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Simulationof ElectrodeImpedanceandCurrent
DensitiesNearanAtheroscleroticLesion
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Abstract— A four-point electrode measuring impedancein the vicinity
of an atherosclerotic lesion was modeledusing FEM software. The simu-
lation modeledthe electrodesas being attached to an angioplasty balloon
in a coronary artery. Impedancewas calculated when the “balloon” was
unin�ated (not in contact with the lesion)and in�ated (in contact with the
lesion). Additionally , different lesion types (Va and Vb, as de�ned by the
American Heart Association)and the effects of the low-conductivity cal-
cium layer were considered. Results showed that the real component of
the impedancewas much higher when the electrodeswere in contact with
lesion. Also, when the electrodeswere in dir ect physical contact with the
lesion, the differencebetweenvarious lesion morphologiescould be seen
by observing the differencesin the imaginary and phasecomponentof the
impedance.As a consequenceof thesesimulations, it appearsplausible that
four-point electrodesmounted to an angioplasty balloon may be useful in
determining whether a balloon hasmadecontactwith a lesion,and in char-
acterizing that lesion.

Keywords—Bioimpedance,�nite element,four-point electrode, conduc-
tivity, permitti vity, atherosclerosis

I . BACKGROUND

�

NGIOGRAPHYis a fairly commonprocedureusedin the
catheterizationlaboratoryto help locateandcharacterize

atheroscleroticlesions.IntravascularUltrasound(IVUS) is less
common,aswell asmorecostly, but is often necessaryto fur-
thercharacterizethelesions.It would beworthwhileto develop
atechniquethatcouldbeusedin placeof IVUS for aquickesti-
mationof thelocation,diameter, andcompositionof thelesion.
Koningset al. [1] wasableto usea four-pointelectrodeto suc-
cessfully locatefatty lesionsin vivo within a coronaryartery.
We proposethat further insight into the compositionof the le-
sioncouldbegainedby measuringthe impedanceof the lesion
usingasimilar technique.

The proposedelectrodewould be attachedto an angioplasty
balloon,which would be in�ated to contactthe lesion. There
arepotentialdif�culties with this techniquethatneedto bead-
dressedto measuretheimpedanceaccurately. Theenvironment
theelectrodewould beplacedin makesit dif�cult to character-
ize impedance.Biological tissuehashigh ionic conductivity, as
well asvarying degreesof permittivity at variousfrequencies.
Thepaththecurrentwould take throughthevolumeconductor
of thearterywouldbevirtually unknown.

To determinetheworth of theproposedtechnique,we useda
�nite-elementmethodto calculatetheimpedanceaswell asthe
characteristicsof a simulatedlesion,suchascompositionand
thicknessof thetissuelayers.The �nite elementmodel(FEM)
softwarepackagethatwasusedfor thissimulationwasMESH3
(FEM Mesher)andPAC3, andis producedby Field Precision
Software.1

�

FieldPrecisionSoftware,Albuquerque,New Mexico; www.�eldp.com

Fig. 1. Generalizedcross-sectionalgeometryof thelesion.(A) catheterballoon
(zeroconductivity), (B) arterywall, (C) surroundingblood, (D) thrombus, (E)
calcium layer, (F) lipid pool, (G) smoothmuscle,(H) top electrode,and (I)
bottomelectrode.

I I . GEOMETRY OF LESION

TheAmericanHeartAssociation(AHA) detailstheprogres-
sion of atheroscleroticlesions in six stages,type I to type
IV.[2] Type I–II lesionsoccurduring the earlierstagesof life,
andarecharacterizedby fatty streaksconsistingof lipid–laden
macrophages.As the lesionsgrow larger, lipid-�lled smooth
musclecellsaccumulatebeneaththefattystreaks.Additionally,
duringtheearlystages,aslightadaptivethickeningoccursin the
intima,causedby increasedsmoothmusclecellssurroundedby
variousamountsof connective tissue.At thevery lateststages
of typeIII lesions,therearesmallpocketsof accumulatinglipid
pools.

As theatherosclerosisdevelopsinto typesIV–VI, theintimal
thickeningcontinues,asmoreandmoremusclecells accumu-
late. The pocketsof lipid poolscoalesceinto a coreof extra-
cellular lipid, anda �brous plaquestartsto form asthe lesion
progressesfrom type IV to V. When there is only a thick �-
brouscap,it is referredto asa type Va or �broatheroma. The
lesioncanprogressto a still morecomplicatedstatewhencal-
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TABLE I

VALUES FOR THE CONDUCTIVITY AND PERMITTIVITY OF THE TISSUES

MODELED FOR THE TYPE VA AND TYPE VB LESIONS. VALUES IN RED ARE

INFERRED.

cium startsto form on thesurfaceandthe lipid core. It is then
referredto as a type Vb lesion. The lesion can also progress
to a type Vc lesion,whereall or mostof the lipid core is ab-
sent.Thelaststage,typeVI, involvestheformationof �ssures,
hematoma,andthrombosis,andcanbe quite unstable.[2],[3],
[4]

I I I . METHODOLOGY

A. FEM ModelandLesionMorphology

Fig. 1 shows an examplemorphologyof a lesion that was
modeledusingFEM code. Its characteristicsaresimilar to an
idealizedtypeVaandtypeVb lesionsasde�nedby theAHA. [2]
Theelectrodesweresimulatedasmountedonaballooncatheter,
which wasplacedproximateto the lesion. The AC voltageon
both electrodeswas modeledat threedifferent frequencies:1
kHz, 100kHz, and1 MHz. The top electrodewasplacedat 1
volt andthebottomelectrodeat-1 volt (or 1 volt at180° phase).
Theelectrodeswerespaced2 mmapart.

For bothtypeVaandVb lesions,asimulationwasperformed
for both“high capacitance”and“low capacitance”lesions.The
lesionis saidto have “low capacitance”whenthemusclelayer
is modeledas125 � m thick. Whenthemusclelayeris 250 � m
thick, it is referredto as“high capacitance”.Valuesfor thecon-
ductivity andpermittivity (tableI) were largely obtainedfrom
Gabrielet al. [5] andSlageret al. [6], thoughsomehadto be
inferred. The valuesof the calci�ed outer layer wereinferred
from the cancellousbonevalues. Slageret al. measuredthe
conductivity of the thrombus and artery wall for a frequency
rangeof 5 to 500kHz andobtaineda singlevalue. This is rea-
sonable,asmostothermorethoroughlyresearchedtissuesalso
haverelatively constantconductivity valuesup to about1 MHz.
Consequently, the conductivity valuesfor thrombusandartery
wereassumedconstantup to 1 MHz.

B. ElectrodePolarization

The electrodesmodeledhereconsistof two points,with the
current�o wing from thehigherpotentialpoint to thelower po-
tential point. Using Ohm's law, �����	� 
 , the impedanceis
determined. For actual in vivo measurements,this two-point
con�guration would be insuf�cient to measurethe impedance
accurately. The primary mode of current �o w is due to the
ionic conductivity of the varioustissues. When using a two-

Fig. 2. Measuredrealimpedancefor a typeValesionfor unin�ated andin�ated
balloon.

point electrode,a conditioncalled“electrodepolarization”oc-
curs.[7] Electrodepolarization involves two different current
transportmechanisms:faradaiccurrentandcapacitive current.
Thefaradaiccurrentis primarily dueto thetransferof electrons
to thepositive ionsthatexist in thesolution.Thecapacitivecur-
rentoccursdueto theformationof theHelmholtzdouble–layer:
theelectricchargesdueto the ionic contentof thesolutionare
distributedacrossthesurfaceof theelectrode,creatingadouble
layerof oppositepolarity thatactsasacapacitance.[8]

Consequently, if two-point electrodesare usedto measure
the impedancebetweenthe points, they would measureboth
the impedancedue to the propertiesof the material and the
impedanceof theelectrode–electrolyteinterface.To reducethis
effect, four-pointelectrodeswould beusedfor in vivo measure-
ments.[9]In order to model this four-point con�guration, two
electrodesareused,andtheelectrodeimpedanceis assumedto
benegligible. It is alsoassumedthatthereis auniformdistribu-
tion of speci�c polarizationimpedance,suchthatno netpolar-
izationpotentialexists.[7]

IV. RESULTS

Four differentcon�gurationswereconsideredfor the simu-
lation. The �rst two con�gurationswereusedto calculatethe
measuredimpedanceof a type Va lesionprior to contactwith
the lesion(unin�ated balloon)andthenin contactwith the le-
sion. The othertwo con�gurationsconsiderthe sameengage-
mentconditionsfor a type Vb lesion. The essentialdifference
betweenthe two typesof lesionsis that the typeVb alsohasa
calci�ed layerapproximately125 � m thick.

Threeparametersof the impedancewerecalculated:thereal
portion,the imaginaryportionandthephase.For both typeVa
andVb lesions,thecalculatedreal impedancewasmuchhigher
whentheelectrodeswerein contactwith the lesionthanwhen
they were in the blood. Figs.2 and3 show the differencebe-
tweenthecontactandnon-contactcon�gurations.Figs.4 and5
show the differencein imaginaryimpedancebetweenthe con-
tact andnon-contactcon�gurations. Figs.6 and7, displaythe
phase– essentiallya ratio betweentherealandimaginarycom-
ponentof the impedance.Figs.8, 9, and10 show theeffect of
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Fig.3. Measuredrealimpedancefor atypeVb lesionfor unin�atedandin�ated
balloon.

Fig. 4. Measuredimaginaryimpedancefor a typeVa lesionfor unin�ated and
in�ated balloon.

Fig. 5. Measuredimaginaryimpedancefor a typeVb lesionfor unin�ated and
in�ated balloon.

Fig.6. Measuredphaseof theimpedancefor atypeValesionfor unin�ated and
in�ated balloon.

Fig. 7. Measuredphaseof the impedancefor a type Vb lesionfor unin�ated
andin�ated balloon.

thehighly resistantcalciumouterlayerplayson thereal,imag-
inary, andphasecomponentof theimpedance.Examplesof the
real portion of the currentdensityin the geometryare shown
in �gs. 11 and12. In eachcasethe real portion of the current
densityis displayed.

V. DISCUSSION

Due to the complexity of actuallesiongeometry, the simu-
latedlesiongeometryhasbeensomewhat simpli�ed in Fig. 1.
In atypical lesion,for example,thelayerswill notbeasuniform
asshown. Additionally, therewill be�brous tissueintermingled
with thesmoothmusclecells. This wasessentiallymodeledin
the simulationasa thrombus layer in the outer portion of the
lesion. Thereis also unlikely to be the horizontaland radial
symmetryasshown. In fact, the lesionis often eccentricwith
respectto thelumen.

A. Realportionof theimpedance

When observingthe resultsshown in Figs. 2–10, thereare
noticeabledifferencesbetweenthevariouscon�gurations. The
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Fig. 8. Comparisonof the real impedancefor a typeVa andtypeVb whenin
contactwith thelesion.

Fig.9. Comparisonof theimaginaryimpedancefor atypeVaandtypeVb when
in contactwith thelesion.

Fig. 10. Comparisonof thephaseimpedancefor a typeVa andtypeVb when
in contactwith thelesion.

Fig. 11. Real currentdensitybeforethe electrodesengagea smallerlesion.
In this instance,the electrodesareonly in contactwith the blood, which pos-
sessesahighconductivity but comparatively low permittivity. Theareain white
representsreal currentdensitiesgreaterthan � = 150 ��
 ��� . The calculated
impedancebetweentheelectrodesis � = 4073.74- i192.83.

Fig.12. Realcurrentdensityaftertheelectrodesengagethesmallerlesion.The
calculatedimpedancebetweentheelectrodesis � = 8979.42- i1037.37
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most signi�cant differenceis that of the real portion of the
impedancebetweenthecontactandnon-contactconditions,for
both the typesof lesionsconsidered,(Fig. 2 and3). The con-
ductivity of the blood is muchhigher thanthe conductivity of
thelesionandarterywall, sothis resultisn't altogethersurpris-
ing. In fact,this resultshows thatit might beeasyto determine
whethertheelectrodeshavemadecontactwith thelesiongeom-
etry in vivo. Additionally, due to the low conductivity of the
calcium,themeasuredimpedanceof thetypeVb lesionis much
higherthanthatof thetypeVa lesion,seenin Fig. 8. This result
issigni�cant, asthispropertymaybeusedtoverify theexistence
of aninelasticcalciumlayerduringanin vivomeasurement.

B. Imaginaryportionof theimpedance

Thedifferencein theimaginarycomponentof theimpedance
betweenthecontactandnon-contactconditionsarenotasstrik-
ing for the type Va lesion,but the differencebetweena lesion
with a thick musclelayeranda lesionwith a thin musclelayer
is shown in Fig. 4. If the lesionhasa thick musclelayer, the
displacementcurrentincreases,with a correspondingdecrease
in the real componentof the current. The thick musclelayer
causesthe imaginarycomponentof the impedanceto increase
by nearly30%for all frequency rangesconsidered.This infor-
mationobtainedmay prove valuable,asthe capacitanceof the
lesion, especiallyat 100 kHz, is determinedprimarily by the
smoothmusclecontentof thelesion.

In thecasewherethereis a low conductivity layerof calcium
on thesurfaceof thelesion,theimaginarycomponentbecomes
evenmoreimportantin thedeterminationof thecompositionof
thelesion.For 1 kHz and1 MHz, thereis alsoa largedifference
betweenthe imaginaryimpedanceof the high andlow capaci-
tancetypeVb lesion.In this case,however, theimaginarycom-
ponentdoesnot changemuchfor the100kHz condition,asthe
low real portion of the currentdominates.Anothernoticeable
effectof theouterlayerof calciumis thatit greatlyincreasesthe
imaginarycomponentof theimpedancewith respectto thetype
Va lesion,seenin Fig. 9.

C. Phaseof theimpedance

The �nal considerationis that of the ratio of the imaginary
to real impedance. This information lies in the phaseof the
impedance.Fig. 10 revealsthat the lesionswith thick andthin
musclelayerscanbedifferentiatedfor boththetypeVa andVb
lesionusingthephaseinformation. For the typeVa lesion,the
phase,in degrees,nearlydoublesfor a thick musclelayerlesion
comparedto a thin musclelayer lesion for the frequenciesof
100kHz and1 MHz. Thereis a largedifferenceaswell for the
typeVb lesion,but in this casethereis a largechangein phase
for thefrequency of 1 kHz.

D. Surfaceconductivity

The purposeof this simulation was to estimate the ef-
fect variouslesionmorphologieswould have on the measured
impedancebetweentwo electrodes.Onefactornot considered,
however, is thesurfaceconductivity of thelesionwhenthebal-
loon is expandedto makecontact.Theballoonwill displacethe
blood surroundingthe lesionalmostcompletely, but therewill
beasmallamountof bloodonthesurfaceof thelesionthatis not

accountedfor in thesimulation.For purposesof thesimulation,
thecurrentgoing througha �lm layerof bloodwasconsidered
to be negligible. It will, nonetheless,likely decreasethe dif-
ferencebetweenthe real componentof the impedancefor the
contactandnon-contactconditions,andwould bea worthwhile
topic for futureresearch.

VI . CONCLUSIONS

This purposeof this simulationwas to explore the feasibil-
ity of mountinga four-pointelectrodeona ballooncatheterand
measuringtheimpedanceof variouslesionsin vivo. A largedif-
ferencein eachcomponentof the impedancewasfoundfor the
variousconditionsandlesionmorphologies.It is believedthat
this informationcouldbeusedto helpa researchor clinical set-
ting differentiatebetweenlesiontypesandcompositionsin vivo.
To furthervalidatethis method,a simulationof typeIV lesions
shouldbeperformed.Experimentalwork to validatetheseresult
is planned.
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