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Abstract

Anumericalsimulationsystemuslngthethree-dimensionalnniteelement

method(3D-FEM)is establishedtoreproducetheperfbrmanceofthele氏

Ventricle during one cardiac cycle,Which may ultimately provide usefu1
infbrmation fbr medicaldiagnoses.The simulation system consists ofa

3D-FEMmechanicalmodelofthele氏ventriclebasedonfburfundamental

models,thatis,(1)amechanicalmodelofmyocardialmuscle丘berwhich
PrOducesthe active fbrce,(2)a mechamicalmodelofthele氏ventricle

Whichiscomposedofthemyocardialmusclenber,(3)atransmission
modelofelectrlCStimulus,and(4)acirculatorysystemmodelwhichgives
thepre-and after-loads to theleftventricular model.In this paper,the

fundamentalsystem ofthe simulatoris explained,and sometypical

examplesofcomputationalresult$Obtainedbythissystemareshownand

discussed.Thereliabilityofthesimulatorisexaminedbycomparingsome

numericalresults with the corresponding results obtained by medical
imaglngteChnique.
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l.Introduction

ItisextremelylmPOrtanttOeStimatequantitativelythemechanicalfunctionsofthe

le氏ventriclefrom aviewpolntOfthemedicaldiagnosisofthe heartdiseases･Thegldbal

functionsofthele氏ventriclearemostlyestimatedbasedonitspressure-VOlumerelationship,

butwhichisnotalwaysanapproprlateindexofitsperfbrmancebecausethepressure-VOlume

relationshipISaffbctedbyashapeandasizeofaheart.Ontheotherhand,thewallstressand

Strainofthele氏ventriclecanbeageneralcontractilityindexindependentoftheventricular

Shapeand size.Inorderto estimatetheabove-mentionedventricularfunctions,theauthors
have constructed afundamentalnumericalsimulation system based onthe nnite element

Ventricularmodelconnectedwithbothabloodcirculationsystemmodelandatransmission

SyStemmOdelofelectricstimulus[1],[2],[3].
Inthis study,the stress and straindistributions andtheirtimevariations(in one

Cardiac cycle)in a human ventricular wallfbr botha normalheart and a heart with
hypertrophicrcardiomyopathy are analyzed by uslngthe proposed numericalsimulation

SyStem･The numericalresults are comparedwiththose obtained by medicalimaglng

technique[4],[5].

2.Mathematicalmodelofle氏ventricle

Themathematicalmodelsofle氏ventriclearecomposedofthemechanicalmodelof

muscle丘ber,theelectric stimulustransmission modelandthecircu)ationsystemmodelof
blood･TheinstallationofthenberorientationintotheLlnitecIcmcnt modelisrealizedby

transformlngthestandardelementinthelocalcoordinatesystcm totherealelementinthe

gldbalcoordinatesystem.

2･1Mechanicalmodelofmyocardium

The myocardium consists of numerous contractile muscIc nbcr elements called

"sarcomere‖,WhichproduceanactivetensilefbrceandcontractbythemscIvcsanerrecelVlng

the electric stimulus sent丘om the so-Called pacemaker ofthe heart[6].Thc mechanical

modelofmyocaldiumfOnSistsofbothacorrtracdleelementandanelasticclement(Fig･1a)･
The magnitude ofactlVetenSileforce produced by the sarcomeres may be approximated

throughasetofsimplerelationsproposedbyBeyarandSideman[7].Therelationshipsofthe

magnitudeofactivetensilefbrceagainsttimeandsarCOmerelengthareindicatedinFigs.1b

andlc,reSPeCdvely.

ContractileElement(CE)

ElasticElement(EE)
Fig.1a Muscle丘bermodel
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Fig.1b6ais anominalactivetensile stress,i.e.,theactiveforce divided bythe onglnal

CrOSS-SeCtionalareaofthemyocardium,㍍istheactivationtimeofthemyocardiumandtisthe

timemeasuredfromtheinstanceatwhichtheelectricsdmulusamivesatthemyocardium.c

Themaximum activestress 6maxinducedinthemyocardium depends onthelengthofthe

SarCOmere丘berL.00isthemaximumactivestress

2.2Electricsdmulusmodel

Theelectricstimulus1aunchedfromthepacemaker(sinoa廿ialnode)transmitsnrstly

totheap既through■aventricularseptumandsecondlytothebasisthroughthePurkirtie's丘bers.
Consideringthe characterisdcs ofPurkirtjetsnber,in the present mathematicalmodel,itis

appropriatetoassumethattheelectrics個mulilaunchedftomtheapexintheendocardium(a
POlntAinFig.2)transmit丘rsdyalongthemeridianoftheendocardium(AmowlinFig.2)
and secondlyinthe thickness direc也on(Amow2in Fig.2)ffom an activated portion(for

example,aPOintPinFig.2)totheepicardium.

Fig.2Pathwayofelectricstimulustransmission,nrStalongthemeridianoftheendocardium

(arrowl,VelocityTb)andthenacrosstheventricularwall(arrow2,Velocityγ,)



4 Ⅵ血止aSぷ恥軋ThdashiNABA,MasatakaTOmA,AkiyoshiSHIOMI,ndenorifEGAS王孔KyoshiISOGm瓜andKazuoYAGI

2.3Muscle丘berorientation

TheventricularwallisassumedtobeanisotropICa11yelasticmaterialwithmyocardial

musclenberswhoseorientationsaltercontinuouslyfromendocardiumtoepICardiumasshown

inFig･3a･Themyocardial丘berangleisinstalledtothe丘niteelementmodelbythefb1lowlng

manner･First,takingastandardcubic丘niteelementA～Hunderthelocalcoordinatesystem

XyZaSShowninFig･3b,the丘berangleintheelementisassumedtobeamax=+800 0nthe

endocardiumsurfaceandqmh=-800 0ntheepICardiumsurfhce,andinterpolatedlinearlyin

thethicknessdirection･Asa4-POlntSGaussquadratureisemployedinthepresentnumerical

analysis,thereexist64Gaussianpointsinanniteelement.Thenberangleisassignedateach
Gaussian polnt aCCOrding to the丘ber orientation scheme described above.The丘nal丘ber

Orientationinthele氏ventricularwallisrealizedbytransformlngthestandardelementA～Hin

thelocalcoordinatesystemtotheelementAし月tinthegldbalcoordinatesystem(Fig.3c).
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Fig.3Modelingofmyocardialmusclenberorientation

2.4Circulationsystemmodelofblood

Inordertoconcentrateontheestimationofmechanicalpropertiesandfunctionsofthe

leftventricle,We emPloythesimpli丘ed electric circuit analogy model,Which providesthe

PrOPerPre-andafter-loadstotheleftventricle･Amongseveralproposedmodels,WeSelecthere

theelectriccircuitmodelconstructedbySekioka[8],ShowninFig.4.Thele魚-handsideofthe

Circuitcorrespondstothecirculatorysystemmodelwhichproducesthepre-loadattheinput

Side,includingtheeffectsofthele氏pulmonaryvein,thele氏atriumandsoon･Theright-hand

Sidecorrespondstothecirculatorysystem,Whichproducestheafter-loadattheoutputside,

includingtheeffbcts oftheaortic compliance,theperipheralvasculatureandsoon.Inthis

electriccircuitanalogymodel,thevoltageandelectriccurrentcorrespondtothebloodpressure

and the blood nux,reSPeCdvely,the resistances correspond to the vascular and valvular

resistancesforthebloodnow,andthecondenserscorrespondtotheelasticpropertiesofthe

VaSCulature･Thebatteryindicatestheaveragedbloodpressuretowhichthepre-andafter-loads

aresubjectedstationari1y･In'thiscircult,thele氏ventricleisregardedasakindofgenerator

PrOducingthenuctuatingvolt喝e(bloodpressure)ornuctuatipg electric current(theblood
8ux).
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3.Three dimensionalconstruction▲Of human1eft ventricle FEM modeland numerical

calculations

Thethree-dimensionalgeometry ofthele氏ventricleis construCtedfrom the cross

sectionalimages acquiredbythe magnetic resonanceimaging(MRI)teclmique･Thefinite
elementmeshesofle氏ventricle arefbrmedbasedontheabovethree-dimensionalgeometry.

Theisoparametricparallelepiped丘niteelements(198elementsintotal)arearrangedalongthe

ventricularwallasshowninFig.5.Themechanicalproperdesofmyocardialmuscle且berand

theothervariousmaterialconstantsarenotdeterminedforaspecincindividual,butchosenon

thebasisofstudiesuptothepresentaswellastheexperience andknowledgeofmedical

doctors.Theinitiallyemployedmaterialconstantsofmyocardialmusclearecorreqtedslightly
bythe trial-and-errOrteChnique･Various numericalparameterS emPloyedin the numerical

calculationsareindicatedintablel.

恥1仲 Ph巾 Pal仲

里 空聖 空色 彗

PreJoadsystem

(Pulmonarycirculation)

A鮎r暮oadsystem

(Systemiccirculation)

Fig.4Circulatorysystemmodel.LVle氏ventricle,Pv:meanPulmonaryarterialpressure,Rv):

Pulmonaryvenousvascularresistance,Rv2:mitralvalvu1arresistance,Cv:Pulmonaryveinand

le魚atrialcomplianCeS,h:mean Peripheralarterialpressure,助1:Characteristicimpedance,
助2:Peripheralvascularresistance,Cb:aOrticcompliance

Fig.5Finiteelementmeshforleftventri･Cle
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Tablel Cardiovascularparameters

Mechani⊂aIprロPertiesofmyocardiaImuscle

､1bung s moduIus

Poisson'6rヨtio

Maximum active stress

A⊂tivation time

InitiaLsarcome帽Iength

400mmHg

O.49

800mmHg

O.40sec

2.10甚m

Transmissjonvelodtyofelectricstimulus

Meridiandirection 5_00m/sec
Thicknessdire⊂tion O.50m/se⊂

Parameterちfbrcircu[atorysystem

Mean pulmonaryarterialpressure

PuImonan/VenOuSVaSCularresistance

MitralvalvuIarresistelnCe

Pulmonaryveinandleftatria[compliances

Characteristicimpedance

Peripher召Ivascu[arresistance

Aorticcomp[iance

5.00mmHg

O.01mmHg･SeC/m1

0.01mmHg･SeC/m)

2.00ml/mmHg

O.02mmHg･SeC/m1

1.20mmHB･SeC/m1

1.20m[/mmHg

4.Numericalresultsanddiscussions

Thedynamicchaqgesandbiomechanicalpropertiesareanalyzedthroughacomplete

Cardiac cycle･The reliabilityofthe obtained numericalresults,e.g.,Strain distributions,is

Veri丘edthroughthecomparisonwiththemeasurementobtainedfromthecorrespondingMR

也gging[4】,【5].

4･1Strainanalysisinventricularwallandpressure-VOlumerelationship

ThemagnitudesofaveragedminimumpnncIPalstrainsintheanterior,theposterior

andthelateralwal1sforanormalheartaredepictedinFigs･6aand6b･Asrecognized丘om

these丘gures,the simulated results(Fig.6b)may reproducewellthe corresponding results

ObtainedbytaggedMRimages(Fig.6a).
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Fig.6MagnitudeofminimumpnncipalstrainfbrnormalheartobtainedbytaggedMRimages

aandbyFEMsimulationb

Figures7aand7bshowthemagnitudesofaveragedminimumpnnclpalstrainsinthe

anterior,the posterior and thelateralwallsfor a heart with hypertrophic cardiomyopathy

(HCM).Inthiscase,thediseased,ParteXistsintheanteriorwall.Fromthese丘gures,itcanbe

Seenthatthebehaviorofthele氏ventricularWallobtainedMRimages(Fig･7a)arerヲprOduced
bythenumericalresultsobtainedbythepresentsimulationsystem(Fig.7b).Inthisslmulation,
the magnitude of active fbrce of myocardiumis reduced by50%.The pressure⊥VOlume

relationshipsfbranormalandadiseasedheartareshowninFig.8.Itisrecognized丘omthe
丘gurethattheqecdon丘actioninadiseasedheartisdecreased comparedwiththeoneina

nomalbeart.
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4.2Stressdistribudoninventricularwall

The transverse wallstress distributionsfor a normalheart atthe end-SyStOle are

depictedinFig･9･Inthis丘gure,thecircumfbrentialstress Ooisextremely diffbrent蝕)m

thoseofthethickcylindersubjectedtotheinternalpressure.ThatlS,thestressconcentration
doesnotoccurontheinnersurfaceandthemaximumstressisobservednearthemiddlepartof

Ventricularwall･Ontheotherhand,themagnitudeofmeridianstresso.becomeslargernear

bothendocardiumandepICardiumunlikethe distributionofcircumfbrentialstress oo･Itis

Predictedthattheaboveqmentionedcomplicatedstressdistributionintheventricularwallarises

fromthecomplexdistribution ofmyocardialmuscle且berorientationthroughtheventricular
wall.
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Fig.9Transversestressdistributioninventricularwall

5.Concludingremarks

Thenumericalsystemtoanalyzethemechanicalpropertiesandfuncdonsoftheleft

↓entriclehasbeencon.structedinthisstudybycombiningthemechamicalmodeloftheleft

Ventriclewiththecirculatorysystemmodel･Theproposedsimulationsystemcanreproducethe

genera11ywell-aCCePtedpropertiesandfunctionsoftheleftventricle,andalsomakesltPOSSible
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toestimate,fbrexample,thestressdistribulionswhicharequltedifnculttomeasure,Whilea1l

Ofthebasicelementsofthesystemareverysimpleandfundamental.Bysubstitutinghigher-
grademodelsfbrthepresentfundamentalmodels,themorecomplicatedperfbrmanCeOfthele氏

Ventriclecouldbereproducedinamorepreciseandreliablemanner.Hence,inthefuturewe
Can eXPeCtO叫ectiveand quantitativediagnoses fbr heartdiseasesbylmPrOVlngthepresent

numericalsystem.
There are stillmany problemsto soIve before wecan realize theidealsimulation

SyStem･One ofthemis thatthereis a shortage of reliableinvjvoinfbrmation aboutthe

mechanicalproperties ofthe bio一也ssues and organs.And evenif we could obtain such
infbrmation,thecharacteristiccomplexity,thetimedependenceandtheindividualdiffbrences

Oforganismsareturnedtoconsiderablebarriersforthenumericalsimulation.However,1tis

expected that numericalsimulatorslike those presented here willplay a mqor rolein

OVerCOmlngthesedifnculties･Intheauthors,oplnlOn,boththebio-meaSurementteChniqueand

thenumericalsimulationwillbedevelopedbycompenSatlngfbreach otherinthisresearch
丘eld.
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