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ABSTRACT
Peter Thomas Greeithreedimensional Con8eam Computed Tomography Volume
Registration for the Analysis dflveolar Bone Changes
(Under the direction of André Mol)

Objectives: 1. Determne accuracy of detecting bone l@dfecting tooth suppowith
registered conrbeam computed tomography (CBGImpared to intraoral radiograpfi®). 2.
Assesgepeatability of measaments with CBCT compared to 10. 3. Identdgtors which
affect defectdetection 4. Determineeffect ofbucm-lingual bone thicknessn defectdetection
Methods: Defects were created in mandiblesdimaged pre postdefect with 10 and CBCT.
Six observersiewedlO radiographgre, postdefectfollowed by CBCTgo determinedefect
presenceind extentReceiver Operating CharacteristR@C), sensitivity, specificity, logistic
regression were used. Irkgntra-observer agreement were assddsgintraclass correlation
coefficientand weighted kapp&esults:Mean ROC Afor CBCT (0.90) was not statistically
different from mean Aof 10 (0.81). CBCT sensitivity was higher than 10 sensitivity (0.85 v
0.63, p0.05). CBCT specificity was equivalent to 10 specificity (0.910v84, p>0.05)Bone
thickness, imaging modalitpbserveihad significant effeston bone lossletection Odds ratio
for CBCT \s.10 diagnostic accuracy was 2.29. Odds ratio for bdicgual bone thickness was
1.52.There was moderate agreement between observers and substantial agreement within
observers for detection of bone loss and measurement of e&terdiusions:CBCT showed
equivalent diagnostic efficacy and specificity for defestiedtion, but higher sensitivity than 10.
CBCT more than doubles the odds of accurate bone loss assessment compared to 10. Odds of

bone loss detectiancreaseapproximatelyb0% permillimeter of buccelingual bone loss.
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REVIEW OF THE LITERATURE

Inflammation of the gingiva, or gingivitis, occurs due to a bacterial challenge. The
bacterial biofilm which accumulates close to the gingival margin will initially illicit the
recruitment of a nospecific immune response. As the biological insult pragespically to
the periodontium, the disease not only affects soft tissues, but begins to affect the alveolar bone
as well. Thigdestruction ohard tissue is part of a process known as periodontitis and leads to
the demineralization and subsequent desitvn of alveolarbone Thisareais generallywithin a
2-mm radius around the root surfaces of tebth may progress beyond this licheriodontitis
has shown a predilection for arealsere plaguaccumulatsandwhere it is difficultfor patients
to keepbiofilm-free One specific area is the posterior interproximal alveolar bone. This area is
particularly susceptible to interdental cratetsch represent approximately tatbirds (62%) of
all mandibularalveolarbone defecté.The pevalenceof interproximal periodontal indbony
defects increases with age and has been found to occur slightly more frequently in males than
females in some studiés.

The use of radiographs has long been part of both dental diagnosis and treatment
plannng due taheir ability to assess the hard structures of the maxillofacial complex. Intraoral
radiographs, which include bitewing and periapical radiography, are used in periodontics to
assess periodontal bone support for the teeth. Intraoral imagirgyitoasse, low cost, and
provides remarkable anatomic defalowever,a substantiahmount of bonenust be losbr
demineralied (30-50%) beforet is detected on a conventional intraoral radiograph.

Additionally, the main diagnostic task of assesdinge is limited to the interproximal alveolar



bone levels, as the teedhesuperimposea on possible buccal or lingual defeéthis makes
detection ananeasurementf 2-wall and3-wall defectsa diagnostic challenges remaining
bone may conceal the dets? Despite the shortcomings previously noted, dentists still routinely
assess twaimensional intraoral radiographs for signs of progressing demineralization or
pathologic change. This is typically achieved by comparing current radiographs to tlersattak
a previous appointmestde by side on a computer monitBxkaminingintraoral radiographs
from two different appointments et onlylimited because of the aforementioned reasons, it
also requires a high level of standardization in the techniqumeagfe acquisition, which is
difficult to attain under routine clinical conditions

Digital subtraction radiography has proven useful in detecting changes in alveolar bone
mineralization as low as 5%4° This techniquerequires two intraoral radiograpbsquiredat
different timepoints withnearidenticalprojection geometry and densifijhe two images are
overlaid and processed to show exactly where bone resorption or bone deposition has taken
place!!!?In addition to detecting alterationsaiveolarbone height, digital subtraction
radiography caalsoquantifychanges ithebone density*1*Digital subtraction radiography
has also proven useful in assessing bone changes surrounding iripfamisenprojection
geometry, image brightness and geacontrast are adequately standardizezhsurementsade
with digital subtraction radiography can be highly accurate. This technique has the potential to
visualize other osseous changes seen with ridge resorasiovell as healing of periapical
lesionsandalveolarbonedefects.

As with all imaging techniques, digital subtraction radiography is not without its inherent
problems. The major limitations are twofold: (1) bone changes canfiollyp@ppreciated in all

three dimensions resulting in incom@etssessment and (2) standardization of the projection



geometry and image density are difficult to achieve under clinical conditions. Therefore, this
technique has not successfully transitioned from the research environment into clinical practice.
A possille solution to thdimitationsof digital subtraction radiography can be found in
conebeam computed tomograph@BCT). CBCT makes it possible to evaluate the
maxillofacial complex in all three dimensioasdprovide threedimensional volume
reconstructioa which can be viewed from any angté&urthermore, reconstructed slicibw
visualizationot he patient’'s trabecul atherdbyredecing n addi t i
“anatomic noise” so each anat@8Theuwseddenauct ure c
CBCT scans to assess progression or regression of disease eliminates the requirement of having
to standardize image acquisition geometry parametersesdimensionalvolumes can be
reoriented without loss of their spatial integrity.
The use of twedimensional conventional radiographs provides limited diagnostic value
due to the superimposition of anatomical structures. This includes dental anatomy, but also the
bone facial and lingual to a lesion. It has been documented that lesiali$ieut to discern on
two-dimensional intraoral radiographs when they are confined within the trabecular bone and do
not reach or resorb the facial and lingual cortical pfat&&This was later corroborated in
additional research which included asseg the accuracy of CBCT, CQbhargecoupled
device)digital sensors and traditional film radiographs to detect periapical bone dé@BE€T
performed significantly better in terms of sensitivity and diagnostic accuracy compared to the
digital and fim-based twedimensional radiographs. The authors attributed this difference to the
defects being contained within trabecular bone and not imgpllae cortical plates. A similar
study was carried out to compare the accuracy of CBCT and PSP plates tamigeantify

alveolarbone defect$? Defects were artificially created not only on mesial and distal surfaces,



but buccal and lingual to the teeth as well. The authors found that CBCT performed significantly
better than PSP plates and were able to tpegmdontal bone defecits all four areas
surroundinghe tooth.

While thesuperimpositiorof anatonic structuresnay cause difficulty in properly
evaluating many aspects of a radiograph, it is especially true with the assessment of defects in
the alvelar bone. Another study investigated CBCT and intraadibgraph®f alveolar bone
defectswhich were further categorized into furcatidefecs, one, two-, or threewall defects,
fenestrations and dehiscences. It was found that CBCT was supenatwal radiographs for
the detection of grade | furcatiaiefecs, threewall defects, dehiscences and fenestratféns.
These findings echo the sentiment by Mol in 2000 stated that visualizing-&all defects is
diagnostically difficult? These findngs are likelythe result of the xay beam projectig through
the walls of bone still present facial and lingual to the defect in the case of the grade | furcation
defecs and threavall defects. Fenestrations and dehiscences would be difficult to dssets
thin cortical bone being superimposed over a dense root structure. One investigator arrived at
different conclusions. After reviewing the literature, AlJehani came to the conclusion that while
CBCT improved the visualization bbne defects and fumtiondefects traditioral intraoral
radiographs were still superior in showipgriodontal ligament spasand bone qualityThe
authors concluded th@BCT does not offer an advantage over traditional intraoral radiographs
for assessinglveolarbone level$?

Regardless of the additional arnfnation received by viewing tlaveolarbone in three
dimensions, there are still different philosophies as to the extent of its usefulness in periodontics.
Two recent systematic reviews have reached $jiglifferent conclusions in thisegard Walter

and ceworkersperformed a systematic reviethe literaturejnvestigaing reports of CBCT to



view the periodontium aroundaxillary and mandibular molaes well as vertical bone

defects?® They found thaCBCT was highly accurate in its ability tassesslefect morphology

as compared to periapical radiographs. This improvement in accuracy over periapical
radiographs particularly increasehen assessing maxillary molars, where CB@E superior

to periaptal radiographs in detecting furcatidafects?® The authorsverecareful to note that

along with this increase in diagnostic capability comes increased radiation dose which should be
considered prior to imaging astiouldnot berecommended for routinessessment dalveolar

bone defect$?

Nikolic-Jakobaand ceworkersperformed their systematic review concentrating on the
different diagnostic efficacy levels for thige of CBCT in detection of intrabony and furcation
defects®® Diagnostic imagingesearch focused on patient outcsraed ultimately, societal
benefit is the starting point from which healthcare communities may begin to accept these
imaging modalities into their everyday patient care protocols. Frydnadk hornburyublished
their 6tiered hierarchical model of efficacy in diagnostic imaging in 13%%&vel 1 pertains to
technical efficacy such as spatial resolution, ggegle, sharpness, etc. Level 2 pertains to
diagnostic accuracy efficacy which includes studies calculating satysisipecificity and
receiver operating characteris(ROC)curves for the imaging modality. Level 3 is diagnostic
thinking efficacywhi ch studies if a clinician’s diagnos
provided by the new imaging modality as qmared to using the standard imaging modality.

Level 4 is therapeutic efficacwhich investigates he per cent age of ti me wh
treatment plan changed given the additional information. Another research question here is the
numberof times cetain procedurew/ould beavoided given the additional imaging information.

Level 5 is patient outcome efficacy where the percentage of patients whose outcome improved



with the new diagnostic imaging is calculated as is their life expectancy. Level é$amus
societal efficacy and includes caxffectiveness and cebenefit analyses for the new imaging
modality. NikolicJakobaand ceworkersfound that, for 16 publicationshich investigated
CBCT’ s u s e intrabonyarsdduecatisrilefeds only cne study examined the soakt
efficacy (Level 63° one study examined diagnostic thinking efficacy (Levél, 2nd the rest
examined diagnostic accuracy (Level 2). The systematiew concluded there wanot enough
evidence to support the use of CB@dr diagnosis and treatment ptang of periodontal bone
defectsor furcation defects. Most of the studies were Level 2 and showed CBCT had higher
diagnostic accuracy comparedadoth periapical radiographs and panoramic radiographs for
showing periodontabone defects and furcation defects. Therefore, although G8Qighly
accurate, more studieslavels other than 2 are necessary before CBCT can become part of the
clinician’s diagnostic wor*flow for assessing
Despite the lack of resrch inlevels other than diagnostic accuracy efficacy, there is still
a relative lack of data concerning thh@diemensional volume registrations and how it pertains to
diagnosis and treatment planning, particularly in periodontal disease. In this sisiglypposed
to visualize and quantify changes in bone as seen in periodontal disease by registering two
CBCT volumes. By superimposing thrdeanensionalCBCT volumes, visualization and
guantification of periodontal osseous changes in both jaws magdséle. The use of three
dimensional registration has shown to be an effective tool forgpesative assessment of
changes in the temporomandibular joints, maxilla and mandible following orthognathic
surgery?®3° With CBCT volume registration, it isob necessary to achieve identical patient

positioning between acquisitions as it is with intraoral radiographs. With CBCT volumes, there is

complete control of the image data. This means that perfect patient positioning is no longer



critical since the imagydata can be orientgdstacquisitionby the user. By superimposing

CBCT volumes, the location and extent of periodontal defects could be visualized in three
dimensions. Digital subtraction radiography is highly accurate when strict parameters are
followed, but threelimensional volume registration may be highly accurate as well without the
need fondeal patient positioning and beam angulation. Furthermoreglti@®larbonechanges
could be seen in all three dimensi@msl for all areas of the maxillaé mandible
simultaneouslyThis informationcould providea more accuratand comprehensivacture to

clinicians andcan havemplications br multiple areas in dentistry.
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MANUSCRIPT

Introduction

The level ofalveolarbonemay change throughout a patient’

levels can be caused by inflammatory processes. Likewise, an increase in bone leveleean be
result ofa reduction in inflammation. The periodontium is particularly susceptible to this waxing
and waning of inflammatory mediators. Since as early as 1941 it has been shown that
inflammabry mediatorgravel within vascular channels in thlveolarbone, particularly the

trabecular boné? Periodontal disease is pervasivéh mild, moderateand seere forms

affecting one of every two adult Americans 30 years of age or older. This equates to
approximately 47.2 percent or 64.7 million American adults. For adults 65 years of age and older
that prevalence increases to 70.1 perédifitere are also adibnal comorbities asstated with
periodontal diseas@cluding diabetes and cardiovascular dis€ase.

A classification system was developed by Goldman and Cohen in 1958 to describe the
morphological characteristics afveolarbonedefecs.* A threewall bone defect contains intact
interproximal bone and facial and lingual walls. A twall bone defect has two of these three
walls intact and ondestroyedFor example, the buccal and lingual walls may be unaffected, but
the proximal bone codlbe destroyed. Ongall bone defects contain only one wall with the
other two walls destroyed. Mamveolarbone defects are not purely engvo-, or threewall
defects. Thapicalpart of the defect may have three walls, whereas the coronal aspamgont

only one or two walls. These are known as combination defects.
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Dentists monitoalveolarbone levels with intraoral radiographs as an adjunctive
diagnostic tool along with clinical examination and probing. However, this does not assess the
bone defet in three dimensions and is not very sensitive for detecting demineralization of hard
tissue A substantiabmount of bone loss twonedemineralization must h@esen{30-50%)
before resorption is detected on a conventional intraoral radiogfdghthermore, the buce
lingual width of the defect cannot be determined. Indeed, as noted by Goldman in 1958,
“radiographic examination of the infrabony
us no information concerning the base of the ppck€here isimited data regardinglveolar
defect width and its visibility on intraoral radiographs. Feimensional imaging is also
hindered by anatomic superimposition which may mask bone defects, particularly those which
contain walls of bone buccahd lingual to the defect. Therefonmproved solutions for early
detection are needed.

Digital subtraction radiography is a radiographic application that was first utilized in
1935 by Ziedses des Planfe®igital subtraction radiography has proven useful in detecting
changes in alveolar bone mineralizatiorsamllas 5%:%!In addition to detecting alterations in
bone height, digital subtraction radiography aessoquantifychanges ithe density of bne!?13
This radiographitechniquehas also proven useful in assessing bone changes surrounding
implants}**To obtain a digital subtraction image requires two intraoral radiographs which are
acquired at different points in time witlearidenticalprojection geometry, image density and
image contrasfThe two images are overlaid and processedncel out structures that have
remained the same and only show those ambase bone resorption or bone deposition has
taken placé*®The best subtractioresults are obtained whére projection geometry and

image density are reproduced exadtpwever, here is a small margin of error allowable in

12
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beam angulation changehich is approximately 6*2 While reproduction of the@rojection
geometry and imagdensity are the keystones which make digital subtraction radiography
possible, they are also seen as its greatest limitattdakes time and effort to meet the
requirements for successful digital subtraction imadlitys, the application of digital
subtraction radiography dentistryhas been limited to research studies and is not beingrused
clinical practice.

Dentistry’ s neweenebeammaenputetbmograghd@GBCT),t v ,
provides a thredimensional view of the maxillofacial complékhis has revolutionized the
field of oral and maxillofacial radiology and the profession of dentistry. The practice of dental
implant placement has benefited fromthcee mensi onal i maging in its &
bone quantityn the treatmenplanning phaseSimilar to digital subtraction radiography, CBCT
hasalsoproven useful in assessing bone loss surrounding impfaAssthe spatial resolution of
CBCT improves, we are now able to semtomicstructures in great detalt has beeishown
that CBCT is able to provide improved visualization of the periodontal ligament space compared
to traditional intraoral image’.Concerningalveolarboneloss it has been shown thiite
healing of these defects is highly dependent upon defect anatoahyas those contained within
bone (threavall) versus those whicmvolve the facial or lingual cortical plates (twor one
wall defects). Therefore, developing the surgical plan and choice of periodontal restorative
materials which yield the most optal outcome is predicated upon an accurate examination of
defect anatomy?

Recent advancements in CBCT software allow for tlieeensional assessment of bone
changes over time which has implications for multiple areas of dentistry. This is achieved by

registering CBCT scans, a process known as {tlireensional volume registration. This

13



registration creates an overlalytwo scans whiclhe clinician may view simultaneously, thie
clinician may choose ttmggle betweethe twoscansViewing registeredCBCT scans is similar

to digital subtraction radiographiy that it superimposes radiographic démat, without the need

for exactreproduction of the projection geometiyd with the added benefit of three

dimensional information. The technique of CBCarscegistration can be accomplished in a
matter of minutes, making it a viable option in clinical practice. Little data exists on its
effectiveness in monitoring alveolar bone changes. By superimposing two CBCT volumes from
different time points, greateessitivity in these changes may detained while being able to

view those changes three dimensions.

The purpose of the current study is to determine if registering CBCT scans allows for
greater detection of changes in periodontal bone levelapdestdefect as compared to
traditional twedimensional intraoral radiographs. Within this purpdlsere ardour aims: 1.
Determinethe accuracy of detectiragveolarbone loss withregisteredCBCT scanscompared to
traditional twedimensional intraoraladiographs2. Determine the repeatability of
measurements with registered CBCT scans compared to intraoral radiograpgterurme the
factors which have a significant effect on bone loss deterticadiographs. Determine the
buccallingual bone lickness at whiclhlveolarbone defects can be detected with intraoral
radiographsThe nulthypothesis to be tested is that there is no difference in the accuracy,
sensitivity or specificity for assessiatyeolarbone levels between registered CBCT saans

intraoral radiographs.
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Materials and Methods

To test the hypothesis of this study,eawvivomodel was used in order to simulate as
close as possible clinical conditions while controlling the actual changes of the specimens.
Institutional review board (IRB) approval was obtained to collegtidstified, dried human
mandibles and to carry out observation sessions at the University of North Carolina (UNC) at
Chapel Hill School of Dentistry (IRB: 151771). The study followeduydelines set forth by the
Helsinki DeclarationTwenty-two mandibles previously acquired fanother research project
(IRB #: 14-3143) were collected. Due to the faaatthe current project solely investigated
alveolarbone levels in the posterior mahi#i in anexvivo model, each mandible was assessed
visually to determine the presence of molar and premolar teeth. Mandibles which were
edentulous, containing only mandibular anterior teeth, containing teeth broken to the alveolar
crest, or containing teeth with large alét restorations which could induce metal artigant
the CBCT scajwere excluded from the study. Following the exclusion proeessal of 14
mandibles were used forighstudy.

In order to simulatéhe attenuation characteristicssuofft tissue, ezh mandible was
covered with Riy-Doh® at approximately 0.5m thickness around the alveolar bone, ascending
ramus, and tongue space prior to-@ned posidefect imaging (Figure 1). This material has
previouslybeenusedand shown thats attenuation chracteristics closely resemble soft tissue
radiographically*®

Each of the mandibles were imaged with a conventional imaging modality as well as with
CBCT. In this studyphotostimulable phosphor plates (PSP) (Gendex, Hatfieldyepg used
to representite conventional imaging modality. A premolar and a molar periapical radiograph

were acquired with a PSP plate for each quadfagtre 2A).Conventional radiographs were
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acquired witha Focusx-ray source (Instrumentarium Dental, Tuusula, Finland) &&Wi, 8 mA,
0.32s, ata40cm source to imageeceptor distance (SIRisinga rectangulacollimator. The

central xray beam was projected perpendicular to the teati thathealveolarbone between
adjacent teeth could be adequately visualized. Imaging stents traditionally used in studies
involving pre and postop radiographs were not used and care was taken to closely tinénic
projection geometry between the pamd postop imagesThe reason for not using stemias

the goalto mimic a typical clinical situation similar to previous studftas noted by Tsiklakis

and ceworkers occlusal stents are used to make the projection geometry repeatable although
they cannot eliminate rofato n o f t h e 2! pdditionabynuse obthe lstenss ik not
practical inroutineclinical dentistry?! The exposed PSP plates were scanned in a ScanX 10 ILE
scanner (Air Techniques, Melville, NY) via the MiPACS Dental Enterprise Viewer 3.1.1401
opeaating ScanX Plugin Version 1.2.8 (Medicore Imaging, Charlotte, NC).

Following imaging with the conventional modaljtgredefect threedimensional CBCT
scans of each mandible were acquired using the Orthophos XG 3D CBCT unit with an 8 x 8 cm
field of view (FOV) at 85kV, 7 mA and14.3s (Dentsply Sirona, Inc., Long Island, NY, USA).
Each mandible was placed oncaund imaging platform which finto the CBCT FOV. A foam
block was used to raise the mandibles above the metallic platform to prevent nfatdkaiithe
CBCT volumes were exported as Digital Imaging and Communications in Medicine (DICOM)
files from theDentsply Siron&idexis software at a 0.3 mm voxel size. An isotropic voxel size
of 0.3mm has been shown to have the combined benefits of gagaogtic image quality and a
low radiation dosé?2*

Potential sites for periodontal defects included the mesial and distal surfaces of each

molar and premolar tooth. The potential sites were logged into a spreadsheet (Microsoft Excel
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2013, Redmond, WAQndtotaled 75 sites. A random number generator program in Microsoft
Excel was used tdeterminewhich sites would servascontrolsites(no bone lossand which
sites aexperimenal sites(periodontal bone defect total of 34 control sites and 41
experimental sitesvere identified for the purposefthis study Bone defects were creatadthe
experimental siteby an experiencegeriodontistusinga diamonetipped bur and aidriven
handpiece. Each defect left the facial and lingual cortical plaiest. The defects were then
measured with a UN@5 periodontal probe to the deepest portion of the defect (Figure 3A). The
ground truth of presence or absence of the created defects as well aetwmirediepths were
recorded. The facial and linguadtiee thickness of the walls surroundihg defects werthen
measuredtthe level of the crestal boperpendicular to the cortical platésgure 3B). After
creating thealveolarbonedefects, the soft tissue equivalent material was readapted to the
mandbles and a posiefect series afadiographsising PShlatesand a CBCT scan were
acquired for each mandible (Figure 2B). The CBCT scans were registeredWith software
(v. 5.4.5 Anatomage, San Jose, CA) using a combinatitmoafegistration techiques. Within
the InVivo software, numerous landmarks were manually selected on theliteesionally
rendered pralefect mandible and those same landmarks were selected on tdefpast
mandible. These points were then aligned which approximategbesthnd postdefect CBCT
scans. This process was used to approximate the mandibles and is knownlaaseaint
registration. 8rfacebased registration, the second registration aptith the InVivo software,
wasthenused to automatically match the reneld surfaces of both prand postdefect
mandibles to further minimize their distances

Six observers were recruited to analyze the images. All observers had several years of

training in oral and maxillofacial radiology and clinical experience to asdesslarbone levels
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on radiographs. Five of the observers were oral and maxillofacial radiology residents and one
observer was a board certified oral and maxillofacial radiologist. The observers were given an
orientation session regarding the purposdab@®ftudy, the definition of bone loss and various
bone morphology characteristics, intraoral radiograph projection geometry, reason for registering
two CBCT scans, how to register CBCT volumes, and proper use of a 5 point confidence rating
scale. Informea@onsent from the observers was obtained prior to the orientation session.

Observers were asked to complete two diagnostic tasks. They were first asked to indicate
their confidenceegardinghe presencer absencef alveolarbone loss between the tirpeint 1
and timepoint 2 imageausing the following Likert scalet = definitely no bone loss, 2 =
probably no bone loss, 3 = unsure if bone loss is present or absent, 4 = bone loss probably
present, 5 = bone loss definitely present. The observers weraskeshto measure, in
millimeters, the point of greatest defect depth using a five point ordinal scale where 1 =0 mm, 2
=02.4mm, 3=2.58.9mm, 4 =5/.4mm, 5=7.80 mm. Adepthscore of 1 was assigned for
casesvhen observers decided there wadaone loss present. The measurements wede
with a distance measurement tool in MiPACS for the intraoral images andiuvoln. 5.4.5 for
the registered CBCVolumes The observers recorded their answers in an anonymized score
sheet. This process was qoleted for the intraoral radiographs followed by the registered CBCT
volumes All imagesandCBCT volumes were randomized and all observers viewed intraoral
images first followed by the registered CBCT volumes.

Observers viewed timpoint 1 and timgoint2 PSP radiograprsmultaneouslyn dual
monitor workstations with Lenovo LT2252p monitors (Lenovo, Beijing, Chisa)gMiPACs
Dental Enterprise Viewer 3.1.1401 software (Medicore Imaging, Charlotte, TR€Eoom was

dimly lit to provide adequate viewgnconditionsRegistered CBCT volumes were examined

18



under the same ambient light conditimmsa Lenovo W540 ThinkPad (Lenovo, Beijing, China)
using the Superimposition featuwéthe InVivo software (Figure 4A and 4B). A TGES8 test
pattern quality contdlacheck was performed on each of the monitors prior to the observation
session$o ensure adequate brightness and conffastprincipal investigator was on site during
all of the observation sessions to answer any questions that arose. After a washaoff 263
weeks, each observer viewed approximately half of the images a second time in order to
calculate intraobserver reliability.

The observers’ scores and ground truth dat
characteristic (ROC) curves utiligra webbased ROC analysis computer program from Johns
Hopkins University School of Medicine (www.jrocfit.org). Area under the cury géores
were obtained from the curves and sensitivity and specificity were calculated in Excel (Microsoft
Excel 2013, Rdmond, WA). For detection of periodontal bone loss presence, a response of 4
and 5 were considered to be corréctesponse 08 was considered a negative response since
the observer was not able to come to a definitive diagnostic decision as to the presence and
extent of periodontal diseadatraclass correlatiocoefficients(ICC) were calculated as a
measuref overall agreen@ between the six observe&nce there wersix observerand
multiple responses from each obsertlee PROC MIXEDprogram in SAS v. 9.4 software (SAS
Institute, Inc. Cary, NC) was used to fit the data to a mixed linear model. A mixed linear model
wasused because it specified the complete probability distribution of the data usingffects
parameters and covariance parameters. This program is similar to ANOVA but more robust in
that it can account for this mixture of fixed and random effects pfogram performed
variance components analysis assessing the ratio of within image variability to between image

variability. This was then used to estimate the overall-ob=erver reliability for confidence of
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bone loss detection and measurement akldoss as well as imaging modaliBor intra-

observer agreement, linear weighted kayglaeswere computed for each observer as well as

the Bowker’s Test of Symmetry for discordance
effects of observers, iaging modalities, and bucelthgual bone thicknessntraobserver

reliability and logistic regression weaégsocompleted using SAS v. 9.4 softwarepAvalue of

<0.05 was considered to be statistically significant.

Results

A total of 75 siteswereassessed in this studd/l of which were experimental (defect)
sites and 34 of which were control sites (Table 1). Regarding the detectiveafrbone loss,
the difference between the ROG & CBCT (A; = 0.90) wasot statistically different from the
ROC A; of intraoral radiographs (&= 0.81) (Table 2 and Figure S)hus, the nuthypothesis of
no differencebetween the two imaging modalitiesuld not be rejected€BCT did have a
significantly higher sensitivity @.85) compared to intraoral radiographs (0.G3)e difference in
specificitybetween CBCT and intraoral radiogragi®©land 0.85, respectivélyvas not
statistically significan{Table 2).Paired tests were performed to determine the significance of
the A values p=0.059), sensitivity=0.007) and specificitypE0.45) between both imaging
modalities (Table 3).

The bone thickness, imaging modality and observer all had a significant effect on the
ability to detect and quantify bone lo§s(.001) (Také 4. Greater buccdingual bone
thickness likely hid the defects especially when viewed on intraoral images. The imaging
modality was likely significant in that viewing defects obscured by bone and dental anatomy was

made possible with adjunctive thrdamensional views. Observers also had a significant effect
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on visualizing bone loss because, regardless of the imaging modality used, the ability to diagnose

bone defects is still dependent dype3Analysibser ve

of Effects showed a statistically significant difference in the detection of bone loss between the
two imaging modalities when controlling for observer and bone thickpe8s001) (Table %

Odds Ratio Estimates were 2.29 for CBCT vs. Intraoral andf@r3ticcatlingual bone

thickness (Table)5Therefore, CBCT had 2.29 times the odds of visualizing bone loss compared
to intraoral radiographs. In regards to intraoral radiographs, for every 1 mm oflmgrca

bone loss, the odds of visualizing bonsslancrease by 1.52.

The interobserver reliability folCBCT bone loss detection and defetze assessment, as
measured by the intraclass correlation coefficieas 0.59 and 0.56, respectivefar intraoral
radiographs, the values wedes6,and 0.58respectively (Table)é These results suggest an
overall moderate agreement between the observers for bone loss detedbone loss
measurment Theaveragentra-observelagreement, as measuredvgighted kappa valse
was0.62for detection of bonéoss in CBCT scan€BCT intra-observeragreementor defect
sizewas 0.62 Both valuesindicatke substantial agreement (Tabléand §. The intraobserver
average weighted kappa value for detection of bone loss on intraoral radiographs wiasr@.52
observeragreementor defectsize assessmean intraoral radiographs was 0.3bth values
indicaie moderatentra-observeragreementor intraoral radiograph€rables 7 and)8 Tests for
Equal Kappa Coefficients were not significant for the majority oeoles p>0.05) (Tables 7
and8) . Bowker’'s Test of Symmetry was used to
in the responses between the two viewing sessions for a given observer and imaging modality
(Table 9. All values were greater th&n05 suggesting all data was symmetrical and there were

no differences between the two viewing sessiprg.05).
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Discussion

Osseous craters, a specific typalvieolarbonedefect, are concavities of the alveolar
crest in the interdental area whichmtat affect the facial and lingual cortigalates. These
compriseabout onehird of all alveolar bonelefectsand comprise approximately tvibirds
(62%) of all mandibulaalveolarbone defect$>2® Posterior interdental areaf the maxilla and
mandiblearechallengingfor patients to keepiofilm-free,which leads t@n increased risk for
persistent inflammation and consequent loss of alveolar. Bantining specifically to the
mandibular predilection, broafiat architecture of thposterionnterdental bone between
mandibular molars may predispose the area to formation of an osseousted&ss are
contained by the mandible’s thick cortical
intraoral radiographic examination. Additionaltiie softand hard tissue vasculature may easily
allow the entrance of inflammatory factéf2® Defects are classified based on the number of
walls they have. Most defects in this category contain more walls in its apical portion (three
walls) than its coronal ption (one or two walls}.The prevalence ohese vertical, combined
osseous defects increase with #je.the current studyjefects which did not penetrate the
cortical platesvere createdlhe reason for this was twold: (1) these defects are gerlgra
more difficult to detect radiographically becawasenineralization is difficult to ascertain prior to
cortical plate involvementand (2)one of the aims of the study was to determine the amount of
buc-lingual bone loss which must occur befdefect arevisualizdwith two-dimensional
imaging

The effect of the imaging modality on the ability of the observers to datesgilar bone
defects was assessed in two different ways. ROC analysis was used to determine diagnostic

efficacy and logistic regression was used to determine which modality was more likely to
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provide accurate results. Diagnostic effica@s measured with receiver ogtng characteristic
(ROC) curves, which is a widely accepted statistical method to coreffiemacyin radiological
studies’®* ROC analysis is often used in assessing diagnostic imaging accuracy because it
eliminates differences in the decision thi@dls of the observers and thus removes observer bias.
An ROC curveplotst h e o0 b s er v dartrus positigenfractiondin the yaxysagainst the
false positive fractiondne minus the specificifyon the xaxis. The response data from the
observes consists of numerical responses based on gdiwe Likert scale. This scale allows
theobserver to communicate whether they see or do not see a defect as well as their level of
confidence. After grouping the response data according to a range pbsitiee and true
negativecub f f | evel s, t he btedas pogabétveenepesehtmgthhea nc e |
relationship between the false positive rate and the true positive fate. & best fit is created
throughthesepoints whichrepresentthe ROC curvelt is the area underithcurve (A) which
is ameasuref diagnosticefficacy. Larger A values indicatdigherdiagnosticefficacy.
Interpretation of Avaluesgenerallycan bemadeas follows: A of 1.0 is a perfect test,Af 0.9
0.99 is an excellent test,Af 0.8-0.89 is a good test,Af 0.7-0.79 is a fair test, Aof 0.51-:0.69
is a poor test and Af 0.5 is a useless test.

While the ROC analysis provides a measure of diagnostic efficacy independent of the
observers deci sion threshold, it remains of inter
The tradeoff between sensitivity and specificity is observer dependent and is determined by the

each observer’' s deci si on t hconstsdithd RO.curvEBdhcan obser
be used to computensitivity and specificity. For this purpose, the fpaant Likert scale needs
to be dichotomized. In this studyge considered response of @insure) to be a negative

responseWhile one could argue whwegr to consider thia negative oapositive response, av
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believe that answering “unsure” for a diagnos

diagnostic question and does not warrant a positive result. It is somewhat akin extyperf
diagonal ROC curve with ai; of 0.5, indicating that diagnosing presence or absence of disease
IS a coin toss.

The average Avalue forCBCT was larger than the averagevalue forintraoral
radiographshowever, the difference was not statisticalgnificant.A difference of 0.09 in the
A; values would be considered a clinically significant difference. The lack of statistical
difference can be attributed to the relatively small number of observers and the variability
between the observeisor obsevers 2 and &he difference between the modalities was only
0.01. The A value differences for the other four observers ranged from 0.06 toltOskbuld
also be noted that the averagevAlue for intraoral was already good. This may have been the
reallt of the way in which the defects were created or because of the contpelheihtop
conditions of this studwhich donot fully compare to a clinical settinghe level of expertise of
the observers may also have contributed to Tiis. observers whparticipated in this study
werefirst, second anthird-yearoral and maxillofacial graduate studeasswell aoneboard
certified oal and maxillofacial radiologfaculty member For example, observer 6 attained an
A; value for intraoral radiography 6t91 and improved negligibly with CBCTh comparing
our results to aimilar study Mol and ceworkersachievedCBCT mean A values of 0.82 and
0.79 for molars and premolars, respectivéiyraoralmeanA; values were 0.4&8nd0.52for
molars and premolars, respectivélyrhe CBCT A values in the current study were possibly
higher becausanewermachinewasused andmage qualitywould likely improveafter nearly a
decadeof industry developmeni he intraoral A values were higher in the current study

possibly becaustmere were no defects created buccal and lingual to the teeth, tineligidy
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by Mol and ceworkers. The current study did not include buccal or lingual defects because this
would have likely yiadled results biasad favor of CBCT.Had the current studyecided to
includebuccal and lingual defects tnéhe difference in Avaluesbetween the two imaging
modalitiesmay have been statistically significant.

The difference in sensitivity between the two imaging modalities was statistically
significant. Observers detected 85% of the lesions with CBCT and 63% of the lesions with
intraoral radiographs. All observers showed better sensitivity with CBCT althougiil tmthe
same degree. The average difference in the specificity between the two modalities was 7% in
favor of CBCT, but this difference was not statistically significant. Variability between the
observers appears to be the main reason for the difeererndeing significant. For example,
intraoralradiography had higher specificity than CBCT for observers 1 and 3 while specificity
stayed the same for observeQhserver n the other handhad a specificity 00.41for
intraoral radiographynd0.88for CBCT.Based on these results, it can be assumed that failure
to reject the nuthypothesis of no difference in diagnostic efficacy can be largely attributed to
variability between the observers in specificityis variability in interobserver relialbity is
likely the reason for theigh standard deviation, which reached 0.21 for specificity.

Another factor that may have compounded this issue is that the R@&u&s were
based on empirical curves, not fitted curdasorder to construct fitted ROCurves, observers
must use the entire spectrumtloé Likert scalelf this does not happethe data is considered
degenerate and an empaicurve is created rather than a fitted curve. Thus, ROC analysis
works best ithe observers are presented wittedes of cases and controls that range in
difficulty and if the observers are trained to match their response to their actual level of

confidence. In this studyhe observer lthdegenerate data for the first CBCT viewing session

25



and three observers hddgenerate data for the second CBCT viewing sedsiather words,

the observers were less inclinedstdecteach of the 5 responses and use the entire scale which
would have generated fitted ROC curvEse degenerate data for CBCT can, to some delgeee,
explained by the fact that the diagnostic tasksegasier for the observers and, consequently,
their level of confidence highéWhile it was our original hope to generate fitted ROC curves,
we viewedit as an unintended positive consequence thatnhiee scale was not used, indicating
there was relative certainty as to the presence or absence of bone loss.

Logistic regression was utilized to examine how the two imaging modalitiex-bucc
lingual bone thickness, and observers were predictatmghostic efficacylLogistic regression
yielded a Type 3 Analysis of Effects aodidsratios. The Type 3 Analysis of Effects highlights
that, while there may have been differencediagnostic efficacamongst observers, there was a
statistically signifcant difference in thdiagnostic efficacypetween intraoral imaging and CBCT
when controlling for the observer and badimgual bone thickness. Therefore, the thickness of
bone,theimaging modalityas well as the obseryel had a significant effeacn the ability to
detect bone loss.

Regarding the imaging modalities, the oddsnaking a correct decisidor the presence
or absence dfone loss with CBCivere 2.29 timegreater than making such a decision with
intraoral imagingThis finding substaidtes the ability of thredimensionalCBCT imaging to
show changes in bone architecture by displaying trabeculanatireut superimposed cortical
bone, ultimately leading to greater detectiyrthe viewerHowever, @en with cortical plates
concealinghe lesions confined to trabecular bone, intraoral radiographs are the standard
imaging modality for dentists to assedgeolarbone morphology. Regarding how badagual

bone thickness affected defect visibility, for every 1 mm of trabecular bonm lttesbuccal
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lingual dimension, the odds of detecting this defect incteag&® times when controlling for the
imaging modality and observer. This findingc@nsistent with the notiotmat more buaa

lingual bone losgeads to less-xay attenuation antherefore increased contrast between the
defect and the unaffected botnlike researchighlightingthe ability of intraoral radiographs
to detect periapical lesions, an odds ratio for detecting periodontal bone loss with intraoral
radiographs$ias not ken publishetb our knowledgeand further mvestigations needed to
corroborate this finding.

Inter-observer reliabilitywaluesbetween the six observd both imaging modalities
indicated a moderate level of agreemenidetermining the presence alnsence of bone loss as
well as for determininghe amount of bone loss. The intraclass correlata@fficients
underscore the variation in accuracy, sensitpiahd specificity between the observers.
Depending on the difficulty of the task, it can b@ested that observers vary in their responses
The moderate agreement sugg#isat interpretinghe images fronthe two imaging modalities
wereobserverspecific as there was no substantial to perfect agreement. Due to the fact that there
was no statistally significant difference in terms of agreement level between different
observers, the two imaging modalitisere deemeeéquivalent in terms of observer agreement

The aveage intraobserver reliability, as measured by weighted kapfaa, substantial
for CBCT and moderate for intraoral radiograpbgthfor determining the presence or absence
of bone loss and faneasuremertf the defect sizelherefore, Tests for Equal Kappa
Coefficients were used to see if there was a statistically significanteditfe between weighted
kappa values for the two imaging modalitiesr all observers, except ortbere was no
statisticallysignificant difference between the weighted kappa values of the two imaging

modalities, or rather, no significant difference ihaigility between the two imaging modalities.
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However, there was a statistically significant difference in the weighted kappa values between
intraoral radiographs and registered CBCTs for observer 5. Weighted kappa values for observer
5 went from 0.22 an@.29 for bone loss detection and measurement of bone loss extent on
intraoral radiographs, respectively, to 0.70 and 0.78 for bone loss detection and measurement of
bone loss extent on CBCT, respectively. Tdfiange in kappa values implies a chafigm fair
agreement to substantial agreemérdeemedhe added information of threBmensional
i maging helped in observer 5's conskhkosldsierncy i n
detection, this observer was an outlier in terms of specificitgtraoral radiography, which
implies the observer was vulnerable to distractors mimicking bone loss. Hotevénding
could notbe generalized to all observers. ObsesZeand 6 were more reliable with intraoral
imaging tharwith CBCT, but these ffierences were not statistically significa@iven these
data, it appearthe reliability of intraoraradiography an€BCT was usedependent.

While we have demonstrated that viewisgjistering CBCTscansyields higher
sensitivity and odds of visualizglbone loss compared to intraoral radiographs, there are still
drawbacks for the serial acquisitiohregistered CBCT#r the sole purpose alssessg
alveolarbone.The potential radiation burden associated with CBCT is the highest of the dental
imaging modalitieslt also takes additional time fwocess andegister CBCT scans, a process
that is not necessary when comparing intraoral radiographs. The technology still shows promise,
however. Compared to a full mouth series, acquisition of a C&@m is more comfortable for
the patient, requires less time to acquire, and is less technique selisgiugherently simple to
obtain an idealdiagnostically acceptable CBG&GEan while several factorslependent o the
operator including projectiorgeometry, are requirddr ideal intraoral radiographs.

Furthermore, the development of low dose protocols is a current trend with CBCT
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manufacturers. This would lower the risk of harmful effects from radiation, possibly justifying
serial scanstobeolbtn ed t o moni tor a patient’s periodont
hardware improvements will undoubtedly lessen the time required for registering CBCT scans.
Additional studies are warranted to see if there would be significant improvements between
intraoral and thredimensional imaging in detection for general dentists or periodorftsts.
comparison of registration accuracy based on exposure parameters (i.e. low dose versus higher
dose) should also be investigatédother avenue of exploration wial be to examinene
effectiveness of syncing and scrolling througlo @BCT scans next to each otlasrseen in
Dentsply Sirona’s Sidexis 4 “Compare” feature
superimposed. This scenario more closely resesnientists comparing intraoral radiographs
side by side.

Given these findings of registered CBCT scans compared to intraoral radiographs, there
are additional applations of the thredimensionad at a t o ai d in the denti :
treatment planing. Acquisition ofthreedimensionalmagedata has implications beyond
viewing the data in axial, coronal, and sagittal planes. With improvements in computer
processing and software algorithrttgs data has now become the scaffold upon which new
innovations in medical and dental imaging are buitireedimensionalmagedata can be
segmented to create surface renderings allowing for full visualization and 360° manipulation of
the anatomical or pattogical morphology. Segmentation has come to the forefront in medical
modeling and is the basis for thréenensional printing. Prior to thetnoduction of CBCT to the
dental market, mukldetector computed tomography (MDCigdalready been used to geat
threedimensional models for use in surgéty® While MDCT historically has been the imaging

modalityfrom which to create hard tissue segmentations, CBCT has recently been shown to be
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equivalent to MDCT in its ability to generate mod€lSegmenttion is now becoming a popular
topicin dentistry and it is only a matter of time before it become®asnonplacen dentistry as
in medicine.

Segmentedsurfacerendered models can be registered, similar to registeolugnedata
from CBCT scans, alloiug for further analysidt allows radiologists and clinicians to both
calculate and visualize the estimated volume of change between the two segmentations. This has
been used in multiple areakdentistry includinghediagnosis of developmental conditis such
as mandibular asymmetry, degenerative changes associated with the temporomandibular joint,
and mandibular bone changes following orthognathic suf§éfy!The technology extends
beyond radiological imaging studies which use ionizing radiaBanface renderings created by
optical scan data can also be registered for use in dental education. Intraoral optical scans of a
student’'s waxed crown or crown preparation ca
crownand distance thresholds atgosen to generate a final grddéDiscrepancies in distance
create a colored surface rendering to let students know where they amadegrreduced their
tooth, allowing them instant feedback for how and where to improve their preparations. Students
found this objective method of grading preferable to subjective-eadting™

Software is currently available for segmentation and ttneensional volume
registration. Inthe context of the current study, these software programs may allow the oral and
maxillofacial radiologist to both calculate and visualize the estimated voluaiesafiiarbone
lostaround teethTo illustrate thigechnique ITK-SNAP v.2.4 software was used for semi
automatic segmentation of the CBCT volumBsreedimensional surface renderinggre
createdf the scan of the préefect dried mandiblas wellasof thescan of the posdefect dried

mandible (Figures 6A and 6B) (www.itksnap.ofgT.hese segmented surface renderings were
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then registered using 3Blicer v. 3.1 software with a combination of fiducial registration,

surface registration, and fitaned with region of interest (ROI) registration

(wwwe.slicer.org)*®4'To localize and quantify the absolute distance of these changes between the
two timepoints, the Shape Analysis: Model to Model Distance and Shape Population Viewer
Modules were used to create a catoded registration of the segmented data, also known as a
color map (Figure 6C). Areas colored green indicated no change in bone morphedbgy

indicated an inward change in bone morphology (bone loss), blue indicated an outward change in
bone morphology (bone gain).

The overarching goal of the current study was to develop a method by which CBCT can
be used to more accurately and reliabliedeand quantify changes in alveolar bone over time.
Developing a method for creating a thidimensional volumer surfaceegistration has the
potential to provide a complete visualization of the periodontal defects in a format that the
clinician can radily appreciate. From a clinical perspectivés critical that this protocol is able
to be performed efficiently and accurately. The future implications for this are far reaching.
While threedimensional volume registration is already being used ipakeoperative
assessment of orthognathic surgery which requires a large field ofe@wthis diagnostic
procedure has numerous other implications. The methodology could be applied to investigate
bone demineralization and trabecular bone demnsiywo. Analysis of the density and
organization of trabecular bone could be achieved with the data obtained from the three
dimensional models. Following creation of these titieeensional models, a range could be
created from the histogram of the CBCT volsmehereby the voxels in each area of interest
would be classified as either trabecular bone or marrow space. This would help determine the

density of trabeculation in the areas of interest.
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Furthermore, thredimensional volume registration has other deapplications which
could include implansiteassessment, root resorptidetection andassessment afnpacted
teeth. These diagnostic questions would allow for a dineédl of view setting with CBCT
which would make assessment of individual areastefest more feasible. The efficiency and
accuracy of thregimensional volume registration to vieleolarbone loss, combined with the
ability to show the referring clinician a colooded topographical map depicting the extent of
bone change, as wealt its change in density, has the potential to be a useful method of
radiological assessment.

There are a number of potential limitations of the current study. Due to the fact that metal
artifact is an issue in CBCT imaging, mandibles which containdk vaéh large metallic
restorations were excluded from the stutigan be hypothesized that the effect of metal
artifacts may be minimal as most of these artifacts are generated in the direction of the beam and
therefore largely propagate in the axiamabove the crestal bonk is possible, however, that
metal artifacts would have predispddbe registration of CBCT volumes to error. Any large
error in registration would create inaccurate detection and measurement of bone defects between
the two CECT scans during the observer sessitmglinical practice, many older patients with
periodontal disease are likely to have more restorations, some of which midtakic

Unbeknownst to the participating observers defects were created which measu®
2.4 mm. This was because a connective tissue attachment of approximately 2 mm exists between
the most inferior portion of a periodontal pocket and the most inferior portion of a periodontal
bone defect’ Defect depths of less than 2 mm naayuallynot extend apically to the level of
the alveolar crest and would not be considered intrabony detfeetsfore these weraot usel

in the current study. Furthermore, only mandibles were used for this study due tdilthairom
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in a previougesearctproject Having maxillary dentition would haveade the studgnore
clinically relevant.

The angle of a periodontal bone defect has been shown to play a role in treatment
prognosis. An angle of less than 45° between the root and side of the defect ressberted
with a higher chance of success for regaining 8kmwever, the current study was solely
concerned with comparing defect detection and defect depth assessment between two imaging
modalities rather than assessing treatment outcomes and obseeve not tasked with
measuring defect angldsastly, the method used for registration of the CBCT scans was a
combination of poinbased registration and surfasasedegistration. In the hierarchy of
accuracy for aligning thredimensional volumes,oxelbased registration is superior, allowing
for superimposition of two volumes at the level of voxels, the tdieensional version of a
pixel. Surfacebasedegistration allows for thautomaticalignment of threglimensional
volumes based on the shapeintbased registration is the least accurate, where the operator
manuallyselects points on both images, and the images align based on those points. While
voxekbased registration allows for slightly less variability in registration, suttaserface
registration habeen proversuccessful in previous studies and is within an acceptable level of

accuracy without any statistically significant difference from védoased registratiof?.

Conclusion

In the current study, gistered CBCTs on average wei@ statistically significant in
terms of diagnostic efficacy accuracy or specifigityencomparedo intraoral radiography
Registered CBCTs on average were shown to be statistically significantly more sensitive

compared to intraoral radiograpf®gistered CBCTs andtraoral radiographshowed

33



moderateagreemenbetween observerfRegistered CBCTs and intraoral radiographs showed
substantiabnd moderatagreement within observengspectivelyNo significant differences
reliability were foundbetween the two imaging modalities exciptone observer. These

findings suggest that while registered CBCTs proved rsengitive assessinglveolarbone loss

is userspecific.Furthermorepur results suggest that specifianitraoral radiography o every

1 mm of bone lost in the bucdimgual dimension, the odds of detecting those defects increases
by 1.52 timesTo our knowledge, the odds of detectalgeolarbone loss with intraoral
radiographs has not yet been published and further inveshgatheeded-inally, we have

shown it is possible to manipulate CBCT scans with segmentation and registration software to
create threelimensional dynamidata set&nown as color maphat mayhelp the clinician

determine the location and extentabfeolarbone loss.
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Figures

Figure 2A
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Figure 2B
Figure 2: Intraoral radiographs of the same site- (&) and posidefect(2B). Note thebone
lossdistalto #21 in the postlefectradiograph.

Figure 3A
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Figure 3B

Figure 3: Measuring thalveolarbone defect depth (3A) and width of the facial and lingual bone
(3B) clinically with a UNG15 periodontaprobe.
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Figure 4A: Superimpositionwidw in Anatomage Invivo5.4.5 with registered CBCTs
showing the samguadranwithout bonedefects.
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Figure 5. ROC curves based on pooled data between registered CBCTs and intraoral
radiographdgor detection ofalveolarbone loss
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Figure 6A

Figure 6C
Figure 6: Segmented mandibles p{®A) and postefect (5B) in ITKSNAP combined to show

a color map (5C) of the same quadrant in 3D Slicer v. 3.1. Red corresponusiidéne loss
mesial #18.
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Table 1 Alveolar Bo

ne

Defect Ground Truth

0 mm (no defect] 34
0-2.4mm 0
2.5-4.9 mm 11
5-7.4mm 27
7.5-10 mm 3
Total 75

Tables

Table 2 ROC area under the curve (AUC),
sensitivity and specificitypased on pooled data

Imaging Modality | AUC | Sens | Spec
Intraoral 0.81 0.63 0.84
Registered CBCTY 0.90 0.85 0.91

Table 3 Paired ttests for area under the
curve (AUC), sensitivity and specificity

between intraoral radiographs and

registered CBCTs

Mean | Std Dev | Pr > |t
AUC 0.09 0.09 0.06
Sens 0.21 0.12 0.01
Spec | 0.07 0.21 0.45

Table 4: Type 3 Analysis of Effects

Effect Wald Chi-Square | Pr>ChiSq
Bucw-Lingual Bone Thickness 30.64 <0.0001
Imaging Modality 15.24 <0.0001
Observer 66.27 <0.0001
Table 5: Odds Ratio Estimates
Point 95% Wald Confidence
Effect Estimate Limits
CBCT vs. IntraoraRadiographs 2.29 1.51 3.46
Bucw-Lingual Bone Thickness 1.52 1.31 1.77
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Table 6: Inter-Observer Reliability (Intraclass Correlation)

Imaging Modality Confidence of Measurement of
Detection Extent
Intraoral Radiographs 0.56 0.58
RegisteredCBCTs 0.59 0.56

Table 7: Weighted Kappa Values for Confidence of Bone Loss Detection

10_95% CBCT_95%
Observer | 10_Kappa Cl CBCT_Kappa Cl Pr>ChiSq
1 0.60 0.46 | 0.74 0.76 0.62 | 0.90 0.12
2 0.60 0.46 | 0.74 0.43 0.23 | 0.63 0.19
3 0.51 0.35| 0.68 0.56 0.35 | 0.77 0.72
4 0.51 0.36 | 0.66 0.63 0.45 | 0.81 0.30
5 0.22 0.03|0.41 0.70 0.55 | 0.86 | 0.0001
6 0.66 0.51]0.82 0.62 0.45 | 0.80 0.73
Mean 0.52 0.36 | 0.67 0.62 0.44 | 0.79 0.35
SD 0.16 0.17|0.14 0.11 0.14 | 0.09 0.31
Table 8: Weighted Kappa Values for MeasuremehBone Loss Extent
10_95% CBCT_95%
Observer | IO_Kappa Cl CBCT_Kappa Cl Pr>ChiSq
1 0.82 0.65 | 1.00 0.80 0.63 | 0.98 0.88
2 0.73 0.57 | 0.90 0.47 0.21 | 0.72 0.08
3 0.59 0.44 | 0.75 0.48 0.31 | 0.66 0.37
4 0.35 0.18 | 0.52 0.56 0.37 | 0.75 0.11
5 0.29 0.08 | 0.49 0.78 0.66 | 0.91 | <0.0001
6 0.78 0.64 | 0.92 0.64 0.42 | 0.85 0.28
Mean 0.59 0.42 | 0.76 0.62 0.43 | 0.81 0.34
SD 0.23 0.24 | 0.21 0.15 0.18 | 0.12 0.32
Table 9: Bowker's Test of Symmetry
Confidence of Detection Pr>S Measurement of Extent Pr>S
Registered Registered
Observer Intraoral CBCTs Intraoral CBCTs
1 0.06 0.88 0.95 0.98
2 0.91 0.65 0.91 0.96
3 0.55 0.42 0.92 0.21
4 0.26 0.93 0.57 0.97
5 0.09 0.41 0.87 0.53
6 0.67 0.22 0.63 0.87
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APPENDIX |

Table 10 Individual ROC area under the curve (AUC), sensitivity and specificity data f
each observer and imaging modality

AUC AUC Sens Sens Spec Spec

Observer 10 CBCT 10 CBCT 10 CBCT

1 0.82 0.93 0.46 0.88 0.97 0.85

2 0.77 0.78 0.46 0.55 0.94 0.97

3 0.84 0.90 0.71 0.93 0.88 0.85

4 0.87 0.96 0.68 0.88 0.88 0.94

5 0.69 0.94 0.83 0.93 0.41 0.88

6 0.91 0.92 0.66 0.90 0.94 0.94

Mean 0.81 0.90 0.63 0.85 0.84 0.91
SD 0.08 0.06 0.15 0.15 0.21 0.05
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APPENDIX Il
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Figure 7: ROC curvegor Observer 1 for Detection élveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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Figure 8: ROC curvegor Observer for Detection ofAlveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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Figure 9: ROC curvegor Observes for Detection ofAlveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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Figure 10: ROC curvedor Observed for Detection ofAlveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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Figure 11: ROC curvesor Observek for Detection ofAlveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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Figure 12 ROC curvesor Observel for Detection ofAlveolar Bone Defects with Intraoral
Radiographs and Registered CBCTs
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