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ABSTRACT

AURELIA VANDERBURG
In Vitro Assessment of Cone Beam Computed Tomography For The Deteclentictl
Root Fractures
(Under the direction of Dr. André Mol)

The purpose of this study was to determine the accuracy of cone beam computedgbynogr
(CBCT) for the detection of vertical root fractures (VRFs) in comparisqetiapical
radiography (PA). Fifty premolars and molars in dry skulls were accessedimasted and
obturated. Fracture induction of twenty-one teeth took place using the Monagtimam
Three digital PAs with angular discrepancy of approximately 15 degied CBCT scans of
each skull submerged in water, to simulate soft tissues, were made. All ézetbxtracted
and stained to obtain ground truth. Eight calibrated dentists determined VRfcpresea
5-point likelihood scaleConclusions:PAs are more accurate than the CBCT for VRF
detection. The specificity, positive likelihood ratio and diagnostic odds ratietes for
PA,; there is no difference in sensitivity and negative likelihood ratioet@iffces between

the two modalities results from a high false positive rate associate CB(TT.
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INTRODUCTION

Cracks and fractures of teeth pose a number of clinical challenges. Dsaigraften

difficult, resulting in uncertainty in treatment decisions. In addition, claasibn of cracks
and fractures is not always standardized. A crack implies that an incompbaterbeaetooth
exists. A fracture implies that a complete or incomplete break in a tootk. ew$ten either
a crack or fracture is present over a period of time along the long axis of atteth
classified as a longitudinal fracture [1]. A longitudinal fracture can be wdxd&ithin both
the anterior and posterior dentition as a result of occlusal forces, dental pescedboth.
Complex dental procedures can result in a substantial lesgafel and dentin and increase
the restoration-to-tooth structure ratio. This increases the risk of t@atkscand fractures.
With increasing life expectancy and more patients retaining theiratatentition, the
incidence of longitudinal fractures is becoming higher. In addition, moengatare
choosing complex dental treatment options in favor of extraction [2]. Detection of
longitudinal fractures is difficult. Generally, detection is easier whep have been present
for an extended period of time, when they become stained (naturally or iatroggenozalse
pain or cause bone loss. The techniques used to identify longitudinal fractures are:

transillumination, biting devices (i.e. tooth sleuths), staining, magnification drafyraphy

3].



There have been five types of longitudinal fractures identified. From teasidt severe,
these are: 1) craze line; 2) fractured cusp; 3) cracked tooth; 4) split tooth; amtica) kot
fracture (VRF) [2-4]. The aforementioned longitudinal fractures are afferred to as
vertical root fractures. However, while a vertical root fracture (V&dR) be considered a
longitudinal fracture, not all longitudinal fractures are VRFs [5-12]. Mb#testudies in
the dental literature focus on VRFs, leaving much to be desired with regard to oledgew
and understanding of craze lines, fractured cusps, cracked teeth andtbplithedifficulty

in identifying VRFs and the potential impact on treatment decisions has heaskeidly of
VREFs a priority in dental research. The following section is an overvidghedifferent

types of longitudinal fractures.

Craze Lines
Craze lines are very common within the permanent dentition. They only exfieciel and

cause no pain [4]. When identified within the posterior dentition, they typically etdehd
marginal ridges and along the buccal and lingual surfaces. When crazarérabserved
within the anterior dentition, they usually extend from the cervical area tndisal edge

and may be of esthetic concern. Craze lines occur routinely and a@nsatered precursors

to dentin fractures [3-4].



Fractured Cusp
A fractured cusp is defined as a complete or incomplete fracture thaemitiam the crown

of a tooth and extends subgingivally in both the mesio-distal and facial-linguabtinastto
the cervical third of the crown or root (Figure 2) [2-4, 13,14]. Typically, the mangéuss
and facial or lingual grooves are involved[5,15]. When observed clinically, one ousps c
may be involved. A single cusp fracture includes the mesio-distal and fagial
components. A two-cusp fracture involves the mesial and distal components without the
facial-lingual components. The most common causes of fractured cuspgare la
restorations and extensive decay [16]. Extensive loss of sound dentin through deaggy or lar
restorations can result in undermined and unsupported tooth structure, which inteases
tooth’s susceptibility to fracture [17]. Cuspal fractures tend to be shallow ameésdtavery
rarely directly affect the pulp. However, patients may experieakksensitivity and sharp
pain on mastication when this type of fracture is present. Cold testing tonohetgrulp

vitality and biting tests with the tooth sleuth or cotton swab applicator adgasenfirm the
presence of a cusp fracture. Treatment of a fractured cusp typicallyaavbbr placement

of a three-quarter or full-coverage crown that extends below the most apical pothen of
fracture. A fractured cusp is almost always removed unless it is non-mobilen tki¢he
fractured segment is non-mobile it is included within the permanent restorakie long

term prognosis for a tooth with a fractured cusp is generally good unlessctinesfrextends
significantly beyond the gingival attachment in which case permarsotagon is difficult

[14].



Cracked Tooth
A cracked tooth is a variant of a fractured cusp (Figure 3). The differetitat the fracture

of a cracked tooth is centered occlusally and extends more apically thatueetiausp [6-
8]. The formal definition of a cracked tooth is that it is an incomplete fradtatenitiates
from the

crown and extends subgingivally in the mesio-distal direction [3-4, 18-20].

In a cracked tooth, one or both of the marginal ridges and proximal surfaces maluted.
Most cracked teeth are identified in elderly patients and include firstemodd mandibular
molars or maxillary second molars and premolars [18, 20-23]. Biting on a hardler brit
substance is the most common cause of a cracked tooth [4]. It has alsopmbadized
that teeth may crack when dentin cracks and weakens in heavily resttiedtresponse to
the stress between the expansion and contraction of the restorative matetoaith
structure. Various signs and symptoms characterize a cracked tooth [9] e péiin a
cracked tooth may experience sharp non-lingering pain when biting, when taldrfgads
and beverages, or even spontaneously. When performing diagnostic tests, a phteent wit
cracked tooth may have severe to moderate pain to percussion (directional petesssi
not directed along the long access of a tooth) or during a biting test (tiogth sleuth).

In addition, bone loss may be observed, either horizontal, vertical or in thednrf&ti
which may be identified clinically by deep isolated probing depths. Howevdrestavay
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to detect a cracked tooth is by direct visualization. If a tooth is unrestulesl @ack is
observed, it is advised that the crack be traced with a handpiece to determitenttarmk
subsequent restorability of the tooth. If a tooth is restored, stepwise disgnartluding
methylene blue, transillumination and magnification are advised in the magigeiha
crack [24]. After complete removal of a restoration in a restored tooth [25]] inspaction
should take place with and without the microscope followed by transillumination or
methylene blue dye to identify any cracks. If a crack is identifiedhauld be followed with
a handpiece to determine its extent and restorability of the tooth in questeaoratfk
extends extensively beyond the crestal bone and involves the pulp, the prognosis is poor and
extraction is usually required. If a cracked tooth involves the pulp but does nud brtew
the crestal bone, the prognosis is good and non-surgical root canal treatment with ful
coverage restoration is advised. The prognosis for a cracked tooth decr@ases fr
guestionable to poor when cracks involve: (1) one marginal ridge limited toothe;2)
two marginal ridges limited to the crown; (3) marginal ridge(s) andnatgroximal cavity
wall only; (4) marginal ridge(s) and floor cavity preparation; (5) one margdge
extending from the crown to the root surface; (6) two marginal ridgesdrtefrom the
crown to the root surface; (7) marginal ridge(s) and into canal orifi¢8jsnarginal ridge(s)
and pulpal floor [2-3]. In general, the prevalence of cracked teeth can basetrehen full
coverage restorations are used instead of large class | and claswdlticass in the posterior

dentition [26].



Split Tooth
Over time, a cracked tooth may develop into a split tooth [2-4]. A split tooth is a ¢cemple

fracture that initiates in the crown and extends to the root subgingivallynasi-distal
direction through both marginal ridges and proximal surfaces of a tooth (EBiguleis
diagnosed by visual separation of two tooth segments mesio-distally witlngddizes and

is often associated with deep isolated probing depths mesio-distally [2, 10-11, 27].

The cause of a split tooth is persistent wedging or a displacement fonceristang
restoration or an acute traumatic force that exceeds the elastigtbtof dentin in a restored
tooth. A patient with a split tooth often presents with an abscess and pain on biting.
Radiographically, the fracture line of a split tooth cannot be visualized becatseesio-
distal orientation. However, bone loss can be observed radiographically as amimaicat
split tooth. The only treatment option for a split tooth is extraction as it has a pgoogpis
Split teeth can be prevented by using conservative endodontic access joreparat the

elimination of oral habits that impose wedging forces on heavily restoredate{i3].

Vertical Root Fracture
A truevertical root fracture (VRF) is defined as a complete or incompleteifeamitiated in

the root at any level, usually directed buccolingually (Figure 5) [1-3, 12, 29A3VRF
most commonly occurs within the maxillary second premolar (27%) and thal moexs of

the mandibular molar (24%). [32] Vertical root fractures occur slightlyerotien in



women (52%) than in men (47%) and are more common in individuals between the ages of
41 and 50 [15]. The prevalence of VRF in the general population is between 2% and 5%.
[32]. Various factors have been found as causative or contributing factors in thepdesed

of a VRF. Physical trauma, occlusal prematurity, repetitive heavy amsdfsirehewing,
resorption-weakening and iatrogenic dental treatment have all been mentidaetEsin

the development of a VRF. However, the most common dental procedure to cause a VRF is
overzealous endodontic treatment, including excessive canal shaping andrexyessure
during compaction of gutta-percha [15, 31, 33, 38-42]. A study conducted by Fuss and
coworkers in 2006 found that dowel placement results in VRF production 67% of the time
[38-39, 41-44].

Clinically, VRFs are associated with specific signs and symptoms. Tsecommmon signs

and symptoms are: pain to percussion (69%), pain to palpation (69%), pain when chewing
(61%), mobility (61%), swelling (15%), sinus tract (18%), an isolated periodontadtdef

(40%), and a halo or J-shaped radiolucency (36%).[15, 32, 35, 39, 42, 45-46] Patients
typically display these signs and symptoms when extensive propagation of theefras

taken place. Treatment options for teeth diagnosed with a VRF vary, however, the isrognos
of a tooth with VRF is generally poor and extraction is usually the treatment oechai
multi-rooted teeth, a hemisection or radisectomy could be performed if thesM&falized

[27, 47]. The diagnosis of a VRF is very difficult and relies heavily on a paient’
comprehensive dental history, analysis of the patient's symptoms and radiograglysis

[32]. Currently, periapical radiographs are used to determine whether &\pR¥fsent.



Clinicians check for the presence of a fracture as well as falosstgn or periodontal lesions
that occur in 28-36% of teeth with VRF. Actual radiographic visualization of ai¥RF
difficult and inconsistent and is only possible when the x-ray beam is parahel iatture

line and adjacent anatomical structures do not overlap [48].

Visualizing a VRF using conventional transmission radiography requirgsddaction of
detectable contrast between the fracture and the surrounding tooth structundswhiy
produced when the plane of the fracture and the orientation of the x-ray beam coincide. The
acquisition of multiple intra-oral radiographs using different angge&inly increases the
probability of fracture detection; however, the three-dimensional nature of et nigkes
detection uncertain. A number of investigators have studied the possibility of ugieg thr
dimensional radiographic imaging for the detection of VRFs [49-52]. A number ofstudie
have assessed the accuracy of computed tomography for the detectionsof &thputed
tomography is a three-dimensional imaging technique that uses imagemacarsto

produce tomographic images [53]. Medical computed tomography (MDCT) scannas$ cons
of an x-ray source producing a fan-shaped x-ray beam and a detectgrayhsource and

the detector rotate around a gantry through which the patient is moved during image
acquisition. This creates a spiral image set which can be reconstniotad image

volume.



Youssefzadah and co-workers conducted a study in 1999 in which the accuracy of
conventional periapical radiographs was compared to medical CT scans inylietsrtion
of VRFs[49]. Thirty-seven patients with endodontically treated posterior aadarieeth
with clinical indications of a VRF were utilized in this study. Each patiertiodd a
periapical radiograph of the affected dentition and a computed tomography $ieain of
head. Two radiologists viewed all of the images and ground truth was obtained via an
exploratory surgery where the tooth in question was viewed under magnificationiaad sta
with methylene blue. Diagnostic accuracy was measured in this sttetyrs of specificity
and sensitivity. Medical CT (75%) was found to be superior to conventional dental
radiography (25%) in the detection of vertical root fractures within this study [49]le ilei
modalities analyzed within this study are clinically relevant, theottsDCT for dental

purposes is unrealistic because of cost and dose.

In 2001, Nair and co-workers conducted a study comparing the accuracy of digital
radiography, Tuned-Aperture Computed Tomography (TACT), and iterativetyedst
TACT in the detection of VRFs. Fifty-four single rooted mandibular teetbnicadaveric
mandibles were used in this study. All teeth were accessed, instrumentededi@och
prepared for a post space. Fractures were created in 28 teeth using thbananathod
and the remaining 26 teeth were left intact. Images were created ofttheitbehe three
modalities analyzed within this study and eight observers participategMimgi sessions. A

5-point response scale was used for fracture determination and ROC analysseavas
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determine the accuracy between the three radiographic modalities. Addmieasures of
sensitivity and specificity were also assessed. Ground truth was obtgiarttdcting all
teeth and visualization of the teeth with transillumination. The most accadagraphic
modality in the detection of VRFs within this study was TACT [48]. Although thetlise
TACT is possible in clinical practice, its use requires considerabld,affaking its routine

use for unrealistic.

Mora and coworkers conducted iarvitro study in 2007 comparing the accuracy of local
computed tomography (LCT) and conventional periapical radiographs in the visualization of
VRFs[51]. Sixty endodontically accessed extracted teeth were dtifizéis study.

Fracture induction took place using the Monaghan method in a controlled environment where
the teeth were mounted in acrylic blocks. Scanning of the samples took place witlhthe tee
mounted in a dry mandible with boxing wax and grains to simulate trabecular bone and soft
tissue. LCT scans and periapical radiographs were obtained of all sampleslidrated
observers viewed the images and recorded their responses on a 5-point respansacal
analysis was used to determine the diagnostic accuracy of both moddiities found that

LCT significantly improved the detection of VRFs when compared to conventional

periapical radiology [51].

In 2005, Hannig and co-workers conductecarvivostudy in which they compared a flat

panel volume detector computer tomography system (FD-VCT) to conventional gariapi
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radiography for the detection of VRFs. Five patients with endodonticallydressgth that
presented with signs and symptoms of VRF were utilized in this study.piéatia
radiographs were obtained of each tooth in question prior to extraction. Following
extraction, periapical radiographs and FD-VCT scans were taken of thetedttooth. This
pilot study showed that FD-VCT can be used to clearly visualize vertmadrextures [50].
Although the fact that the teeth were imaged following extraction redoeetinical

significance of the study.

Cone-beam computed tomography (CBCT) was first introduced in 1982 for amdipds3-

54] Within the literature, CBCT has been referred to as dental volumetrigtaphy, cone-
beam volumetric tomography, dental computed tomography and cone beam imaging. The
shape of the x-ray beam is either conical or pyramidal, depending on the typectdrde

used. Cone-beam CT imaging involves a single half or full rotation around the faient

At small intervals, single projection images, known as basis images, are dcdpecific
software programs reconstruct the basis images into a 3D volumetrgetifitat can be
reconstructed into axial, sagittal, coronal or custom planes [55]. During exggesition, a
patient may be seated, standing or supine, depending on the type of scanner [58lle$®egar
of the position, the patient’'s head should be immobile. Any movement during a scan will
decrease the quality of the final image. Supine CBCT units take up a large suga@nd

are not easily accessible for patients that are physically impairetiedSeBCT units are the
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most comfortable but may not accommodate wheel chair bound patients. Standinggunits ar
the most common, but height adjustment is difficult for patients that are wiaebound.

The selection of technique factors, if controlled by the operator, should be basediA AL
(As Low As Reasonably Achievable) [53, 56]. Based on the size of the patient,rdr& cur
(mA) and voltage (kVp) should be adjusted to values that emit the lowest amount admadiat
necessary to produce a diagnostic image. Some CBCT units automatically adprsd m

kVp values for each patient via a process referred to as automatic exposwk dunting

this process kVp and mA are automatically modulated in real time by a feedbett&msen

in which the intensity of the transmitted radiation is detected. A second method
automatically adjusts radiation exposure in CBCT units after recordadgngs obtained

during the initial scout exposure scan. This method of exposure adjustment isdgsiadsgl

because it does not require operator input.

Field of view determines the size of the image volume and is an important paranbe
selection of a CBCT scanner. Most units have a fixed field of view; however, some
manufactures are now producing units that can accommodate multiple fields offView.

field of view is affected by the detector size and shape, the beam prmojgetimetry and the
limits of beam collimination. The shape of the scan volume can be cylindrical orcgpheri
Collimation of the x-ray beam restricts x-radiation exposure to thenegiinterest. CBCT

units can be divided into two groups on the basis of detector type: those that use an image

intensifier (I) in combination with a charge-coupled device (CCD) and thosagba flat-
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panel detector. The II/CCD detector contains an x-ray image intenslie coupled to a
charge-coupled device with fiber-optic coupling. A flat-panel detectoraiEege area
solid-state sensor panel coupled to an x-ray scintillator layer [56]. The omostan flat-
panel configuration consists of a cesium iodide scintillator applied to a thirrdilsistor

made of amorphous silicon[53, 56].

The pixel size of an area detector determines the voxel dimensions in a @B volume.
The spatial resolution of CBCT is determined by the individual volume elementsais vox
produced from the volumetric data set. The resolution of the area detector isismgianill
(0.09 mm to 0.4 mm) and this primarily determines the size of the voxel [56]. Most CBC

units provide isotropic voxels[53, 56].

Once basis images have been acquired, primary reconstruction takes placalhdfehe
basis images are combined to create a volumetric data set. The voldaetset is the
final radiographic image that is utilized and can be manipulated for diagpostioses. The
reconstruction of basis images into a volumetric data set is computaticralhex and
requires a personal computer. The ideal time frame for image recoiostigdess than 5
minutes. Short time frames complement patient flow. Reconstruction time depetids
acquisition parameters (voxel size, size of the image field, and number atiproge
hardware (processing speed, data throughput) and software (reconstrgctithras) being

used. In general, the final data set is initially presented to theiah in three orthogonal

13



planes (axial, sagittal and coronal). Optimal visualization of the finals#tis obtained by
the adjustment of window level and window width to favor bone and the application of

specific filters[53].

Advantages of CBCT
The use of CBCT technology in the field of dentistry provides several advantages in t

imaging of the maxillofacial region.

Reduced patient radiation dose

When comparing radiation exposure from a CBCT scan to that of a conventionallr@ddica
scan, patient radiation dose is 98.5% to 76.2% less for a CBCT scan [56-59]. Tleeeffect
dose for CBCT, which represents the total biologic detriment based on the tisswues
exposed and the tissue sensitivity, has also been compared to the effective doseaaiipa
radiography and to background radiation. The dose from CBCT is equivalent to 2-35 times
that of a single exposure for a panoramic radiograph, depending on the type of bearme
used. The number of days of equivalent background radiation varies between 3 to 48 days
[56]. The field of view, technique factors, number of basis images and the tissues exposed

during image acquisition are some of the main variables determining thevefigose.

Image accuracy
Image volumes produced by CBCT technology generally consist of isotropic vangisg
from 0.4 mm to 0.076 mm [56]. This provides a spatial image resolution that igrgionilr

14



better than the spatial resolution of panoramic radiography. The accuracgafreraents

within the volume is high and meets the needs of most clinical applications.

Image reconstruction

The isotropic voxels of the image volume assures consistent spatial resolutiortygfeaaly
image reconstruction. Multiplanar reformatting (MPR) enables thei@dmio view
orthogonal images in the axial, coronal and sagittal planes [56]. Other types of
representations of the volumetric data sets include panoramic layers, rayayes to

simulate cephalometric projections and volume and surface rendered images.

Disadvantages of CBCT
CBCT technology has limitations related to the “cone-beam” projection gggrdetector

sensitivity and contrast resolution. The clarity of CBCT images istatfday artifacts,

noise, and poor soft tissue contrast.

Artifacts

The formal definition of an artifact is any distortion or error in an image shairelated to

the subject being studied [56]. Classification of artifacts is based on dlsk.c
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Cone beam-related artifacts

Three types of cone-beam related artifacts are produced as a result ofg¢bggor beam
geometry of the CBCT and the image reconstruction method: (1) partial volumgiaggra
(2) undersampling;(3) cone-beam effect [56]. Partial volume averadieg pdace when the
selected voxel resolution of the scan is greater than the spatial or caedahstion of the
subject to be imaged. Selection of small acquisition voxels reduces the preséamceypet
of artifact [56].

Undersampling takes place when too few basis projections are obtained forrtextimmst
When this artifact is present, misregistration, sharp edges, noise or fatierstrcan be seen
in the final image. This artifact reduces the fine detail of a final inje [Cone-beam
effect artifacts produce final images that are distorted, having greatargral noise and
streaking. These features are produced as a result of a lack of radipbeare of the
peripheral aspects of the subject being scanned. This artifact is mohioyiz@rious forms
of cone-beam reconstruction being incorporated into the CBCT units being maredactur
[56]. Clinically, this artifact can be reduced by positioning the region aisttadjacent to
the horizontal plane of the x-ray beam and collimation of the beam to the appraeluabé f
view.

X-ray beam artifacts

This type of artifact is the result of beam hardening which takes placessltof the
polychromatic nature of the x-ray beam. In beam hardening the lower ginextgys are

absorbed more readily than the high energy photons and this causes the ovenabhfether
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x-ray beam to increase. The two types of artifacts that are producedsadt @f beam
hardening are: (1) Distortion of metallic structures due to diffedeattsorption, also known
as cupping artifact; (2) streaks and dark bands that can appear between anvabfksts
[56]. To prevent these artifacts, beam collimation, modification of the patieosition or
separation of the dental arches can take place to reduce the field of view. CBCT
manufactures have also added an artifact reduction technique algorithm within the

reconstruction process in an effort to prevent beam hardening.

Patient-related artifacts

Movement by the patient during a scan cycle and the presence of metallis abjhe
patient produce artifacts that decrease the diagnostic quality of therfage. Movement
during scanning causes misregistration of data that visually preseatsharpness in the
final reconstructed images. Short scan times and head restraint devioezepatient
motion artifacts. Metallic objects cause horizontal streaks in the fingkesras discussed in
the section on x-ray beam artifacts. Patients should remove all remowathlatems that

are located in the field of view prior to CBCT image acquisition.

Poor soft tissue contrast

The use of a cone-beam implies that a large proportion of x-ray attenuatipnogilce

scatter radiation. A large number of scattered x-ray photons will reachtdotodeThese
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photons do not contribute to the actual image and reduce image contrast. This is the main

reason why cone-beam CT scanners show poor soft tissue contrast.

Applications of CBCT
CBCT imaging is currently being used within the field of dentistry for anpsite

assessment, dental pathologic conditions, fracture assessment, crdrdefacmities,
temporomandibular joint assessment, 3D cephalometry (orthodontics) artti grav
development[55-56]. In addition to its diagnostic capabilities, CBCT ishalisqy used to
facilitate guided surgeries. Software is now available that providesaisgnulations for
osteotomies and distraction osteogenesis. Diagnostic and planning softwareisddble
that assists in orthodontic assessment and analysis and in implant planning&befabri

surgical models, surgical stents and drill guides [56].

Several studies have been conducted to assess the accuracy of CBCT factiendst

VRFs as compared to conventional periapical radiographs. In 2009, Hassan ankers-wor
compared conventional periapical radiography to cone beam computed tomd@Baly)
using eighty extracted human teeth [60]. All teeth were accessed, insedraadt
decoronated. Half of the sample was obturated with gutta-percha andddaghder
controlled conditions using the Monaghan method. All samples were placed in premade
sockets in a dry human mandible, which was coated with three layers of daxtal w
simulate soft tissue. The I-CAT was used for CBCT imaging and twappeal images were
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made of each sample: one straight and one with a more mesial angle alfvated

observers viewed all of the images and recorded their responses on a dichotomous scale
Accuracy between the two modalities was determined by sensitivity andsgnsiatistical
tests [60]. CBCT was found to be more accurate than periapical radiographs in the
visualization of VRFs. A more recent study conducted by Hassan in 2010 compared five
different CBCT units for the detection of vertical root fractures [61]. Usmgdes materials
and methods, images were obtained of all samples using five CBCT systemslibvatez
observers viewed all of the images and recorded their responses on a dichotomous scale
They concluded that (1) root canal filling (gutta percha) reduced the spgafiall CBCT

units and (2) root canal filling influenced four out of five units’ accuracy [61].

The purpose of the current study is to determine the accuracy of one commorGBGSEd
scanner (Sirona Galileos Comfort) for the detection of VRFs in compamtiomulti-angle
periapical radiography. The experimental design was chosen to rafldosaly as possible
the current clinical environment while maintaining access to the actual stahgsroots.
This study addresses a well-defined and urgent clinical dilemma. If @84 found to be
more accurate than conventional periapical radiography in detecting VRésldtbecome a

standard procedure in endodontics.
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MATERIALS AND METHODS

An in-vitro model was used, consisting of three dry skulls (Figure 8) with fifty availabl
human posterior teeth. First and second premolars and first, second and third noolait f
four quadrants were utilized in this study. Twenty-one teeth were randdextyeskto be
vertically fractured, while the remaining twenty-nine teeth sergezbatrols and remained
non-fractured (Table 1). For all the teeth, endodontic access openings (Figere Made
and the canals were located, shaped, and obturated.

All fifty teeth were accessed utilizing a high speed handpiece and coothara #iround
carbide surgical length and Endo-Z bur. Upon access completion, canals wekwottate
an endodontic explorer and ethylenediaminetetraacetate (EDTA) ifiezhltases. Shaping
of the canals took place utilizing the K3 and Sequence Rotary Systenowradown
technique. K3 nickel titanium rotary files were used to instrument the middleoemntht
third of the root. Sequence nickel titanium rotary files were used to instrumeaytitiae
third of the roots. The apical third of each canal was instrumented to a mastkfilascze
ranging from 35.0445.04; three sizes larger than the first file size to bind dentin at the
working length. [32], [34].

Fracture induction within the twenty-one experimental teeth took place whnioral cavity
of the dry skulls. A stiff 60-degree beveled tip conical wedge (FigurevaJitted within 2-
3mm of the measured working length [62]. It was then marked with an endodontic rubber
stop 1 mm short of the working length. A surgical mallet with an approxinmeghtof 500
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g (Figure 11) was used to strike the conical wedge to the working lengtbadray the
endodontic rubber stop [32]. Canals of both the fractured and non-fractured dentition were
obturated with .04 tapered Resilon cones. Sponges were placed over the obturated canal

orifices and the accesses were restored with Cavit.

Image Acquisition
Cone-beam CT scans were obtained of all three skulls using the SironasSablafort

(Figure 6, Figure 7) scanner (Sirona Dental Systems GmbH, Bensheimar@ygrifio

simulate soft tissue, each skull was submerged in water during each C&C[63L The
Galileos unit was set to 85kV and 42mAs under the V01 setting. The Galileos scanner
produces a standard isotropic voxel size of 0.3 mm. Close-up images of individual teeth we
generated following image acquisition. The close-up views unbind the standardamkels
provides the native 0.15 mm voxel size. The close-up volumes were exported in thle Digita
Imaging and Communication in Medicine (DICOM) format for viewing in thirdypa

software (InVivoDental by Anatomage, San Jose, CA).

Conventional intraoral periapical radiographs were obtained with a Kodak RVG 6000 sensor
(Eastman Kodak Company, Rochester, NY); using a Sirona intraoral x-ragsdure Rinn
system was used to stabilize the sensor within the oral cavity of all thieullisy SPosterior

maxillary teeth were exposed at 0.10s. Posterior mandibular teeth weredeap006s.
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Each tooth exposed straight-on and at horizontal mesial and distal anglesiduabya

approximately 15 degrees.

Observation Sessions
Eight observers were recruited for this study. The group consisted ofticegear

radiology residents, one endodontic faculty member, two second-year endodsdéntse
and two third-year endodontic residents. Each observer had at least four ykarabf
education and participated in a calibration session prior to observation. Tiratoaii
sessions consisted of viewing periapical radiographs and CBCT scans thiaiecbimt@ges
of fractured and non-fractured teeth. The calibration images of fracaetddisplayed
fractures that were on the root surface beneath the crestal bone. CBCTwaegeewed
using InVivoDental software and the observers were trained on how to manipulate and
navigate the images with this program The choice of InVivoDental softward¢hevaative
Sirona Galaxis software was based on the fact that the InVivoDentaasatilowed
reorientation of the volume in every dimension. A basic instruction sheet was proxitie
directions on image navigation. Observers were also informed that the sagittalways
appeared to the observer as the right side of the patient. The observers wergetd¢oura
browse through the axial, coronal and sagittal slices and to adjust the amreafdhe
volume according to the orientation of the long axis of the root to be examined. The study
sample images were coded and randomized. Half of the observers viewed then@§ES
first, the other half viewed the conventional radiographs first. All CBCT imagks a
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periapical radiographs were viewed on a 21.3 inch true color flat panel monha wit
resolution of 1600x1200 pixels under dim ambient lighting. All conventional radiographic
images were observed in a PowerPoint presentation with the three prggesfteach tooth
displayed side by side against a gray background. When viewing the images, thersbser
were asked to assess whether or not a longitudinal fracture was presentesad their
response on a 5-point probability scale: 1= fracture is definitely not pr@séracture is
probably not present; 3=unsure; 4=fracture is probably present; and 5=fractefiaiiely

present.

Ground Truth
Following radiographic observation and analysis, each sample (control perheental)

was carefully removed from the oral cavity of the dry skulls and stained withettfylene
blue. The dye was placed upon the entire root surface of each tooth (Figure 13). The
presence or absence of longitudinal fractures was assessed visuadinghe anvestigator.

If a longitudinal fracture was observed, its orientation and location were noted.

Statistical and Data Analysis
Based on observer responses, receiver operating characteristic (R@%3)were created for

each observer and modality with the ROCKIT software (Version 0.9, Charles ETWetz
University of Chicago, and Chicago, IL). Analysis of variance was used totest

differences between the areas under curvgsg®\main effects of modality and observer as
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well as their interaction. Raw ROC scores were also converted to dichotonhaess iva

order to calculate other measures of diagnostic accuracy, including\sgnsgecificity,
positive likelihood ratio (LR+), negative likelihood ratio (LR-) and diagicastlds ratio

(DOR). These additional measures of diagnostic accuracy were calcolgiad tmore

insight in the observers’ responses and the performance of the two modalities. The RO
responses were dichotomized by considering a score of 1, 2, or 3 as a negative (asponse
fracture) and scores 4 and 5 as a positive response (facture present). The dieldotomi
responses were used to assess the true positive rate (sensitivity), tlegatine rate
(specificity), the ratio between the proportion of fractured teeth with aysasponse and
the proportion of non-fractured teeth with a positive response (LR+), the ratiedetiae
proportion of fractured teeth with a negative response and the proportion of non-fractured
teeth with a negative response (LR+), and the overall discriminative power wfodalities
(DOR).

Analysis of variance (ANOVA) was utilized to determine if there sagynificant

difference between the observers and between the two modalities gdtd te the A

values, sensitivity specificity, LR+, LR- and DOR. All alpha levelsenset at 0.05. The
null-hypothesis of no difference regarding the detection of vertical radtifes between the

modalities and the observers was tested for each of the outcome measures.
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RESULTS

ROC Analysis
Table 2 shows the individual,Aralues for each observer and each modalityg mean A«

value for periapical radiography was 0.70 (SD 0.07) and the meaalde for CBCT was

0.58 (SD 0.08). This difference was statistically significant (ANOVA:(pG4134). The

difference between the observers was not statistically signifiadN®VA: p = 0.3307).

Figure 1 is a visual representation of the data contained in Table 2 based on pooled observe
data. The area beneath the periapical radiography curve is greater tasgatheneath the

CBCT curve.

Sensitivity
Table 3 shows the sensitivity values for each observer and each modalgyné&dsure

represents the true positive rate, i.e. the percentage of fractured teethycdetected. The
mean sensitivity for periapical radiography was 0.54 (SD 0.10). The meativegri
CBCT was 0.60 (SD 0.19). The difference between the modalities was notcstifitisti
significant (ANOVA: p = 0.3445), nor was the difference between the observe\(ANp

= 0.1360).
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Specificity
Table 4 shows the specificity values for each observer and each modality. eBisisren

represents the true negative rate, i.e. the percentage of non-fractured reethycor
identified. The mean specificity of periapical radiography was 0.720($0) and the mean
specificity of CBCT was 0.49 (SD 0.15). The difference between the moslalitie
statistically significant (ANOVA: p = 0.0048), whereas the differdnemveen the observers

was not statistically significant (ANOVA: p = 0.3181).

Positive Likelihood Ratio
Table 5 shows the positive likelihood ratio (LR+) for each observer and each modhakty. T

mean LR+ for periapical radiography was 2.16 (SD 0.71) and the mean LR+ for C&CT w
1.19 (SD 0.31). The difference between the modalities was statistically sighific
(ANOVA: p = 0.0139), and the difference between the observers was not (ANOVA: p =

0.6839).

Negative Likelihood Ratio
Table 6 shows the results for the negative likelihood ratio (LR-) for each obaed/eoth

modalities. The mean LR- value for periapical radiography was 0.63 (SD 0.1heamedn

LR- value for CBCT was 0.80 (SD 0.27). The difference between the modalitie®tvas
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statistically significant (ANOVA: p = 0.1286), nor was the differencevben the observers

(ANOVA: p 0.1286).

Diagnostic Odds Ratio
Table 7 shows the results of the diagnostic odds ratio (DOR) values for each ohsdrve

both modalities. The mean DOR value for periapical radiography was 3.52 (SDrid23) a
the mean DOR value for CBCT was 1.77 (SD 0.97). The difference between theipsdali
was statistically significant (ANOVA: p = 0.0189), and the difference betwe® observers

was not (ANOVA: p = 0.5871).
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DISCUSSION

A true vertical root fracture is a complete or incomplete fracture thettes at any level of

the root in a bucco-lingual orientation. VRFs most commonly occur within thiélanmax

second premolar and the mesial root of the mandibular molar [32]. The etiology snclude
post placement, obturation and excessive root-dentin removal. The most common signs and
symptoms of a vertical root fracture are pain to percussion, pain to palpation, pain when
chewing, mobility, swelling, sinus tract, an isolated probing depth, and a “halofuegincy
(J-shaped) radiographically. Patients typically display the signs and@yspf a vertical

root fracture when extensive propagation of the fracture has taken place.e3éwecprof a

VRF often means a poor prognosis and imminent extraction of the effected tootmodisag

of a VRF is very challenging and currently relies on patient’s symptansalchistory and
periapical radiographic analysis. Determining the presence or abseng&Bbflaased on
periapical radiography is difficult and inconsistent because actuglliation of a VRF can

only occur when the x-ray beam is parallel to the fracture line and adjaetotacal

structures do not overlap. Given this difficulty, various studies have been conducted to
investigate alternatives to conventional intra-oral radiography, includimgpeated

tomography, tuned-aperture computed tomography, local computed tomography and cone-
beam computed tomography (CBCT). CBCT is of interest because it dedlc@urate three-
dimensional information at a relatively low cost and low dose. The compact desigCdf C
units further enhances its potential for clinical usage within the deniiz¢.ofPrevious
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studies that have compared conventional periapical radiography to CBCT in thzaisral

of VRFs have found CBCT to be more accurate than periapical radiography. The miirpose
this study was to compare digital periapical radiography to a commof G&fhner (Sirona
Galileos) for the detection of VRFs. In this study Resilon was used abtilmation

material.

The aims in designing this study were to develop a model that utilized a commanu@eC
create a study model that enabled access to the ground truth and to create a model that
resembled clinical conditions as closely as possible. To date, the only stutifes/tha

looked at CBCT in the detection of VRFs are the studies conducted by Hassan. The 2009
Hassan study only utilized the I-CAT scanner, but the 2010 study includedwHeNe3G,
Galileos 3D, Scanora 3D, 3D AccuiTomo-xyz, and the Next Generation i-CAT . While
Hassan found the Galileos unit to be the least accurate of the units analymedhis

studies, it was used in this study, in part because it was available for thastlidypart
because it is one of the more popular scanners being sold in the United Sates. Only the
Youssefzadeh study conducted in 1999 utilizetharivo model. Patients suspected of
having a VRF as a result of clinical signs and symptoms underwent medisab@iing for
fracture detection and a surgery with methylene blue staining to obtain ground truth.
Previous studies by Hassan, Mora, Nair and Hannig utilizea-aitro model where teeth

were scanned and extracted (Hannig study) or used a cadaver manddédenatiatiental

wax bucco-lingually. Youssefzadeh’s model is the most ideal, but witithatto model

the sample size and experimental conditions can be better controlled. dskenevious
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studies, amn-vitro model was used in this study in order to obtain the ground truth. Soft
tissue simulation took place in this study with skull submersion in water. Deatakas

not used for soft tissue simulation in this study because of the large sudaad tre dry
skulls. All of the samples in this study contained a root canal filling. The aaat tlling
used in this study was Resilon. All previous studies used gutta-percha as tlamabot c
filling. This is the first study to use Resilon as the root canal filling iretladuation of VRF
teeth. The Hassan studies decoronated the sample teeth to eliminate fraethienda the
enamel. The access cavities were closed with Cavit to avoid coronaldrdetaction

within this study. Slight detection of fractures coronally with Cavit in tlhesswas possible
in a small number of the periapical radiographs of this study. This may teatecta bias
within this study. The Hassan studies also used magnification to visually ittepeample
teeth for VRFs prior to utilization within the study. Teeth were only inspeotadtfogenic
fractures within this study after radiographic scanning. It was cordithag only the teeth
that were purposefully fractured had vertical root fractures in the buccdlimgeatation.
Extensive displaced vertical root fractures were created or presenpranafius studies,
whereas the fractures in this study were not displaced and varied in extenve@bsely
relied on visual observation to denote the presence of a VRFs in this study. The sliserver
the Youssefzadeh study were aware of each patient’s clinical sigrsyyamptoms. This may
have created a bias in the observer’s radiographic evaluation. All previowes stlsti used
digital periapical radiography. The 2009 Hassan study is the only study ¢datwsangled

periapical radiographs. In addition to clinical signs and symptoms, VRFsagreoded
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radiography as a result of the pathology associated with VRFs radiogtbphiGawers
were given three angled radiographs of each sample within this studge &te not
traditional clinical conditions and it can be said that this created bias indageriapical
radiography in this study. In summary, the experimental design of the cuudyirsts
unique in that because of the use if one CBCT unit and three angled periapicab@diog
and the fact that the teeth were coronally filled with Cavit and containeldfRas the root
canal filling material.

Based on the ROCAvalues, it was shown that periapical radiography was significantly
more accurate than CBCT for the detection of VRFs. This result is diffeoemprevious
studies where CBCT was found to be more accurate than conventional periapical pagiogra
in the visualization of VRFs, although these studies only utilized sensémtyspecificity
tests to determine the accuracy of the two modalities (Hassan 2009). Following
dichotomization of the ROC scores it was shown that the two modalities were acgrdifh
terms of their sensitivity. In fact, CBCT had a slightly higher meantsetysthan periapical
radiography, but this difference was not statistically significant. On the lodimer, the
specificity of periapical radiography was significantly greaten tih& specificity of CBCT.
This implies that CBCT resulted in a higher false positive rate thaappeal radiography.
Potential causes for the increased false positive rate with CBCT intbleigieeesence of
radiolucent lines and streaks as a result of beam hardening or undersamplimiges€nee
of beam hardening artifacts may have been more prominent in this studyebetthes

higher x-ray absorption of Resilon compared to that of gutta-percha. Resilomsonta
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radioopaque fillers in addition to barium sulfate within its makeup whereaspgsttha only
contains barium sulfate. In addition, the Sirona Galileos limited samplingnegtdave
caused additional streaking or enhanced existing beam hardening arfifecteean
specificity values for the 2009 and 2010 studies by Hassan and co-workersuing g
percha were 0.87 and 0.85, respectively. These specificity values arethaghtdre
specificity values obtained for CBCT in this study. Although the mean spgcifadue for
periapical radiography was higher than for CBCT, it is still comsutleclatively low (0.72).
This implies that periapical radiography also results in a number of fage/p@ssessments
in addition to a low true positive rate. While the difference in the mean segsialues of
periapical radiography and CBCT are not statistically sigmfidaoth values are low. For
periapical radiography, a mismatch between the orientation of thebeeay and the
orientation of the fracture seems the most plausible explanatory varrehl#idient contrast
and overlap of anatomical structures may also contribute to reduced visoialofa
fractures. For CBCT, the low sensitivity value cannot be explained by unidegrajection
geometry: image slices can be reconstructed from the image volume inemgtarn and
location. Thus, other factors limit the sensitivity of the Sirona Galileos C&@mner in
detecting VRFs. One of these factors could be insufficient spatial resollihe maximum
spatial resolution is determined by a number of factors, including voxel sizegastontrise
and the presence of artifacts. Although the native voxel size of 0.15 mm may appear
adequate for the detection of non-displaced fractures, the voxel size nepeetieeoretical

upper limit to the spatial resolution, but by no means represents the actual maximum

32



resolution of the imaging system. The contrast resolution and the presence ohdoise a
artifacts are some of the factors that reduce spatial resolution. ihhileue spatial
resolution of the Galileos image volume is not known, the results of this study tstingg s

was close to or less than the spatial resolution required for fracture aletecti

The positive and negative likelihood ratios and the diagnostic odds ratio were edlt¢olat
gain further insight in the comparison of the accuracy of the two radiugraqodalities for
the detection of VRFs. Ideally, the positive likelihood ratio (LR+) should beges és
possible and the negative likelihood ratio (LR-) should be as small as possible. Tiseofesul
this study showed that LR+ was significantly higher for periapical ragodgrthan for
CBCT. The LR+ is the ratio between the true positive rate and the false pcesitivéhe
mean LR+ of 1.19 for CBCT implies that the probability of getting a positivedsslts
when a fracture was present was only slightly greater than the probabdietting a
positive test result when a fracture was not present. There was nocsitistgnificant
difference between the mean LR- values of the two modalities, although dinelliRe of
CBCT was close to 1. In part, this can be contributed to the relative large dtdadmations
associated with the mean. However, both values were modest at best, indicatime) triuat
negative rate (specificity) was offset by a sizable false negatieeln other words, both a

lack of specificity and a lack of sensitivity contributed to the weak LRiegl
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Since the diagnostic odds ratio (DOR) is the ratio between the LR+ and the isRtit
surprising that the mean DOR of periapical radiography was signifydagitier than the
mean DOR of CBCT. The mean DOR value of 3.52 for periapical radiography irtyates
the odds of a fracture being present when the test result is positive was 3.52dmeeshain
the odds of a fracture being present when the test result was negative. FqrtkBaIds of
a fracture being present when the test result is positive was 1.77 timesthaghthe odds of
a fracture being present when the test result was negative. This irhptiéiset
discriminatory power of CBCT for the detection of VRFs was weaker tlediscriminatory

power of periapical radiography.

Although the ROC analysis provides an overall measure of diagnostic accurapgnicelet

of prevalence and observers’ individual decision thresholds, the additional measures of
diagnostic accuracy provide insight into the underlying cause of limitedaktig accuracy.

It is acknowledged that the required dichotomization of the raw ROC scores addgranyar
element to the analysis, which slightly weakens its impact. Nevesthet was shown that

both modalities were relatively weak with respect to the detectionat@ifeateeth, but that

the difference between the modalities was largely based on differemeefalde positive

rate between the two modalities, with an overall lower discriminatory pof@BCT in this
study.

One of the aims in designing this study was to develop a model that would resemldé clinic

conditions as closely as possible. Initially, a cadaver head was useld,would have been
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an ideal model for this purpose. However, the manipulation of tissues and access to the
sample teeth proved extremely difficult. Thus it was decided to use dry human skull
submerged in water. This model facilitate the manipulation of the sample teeth, whil
retaining the benefits of a complete anatomical model and the simulation o=t t

induced scatter radiation.

The statistical analyses for each of the measures of diagnostionpeanfe showed that there
were no statistically significant differences between the obseiveany of the measures.
Although differences were present between individual observers, they appeé&osehsiyf
homogenous for final analysis. While the eight observers had different backgroughssn t
of specialty and experience, it was not a goal to test whether there werertiffs between
groups of observers. Instead, the aim was to use a homogenous group of observegs bring
comparable skill sets to the study. As it was not possible to identify a groupuofesis

with identical backgrounds in a single academic institution, the composition gifdhe was

a convenience choice to some degree. The calibration of the observers andstiwalstati
testing for difference provides some assurance that our assumptions about the gbsgpve

were justified.

The main reason for the experiment tarbeitro rather thann-vivo was the necessity to
have access to the ground truth. Ground truth in this study was established Iynialignt

inducing fractures and by verification of fractured and non-fractured tettH %
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methylene blue staining. The extent and orientation of the stained VRFs iraegulh was

recorded to confirm that each fracture was a true VRF.

All teeth intentionally fractured within this study were confirmedtireed through

methylene blue staining and magnification. The extent of the fractariesl, but all teeth
fractured contained non-displaced bucco-lingual fractures. Amongst theaoturdéd

control teeth, no fractures were observed along the roots in any orientatiorhesing t
methylene blue staining. Although the same individual who fractured the eettained

and verified the teeth, the potential for systematic errors appearsilieghgs the ground

truth was established prior to the observation sessions, there was no opportunity for bias in

the ground truth assessment.

Possible sources of bias were present in this study. Observers were eddéy/tménipulate
CBCT images in terms of window and leveling (equivalent to contrast and brightness
whereas contrast and brightness could not be controlled for the three angledaleriapic
radiographs for each sample. This potential bias could have favored CBCT, however, since
the results of this study favor periapical radiography, concern about this ddiedies

minimal. Some may argue, however, that the ability to freely manipulatesmaay

actually reduce diagnostic accuracy because of a potential increasdalse¢hgositive rate.
Although this theory cannot be refuted based on this study, it appears unlikely tfé¢¢he

would be significant. However, only studies designed to test this theory will be able to
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answer this question. It can also be argued that a bias was created to fapgber
radiography by using three angled radiographs for each sample, which dwviseta

clinically.

Another potential weakness of the study is the sample. Clearly, the prevalérazgures in

the sample (42%) was much larger than the prevalence of fractures in the popuilagi
observers were informed about the purpose of the study, but not about the sample prevalence.
This may have affected observer responses because they were unawafeofuiee
prevalence within the sample group. Moreover, since the study was not cinfaahation
regarding clinical signs and symptoms could not be used in the diagnostic de@kiog m
process. Previoustudies have shown that clinically, radiographic pathology associated with
VRFs has aided in their diagnosis. Radiographic visualization of periapibalgagy, bone

loss and resorption in association with a VRF has been used in de[64t@8]. In this

study, the results only represent the ability of the diagnostic modality ta degithe ability

of the observer to identify a fractured root or a non-fractured root. It couldjbecbathat the
clinical diagnostic accuracy of CBCT could be higher than the accuracy obtaithes! i

study, because of the potential detection of radiographic signs associated wgh VR

Finally, this study only included one CBCT scanner. The Sirona Galileos Conaf®dsed,
in part because it was available for the study and in part because it is one of tipepodae
scanners being sold in the United Sates. The Galileos uses a mediumdaiakViielv and is

not specifically designed for diagnostic tasks requiring high spatial resol@n the other
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hand, the ability to unbind voxels and use the native voxel size of 0.15 mm suggests that the
Galileos could be used for such tasks. It should be emphasized that the resultdwafythis s
apply to the Sirona Galileos Comfort unit only and cannot be generalized to other CBCT
scanners. It could be argued that CBCT scanner with comparable fields ohdew a

resolution may yield similar results. However, there are CBCT units on thkettlaat use a
smaller field of view, likely with higher contrast and spatial resolutionsmipies include

the Kodak 9000 3D, Morita 3D Accuitomo FPD, Planmeca Promax 3D s and the TeraRecon
PreXion. It is reasonable to assume that CBCT scanners with a limltedffieew and

higher resolution are more likely to be more accurate for the detection of ViREee F

studies should include these scanners and assess their usefulness in endodonticahnd gener

dental diagnostic decision making.

Based on the results of this stutis concluded that:

1. Periapical radiographs are more accurate than the Sirona Galileos COB@rt
scanner for the detection of vertical root fractures.

2. The specificity, the positive likelihood ratio and the diagnostic odds ratio aes bett
for periapical radiography

3. The sensitivity and negative likelihood ratio of periapical radiography and GBET
not different.

4. The differences between the two modalities are largely the resuttigher false

positive rate associated with CBCT.
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Tables
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Figure 1. ROC Curve. Receiver operating charactastic curves based on pooled data for periapical
radiography (A,= 0.70) and CBCT (A=0.58)

45



Table 1. Sample

Teeth Fractured  Non-fractured
Mandibular premolar 6 5
Maxillary premolar 4 6
Mandibular molar 5 8
Maxillary molar 6 10
Total 21 29
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Table 2. ROC A,-values for vertical root fracture detection

Observer Rzgir(ig:g;;rl\y CBCT
1 0.73 0.57

2 0.70 0.66
3 0.57 0.65
4 0.66 0.47
5 0.78 0.66
6 0.62 0.48
7 0.77 0.52
8 0.74 0.63
Mean 0.70 0.58
SD 0.07 0.08

ANOVA: modality: p = 0.0134; observer: p = 0.3307

a7



Table 3. Sensitivity for vertical root fracture detection

Observer Rzgir(ig:g;;rl\y CBCT
1 0.57 0.90

2 0.57 0.67
3 0.57 0.71
4 0.43 0.38
5 0.52 0.71
6 0.38 0.33
7 0.67 0.48
8 0.62 0.62
Mean 0.54 0.60
SD 0.10 0.19

ANOVA: modality: p = 0.3445; observer: p = 0.1360
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Table 4. Specificity for vertical root fracture detection

Observer Rzgir(ig:g;;rl\y CBCT
1 0.72 0.24

2 0.76 0.59
3 0.55 0.45
4 0.72 0.59
5 0.76 0.28
6 0.90 0.62
7 0.69 0.52
8 0.69 0.62
Mean 0.72 0.49
SD 0.10 0.15

ANOVA: modality: p = 0.0048; observer: p =0.3181
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Table 5. Positive likelihood ratio for vertical root fractur e detection

Observer Periapical Radiography CBCT
1 2.07 1.19

2 2.37 161
3 1.27 1.29
4 1.55 0.92
5 2.17 0.99

6 3.68 0.88
7 2.15 0.99

8 1.99 1.63
Mean 2.16 1.19
SD 0.71 0.20

ANOVA: modality: p = 0.0139; observer: p = 0.6839
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Table 6. Negative likelihood ratio for vertical root fractur e detection

Observer Periapical Radiography CBCT
1 0.59 0.39

2 0.56 0.57
3 0.78 0.64
4 0.79 1.06
5 0.63 1.04
6 0.69 1.07
7 0.48 1.01
8 0.55 0.61
Mean 0.63 0.80
SD 0.11 0.27

ANOVA: modality: p = 0.1286; observer: p = 0.3456
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Table 7. Diagnostic odds ratio for vertical root fracture de tection

Observer Periapical Radiography CBCT
1 3.50 3.02
2 4.19 2.83
3 1.64 2.03
4 1.97 0.87
5 3.46 0.95
6 5.33 0.82
7 4.44 0.97
8 3.61 2.66

Mean 3.52 1.77
SD 1.23 0.97

ANOVA: modality: p = 0.0189; observer: p = 0.587
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Figures

Figure 2. Fractured Cusp

Figure 4. Split Tooth
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Figure 5. Vertical Root Fracture

Figure 6. Sirona Galileos Comfort
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Figure 7. Sirona Galileos Comfort

Figure 8. Dry Skulls
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Figure 9. Accessed Samples

Figure 10. Fracture Induction
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Figure 11. Conical wedge and Mallet

Figure 12. Conical wedge

Figure 13. Ground Truth
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Radiographic Images

Figure 14. Multi-angled periapical Radiographs

Figure 15. CBCT Scan
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Figure 16. Periapical Radiograph

Figure 17. CBCT Reconstruction Image
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