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Abstract

Purpose:ThisstudyaimedtocomparefiducialmarkersusedinCyberKnife
treatmentintermsofmetalartifactintensityobservedinCTimagesandfiducial

recognitionintheCyberKnifesystemaffectedbypatientbodythicknessand
typeofmarke[

MethodsgFivemarkers,ACCULOC0.9mm×3mm,BalltypeGoldAnchor(GA)
0.28mm×10mm,028mm×20mm,andnovelsizeGAO.4mm×10mm,

0.4mm×20mmwereevaluated.TbevaluatemetalartifactsofCTimages,two

typesofCTimagesofwater-equivalentgeIswitheachmarkerwereacquired
usingAquilionLBCTscannemoneappliedSEMAR(SEMAR-on)andtheother
didnotapplythistechnique(SEMAR-off)Theevaluationmetricofartifactinten-

sity(MSD)whichrepresentsavariationofCTvalueswerecomparedfOreach
marke[Next,5,15,and20cmthicknessofTbughWater(TW)wasplacedon

thegelundertheconditionofoverlappingthevertebralphantomintheTarget
LocatingSyrem,andtheliveimageofeachmarkerwasacquiredtocompare
nducialrecognition.

Results;ThemeanMsDofSEMAR-offwas78.80,74.50,97.25,83.29,and
149.64HUfOrACCULOC,GAO､28mm×10mm,20mm,and0.40mm×10mm,

20mm,respectiveIMInthesamemanneI;thatofSEMAR-onwas23.52,20.26,
26.76,24.89,and33.96HU,respectiveIMFiducial recognitiondecreasedinthe
orderof5,15,and20cmthickness,andGAO､4×20mmshowedtheber

recognitionatthicknessof20cmTW

Conclusions:WedemonstratedthepotentialtoreducemetalartifactsintheCT

imagetothesamelevelfOrallthemarkersweevaluatedbyapplyingSEMAR.

AdditionalIMthefiducialrecognitionofeachmarkermayvarydependingonthe
thicknessofthepatient'sbodMParticularIMweshowedthatGA0．40×20mm

mayhavemoreoptimal recognitionlbrCyberKnifetreatment incasesofhigh
bodilythicknessincomparisontotheothermarkers.
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1 1 INTRODUCTION abdominalregion､13FOrthesereasons,inordertoselect
theoptimal fiducialmarkenit isnecessarytoevaluate
andtake intoconsiderationfactorssuchasfiducial

recognition,metalartifacts,andthesizeofthemarker's
needle.

Manycommercialfiducialmarkersarecurrentlyused.
TheGoldAnchor(GA)(NaslundMedicaIAB,Huddinge,
Sweden)andACCULOC(CIVCOMedicaISolutions,
Kalona, IA,USA)arecommonlyused inCyberKnife
treatment.Theneedlesizeusedtoimplanteachfiducial

markeris25andl8G,respectivelyiTWonovelGAfidu-

cialsizes,GAO.4mm×10mmandGAO.4mm×20mm,

haverecentlybeenint1℃ducedfOrCyberKnifetreatment.
ThenovelsizeGAisthickerthantheconventionalsize

GA0．28mm×10mmandGAO､28mm×20mm,

whichmayimprovefiducialrecognition.Additionallybthe
needlesizeofnoveIGAis22G.ThenovelsizeofGA

O､4×10mmandGAO.4×20mmisthinnerthanACCU-

LOC,makingthemlessinvasive.Howeventherehave

beennoreportsevaluatingGAO.4mm×10mmand
GAO.4mm×20mm.TherefOre,thisstudyaimedtocom-
parethestrengthofmetalartifactsinCTimagesandthe
effectsofpatientbodythicknessonnducialrecognition
inCyberKnifetieatmentfOrtwoconventionalsize(GA
0.28mm×10mm,20mm)andtwonovel-sizedGAs
(GAO.4mm×10mm,20mm)withastandardcylinder
markeMACCULOC(0.90mm×3.0mm).

Stereotactic body radiotherapy (SBRT) using
CyberKnife(AccurayISunnyvale,CalifOrnia,USA) is
effectiveintreatingtumorsthatareaffectedbyphys-
iologicalmovementsderivedfromrespiration, rectal
gasmovement,andurinevolumeinthebladderand

hasbeen introduced inglobal institutions.1'2There
aretwo irradiationtechniquestotreat tumorsusing
CyberKnife: (1) irradiationsynchronizedwithnducial

markers implantedinthebody(fiducial tlacking)and
(2)markerlessdynamicbodytrackingirradiationusing
alignmentx-rayimages,that is,XsightLungtracking
orXsightSpineTracking. Thismarkerlessdynamic
bodytrackingmethodrequiresthat thetumorhave

sufficientcontrastrelativetothesurroundingregion;fOr
example,tumor locatedanywhereinthespineornear
thespineandIocatedintheperipheral lungsandapex
lungregion･Howeverthefiducial trackingmethodcan
beusedfOrsofttissuetargets,suchastheprostate,
pancreas,livenandlungtumors,whereintheXsightlung
methodisunsuitable.3Whileusingfiducialtracking,gold
fiducialmarkersthatarevisibleunderx-rayimaging
areoftenusedtoalignthetargetduringthecourse
oftreatmentusingTargetLocatingSystem(TLS)TLS
consistsofanorthogonalx-rayimagingsystem,andthe
x-rayimagesinvoIvingfiducialmarkersareregisteredto
digitallyreconstructedradiographs(DRRs)derivedfrom
planningCTimagesusingtemplatematching.4,5Reg-
istrationaccuracybetweenx-rayimageswithfiducial
markersandDRRsisaffectedbyhowaccuratelythe
softwarecanidentifythelocationofthemarkers,thatis,

fiducialrecognition.Therefbre,severalsizesandshapes
ofnducialmarkersareuseddependingonthetumor
Iocationandthepatient'sbodythickness・Thesizeand
shapeofthemarkeraffectfiducial recognitioninthe
TLSandthestrengthofmetalartifacts incomputed
tomography(CT)imagesfbrtreatmentplanningSpecif

icalIMtheuseof largerfiducialmakershasthepotential

toimprovefiducial recognitionwhilealso increasing
metalartifacts.Fortreatmentplanning,metalartifacts
makeitdifficultioaccuratelydelineatethetumorand
normaltissueP-9Theseartifactsalsohavethepotential
topropagatetodensityassignmenterrorsanddose

calculationerrors.10-12Furthermore,implantingfiducial
markers inpatientswithhigherbodythicknessor in
Iocationswheretheyoverlapwithboneorotherhighly
absorbentmaterialmaydecreasetheircapacityfOr
nducial recognition.lnaddition,thesefiducialmarkers

areimplantedusinganeedle,whichishighlyinvasive

andcancausepneumothorax,bleeding,andinfections.

Therefbre, fiducialmarkers implantedusingthinner
needlesarepreferable･Pateletal recommendedusing
thinnerneedleswhenimplantingfiducialmarkeratthe
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2 IMATERIALANDMETHOD

2､1 ICharacteristicsoffiducialmarkers

Figure l presentsthecharacteristicsof themark-

ersevaluatedinthisstudMTherearetwofOmethods

of implantingGAs in thebody: ball- andstraight-
shaped.Aball shape isfOrmedby insertingacoil
whilemaintainingthepositionof theneedie.Though
theuncoiledlengthofGAislOor20mm,thediam-

eterofbail-shapedGAbecomesapproximately5or
6mmonce implanted.Howevenastraightshape is
ibrmedby insertingthecoilwhilepullingthenee-
dleout.Themaximumlengthofrecognitionregionon
TLSis8.0mm.TherefOre,fiducialmarkerslongerthan
approximately8mmmayhavebeenmisrecognized

bytheCyberKnifesystemjasthestraight-shapedGA
waslOand20mm(>80mm)ontheTLS,onlyball-

shapedGA(0.28mm×20mm,0.28mm×20mm,

0.4mm×10mm,and0.4mm×20mm)wereevaluated

inthis､ud)AThesegoldmarkeIswerecomparedwith

ACCULOC(090mm×3mm),whichisacylinder-type
goldmarkerwithpharmaceutical approval (Pharma-

ceuticaIAffairsRegulatoryinJapan) fOrCyberKnife
treatment.
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FIGURE1 Characteristicsoffiducialmarkersevaluatedinthisstudy

where,theX'representstheCTvalueofvoxelsthat

exceedthethresholdHUvalue,"representstheavers

ageCTvalueofalIvoxelsandNrepresentsthenumber

ofvoxelsinanalysisregion･Therefbre,MSDrepresents

theSDoftheCTvalueswithintheanalysisregion.

TheMSDwascalculatedonallaxialsIices,including
fiducialmarkers,andthemeanMsDwascompared

mreachfiducialmarkel:Tbexcludepixelsbelonging
tothemarker itselfathresholdof250HUwasused

toeliminatethesepixelsfromthecalcuiationofMsD.

Figule3k-oshowstheregionsofCTvalues>250HU

mreachmarkerasmaskimages.Welch'sILtestwas

usedtocompareMsDbetweenSEMAR-onimagesand

SEMAR-o什imagesandbetweeneachGAandACCU-

LOC.TheseanalyseswerepermrmedusingMATLAB

2021bsoftware(Mathworks,Natick,MA,USA)

2．2IEvaluationofCTartifacts

2.21 IAcquisitionandreconstruction
protocol

TheCTartifactswereevaluatedわreachfiducial

marke[First,CT imagesofawater-equivalentgel

(50×50×25mm,cube-shaped),whichhadeach

marker implanted,wereacquired.AIICTimageswere

acquiredusingAquilionLBCTscanner(CanonMedical

SystemsCorporation, Japan)withthefbllowingset-

tings:120kM250mA,125mAs,1.0mmslicethickness,

512×512pixeIsandtheCTDIvoIwas16．6mGMTb

evaluatetheeffectofdifferentreconstructionalgorithms

oneachfiducialmarkemCTimagesbreachmarker

werereconstructedusingthefOllowingtwotypesof

reconstructionalgorithms: imageswithsingle-energy

metalartifactreduction(SEMARiCanonMedicalSys-

tems,Japan)applied(SEMAR-on)andimageswithout

applyingSEMAR(SEMAR-off).TheSEMARalgorithm

canbeusedtoreducemetalartifactsusingfOrward

prqection,backwardprOjection,andsubtractingsino-

gram.PreviousstudiesdescribedtheSEMARalgorithm
indetai1.14,15
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2.3.1 I0bjectiveevaluationoffiducial
recognition

ThefiducialrecognitionintheTLSibreachmarkerwas
usedtoevaluatetheaccuracyofthefiducialtrackingof
theCyberKnifesystem.AIICTimagesofeachfiducial
markerwereacquiredusingOptimaCT660(GEMedical
Systems,Milwaukee,WI,USA)withthefOllowingset-
tings:120kM400mA,120mAs,1.25mmslicethickness,
and512×512pixeIs,andtheCTDIvoloftheabdomen
protocol isapproximately23.25mGMDRRimageswere
generatedusingCTimagesinatreatmentplanning
system,CyberKnifeMultiPIanTPS(ve[3.2.0,AccuiaM
Sunnyvale,CalifOrnia,USA)fOreachfiducialmarke[FOr
markerpositioning,templatematchingbetweencropped
imagesreconstructedfromDRRonTLSandliveimages
fromthesystemwasperfOrmed･TheTLSisaPCwith

digital imageprocessingsoftware,whichprocessesthe

radiographicimagesfi･omthenat-paneldetectors.'6The

2.2.2I0MectiveevaluationofCTartifacts

ThemarkersizeintheCTimagewasapproximately

10pixels･Therefbre,CTartifactswereanalyzedina

61×61pixelaxiaislicecenteredatthecenterofgrav-
itycoordinatesofeachmarke[~Ibevaluatea､ifacts,the

standarddeviation(SD)ofCTvaluewasusedasamet-

ricfOrartifact intensity(MsD)definedbyEquation(1)

wascalculatedfOreachnducialmarkel:Inthisstudybwe
definedMSDas,

Ⅳ
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１ IXﾉﾉｰ〃|2MSD [HU]= (1)
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templateimagefiomDRRimagewascroppedbylO
pixelsintheanterior-posteriomsuperior-inferiol;andleft-
rightdirectionsfromthecenteroftheselectedfiducial

markenrespectivelYThepixelsizeofbothtemplateand
liveimagesisapproximately0.4mm,andthemaximum
lengthofrecognitionregionis8.0mm・Theuncertainty
valuedisplayedontheTLSwasusedtoevaluatethe

fiducial lecognitionofthefiducial tracking.Theuncele
taintyvaluewascalculatedbetweenthetemplateimage
andliveimageusingthesimilarityindex,zero-means

normalizedcross-correlation(ZNCC),fbraregionof
21×21pixels,whichincludedafiducialmarker;Thus,

theevaluationoftheZNCCregionincludednotonly
thebodyofthefiduciaimarkerbutalsothesurrounding
anatomynearthefiducialmarke[TheZNCCwascal-

culatedusingtheintensityvaluebetweenthetemplate

imageand liveimage．Subsequentlyl theuncertainty
valuewasdennedbyEquation(2).

markersandthevertebralphantomsweremadetobe

asidenticalaspossibleusingavisiblelaseIz Inaddi-

tiontotheabovesettings,albughWaterPhantom
(TW)(KYOTOKAGAKUCorporation,Japan)consist-
ingof30×30×10cmwater-equivalentrectangular
materiaIswasplacedonawater-equivalentgeltoeval-

uatetheeffectofpatientbodythicknessonfiducial

recognitionfOreachmarker (Figure2b-d).The live
imageswereacquiredunderthreedifferentconditions:

5,15,and20cmwiththefOllowingimagingacquisi-
tionparameters:120kM100mA,100msandl30kV

100mA,100ms;thewateFequivalentthicknessofthe
TWontheaxisfromthemarkertotheA-camerawas

approximately9.55,24.42,and31.34cm,respectively
(Figure2b-d)StatisticalanalysiswaspelfOrmedonthe

measureduncertaintyvaluesusinglBMSPSSStatis-

ticsve[24software(IBM,Armonk,NY;USA).AWilcoxon
signed-ranktestwasperiOrmedonthemeanunceF
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Uncertainty (%)=100－ﾉⅣcc(x,y) (2)

酬j,,(IDRR(x'-xjy'-y)‐応)(ILiv､x',y')-"
where, ﾉⅣcc(x,y)=

似咋べ（ Vzﾙﾉﾙ(x',y')-ILive
2

）
－

IDRR(x'-x,y'-y)-")'

taintyvalueoftheACCULOCandeachGAfOreach

conditiontoevaluatethenducial recognitionofeach
markeK

TheﾉDRRandﾉLjverepresentsintensityvalueinaDRR

imageandliveimage,respectivelybTheZNCCalways

fallsintherangeof-1tol･AZNCCvalueoflindicates

thatthetwoimagesarecompletelymatched･Ingeneral,
anuncertaintyof40%istheclinical thresholdibrthe

CyberKnifesystem. 3 IRESULTS

3.1ICTartifacts
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2.32ILiveimageacquisition
Figure3showstheCTimagesintheaxial sIicefbr
eachmarkenreconstructedusingtwotypesofalgo-
rithms:SEMAR-onandSEMAR-off lnFigure3,high
frequencystreakartifactsareobservedaroundthe
marker intheACCULOCof (f).Howeveh intheGA
of(gJ),lowfrequencystreakartifactsareextensively
observedinadirectionalfashion,whilehighfrequency
reakartifactsarepartiallypresentinaparticulardirec-

tionlnseverecaseslikeO),metalartifactscompletely
obscuretheadjacentwaterequivalentgelregion.lnthe
SEMAR-onimages,thestreakartifactswereobserved
asshowninFigure3a-eihowevel;theirintensitywas
markedlymitigated incomparisontotheSEMAR-off
imagesshown in(fJ).ThissubstantiallyamelioIated
thediscernibilityof thewater-equivalentgel region
p｢oximatetothemarke[Figure4shows themean

WhentreatingabdominaltumorsusingtheCyberKnife

(G4)system,fiducialmarkersoftenoverlapwiththe

vertebralbone.TherefOre,thisstudyevaluatedfiducial

recognition intheabdominal regionunder thecon-

ditionthat thevertebralphantom(AA/icelnc.,Tbkyo,

Japan)overlapsthenducialmarker inTLSFigure2a

showstheexperimentalsetupusingavertebialphan-

tomandwater-equivalentgeIswithamarkeKFirst,
water-equivalentgeIswitheachnducialmarkerwere

placedonthetreatmentcouchwherethemarkeroveIB

lapswiththevertebral phantomatoneof thekV

prqectionangles.Next,tenliveimageswereacquired

fOreachmarkerusingtheCyberKnifesyrem,andthe

averageuncertaintyvalueswerecalculatedbycom-
paringtheliveandDRRimages.Thepositioningof
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4 1 DISCUSSION theimpactonthedosedistributionmaybelowerthan
thereportede｢『o[ThisisaconcerntobeaddressedfOr

fUtureinvestigations･TherefOre,itisimportanttoreduce

themetalartifactscausedbynducialmarkers inthe

CyberKnifesystem.OurresultsshowedthatinSEMER-

off images,theMSDfOrGAO､28mm×10mm,GA
O､28×20mm,andGAO､4×10mmdidnotshow

statisticallysignificantdifferencescomparedtothatof

ACCULOC(p=0.14-0.41)HoweventheMsDfOrGA

O,4×20mmwassignincantlyhigherthanthatofACCU-

LOC(p=0.04)IntheSEMAR-onimages,allGAsand

ACCULOCshowednostatisticallysignificantdifference

inMsDTherefOre,theresultssuggestthattheSEMAR

aigorithmhasthepotentialtominimizetheintensityof

artifactscausedbyeachmarkertoanequallevel.Brook

etal.evaluatedsoftwaretoimprovethetumorvisibilityin

thevicinityofnducialmarkersinspectialC~I;whichisdifL

ficulttouseinradiationtherapy2'Huangetal.suggest
thatartifactreductionallowsmoreconfidentcontouF

ingofstructuresPHence,inthefuture,fiducialmarkers

Thefiducial recognitionofmarkersonTLSmaybe

significantlyreducedwhenimplantedfiducialmarkers

overlapwithboneorotherhighx-rayabsorbentsinthe

bodylnthisstudyiwecomparedfOurtypesofGAsand

ACCULOCfOrCTartifactsandfiducial recognitionon

TLS,lbrdifferentpatientbodythickness.

Fiducialmarkersarecommerciallyavailableinavari-

etyofdiametersand lengths. Ingeneral, the larger
thesizeofthemarkerithebetterthevisualevaluation

andfiduciai recognitionjhowever;strongmetalartifacts
maybegenerated･Thegenerationofstrongmetal

artifactscansignificantlyaffectthecontouringofthe
tumorandorgansatrisk8､9anddosecalculationsibr
treatmentplanningledtoreporteddoseoverestimation

rangingfrom9to39.8%inheadandneckcancertreat-

mentusinglinearaccelerato[17-20Regardingthedose
overestimation,theareainwhichtheCTvaluesareinnu-

encedbyartifactsofthenducialmarkerislimited,thus

Ｅ
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shouldbeevaluatedunderotherconditions,andtheir
impactontheaccuiacyofcontouringthetargetandits
surroundingstructures,anddosecalculationsshouldbe
evaluatedinmoredetail.

Forfiducial recognitioninTLS,Marsicoetal. pera
fOrmedasubiectivevisualevaluationofCTimages,22
andourpreviousstudyevaluatedfiducial recognition
under theconditionsofdifficuit-to-tlackmarkers in

theCyberKnifbsystem.5HoweveEnostudyhaseval-
uatedfiduciai recognitionof thenovel-sizednducial
markernewlyavailablefOrCyberKnifetreatment･ In
addition,theuncertaintyvalueiscalculatedfOracon-

nned21×21-pixelregion,includingthefiducialmarker;
and isafbctedbythex-rayattenuationcoefficient
oftheanatomicalstructuresnearthemarkel:Conse-

quentIMasthex-rayattenuation increases,thex-ray
doseincidentonthedetectordecreases, resulting in

higheruncertaintyvaluesanddecreasedfiducialrecog-
nition.Specincallyl increaseduncertaintyvaluewas

observedinpatientswithgreaterbodythickness,low

tubevoltageinDRRimaging,andenhanceddensityof

high-absorbinganatomicalstructures,suchasthepelvis

andvertebral bones,whichoverlapfiducialmarkers.

TheiefOre,thisstudyevaluatedthefiducial recognition

ofclinicallyavailableandnovelsizenducialmarkers,

andthe impactofdifferences inbodythicknesson

nducialrecognition.

FOreachfiducialmarkeRfiducial recognitioninTLS

decreasedwithincreasingTWthickness.Yasueetal

evaluatedthefiducialmarkerrecognitionusingSync-

.n･aXFX4(Shimadzu,Kyoto,Japan)andVISICOIL(Seti
Medical,1bkyo, Japan).Theirresultsshowedasimi-

lartrendtoourresults･HoweveEtheyreportedthat in

theliverregion,whenthewaterequivalentthicknessis

greaterthan25cm,fiducialmarkersaremoredifficult

torecognize,andtheprobabilityofsuccessfultracking
decreases230urresultsshowedthatevenwhenthe

waterequivalentthicknesswasincreasedto9､55,24.42
and31.34cm,somegoodrecognitionwasmaintained

mrGA0.28×20mmandGAO､4×20mmpartic-

ularlyUndertheconditionthateachfiduciaimarker
overlappedthevertebralphantom,GAO.40×20mm,

andGAO.28×20mmhadsignificantlybetterfiducial

recognitionthanACCULOC(0.90mm×3mm)underall

conditions(liveimageacquisitionsettingandTWphan-

tomthicknessevaluatedinthisstudy).ParticularIMGA

O,40×20mmhadthebestfiducial recognitionunder
theconditionof20cmTWthickness.inaddition,GA

O,28×10mmhadanuncertaintyofapproximately40%

undertheconditionof20cmTWthickness,resultingin

Iowerfiducial recognition.TherefOre,werecommenda

GAO､4mm×20mmtobeusedwhenthepatienthas

higherbodythicknessandthemarkeroverlapswiththe
vertebralboneintheTLS.

Thisstudyhadseveral limitations.Fir:,becausethe

evaluationwasperfOrmedusingaphantom,CTartifacts,

andnduciairecognitionmaydifferdependingonthedif

ferencebetweentheshapeofthephantomusedand
theactualpatient'sbodyshapeandphysiologicalbody
movements,suchasbreathing･Second,theshapeand
orientationoftheimplantedmarkermaydifferdepend-
ingonthepersonperfOrmingtheimplantation,which
mayhave ledtodifferent resultsfromthoseof the

presentstudMInthefuture,evaluationoftheeffectson
dosecalculationunderconditions,whereinthemarker

movesowingtothephysiologicaldisplacementatother

treatmentsitesisrequired･Third,wedidnotevaluate

theeffectofSEMARonDRRimageandfiducialrecog-
nitionintheCyberKnifesystem.Fourth,usingSDalone

toevaluatemetalartifactsinCTimagesmaynotcom-

pletelyevaluatetheartifactseveritMAndweusedthe

ROl thresholdingmethodtoeliminateregionsofthe

markerbodyfiomtheanalysisregion･Thisstudyused

SDasasimpleandquantitativemeasureofartibct

severitythatcanbeeasilycomparedacIossdifferent

markers.Dongetal usedartifact indexandZhang

etalandMeyeretal usedmotmeanssquareerror
toevaiuatetheseverityofartifacts24-26; thus,evalua-
tionofmetalartifactusingothermetricshouldaIsobe

considered･FinallyitheROI thresholdingmethodmay

haveartificiallyloweredthemeasuredSDbyeliminat-

inginducedstreakartifacts.InthisstudXweusedthe

ROI thresholdingmethodbecauseoftheslightvari-

ation insizeof the implantedball-shapedmarkers.

Nevertheiess, fbroptimal evaluation,artifactsshould
beassessedatconsistentdistancefromtheexpected

markerposition.
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5 ICONCLUSION

ThisstudyevaluatedtheCTartifactandfiduciairecog-
nitionof fivefiducialmarkers includingnovel sized
fiducialmarkers:GAO.28×10,GA0．28×20mm,GA

0.40mm×10mm,GAO､40mm×20mm,andACCU-

LOC(0.90mm×3mm)Wedemonstratedthepotential

toreducemetalartifactintheCTimagetothesamelevel

fbrall themarkersweevaluatedbyapplyingSEMAR.

AdditionallXthefiducialrecognitionofeachmarkermay

varydependingonthethicknessofthepatient'sbody
ParticularlMweshowedthatGA0.40×20mmmayhave

moreoptimal recognitionfbrCyberKniietreatment in

casesofhighbodilythicknessincomparisontotheother

markersevaluated･Theresultsofthisstudysupportthe

selectionoffiducialmarkersfOrCyberKnifetreatment.
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