same architectural pattern as that of the human man-
dibular bone (Bredbenner and Haug, 2000). They
have shown that the bovine rib is similar to the human
mandible, with a clear definition of cortical and can-
cellous bone and can be used as a material of choice in
studies focusing on maxillofacial implantation. A
total of 20 conical-shaped titanium self-drilling mi-
croimplants of the AbsoAnchor System (Dentos,
Daegu, Korea) with identical design were selected for
this study. Each of the microimplants was 9 mm in
length and had a diameter of 1.5 mm. The self-drilling
microimplants were inserted at an angle of 90° and
45° onto the bone segments using the tools provided
by the company, as shown in Fig. 1. The microimplants
were inserted by a trained operator. A battery-operated
hand-piece for implant insertion was not used, so as to
replicate the stresses exerted on the bone surface
by operator insertion of the microimplant. During the
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(a)

(b)

Fig. 1 Representative images of microimplant insertion onto the cortical bone surface
Microimplant was inserted at an angle of 90° (a) and 45° (b) to the cortical bone surface

microimplant mounting process, we used an angle
measurer as a guide during placement of microimplant
onto the bone surface. Furthermore, we measured the
post-insertion torque of all our microimplants and
found it to be within the acceptable range of insertion
torque (7-10 N-cm) for bovine bone with a thickness
of 2 mm. Hence, we can deduce that no additional
stresses were incorporated during microimplant
placement.

Following microimplant insertion, the bone seg-
ment along with the microimplant was mounted on an
acrylic segment to stabilize it from untoward move-
ment during scanning.

2.2 Optical coherence tomography
2.2.1 OCT specification

In this study, a commercial spectral OCT system
(OCS1310V1; Thorlabs, Newton, NJ, USA) produc-
ing cross-sectional (2D) and volumetric (3D) optical
imaging (Fig. 2) was used. It is connected to a pre-
configured personal computer and the images are
obtained with a scanner probe. The commercial sys-
tem had a center wavelength of 1300 nm with a
spectral bandwidth of >97 nm, and the axial resolu-
tion of the system can be attained at <16 pm and a
transverse resolution of 25 pm. The scan range used
for this experiment for every 2D image was 4 mm.

The 3D volumetric image acquisition was 4 mmx4 mm.

The OCT system produces 3D images by combining
several 2D scans of the area of interest, allowing
analysis of the surface structure of the sample and
in-depth analysis of the scanned structures. OCT
images were taken to evaluate the cortical bone
structure before and after insertion of microimplant
(2D and 3D).
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Fig. 2 SS-OCT system schematic diagram
Schematic representation of the 1300 nm swept-source
optical coherence tomography (SS-OCT) system used for
the experiment

2.2.2 A-scan analysis algorithm

After completion of the initial scanning process,
the images were processed by volume rendering
software and a 3D model of the sample was obtained.
The scan range was 4 mmx4 mm with an obtained
depth information of 2 mm. To analyze the OCT
images, a MATLAB program (MATLAB 2014a, the
MathWorks, Natick, MA, USA) was developed and
adopted for OCT image intensity analysis (A-scan
analysis). A median filter of 2x2 was applied to the
selected OCT image to reduce the noise within the
image. The algorithm programmed into the MATLAB
software sequentially analyzed the 2D OCT images,
and plotted intensity peaks. The procured intensity
profiles are normalized and plotted for clarity. Inten-
sity analysis is done for OCT images in the horizontal
and vertical directions of the image. Based on the
final plot provided by the A-scan, we can correlate the
intensity variations to the various structures seen on
the images, thereby enabling us to analyze the cracks,
bone debris, implant surface, and other structural
properties of the samples.
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2.3 Micro-computed tomography imaging

The 3D microstructure of the bone sample was
assessed by pCT (Skyscan 1076, Skyscan, Kontich,
Belgium) using a 15-pum low-contrast resolution, which
was powered by a sealed X-ray source of 20—100 kV
with a spot size of less than 5 mm (4 W). The camera
pixel size of uCT was 12.25 pm and source voltage
was 100 kV. Exposure was for 680 ms and the rota-
tion step was 0.600°. The scanning motion was step
and shoot. The single scan duration was 24.26 min
and radiation safety was less than 1 pSv/h at any point
on the instrument surface during the scan. Total size
of the scanning volume was 17 mm (length) per single
scan length. Image processing was performed using
volume rendering software on a personal computer.
The acquired images were visually aligned with the
OCT images to obtain a qualitative comparison.

3 Results
3.1 Imaging of the bone specimens using OCT

For the evaluation of the samples, the OCT im-
ages were obtained before microimplant insertion and
after placement of the implant on the surface of the
prepared bone sample. Images were obtained in both
2D (longitudinal section) and 3D imaging modes. To
maintain uniformity in the scanning procedure, all the
samples were scanned covering an area of 4 mmx=4 mm,
with the implant in the center of the image. Volume
rendering software is used to create an en face image
and for further structural analysis. Fig. 3 shows the
representative images of the control area in the cor-
tical bone, before the insertion of the microimplants.
The 2D, en face, 3D, and 3D image with orthogonal
section plane of a representative cortical bone sample
are shown in Figs. 3a—3d. At the initial evaluation of
the cortical bone surface structure, examination by
OCT before insertion of the microimplant showed the
typical anatomy of the bone surface. Most of the
images showed only the cortical bone in the 2D and 3D
models (Fig. 3). Imperfections on the surface of the
bone are clearly visible and this can serve as a control
while evaluating microcracks.

Fig. 4 shows the representative OCT images of
the microimplant implant inserted at an angle of 45°
onto the cortical bone surface. Fig. 4a is a repre-
sentative photograph of the implant mounted on the

Fig. 3 2D and 3D images of the control area imaged
using SS-OCT system

(a) 2D OCT image of the bone sample, with the arbitrary
location of implant placement. (b) En face image obtained
at 100 pm from the bone surface. (c) 3D OCT image of the
control surface, which was an orthogonally sectioned view
of internal structural variations. (d) 3D image along with
orthogonal section planes with en face. Angulations of 90°
and 45°, shown in (a), give a representative arbitrary
placement of microimplants

bovine bone at an angle of 45°. Fig. 4b is the 3D
rendered volumetric image obtained to visualize and
analyze the occurrence of microcracks around the
microimplant at different depths. Figs. 4c and 4d
show the cross-section 2D images and the microcrack
is observed as it progresses through a single plane.
Figs. 4¢ and 4f are en face images extracted from the
3D volume at 100 and 50 um depth, respectively. The
microcracks presenting parallel to the cortical bone
surface can be observed in these images. The areas in
light blue represent an intensity drop in the OCT
image and at a higher intensity, the color map changes
to yellow and subsequently to red. These indicate the
visualized structural changes in images. As the im-
plant is a titanium alloy, it has high reflectivity. Be-
cause of the high reflectivity of the microimplant,
the OCT system cannot provide adequate penetrated
depth information in relation to the microimplants.
Thus, the implant is shown as to be of a dark blue hue.
Following oblique insertion of the microimplant, the
area on the surface of the cortical bone, corresponding
to the area distal to the implant, cannot be adequately
visualized, as the laser source used in OCT to scan
cannot penetrate through the microimplants, and thus
is being portrayed to be of a dark blue hue.

Fig. 5 illustrates the scanned swept-source op-
tical coherence tomography (SS-OCT) images of a
microimplant inserted at an angle of 90° on the cortical
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Fig. 4 Representative 2D and 3D SS-OCT images of an
implant inserted at 45° to the cortical bone surface

(a) An added representative camera photograph of the im-
plant mounted in a bone. (b) A 3D image with sectional
planes in all three directions. (¢, d) 2D OCT images show
the cross-section of the sample along with the orthodontic
implant. (e, f) En face images at 100 and 50 pm depth, re-
spectively. Red arrows shown in the images indicate the
location of microcracks around the microimplant. The red
dotted arrows indicate the direction of implant insertion on
to the bone

bone surface. Fig. 5a shows the photograph of the
implant mounted at 90° to the sample surface. Like-
wise, Fig. 5b is a 3D volumetric OCT image with
sectional planes in all directions, followed by Figs. 5¢
and 5d, which are 2D cross-sectional OCT images.
Figs. Se and 5f are the en face images extracted from
the volumetric image at a depth of 50 and 100 um
respectively. All the solid red arrows in the images
Figs. 5b—5f are used to present the location of the
substantial microcracks.

Figs. 4 and 5 represent the cortical bone structure
after insertion of the microimplant. The area of mi-
crodamage occurring to the bone, caused by mi-
croimplant insertion, is distinctly visible on the OCT
images. In the OCT image presentation, microdamage
to the bone is seen as areas of different intensities and
elevations on different planes as compared to the
surrounding normal bone surface. These affected
areas are seen around the implant surface and propagate
to a depth of up to 1 mm as shown in Figs. 4b, 4e, 4f,

(a)

Bone <
debris

S——

Fig. 5 Representative 2D and 3D SS-OCT images of an
implant inserted at 90° to the cortical bone surface

(a) An added representative camera photograph of the im-
plant mounted in a bone. (b) A 3D image with sectional
planes in all three directions. (¢, d) 2D OCT images show
the cross-section of the sample along with the orthodontic
microimplant. (e, f) En face images at 50 and 100 um
depth, respectively. Red arrows shown in the images indi-
cate the location of microcracks around the microimplant.
The red dotted arrows indicate the direction of implant in-
sertion onto the bone

5b, 5e, and 5f. The presence of microcracks, occur-
ring as a severe form of microdamage, is evident on
the scanned images as represented in Figs. 4 and 5.
Numerous microcracks emanating around the implant
are seen on the images. In the 2D images, visualiza-
tion of the number of microcracks propagated up to a
distance of up to 1 mm from the implant is seen in
Figs. 4e, 4f, Se, and 5f. In the 3D images, presentation
of the microcracks around the insertion zone of the
microimplants on the surface of the cortical bone is
seen in Figs. 4b, 4e, 41, 5b, Se, and 5f.

In Fig. 6, the en face images used for A-scan
analysis were taken at a depth of 83 pm from the bone
surface. As A-scan plots are intensity-dependent plots,
and the microcracks are a discontinuity in the bone
structures, they will be seen as a sudden drop in intensi-
ties in the A-scan plot. It is seen from the A-scan plots
that the microcracks (sudden intensity drops) around
the 45° angulated microimplants are higher in number
than those around the 90° angulated microimplants.
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Fig. 6 A-scan plot analysis and microcrack and microdamage identifications for en face OCT images of 90" and 45°
angulated insertions of microimplants on the cortical bone surface

(a) and (b) are the en face OCT images of the 45° and 90° angulated microimplant OCT images, respectively. (c) and (d) are
the horizontal A-scan plots obtained from (a) and (b), respectively. Similarly, (e) and (f) are the vertical A-scan plots ob-
tained from (a) and (b), respectively. Their corresponding crack is identified in their A-scan plots. The direction of obtained
A-scan is represented by black and red arrows in the en face images. Also, the precise location at which the A-scan in the
OCT images was obtained is represented with black and red dotted lines for their respective horizontal and vertical direc-
tions, respectively. A clear representative crack in the en face images of 45° and 90° angulated microimplant OCT images is
shown as red box. The inset images at the top right region in (a) and (b) are the magnified areas, which are represented by a
red box region in their respective en face images. Clear and distinct microcracks around the bone-implant interface are rep-
resented in the inset indicated by a white arrow. In the A-scan plots (e, f), the red box regions correspond to the indicated mi-

crocracks in the respective inset images

3.2 uCT representation of the bone specimens

Fig. 7 is the uCT image of the cortical bone
structure after insertion of the microimplant. Figs. 7a,
7c, and 7e are 3D, 2D, and en face images of the
microimplant inserted at an angle of 45° on the cor-
tical bone surface, respectively and Figs. 7b, 7d, and
7fare 3D, 2D, and en face images of the microimplant
inserted at an angle of 90°, respectively. Microimplant
and the surrounding bone architectures could be

effectively visualized in 3D reconstruction and en face
images with the use of pCT. In the cross-sectional
view, the sense cortical bone and trabecular bone
patterns can be appreciated owing to the excellent
depth penetration and good resolution of wCT. The
bone surrounding the microimplant and the clear
discontinuities in the cortical bone structure can be
well appreciated emanating around the entire length
of the microimplant owing to the high opacity of
microimplants on the images. Such details are not
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Fig. 7 Representative 2D and 3D pCT images of a mi-
croimplant inserted to the cortical bone surface at 45°
(a, ¢, e) and 90° (b, d, f) angulations

(a, b) 3D images showing cortical and trabecular bone.
(c, d) 2D pCT images showing the cross-section of the
sample along with the microimplant. (e, f) En face images
at 100 pm depth. Red arrows indicate the location of mi-
crocracks around the microimplant

visible on the OCT images because of its poor pene-
tration through the tissues. In addition to the mi-
crocracks, visualization of the micro-elevations and
the accumulation of bone debris can be well observed
on the pCT images.

3.3 Comparison between OCT and pCT

Fig. 8 represents the images for the two imaging
modalities. Figs. 8a and 8¢ show 2D and en face im-
ages of the sample imaged with OCT, respectively and
Figs. 8b and 8d show 2D and en face images of the
sample imaged with uCT, respectively. In our study we
found that, whilst the pCT system is adequate to image
deeper lying structures, the OCT system offers more
contrast and therefore more image detail of hard tissue
at comparable nominal resolutions. As the arrows in-
dicate, a clear discontinuity is seen in the cortical bone
surface around the microimplant, representing a mi-
crocrack. Numerous microcracks are seen emanating
around the microimplant when imaged in both modal-
ities. In Figs. 8e and 8f, accumulation of bone debris (1)
and micro-elevations (2) of the cortical bone surface
due to implant placement can be appreciated.

Fig. 8 Comparisons of images obtained from OCT and
pCT

2D (a) and en face (c) images of the bone sample scanned
with OCT. 2D (b) and en face (d) images of the bone sam-
ple scanned with uCT. Presentation of bone debris (1) and
micro-elevations (2) seen around the microimplant on the
OCT (e) and pCT (f) images. Red arrows indicate the oc-
currences of microcracks around the microimplant. Inset
images are magnified areas representative of red box re-
gions in (a—d)

4 Discussion

The purpose of this qualitative study was to
demonstrate the use of OCT for characterization of
cortical bone surface microcrack presentation fol-
lowing placement of an orthodontic microimplant and
then compare the resultant images with pCT.

The findings from the study indicate that OCT
can be used as a non-invasive method for imaging
the microdamage occurring around the microimplant
following immediate placement.

At the initial evaluation of the cortical bone
surface structure, OCT before insertion of the mi-
croimplant showed the typical anatomy of the bone
surface. Most of the images showed only the cortical
bone in the 2D and 3D models (Fig. 3). Imperfections
on the surface of the bone are clearly visible and this
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can serve as a control while evaluating microcracks.
Depth penetration of OCT is insufficient in relation to
bony tissues. With the use of OCT, in our study, we
obtained a depth penetration of up to 250 pm. Based
on previous FEA studies, we can derive a conclusion
that stress accumulation during immediate placement
of the microimplant is at a maximum at the surface of
the cortical bone. With this in mind, even though the
penetration of the OCT system is not sufficient to
image the microimplant in its entirety, it provides
excellent images of high resolution of the surface of
the cortical bone.

Primary stability of the microimplants depends
on a number of factors. Quality of the bone is an
important factor determining the primary stability.
Microimplants placed in the mandible have higher
failure rates owing to the increased density of the
cortical bone as compared to in the maxilla. Other
factors like insertion torque and microimplant design
also play an important role in primary stability. In-
sertion of the microimplant into the bone surface
leads to occurrence of microdamage on the bone.
These areas of microdamage can have a marked effect
on the primary and secondary stability of the mi-
croimplant. Use of a microimplant on a dense cortical
bone, or insertion with a high torque and incorrect
angulations may lead to formations of large mi-
crocracks. These microcracks act as areas of demin-
eralization or voids and hamper the primary stability
of the microimplant. Furthermore, as the bone around
the microimplant heals, these areas represent bone of
much lesser density than the surrounding bone and
can affect the areas of stress patterns occurring around
the microimplant, leading to loosening of the mi-
croimplant, especially when axial or torsional forces
are applied.

The area of microdamage occurring to the bone
caused by mini-screw implant insertion is distinctly
visible on the OCT images. In the OCT image, mi-
crodamage to the bone is seen as areas of different
intensity and elevations on different planes as com-
pared to the surrounding normal bone surface. These
affected areas are seen around the implant surface and
propagate to an area of up to 1 mm as shown in
Figs. 4b, 4e, 4f, 5b, Se, and 5f. Areas of bone-damage
can develop into areas of demineralization and rep-
resent an area of weaker and more damaged bone than
the surrounding bone structure and can impact the

primary stability of the microimplants (Yadav et al.,
2012). The area of diffuse microdamage on the bone
is more severe when the implant is inserted at an
angle of 45° than when inserted at an angle of 90°
since with oblique insertion of microimplants there is
an increase in contact area between the screw and the
cortical bone (Woodall et al., 2011). OCT presents a
unique advantage for visualization and analysis of the
presented microdamage of the bone structure. Since
the images generated can be modeled into a 3D model,
visualization of the diffuse microdamage can be pre-
sented in all three plans and can be analyzed in its
entirety quantitatively.

Fig. 6 represents an A-scan analysis of the OCT
images. An A-scan analysis was performed, using
MATLARB coding, to confirm and evaluate the presence
of microcracks around the bone-implant interface.
The sudden drop in the intensity corresponds to the
discontinuity in the bone structure around the implant,
validating the visualization of microcracks present in
the 3D model. This feature of OCT sets it apart from
other commonly used imaging modalities, as quanti-
tative analysis pertaining to the nature of the mi-
crocrack can be obtained. It was beyond the scope of
the present study to quantitatively evaluate the mi-
crocracks. Further volumetric studies need to be done
to analyze the microcracks in their entirety.

nCT, of late, is considered the gold standard for
assessing bone morphology and microstructures (Hsu
et al., 2014). Dental CT has been used widely in
clinical practice and for research purposes. The main
advantages it possesses are that it is inexpensive when
compared to uCT and that it involves low radiation
doses. However, it is dependent on scanning position
and the image quality can be affected (Katsumata
et al., 2007; Nackaerts et al., 2011). On the other hand,
image quality associated with pCT is of a high reso-
lution and in excellent detail. However, the radiation
exposure associated with uCT is very high. The ion-
izing effects of the radiation can have an effect on
samples. Secondly, the uCT imaging technique relies
on contrast, brightness, and signal to noise ration.
These parameters are sensitive and can lead to alter-
ations in the image quality. Some imaging artifacts
are peculiar to CT, such as ring artifacts and beam
hardening, and can affect the overall quality of the
image. As in our study, the image quality of OCT was
on a par with that of uCT. Depth penetration of uCT
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through the tissues was far superior to OCT. Images
produced by both imaging modalities can be con-
structed into a 3D model and can be analyzed as such.
Park et al. (2017) compared the diagnostic accuracies
of OCT, uCT, and histology in periodontal disease. In
their study, the researchers compared the OCT images
obtained from periodontal disease and compared
them to pCT images and histological sections. The
study suggested that when compared with OCT, uCT
presents images with less visual acuity. Moreover,
uUCT involves a high radiation dosage compared to
the non-invasive, nondestructive imaging modality of
OCT.

4.1 Comparisons of OCT and pCT images to
visualize bone microdamage

As seen in Fig. 8, the image quality obtained by
OCT is on a par with that of pCT. In 2D and en face
scans, presentation of microdamage to the cortical
bone is clearly evident in both modalities. Mi-
crocracks are seen as distinct discontinuities in the
opaque intensity of the cortical bone around the mi-
croimplant. The high contrast of the microimplant
might hinder the identification of microcracks,
whereas in OCT images, because of the dark hue of
the microimplant, it is easier to identify microcracks
on the cortical bone surface. Areas of micro-elevation
of' the cortical bone can be well appreciated especially
in the angulated placement of the microimplant. This
phenomenon is better seen in OCT images as the
resolution of the images is higher, especially at the
surface of the cortical bone. Presentation of micro-
damage closer to the surface of the cortical bone is
better represented in the OCT images because of
higher resolution and better contrast of the system.
Presence of bone debris around the microimplant
is well appreciated in both imaging modalities. At
surface-near positions of OCT images, the structure
of cortical bone seems to show slightly higher con-
trast than seen in pCT. Finally, processes of bone
mineralization and demineralization over extended
periods of time can be observed without ionizing
radiation.

Higher axial resolution of up to 1-2 um with
800 nm center wavelength OCT systems, given with
appropriate bandwidth of the source, will enable
visualization of the cracks in higher resolution in real
time, in vivo, and without the harmful radiation ex-

posure of puCT systems. Recent developments in OCT
systems mean that there is a reduced sample arm size
and an overall reduction in system size that can be
effectively integrated into orthodontics. Future sys-
tem developments should be aimed at modifying the
system to aid in day-to-day orthodontic practice.

Various methods of imaging have been used
previously to assess microdamage on the cortical
bone surface. Some of the commonly used modalities
are dental radiography, fluorescence imaging (Yadav
et al., 2012), and histological studies (Nguyen et al.,
2017). In studying microdamage, we need to bear in
mind that the microcracks present in the cortical bone
are a 3D entity and need to be studied as such. His-
tological sections provide quality images but are de-
structive to the tissues and the analysis is restricted to
a single plane since the sections of tissues can only be
performed in one plane. However, with the use of
OCT, a 3D image of the desired area can be obtained
without any damage to the tissues and can be ana-
lyzed as such.

4.2 Limitations

As with other imaging modalities, OCT systems
do present certain limitations. Due to its use of light
waves, the penetration depth of the system is below
par when compared to other imaging modalities, but
the superior image resolution and contrast make it
invaluable during imaging of surface structures of
tissues. One of the future directions of OCT system
development is towards improvement of depth pene-
tration of the system. Patient cooperation becomes an
important factor during use of OCT in in vivo studies.
Any movement of the subject can diminish the quality
of the image. With newer machines, acquisition time
is shorter, which may result in fewer motion-related
artifacts. Also, a case of usability of currently avail-
able OCT systems for an orthodontic microimplant
treatment procedure could be achieved by surgically
making an incision in the soft tissues. This will make
it possible to use OCT for directly scanning on to the
bone surface.

5 Conclusions

OCT represents an interesting alternate to uCT
and other non-invasive imaging modalities used in



Lakshmikantha et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2018 19(11):818-828 827

detection of microdamage on the cortical bone fol-
lowing immediate placement of a microimplant. OCT
can achieve the best resolution of all known non-
invasive imaging methods and is non-destructive to
tissues being studied, capable of producing images
that can be processed and studied as a 3D model.
Furthermore, with technical advancement, real-time
imaging of the bone surface can be achieved, espe-
cially since no harm is done to the patient due to
OCT’s non-invasive and non-radiative qualities.
Further studies need to be made using the full spec-
trum of options available with OCT imaging.
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