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骨吸収を想定した歯における矯正周バラタルインプラントの

固定効果に関する有限要素法を用いた研究
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Abstract:Thepurposeofthisstudywastocomparetheanchorageeffectoftheosseointegratedimplant

connectedonthesecondpremolarwithdi触rentalveolarbonelossusing也e五niteelementanalysis.Fourmodels

withtheimplantandfourmodelswithouttheimplantwereconstructed.Fourlevelsofalveolarboneloss(0.2.

4and6mm)werestudied.Themodelwiththeimplantwasconsistedoftwomaxillarysecondpremolars,their

associatedperiodontalligamentandalveolarbones,palatalbone,palatalimplantandtranspalatalarch.Themodel

withouttheimplantwasusedtocomparewiththemodelwiththeimplantThehorizontalfわrce(mesia15N,

palatallN)wasloadedatthebuccalbracketofeachsecondpremolar.Thestressintheperiodontalligament,

implantandsurroundingbonewerecalculated.Theresultsshowed也at也epalatalimplantcoddsigni丘cantly

reducevonMi§esstress(maximumvonMi§esstresswasreducedfrom29.630/oto44.30%withthealveolarbone

lossfrom zeromm tosixmm)andmakestressevendistributionintheperiodontalligament.Thestressin

theimplantandsurroundingbonewasverylow.Theseresultssuggestedthatpalatalimplantisagoodtoolto

enhancetheanchorageofteethwithalveolarboneloss.

抄録 :本研究の目的は,第二小臼歯部の歯槽骨の吸収程度とこれに連結したインプラントによる加強固定の効果につ

いて,有限要素法を用いて検討することとした｡歯槽骨の吸収の程度を4段階 (0,2,4,6mm)設定し,それぞ

れインプラント有 りと無しのモデルについて調べた.インプラントのあるモデルは,左右側の上顎第二小臼歯.歯根

膜,歯槽骨,口蓋骨,バラタルインプラント インプラントと小臼歯とを連絡するパラタルバーで構成した｡インプ

ラントのないモデルは,上述のモデ)I,においてインプラントを除外し,他は同じとしたO水平力として.近心方向に

5Nと口蓋方向にlNを両側の上顎第二小臼歯の頬側ブラケットに負荷 した｡この荷重を負荷した時,歯根膜,イン

プラントとその周囲の骨に現れる応力を算出した｡その結果,インプラントを用いることで,設定した0-6mm歯

槽骨の吸収したモデルにおいて,YonMi§esstressが歯根膜部で29.63-44.30%の減少 した｡インプラントとその周

囲の骨に現れる応力は,きわめて小さかった｡このことより,歯槽骨の吸収を起こしている歯に対 して,加強固定の
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ためにバラタルインプラントが有効であることが示唆された｡

1.lntroduction

Thepercentageofadultpatientswhoseek

orthodontictreatmenthasincreasedsignificantly

inrecentdecadesl).Thesepatientsoftenhave

bonelossinposteriorteeth,whichisoftenusedas

anchorageteeth.Excessiveorthodonticforcewith

advancedperiodontalbonelossmaytraumatizethe

periodontium,andincreasedapicalpressurebecause

reducedbonysupportmaycontributetoaplCalroot

resorptlOn2)･Additionalanchorageaidisoftenrequired

fortheposteriorteethwithalveolarboneloss(ABL).

Routinely,headgears,transpalatalarches(TPAs)

andNanceappliancesareusedtoenhanceanchorage

duringclinictreatment.However,manypatients

rejectedheadgearwearbecauseofsocialandesthetic

concernsandthesuccessofthistreatmentdepends

entirelyonpatientcooperation3).Inmoststudieson

TPAs4) andNanceappliance5･6),anchoragelosswas

unavoidable.

Implants,asameansofenhancingorthodontic

anchorage,aregalninglnCreaSedimportancein

orthodontictreatmentbecauseofthelimitationsand

acceptanceproblemsofconventionalintraoralor

extraoralanchorageaids7･8).Themedian-sagittal

reglOnOfthehardpalate9･10)wasdescribedasasuitable

locationforimplantplacementbecauseorthodontic

patientsgenerallyhaveacompletedentition.This

regionissurgicallyverywellaccessibleandoffers

excellentperi-implantconditionsduetotheattached

mucosa.Palatalimplantisoftenusedtoconnect

withthesecondpremolarbyatranspalatalarchto

increaseanchorageasshowninFig.1.Thereare

someclinicalstudies9･10)showed也atapalatalimplant

couldofferenoughanchorageeffect.However,the

alveolarconditionofanchorageteethwasnotwell

documented.Theimplantanchorageeffectontheteeth

withABLhasnotbeensufficientlyexplored.Hence

也ereisanecessltytOexplorewhatoccurredwhenthe

implantwasusedasananchorageontheteethwith

differentABL Asweknow,ananchorageisrelated

toperiodontalstressll);theanchorageeffectofpalatal

implantcanbeexplainedbytheredistributionofthe

periodontalligament(PDL)stressofthenaturalteeth＼
connectedwiththepalatalimplant.

Fig.1.Palatalimplantusedasanorthodonticanchorage

intheclinic.Thesecondmaxillarypremolarswere

anchoredbytheimplantthroughthetranspalatal
arch.

Finiteelementanalysis(FEA)hasbeenincreasingly

usedforthepredictionoftheeffectsofstressonthe

tissuesinorthodontics.FEAisamathematicalmethod

inwhichtheshapeofcomplexgeometricobjectsand

theirphysicalpropertiesarecomputerconstructed.

Physicalinteractionsofvariouscomponentofthe

modelarethencalculatedintermsofstressand

strain.

Thepurposeofthisstudywastoanalyze

theanchorageeffectofthepalatalimplantby

investigatingperiodontalstresseswhenthesecond

premolaratdifferentlevelsofalvelorbonesloss.

2.Materia一andmethod

2.1Model

2.1.1Modelswiththeimplant:Model114

Model1(Fig.2A)wascomposedoftwomaxillary

premolars,PDLalveolarbone,palatalimplant,palatal

bone,bracket,band,andTPA.Themaxillarysecond

premolarwascreatedbymanuallydesigningthetooth

accordingtodimensionandmorphologyfoundina

standarddentalanatomytextbook12).Theoutmost

boundaryofthetoothwas丘rstde丘nedandsectioning

thetoothintocross-Sectionscreatedthethird

dimension.Thetoothwasreconstructedbyinputting

three-dimensionalcoordinates,definingtheshapeof

thetoothintotheUnigraphicsNX1.0(Unigraphic

solutionslnc.2002California),NextthePDL alveolar
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bone,palatalimplant,palatalbone,bracket,band,and

TPAwerecreated.Thebracket,band,andtransplatal

arcbwirewerecombinedasoneconnecteddeviceto

simulatebracketandtranspalatalarcbwireweldedto

也ebandintheclinic.ThePDLwidthwasassumed

as0.25mm,andalveolarcorticalbonewasassumed

as1.Omm.Acylinderimplantwasassumedas3.3mm

indiameterand9.0mm inlengthand也eabutment

was3.0mm long.TheTPA wasassumedas1.33

mmindiameter,thedistancebetweenthecentersof

twopremolarswas42.8mm.Thepalatalbonehad

acorticalsurfacethicknessof2.0mm fortheoraレ

palatalcorticalbone,acancellousthicknessof5.0mm

andcorticalsurfaceof1.0mm inthedirectionofthe

nasal且oor.Model2,3,and4were血esameasModel

1exceptthealveolarbonelevelwaslower2,4,and6

mmseparately.

2.i.2Modelswithoutanimplant:Model5-8.

Mode15(Fig.2B)wasgottenbydeletingtheimplant

andpalatalbonefrom Model1.Model5andModeli

hadthesamegeometriesin也esecondpremolar,PDL,

alveolarbone,bracketTPA,andband.Model6,7,and

8werethesameasModel5exceptthealveolarbone

levelwaslowered2,4,and6mmseparately.Bracket

andbandwerecombinedtoadevicetosimulatethe

bracketweldedontheband.Modelswi也andwithout

theimplantweresummarizedinTable1.

Fig.2.The五miteelementmodelswithoutalveolarbonelossof

也esecondpremolarusedin也isstudy,Thecombined

force(5Nmesialdirection,lNpalataldirection)was

apphedonthebracket,whereasboundarycondidonsin
whichmodelwere丘Ⅹedatal1latersides,

A):with也eimplant.B):withouttheimplant.

Table1.Mode一sinthisstudy

187

A一veolarboneloss withimplant withoutimplant

Omm Modeli

2mm Mode一2

4mm Mode一3

6mm Model4

Model5

Model6

Model7

Model8

2.2Elementsandnodes

ElementsandnodeswerecreatedbyUnigrapbics

NXvolumemesher(Fig.2).Tetrahedralthree-

dimensionalelementswereusedinthisstudy.Four-

nodelinearcellswereusedsinceitwasgoodat

meshingarbitrarygeometries13).Differentelement

sizemayaffectthevalueofstress;thesamesize

elementinthesamematerialwasusedin allmodels.

Furthermore,也eaccuracyof也eresultsofPEAalso

dependsonthe丘nenessofthemesh.Therefわre,small

elementsofthesimilarsizewereusedtounifわrmly

meshtheareaofinterest(PDLimplant)forthestress

analysis(Table2).

Thebone-implantinterfacewastreatedasfully

bondedsurfacetosimulateosseointegrationasbone-

PDLinterfaceandPDLtoothinterface.Tooth-band

interfaceandimplanトTPAinterfacewerealsocreated

asafullybondedtosimulatecementedbandand

丘ⅩedcontactbetweenTPAandimplant.Fullybonded

functionwasachievedbycreatingcommonfaces

attheinterfacetosimulateaconditionwherethe

bodieswere"weldHor"glued'■together,itensuredthe

connectivitywillbemaintainedattheinterface14).

Table2.Nodesandelementsinthestudy

Nodes E一ements

Model1 12,205

Model2 10.348

Model3 9,856

Mode一4 9,218

Model5 5,145

Mode一6 4,248

Model7 3.915

Model8 3,651

60.354

49月17

46,856

43.486

26,304

21.037

19,199

17.851

2.3Materl'aJproperties

Eachmaterialwasde丘nedtobehomogenousand

isotropic.Thephysicalpropertiesof･theconstituent

materialscomprisingthemodelwerebasedona

review oftheliterature13･15)(Tabユe3).Ofcourse,
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thefindingwouldchangeifthisassumptionwere

unrealistic.

Table3.Materialpropertiesfortheofconstituentmateria一s

Material Youn誓pmaTu'uspoisson'sratio

Dentinz')

PDLbj

Corticalbonea〕

Canc釧ousboneahZ

Stee叶

Titaniumpurea)

19.600

1

13,700

1,370

193,000

107,000

0

5

6

0

0

0

3

4

2

3

3

3

0

0

0

0

0

0

a)fromVasquezMetal.15).

b)fromJonesMLetaI.13㌧

C)fromUnigraphicusermanual14)

2,4Constraintsandloads

2.4,1Modelswiththeimplant:Modelト 4.

Allnodesonthelateraledgesofthepalatalbone

meshwerefullyconstrainedsothatnodisplacement

couldoccur;Onthebottom ofthebonevolumeno

restrictionsto也enodaldisplacementswereimposed

allowingthebonetobend16).Theboundaryconditions

☆erefixedatthebaseofthealveolarbone4).A
combinedhorizontalfわrce(mesialdirection5N,palatal

directionlN)wasappliedattb.ebuccalbracketof

eachpremolarband(Fig.2A).Theforcedirection

wasselectedtosimulatethemesio-distalforcein the

clinicbecausethewidthbetweencanineswasalittle

narrowerthanthatbetweenpremolars.Thesizeof

thefわrcewas血eavyenoughtoclose也espaceof也e

Rrstpremolarextractioninonestep17).

2.4.2Mode一swJ.thoutanimplant:Model5-8

Inordertocomparemodelswithimplants,boundary

conditionswerefixedatthebaseofthealveolar

bone4㌧Theforcewasthesameasmodelswith

theimplant(Fig.2B).YonMisesstress(KPa)was

calculatedandpresentedincolorfulcontourbands.

VonMisesstresswasselectedbecauseitwasascalar

quantitythatincludedallcomponentsofthestress

tensorandallowscomprehensivecomparisonbetween

models18).

3.Results

Fig.3Showedtheimplantandsurroundingbone

stress,whichincreasedwithABLAlargerportionof

theexternalloadwascarriedbythecervicalcortex,

thestressdeclinedsharplyindeeperregionsofthe

corticalbone.Thebonestressnearimplanttipwas

verylow.ThehigheststresswasshowedinModel4.

Fig.4Showedthechangeinstressdistribution

intheleftPDLindifferentABL.TheleftPDLwas

selectedbecausetherewasnosignificantdi触rence

onstressmagnitudeanddistributionbetweenthe

rightandleftperiodontalpartsinthesamemodel

withtheimplant.Stressmagnitudesweredenotedby

aseriesofcolors,asshowninthespectrumdisplayto

therightoftheplot.Ineachmodel,thehighestYon

Mi§esstresswasinthePDLat也ecervicalmargin.

However,inthesamelevelofABL,theYonMises

stressinthemodelwith比eimplantwasfarlower

than也oseinmodelwithouttheimplantrespectively.

Furthermore,也1emainstressofPDLwasdistributed

morewidelyinthemodelswiththeimplantthan

thatinthemodelswithout也eimplant.Thisshowed

thattheimplantcouldmakePDLstresshaveatrend

ofevendistribution.ThehighestPDLstressamong

modelswiththeimplantwasintheModel4whereas

thehigheststressamongmodelswithouttheimplant

wasintheModel8.

Fig.5showed也emaximum valuesofYonMi§es

stresschangeswi也 ABLTheapplicationof也esame

brcea氏erareductioninthebone-Supportof2,4,and

6mm generateanincreasingstressinthePDLThe

increasingspeedofstresswithABLinthemodels

withtheimplantwasfarlowerthanthatinthemodels

wi血outtheimplant.

4,Discussion

Thepurposeof也isinvestigationwastouse五mite

elementmethodtoanalyzetheanchorageeffect

ofpalatalosseointegratedimplantsontheteeth

underdifferentABLs.Toaccomplishthisanalysis,

Weconstructedfourfiniteelementmodelswiththe

implanttosimulateimplantsusedasanchorageon

theteethwithdiEerentABLs.Fourmodelswerethe

sameexceptalveolarbonelevel.Thesameboundary

conditionwasusedforalveolarbone.Thesamesize

andtypeelementwerecreatedfor仙esamematerial;

thesamemeshrefinerwasperformedinthesame

placeuntilthepercentageerroroftheresultstress

waslowerthan5%,whichwasthewidelyaccepted

levelofconfidenceforconvergencecriteria14).The
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Fig.3.VonMisesstressofimplantandtheimplant

surroundingbonein止emid-sagittalclipping.

A:Withtheimplant B:Withouttheimplant

Mode一4

1 ､二

Fig.4.VonMisesstressinthePDLofleftmaxillarysecond

premolarwithdifferentalveolarboneloss,Colors

indicatethemagnitudeofthestress.A):withthe

implanLB):wi山outtheimplant
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Fig.5.MaximumvonMisesstresschangedindifferentlevels

ofalveolarboneloss.

resultantstressinthemodelwithanimplantwas

comparedwithstressproducedinthemodelwithout

theimplantinthesameABL

Tocompletetheanalys上s,CertainassumptlOnSare

needed.Theresultantvaluesshouldbeinterpreted

onlyasareferencetoaidclinicaljudgment.The

limitationsofourmodelsincludedapproximationin

thematerialbehaviorandshapesofthetissues.

Asinpreviousstudies19-20),thePDLwasmodeledas

a0.25mm layerofuniform thicknessandwastreated

aslinear-elasticandisotroplC,eventhoughthePDL

exhibitsanisotropyandnonlinearviscoelasticbehavior

becauseoftissue且uids21).ThePDLvaluewasselected

becauseitagreedwiththehumantoothmovement13).

Thetoothwassimplifiedasahomogeneousbody

withouttlpSbecausetheforcetransmittedtothePDL

wasnotslgnificantlyaffectedbyaddingtheinternal

andexternaltoothstructure.Thepalatalbonewas

simpli丘edas2mminoral-palatalandlmmnasal-palatal

corticalboneand5mm cancellousthickness.Infact,

thedegreeofosseousclosureofthesuturepalatine

medianisdifferentandthecorticalbonevolumeand

qualitychangeswithages22).Asinanotherstudy23),

itwasassumedthatalOO% implant-boneinterface

wasestablished.However,thepercentageofdirect

implant-bonecontactvariedfrom 34to93% withan

averagevalueof75.5%17).A 100% boneapposition

wasalmostneverobtainedatthesurfaceofdental

implants24).Theboundaryconditionwasassumedat

thebaseofthealveolarbone4)andallnodesonthe

lateraledgesofthepalatalbone16),becausetherewas

noagreementforglVlngtheboundaryconditionfor

bonesegment4･15･1625)

Theimplantandsurroundingbonestressincreased

withtheboneloss.Thehigheststressconcentration

waslocalizedinthepalatalcorticalbone.Thesimilar

findinghasbeenpresentedbyMeijeretal.26).The
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Stressesin也eimplantsurroundingbonewerelower

than3.17MPa,whichareofsuchlowmagnitude

thattheyareunabletoproduceanimplantfailure

ど.I.Therefore.theosseointegratedimplantisableto

withstandorthodonticforcesandmayfunctionas

adequateanci10runit.

Inthemodelswithoutanimplant,thePDLstress

increasedfastwithABLunderthesameload.Tipping

movementsresultedinanincreasedlevelofstressat

thecervicalmarginofthePDLTbisisinagreement

withtheotherstudies28}.

Inthemodelswit壬ltheimplant,theⅠ)DLstress

increasedslowlywithA玉Landhasatrendofeven

distribution.BecausetheTPAconnectedtheimplant

tothepremolarinthecrown:theorthodonticforce

wastransmittedfromthetoothtothePDLandtothe

implantatthesametime.Relativelymoreforcewas

transmittedtotheimplantwhentheteethhadmore

ABL;thiswasprovedbytheincreasedstressofthe

implantandsurroundingbonestress(Fig.3)when

也eimplantwasusedasananchorageonthesecond

premolarwithmoreA玉LTheimplantreducethe

maximum PDLstress29.63%withoutalveolarbone

loseand44.30%inthe6mm ABL.Evendistribution

mightbeexplainedbythedifferentpositionofrotation

centeroftheteethwiththeimplantandwithoutthe

implantinthesamelevelofA玉L

Tbeorthodonticforcecancausecontinuous

toothmovement,howeverinitialtoothmovement

consideredinthisstudy.Therefore,inthefuture,

additionalmodelingmaybeneededalongwi也 atime-

dependfiniteelementanalysis.However,themodel

doesprovidequantitativeresultsofthecomplex

3-dimensionalstressescausedbymesio･distalforces

duringor也odontictreatment.Itrevealed也atpalatal

osseointegratedimplantwasausefulclinicaltool

toincreaseanchorageforthepatientswithABLIt

shouldbenotedthatthewidevariationinmorphologic

conditionandmaterialpropertiesamongnormal

individualsmayaffectapplicabilityoftheanalysis.

Theresultantvaluesshouldbeinterpretedonlyasa

referencetoaidclinicaljudgments.

5.Conclusion

From 0mm to6mm ABL,fourmodelswiththe

implantwerecomparedwithfourmodelswi也outan

implant.AccordingtoFEA,

1.underthehorizontalforce,theteethwithoutthe

implantwastippingmovementand也etee也 with

tbeimplant壬ladatrendofbodymovement,the

highestlevelofstresswasfoundatthecervical

level.

2.ThedegreeofPDLstressincreaseontheteeth

witht壬IeimplantwithABLwaslower也anthaton

tbeteethwithouttheimplant.From0mmto6mm

alveolarloss,ThePDLstressincreased50%with

theimplantwhereas93.83%withouttheimplant

3.Theimplantanchorageeffectincreasedwiththe

ABLMaximum YonMi§esstresswasreducedby

implantfrom29.63%to44.30%withtheABLfrom

Ommto6mm.

4.Thestressoftheimplantandsurroundingbonewas

verylow.Itcannotleadtothefailofimplant.
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