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Abstract:

Objective: The purpose of this study was to compare optical coherence tomography (OCT) with the existing
technologies, to assess its accuracy and utility in detecting vertical root fractures of extracted human teeth.
Background data: The detection of root fractures in teeth that have undergone root canal treatment is chal-
lenging because of the great difficulty in differentiating these fractures from morphologic or radiographic
anomalies. OCT methods are based on depth-resolved optical reflectivity and have been developed to reduce the
invasiveness and radiation exposure inherent to other techniques. Methods: Twelve extracted human mandib-
ular teeth (totaling 25 roots) that were free of caries, calculus, and root treatment were used, and assessed by
microfocus computed tomography, the current gold standard for fracture detection. The ability of appropriately
trained observers to detect root fractures using visual, microscopic, and swept-source OCT (SS-OCT) techniques
were compared. micro-CT and SS-OCT produce three-dimensional images of the tooth from which to diagnose
fractures, but CT scanning involves radiation exposure that is not required in SS-OCT. Results: Seventeen of the
25 roots were found to have fractures by microfocus CT. These findings were replicated by SS-OCT, which
revealed fractures exhibiting identical origin, size, and angulation within the root. We found that SS-OCT gave
results compatible to the gold standard technique, and that SS-OCT and microscopy were more effective for
identifying root fractures than was visual observation alone. Conclusions: SS-OCT may represent a novel,
noninvasive, noncontact and nonexposure alternative to the conventional methods used for assessing root
fractures in teeth.

Introduction

DIAGNOSIS OF VERTICAL ROOT FRACTURES (VRF) in end-
odontically treated teeth has long been very challeng-
ing.” The clinical signs, symptoms, and radiographic
appearances of VRF frequently resemble periapical and
marginal periodontitis, and the diagnosis of VRF can be made
only by the observation of a fracture line by direct visual,
dental loupe, or dental microscope inspection with or without
surgical exploration."? Existing diagnostic techniques such as
the discovery of a periapical “halo” lesion in dental radio-
graphs or localized deep periodontal pocketing are often ra-
ther subjective.”® Radiographic images reveal root fractures
only if the X-ray beam is parallel to the fracture line, and the
array of patterns of radiolucencies around affected roots that
can arise from VRF makes diagnosis very difficult.”®

1

Cone-beam computed tomography (CBCT) is a useful
option for the detection of root fractures. The use of high
resolution has been recommended for suspected cases of
longitudinal root fracture.” However, this increases scanning
times and, therefore, patient radiation exposure.10 Moreover,
the presence of metal posts or filling materials reduces its
diagnostic capacity because these artifacts may appear in a
radial fashion.!' Therefore, the narrow fractures are difficult
to detect by CBCT in clinical practice.

In conventional endodontics, much information can be
gleaned by applying methylene blue dye to the root canal
and observing it under a microscope. However, because the
dentin cannot be evaluated in depth, it is difficult to distin-
guish between a true VRF and nonpathologic root
morphologies such as fins, grooves, and isthmuses. Surgical
diagnosis is performed when a fracture is suspected in

'Pulp Biology and Endodontics, Department of Oral Restitution, Graduate School of Medical and Dental Sciences, Tokyo Medical and

Dental University, Tokyo, Japan.

Division of Endodontology, Department of Conservative Dentistry, Showa University School of Dentistry, Tokyo, Japan.
3Deparhnent for Advanced Dental Research, Center of Advanced Medicine for Dental and Oral Diseases, National Center for Geriatrics

and Gerontology, Aichi, Japan.



24

prosthetic teeth after root canal treatment, but the diagnosis
and area identification of incomplete fractures remain
challenging."

Optical coherence tomography (OCT) is a new diagnostic
method for creating high-resolution cross-sectional imaging
of the internal biological structures based on depth-resolved
optical reflectivity.'> OCT exploits the coherent behaviors of
light. The light is split into two arms, the sample arm and a
reference mirror, and these couple a low coherence light into
a Michelson interferometer. When reflections from the ref-
erence mirror and backscattered light from the sample are
recoupling, an interference signal is detected within the co-
herence length of the source. Swept-source optical coherence
tomography (SS-OCT) was developed as an extension of
OCT. SS-OCT combines a narrow line-width laser rapidly
sweeping through a broad optical bandwidth with an im-
mediate depth scan calculation using the Fourier transform
with reduced noise.'

In endodontics, OCT is a proven and reliable method for
nondestructively assessing intracanal anatomy, cleanliness of
the root canal after preparation, root perforations, and, im-
portantly, VRF caused by vertical pressure exerted by, for
example, overzealous use of the spreader.”'® The aim of this
study was to evaluate the accuracy of SS-OCT in comparison
with direct visual and dental microscopic inspection in de-
tecting VRFs of extracted human teeth.

Materials and Methods

All experiments in this study complied with the guidelines
of the Ethical Review Board of Tokyo Medical and Dental
University.

Tooth selection

Twelve extracted human mandibular molars with no
caries, dental calculus, or root canal treatment were used in
this study. The teeth were stored in water containing a few
crystals of thymol at room temperature. Twenty-five roots
were evaluated (one tooth had three roots). The observation
area defined for this study was the root surface (excluding
the bifurcation side) from the apex to the cervical line.

Determination of VRF by gold standard technology

The presence of root fractures was determined by two ob-
servers using microfocus CT scanning (inspeXio SMX100CT®,
Shimadzu, Kyoto, Japan) with exposure parameters set at
100kV and 40 uA. The resolution was increased until the
observers reached a consensus. Seventeen roots were deter-
mined as fractured and eight roots were shown intact. Voxel
size of the microfocus CT scan image was 5-20 ym.

Diagnosis of VRF

The examiners in the present study were three clinicians
trained in microscope-assisted root canal treatment at Tokyo
Medical and Dental University Dental Hospital. Teeth were
diagnosed by visual judgment (V]), microscope (MS) and
OCT. For V], after drying the tooth surface with a paper
towel, direct visual inspection was performed under artificial
light, without dyeing, probing, or magnification, and at a
distance of at least 20 cm. For MS, the tooth surface was dried
with a paper towel and observed using a dental microscope
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(OPMI® pico, Carl Zeiss, Germany) under halogen light at
12 V and 100 W, and the total magnification (eye lens X ob-
jective lens) was set to be 13.6 times. For OCT, we used the
SS-OCT (Santec OCT-2000®, Santec, Komaki, Japan; Fig. 1)
with a light source that repetitively sweeps the wavelengths
from 1260 to 1360 nm at a 20 kHz sweep rate. Laser power
was <10mW within the American National Standards In-
stitute limit. Axial resolution of the system was 11 ym in air,
which corresponds to 8 um in soft tissue and 6.8 yum in en-
amel. A 240x240x400 pixel three-dimensional (3D) image
(4x4x3.2mm) could be acquired within 4sec, including
data acquisition and process time. 3D scans were performed
using the SS-OCT to a maximum of six times per tooth. 3D
image processing software (Amira5.3®, Visage Imaging,
Austria) was used for 3D formulation imaging and cross-
sectional imaging of the teeth. The diagnosis of each tooth
was made with this software on a liquid crystal display (Pro
Lite E2710HDS; ITYAMA) at 1920 x 1080 pixel resolution on a
desktop computer (MDV-ADG9160X2, MouseComputer,
Tokyo, Japan). Examiners were trained for the system using
the software to diagnose five extracted teeth that were not
included in the main study.

Statistical analysis

Statistical analysis was performed using SPSS STATICS
v17.0 software (SPSS Inc, Chicago, IL). Sensitivity, specificity,
accuracy rate, and positive (PPV) and negative (NPV) pre-
dictive values were determined. Analysis of variance test,
Tukey’s HSD test and ;> test were performed at a signifi-
cance level of 5%. For each diagnosis, inter-examiner agree-
ment was assessed by « statistics.

FIG. 1.

(A) Optical coherence tomography (OCT) system
including screen, Mach-Zehnder interferometer, scanning
laser source and data processing PC. (B) Sample arm incor-
porating scanning laser and manually adjustable stage to
facilitate scanning of the sample.
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FIG. 2. Fracture line (A) and root canal (B) observed by
microfocus CT scan (M) and optical coherence tomography
(OCT) (O), respectively.

Results

OCT detected fracture lines at the same location, angle,
and line of development as the microfocus CT scan (Figs. 2
and 3). The root canal presented as a dark round area (Fig.
2B), whereas the fracture line was observed as a bright line
falling short of the root canal (Fig. 2A). Fracture lines also
appeared as bright bifurcating lines that terminated within
the dentin (Fig. 3A). Values for the sensitivity, specificity,
accuracy rate, PPV, NPV, and « values are shown in Table 1.
The sensitivity, accuracy rates and NPV of OCT and MS
were significantly higher than those of VJ. No statistically
significant differences were found for specificity, PPV, or «
value among the three groups.

Discussion

In medical fields, OCT is used in ophthalmology to image
the retina, in cardiovascular medicine to visualize the inner
wall of a blood vessel, in digestive surgery to view the gastric
mucosa, and in dermatology to assess basal cell carcino-
ma.'®'® The use of OCT in retinal imaging is its most suc-
cessful clinical application because it enables the real-time,
in situ visualization of tissue microstructure without the
need to excise and process specimens as in conventional bi-
opsy and histopathology.' In cardiovascular internal medi-
cine, atherosclerosis of the coronary artery can be diagnosed
by OCT with a resolution 10 times higher than that of in-
travascular ultrasound.?

FIG. 3. Bifurcate fracture line (A) observed by microfocus
CT scan (M) and optical coherence tomography (OCT) (O),
respectively.

In dentistry, SS-OCT can evaluate the presence of bubbles
within the resin-based composite restorations, and detect
gaps in the restoration-tooth interface and failures in the
adaptation of restorations.”! The combination of SS-OCT and
a contrast agent enabled the detection of microgaps at the
tooth-restoration interface with high sensitivity.'* SS-OCT is
a promising diagnostic modality for the detection of early
occlusal caries and interior defects in dentures.”>* SS-OCT
enables visualization and segmentation of the lower labial
glands for diagnosis of Sjogren’s syndrome and xerostomia
and oral vascular lesions, for selection of the most appro-
priate treatment.**** OCT imaging of suspicious oral lesions
could improve the accuracy of diagnoses of oral dysplasia,
and clarify the distinction between cancerous and noncan-
cerous lesions.*® OCT was shown to be able to prevent iat-
rogenic exposures of the pulp, complementing other existing
methods and permitting a more predictive prognosis of
treatment. OCT can also be used to monitor dentin bridge
formation, thus yielding extra information on the success of
pulp capping therapy.*’

Previously, diagnostic imaging has been used to demon-
strate the existence of wide fracture lines in teeth, which were
concluded to have been caused by the application of physical
pressure during endodontic treatment.”** However, in the
present study, we have found that narrower fracture lines
can be detected by microfocus CT in teeth that have not been
subjected to endodontic treatment. It is unknown when these

TABLE 1. MEASUREMENT PARAMETERS FOR THREE ANALYSIS TECHNIQUES

x Value (each pair of examiners)

Sensitivity Specificity Accuracy rate PPV NPV Tus2 1vs3 2vs3
\| 0.492 0.92 0.63° 0.93 0.63 0.58 0.50 0.46
MS 0.86° 0.88 0.87¢ 0.94 0.75 0.50 0.65 0.55
OCT 0.90° 0.88 0.894 0.94 0.81 0.77 0.62 0.53

Different letters indicate a statistically significant difference at the 5% level.
V], visual judgment; MS, microscope; OCT, optical coherence tomography; PPV, positive predictive value; NPV, negative predictive value.
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fractures were occurred (e.g., before extraction, caused by
procedures of extraction, or arose during storage). Seventeen
of 25 roots in 12 extracted teeth, to which no intentional force
had been applied, showed confirmed fracture lines. These
teeth would have been included in previous experiments
using extracted teeth as a “non-fractured” sample and would
have adversely affected the results. Therefore, for the future,
we recommend that extracted teeth should be checked for
narrower fractures by OCT or microfocus CT scan when
teeth are used for in vitro study.

The teeth that were diagnosed as fractured were almost
extracted, so PPV is an important value in this study. The
specificity and PPV of three diagnosis methods had very
high accuracy. The sensitivity and NPV of V] were lower
than those of MS and OCT, in other words, the fractures
were often overlooked by V]. In this study, fracture lines
were observed by OCT in an in vitro setting, and the obser-
vation area was limited to the root surface. Therefore, the
expected clinical condition is that root observation depends
on root exposure caused either by gingival recession or by
surgical intervention raising a flap. If the development area
of the fracture is confirmable by OCT, correct treatment
could be decided. The usefulness of OCT must be confirmed
in clinical practice in vivo. The clinical advantages of OCT are
that it is a noncontact, noninvasive, real-time display and
nonexposure technique; therefore, OCT can be repeated as
many times as desired. It is suggested to perform OCT before
the prosthesis as a screening of root fracture. OCT is an ob-
jective diagnostic method, but frequently shows artifacts
parallel to the direction of the laser radiation that can re-
semble fracture lines.>® However, continuous slice images
were able to distinguish between these artifacts and true
fracture lines. OCT is able to generate a detailed evaluation
of the internal structure of the tooth and the extent of the
fracture line within the dentin boundaries (i.e., the root
surface and the canal wall). The training was conducted in
advance, but the diagnosis of this study was the first diag-
nosis using OCT by the three examiners. If they gain expe-
rience, the accuracy rate will increase.

Conclusions

Within the limitations of this in vitro study, we conclude
that the validity and reliability of OCT for detecting the
presence of root fracture is comparable to that with a dental
microscope.
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