DR ULAS OZ (Orcid ID : 0000-0002-5203-577X)

Article type====Supplemenrticle

1INTRODUCTION

Boneis multifunctional,playingrolesin mechanicakupport, protectiormineral
homeostasiandhematopoiesisBone histomorphometiyasbeenanessentiatechniqueor
understandingissuelevel eventsandboneadaptatiorphysiologyin basicandapplied
biomedicalresearct:* Histomorphometry on a bone biopsyecimerhasbeenthegold
standardor clinical andpathologic evaluatiofiHistologicassessmermf bonefrom
laboratoryanimalsis routinelyutilized asan outcomemeasurén scientificexperiments.
Severalimitations havebeenassociatedavith bone histologpuchastime andcost
effectivenessgifficulties with specimerpreparatiorandsectioning. Additionally, theesults

areoftenlimitedto two-dimensionainterpretationf the bondissue®*

The usewofthreedimensionatechnologiesn biologicalandradiologicalimaging
researcthasbeenadvocatedo replacetwo-dimensionabystens >°” However,newersystems
needto bevalidatedprior to broaderacceptanceBone histomorphometiig usedto describe
bone morphologyarchitectureandto quantify bone growth? Histomorphometrapplies
stereologicaprinciples and thus avo-dimensionahistologicalsectioncanbeestimatedo
accountfor changesn anentirethreedimensionaktructure? Althoughthis mathematical
method of/histomorphometgndstereologycanbe extrapolatedvith diagnosticsignificance
in mineralizedbonetissueexperimentsponeimagedin threedimensioncanbebetter
understood.New imagingtechniquesind correspondingnalysissuchasmicro-computed
tomographycanoffer superiorvisualizationandalsoovercome thémitations of two-
dimensional methodologie®®’A threedimensionabatasetcanreducethe effort requiredfor
samplepreparatiorandthereforeoffers shortertime for evaluation/analysiandimportantly,
it is nondestructivé Furthermoremicro-CT datasetscanbesubjectedo traditionaltwo

dimensionaknalysisshouldthat bedesired>®’
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Recentanimalstudies havattemptedo validatemicro-CT asanalternativetechnique
to histomorphometrjor bonetissueturnover>’®Many of these3D studies havexamined
boneimplantintegration”™* In thecurrentstudy,we examinea rodenmodelandcompare
the qualitativeandquantitativealveolarbone modelindpy usingtwo methodologies —
traditionaltwe=dimensional histologgndmorerecentthreedimensionalmagingtechniques
thathavebgenappliedto humandatasets'” Thus, theaim of this studywasto examinethe
level of agreemenof dataobtainedrom high resolutionin vivo micro-CT versus those

obtainedfram traditional 2-D histomorphometrytp study bonenodelingin ananimalmodel.

MATERIALSand METHODS
2.1 Study design

Elevenrice ratswererandomlyselectedrom alargerongoingexperiment: Detailsof
theexperimentatlesignaredescribeclsewhereAll animalprocedures hathCUC
approval. Apair of alizarinredandcalceingreen bonelabelswereadministered.p. The
interval betweereachpair of alizarin or calceinlabelswas7 daysandthetime interval

betweernthesecendalizarinlabelandfirst calceinlabelwas 14 weeks(Figurel).
2.2 Histology=evaluation

To evaluatethealveolarbone modeling, thmaxillafrom eachanimalwasdehydrated
in gradedalcoholsandembeddedh methylmethacrylatdor analyseof bonelabels.The
embeddedamplesverecutinto two halvesthrough thentermaxillarysuturewith a diamond
wire saw(DelawareDiamond KnivesWilmington, DE). Approximately 6-8 consecutive
undecalcifiedhistologicalcrosssectiong~70-80um) of thealveolarprocessandbodyof the
maxillafrom themolarregionwereobtained using a diamondre saw(DelawareDiamond
Knives, Wilmington, DE). Theseunstained histologicaectionsverethenmountedwith
Eukitt® (Quick-hardening mounting medium, 0398&maAldrich, O. Kindler GmbH &
Co.)for analysisunderanepifluorescencéeright field microscopy. Sitesof boneformation or
bonearrestcloseto thealveolarcrestwerequantifiedin thehistologicalsections using
Bioquant(Nashville, TN) imagingsoftware(Figure.2). Linearmeasurementseremade
from asecondalizarinlabelto asecondcalceinlabel, which wereadminigeredabout 15
weeksapart(Figurel).Thetime atwhich thesecondalizarinandsecondcalceinlabelswere
administeredhlsorepresenthetime pointsat which micro-CT imageswerecapturedat T1

andT2, respectivelyThe measurementseremadeat the bucal or palatalalveolarcrestin
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regionswerethelabelswereclearlyvisible assharplydemarcatedines (Figure2). The bone
growthrepresentethe modelingactivity at thealveolarcrest,largely dueto eruption of the

molarsandphysiologicdrift in the rodent model.

2.3 Micro-CT evaluation

In vivo miero-CT scanswvereobtainedirom the maxillary alveolarboneat two time
pointsthat correSpondetb oneweek(T1) afterthesecondalizarinand~3 days(T2) afterthe
secondcalceinlabel,i.e. at sacrifice(Figurel). Theimageswereacquiredon aSiemens
micro-CT scannefSiemendnveonPreclinicalmicro-CT, Knoxville, TN). All imageswere
acquiredunder thdollowing setting:36.15um pixel size,401 projections, 67Bs exposure,
500uA, 80 kVPywith a coneangleof 14.6degrees.

Threedimensional reconstructions of thexillaeof theratswereevaluatedusing
open sourceoftwareasfollows: Raw binaryfiles from themicro-CT imagingwereimported
into Imaged (Imageprocessin@ndanalyzesn java)'* Regions ofnterest(limited to the
maxillafrom thescannedead)weredefined, croppedn the Zdirectionandsavedasraw
data.The croppediles weresegmentedndthreedimensionalvolumetricmodelswerebuilt

by usingiT=SNAP (http://www.itksnap.orly*> Duringthe segmentatioprocesseachtwo-

dimensional projectiowasvisualizedin orderto obtainandgeneratenaccuratehree
dimensional'moedellhevolumetricmodelswerethenconvertedo surfacemodels using

Slicersoftwaré® (Figure3).

Thechangesn bonesizeandthus bone modelingetweertheT1 andT2 modelswere
measuredn thé superimposed 3gurfacemodels'”*® The superimpositiowasobtainedn
two steps:1) Approximation(asT1 andT2 micro-CT wereobtainedwith different
orientations)and2) Voxel basedegistration.Theregionof referenceusedfor registration
wasthemaxillawithoutteeth,eliminatinginterferencdrom thealveolarregionwhichis

subjectto growthin the otherwisegedanimals®’

Registeredhreedimensional modelaereevaluatedy two methods using tools
availablein the 3DSlicer: 1) Qualitativelyby generating colomaps(Figure 3,4) using a
landmarkbasedQ3DCtool (Figure4). 2) Quantitative/landmarkneasurementsyhereby
fiducial pointswereplacedon the 3D models (Figure & measurdone modelinghanges.

In orderto define the regions afiterestthesameoperatomho preparedhe 2D histology
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sectiongdentifiedidentical sectiongan the 3D reconstructio.his waspossibleaslandmarks
suchasthe toothcrownand root shape could lbeedasreferenceso preciselyidentify the
sameplane ofsectionfrom the histologyandin the corresponding 3Bodel. Thefiducial
points weremarkedonT1 andT2 3D modelsThe 3D Slicersoftwarewasusedto compute
thethreedimensionabistancebetweenthe fiducial pointsThe qualitative/colomapsand
guantitativé/landmarkneasurementsasedon 3Dsurfacemodelsweremeasuredwice and

themeasurementsereaveraged.

Usingtheshistologiand 3D methodslescribedabove,60 pairedmeasurementsere
obtainedfromithehistologicalimagesandcorresponding 3dmages.The
gualitative/quantitativagreemenfdifferencein measurementf)etweermethodsvas
categorizedsfollows: poor(>150um), good (15Q0100um), or excellent(< 100um). The
pairedmeasuremerftom thehistologicalsectionsthreedimensionabualitative/colomaps

andquantitative/landmarkasedneasurementserecomparedor agreement.
3RESULTS

The meanvaluesof thehistologicand3D methodsindthedifferencesetweemmicro-
CT andhistemorphometryneasurementsere obtainedoy subtractinghe meanvalues
obtainedbyhistomorphometrjrom themeanvalue of micro-CT measuementsThe
differencein measurementsetweerthe methodsevealedhatof all measurement®r
gualitative/colomaps(88.3%)andquantitative/landmarkased86.7%) demonstrated
excellentagreementyith lessthan100um differencesWithin thesemeasurementsf
excellentaceuracy43.3and51.7 % of themeasurementshowedessthan<50 pm
differencedorthe qualitativeandquantitativegroups respectivelyWhile 10and8.3 % of
themeasurementdisplayed goo@dgreementonly 1.7and5 % of thoseexhibited poor
agreementor qualitative/colormapsandquantitative/landmarkasedrespectivelyFigure
6).

4 DISCUSSION

Qualitative(color maps)andquantitative(linear measurementnodelingresponsén
alveolarboneof a rodent modaelascomparedy conventionatwo-dimensional
histomorphometrnandthreedimensionamicro-CT analysis Excellentagreementvasfound

betweenthetwo methodsTheevaluationof growthchangesn thealveolarbonemeasured
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onmicro-CT imageswerein excellentagreemenandthus provideanalternativemethodto

histologybasedmorphometrywhichis the currengold standard.

Therearefew studiesin theliteraturecomparinghistomorphometrandmicro-CT.2%#

19191 0wever manyof the studiesveredesignedo revealthe responsef surrounding bone
tissueto an orthopedic odentalimplant. Gableretal 3 found ahigh correlationbetween
threedimensionamicro-CT andtwo-dimensional conventional histomorphometric
guantificationofithe osseointegration tfaniumimplants.Although bonecells cannot be
observedn:miere-CT imagesthereareadvantaget assessingatathree
dimensionally’*%*°In the currentstudy,approximatelys-8 consecutiverosssectionsvere
obtainedfrom onehalf of themaxilla. However,with micro-CT scansit is possibleto
observed around 3Gfbnsecutiveprojectionsrom thesameareaof interest.

In theclinical arenasuperimpositiorof 3D datasetsis becoming more commdf.
However,in_patientimagesthe resolution of themagess ~5-10fold lessthanmicro-CT.
With animalstudiesandthe use ofmicro-CT, finer resolutioncanbeobtainedandafiner
level of resolutionis availableto makemeasurementgnother uniquespecof thecurrent
techniqudsto theability to observe overlayingf threedimensional modelattwo time
points. Threedimensionalegionalsuperimposition of a bor@nprovidevisually,
guantitativeandqualitativeevaluations ofransverseyertical,andanteroposterioskeletal
anddentalchangesn jawsandotherskeleta structures.’ 2

Duringhistologicalprocessing, biologicalamplesaresubjectedo complex
morphological deformatiorsndstainingartefacts With the currentmethodologyin vivo
micro-CT andin'vivo labelingenabledadirectcomparisorof bothmicro-CT andhistology.
Hence,in vivo administeredluorochromedabels,which canallow for dynamicanalysisof
bonechange®etweenll andT2 time points(Figure4), andin vivo micro-CT scansat the
sametime pointis partof the uniquadesignof the currentstudy.Theresultsconfirmedthat
over 86.7 % othe measurementsadexcellentagreementContraryto expectationsa
number of themeasurementsadadifferenceof lessthan50um, which exceededhelevel of

agreementve anticipated.

Threedimensionalmageregistrationbasedon the correspondence of voxels,
particularlythe regionategistrationshavebeenrecentlyvalidatedby using regional

superimposition of coneeamcomputed tomographscans-"**However therehasbeenno
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applicationandthus novalidationof this method usingnicro-CT scansWe do notanticipate
thisto beanissueasmicro-CT scanshavea~10fold higher resolutionThe currentresults
support not only aeliablecomparisorbetweermmicro-CT andhistomorphometryor linear
measurementfutalsodemonstratéheaccuracyof threedimensional regional voxdlased

registrationwithemicro-CT scans.

Thelimitations of this studyareasfollows: Therewasa minordiscrepancy<1 week)
betweenthesbondabelsthatweremeasuredndthetime pointsat which themicro-CT scans
wereobtainedGiventhat themineralappositiorrateis low (<1um/day),this would not have
resultedn largedifferencesCurrently,registrationandoverlayof 3D datasetsis atime-
consumingprocesghatis notfully automatedAs computatiorspeedncreasesnd
algorithmsbecomemorerobustthis limitation will likely be overcomeéwhile it is not
possibleto ebtain' theexactsameplanefrom histologyand3D imagesit is likely thatwith
multiple landmarkgcrown, root, anatomicafeatures)theplaneof sectionswill beidentical

if notvery ¢losefor all practicalpurposes.
5 CONCLUSION

A-nevelinvivo methodologywasdevelopedo obtainqualitativeandquantitativedata
representingponegrowth from micro-CT imagesandto comparehemto two-dimensional
histomorphemetryywhich remainsthe currentgold standardWe foundin vivo micro-CTsto
beanexcellenttool to preciselymeasurdinear changesvith appropriatesoftwareovertime.
Thethreedimensionamicro-CT qualitativeandquantitativemethodsarereliablefor
measurindggonemodelingchangesandcomparefavorablyto histologyfor thespecific

applcationdeseribed.
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FIGURE LEGENDS

Figure IsTimeline of theexperimentTheredarrowsarealizarinandthegreenarrowsare
calceinadministfatiortime points.Preandpostmicro-CT imageswereobtainedat the 2

and18" weeks.

This article is protected by copyright. All rights reserved



Figure 2 A histologicalsectionof thefirst molarunder epifluoescencexaminationA, The
white arrowindicatesboneformationbetweerthered (alizarin)andgreen(calcein)labelson
thebuccalalveolarcrest.Thefine greenlines,aregeneratedn BioquantSoftwareandarethe
measurementsf the distancebetweerthetwo labels.The softwareprovides onénean
numberntorrepresenthe bone growtlat thealveolarcrestB, Similarly, the bluearrow

indicatesbaneformationsimilarly on thepalatalside of thealveolarbonecrest.

Figure 3 Pre(T1) andpost(T?2) sacrifice3D models.A, Occlusalview ofthreedimensional
pretreatmenmadel. BOcclusalview of postsacrificethreedimensional modeRight side
maxillary 2™ and3 molarswereextractedC, Left sagittalregisterecand superimposed
view. D Ocelusalview of preandpostsacrificethreedimensionalegisterecand

superimposed mode{¥oxel-basedegistrationby Slicersoftware)

Figure 4 Registerereandpostsacrificetime pointsandcolor maps/qualitative
measurementd/ertical line indicatesnumericalequivalent othangen mm of everycoloras
a colorpalate.Yellow is nochangeandredis apposition of bone being above 0.125mm of

change.

Figure 5 Landmarkidentificationin thepreandpostsacrificethreedimensional model#,
Therepresentationf thelocationof histologicplane ofsectionon the presacrifice3D model.
B, Therepresentationf thelocationof histologicplane ofsectionon the possacrifice
model. Thethin'white verticallines correspondo theregion andtheplaneof sectionfrom
which thehistologicsectionwereobtainedn theanimalstudy. C, Point number 3 the
alveolarcreston the presacrificemodel.D, Point number 4s thealveolarcreston the post

sacrificemodel.

Figure 6 Theecoampaison of theagreemenbetweergualitative/colormapsand
guantitative/landmarkasedneasurement3.he % of valueswith agreemen(differencein
measurement®)etweemmethodsandwerecategorizedsfollows: poor(>150um), good (150

to100um), orexcellent(< 100pm).
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