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Abstiact— A four-point electrode measuring impedancein the vicinity
of an atherosclewtic lesion was modeledusing FEM software. The simu-
lation modeledthe electrodesas being attachedto an angioplasty balloon
in a coronary artery. Impedance was calculated when the “balloon” was
unin ated (not in contactwith the lesion)and in ated (in contactwith the
lesion). Additionally, different lesiontypes (Va and Vb, asde ned by the
American Heart Association)and the effects of the low-conductivity cal-
cium layer were considered. Results shoved 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 difference betweenvarious lesion morphologies could be seen
by obsewing the differencesin the imaginary and phasecomponentof the
impedance.As a consequenc®f thesesimulations, it appearsplausible that
four-point electrodes mounted to an angioplasty balloon may be useful in
determining whether a balloon hasmadecontactwith alesion,andin char-
acterizing that lesion.
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|. BACKGROUND

NGIOGRAPHY s afairly commonprocedureusedin the

catheterizatiorlaboratoryto help locateand characterize

atherosclerotidesions.IntravasculatUltrasound(IVUS) is less
common,aswell asmorecostly, but is often necessaryo fur-
thercharacterizéhelesions.It would beworthwhileto develop
atechniquehatcouldbeusedin placeof IVUS for aquick esti-
mationof thelocation,diameteyandcompositionof thelesion.
Koningsetal. [1] wasableto useafour-pointelectrodeto suc-
cessfullylocatefatty lesionsin vivo within a coronaryartery
We proposethat further insightinto the compositionof the le-
sion could be gainedby measuringhe impedanceof thelesion
usingasimilartechnique.

The proposecklectrodewould be attachedo an angioplasty
balloon, which would be in ated to contactthe lesion. There
arepotentialdif culties with this techniquethat needto be ad-
dressedo measurgheimpedanceccurately The ervironment
the electrodewould be placedin makesit dif cult to character
izeimpedanceBiological tissuehashighionic conductvity, as
well asvarying degreesof permittivity at variousfrequencies.
The paththe currentwould take throughthe volumeconductor
of thearterywould bevirtually unknown.

To determinehe worth of the proposedechniquewe useda
nite-elementmethodto calculatetheimpedanceswell asthe
characteristicof a simulatedlesion, suchas compositionand
thicknessof thetissuelayers. The nite elementmodel (FEM)
softwarepackagehatwasusedfor this simulationwasMESH3
(FEM Mesher)and PAC3, andis producedby Field Precision
Software?!

Field PrecisionSoftware,AlbuquerqueNew Mexico; www. eldp.com
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Fig. 1. Generalizeaross-sectionajeometryof thelesion.(A) catheteballoon
(zeroconducwity), (B) arterywall, (C) surroundingblood, (D) thromtus, (E)
calcium layer, (F) lipid pool, (G) smoothmuscle,(H) top electrode,and (I)
bottomelectrode.

Il. GEOMETRY OF LESION

The AmericanHeartAssociation(AHA) detailsthe progres-
sion of atherosclerotidesionsin six stages,type | to type
IV.[2] Type I-lI lesionsoccurduring the earlier stagesof life,
andarecharacterizedby fatty streaksconsistingof lipid—laden
macrophages.As the lesionsgrow larger, lipid- lled smooth
musclecellsaccumulatéeneathhefatty streaks Additionally,
duringtheearlystagesaslightadaptvethickeningoccursin the
intima, causedy increasedgmoothmusclecellssurroundedy
variousamountsof connectve tissue. At the very lateststages
of typelll lesionstherearesmallpocketsof accumulatindipid
pools.

As the atherosclerosidevelopsinto typesIV-VI, theintimal
thickening continues,as more and more musclecells accumu-
late. The pocketsof lipid poolscoalescénto a core of extra-
cellularlipid, anda brous plaquestartsto form asthe lesion
progressedrom type IV to V. Whenthereis only a thick -
brouscap,it is referredto asatype Va or broatheroma. The
lesioncanprogresdo a still more complicatedstatewhencal-



TABLE |
VALUES FOR THE CONDUCTIVITY AND PERMITTIVITY OF THE TISSUES
MODELED FOR THE TYPE VA AND TYPE VB LESIONS. VALUESIN RED ARE
INFERRED.

G (S/m) €
Material 1 kHz| 100 kHz|1 MHz| 1 kHz | 100 kHz|1 MHz

Blood 0.70 | 0.59 0.80 | 4000 3000 300

Fat 0.04 | 0.04 0.04 | 20000 | 1000 30
Artery 0.58 | 0.58 0.58 | 40000 | 20000 | 100
Smooth Muscle| 0.50 | 0.50 0.40 |500000| 75000 | 2000
Thrombus 024 024 0.24 | 2000 500 10
Calcium 0.08 | 0.10 0.10 900 400 250

cium startsto form on the surfaceandthe lipid core. It is then
referredto asa type Vb lesion. The lesion canalso progress
to a type Vc lesion,whereall or mostof the lipid coreis ab-
sent.Thelaststagetype VI, involvestheformationof ssures,
hematomaandthrombosis,and canbe quite unstable.[2][3],

[4]
I1l. METHODOLOGY

A. FEM ModelandLesionMorphology

Fig. 1 shavs an example morphologyof a lesion that was
modeledusing FEM code. Its characteristicgre similar to an
idealizedtypeVaandtypeVb lesionsasde nedbytheAHA. [2]
Theelectrodesveresimulatedasmountedonaballooncatheter
which was placedproximateto the lesion. The AC voltageon
both electrodesvas modeledat threedifferentfrequencies:1
kHz, 100kHz, and1 MHz. Thetop electrodewas placedat 1
volt andthebottomelectrodeat-1 volt (or 1 volt at180° phase).
Theelectrodesverespaced mm apart.

For bothtypeVaandVb lesions,a simulationwasperformed
for both“high capacitanceand“low capacitancefesions.The
lesionis saidto have “low capacitanceWhenthe musclelayer
is modeledas125 m thick. Whenthe musclelayeris 250 m
thick, it is referredto as“high capacitance”Valuesfor thecon-
ductivity and permittivity (tablel) were largely obtainedfrom
Gabrielet al. [5] andSlageretal. [6], thoughsomehadto be
inferred. The valuesof the calci ed outerlayer wereinferred
from the cancellousbonevalues. Slageret al. measuredhe
conductvity of the thromtus and artery wall for a frequeng
rangeof 5 to 500 kHz andobtaineda singlevalue. Thisis rea-
sonableasmostothermorethoroughlyresearchetissuesalso
have relatively constantonductvity valuesup to aboutl MHz.
Consequentlythe conductvity valuesfor thromkus and artery
wereassumeaonstanupto 1 MHz.

B. ElectiodePolarization

The electrodesnodeledhereconsistof two points,with the
current o wing from the higherpotentialpoint to the lower po-
tential point. Using Ohm's law, , the impedances
determined. For actualin vivo measurementghis two-point
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Fig. 2. Measuredealimpedancéor atypeValesionfor unin ated andin ated
balloon.

point electrode a condition called “electrodepolarization”oc-
curs.[7] Electrodepolarizationinvolves two different current
transportmechanismsfaradaiccurrentand capacitve current.
Thefaradaiccurrentis primarily dueto thetransferof electrons
to thepositive ionsthatexist in the solution. The capacitve cur-
rentoccursdueto theformationof the Helmholtzdouble—layer:
the electricchagesdueto theionic contentof the solutionare
distributedacrosghe surfaceof theelectrodegcreatinga double
layerof oppositepolarity thatactsasa capacitance.[8]

Consequentlyif two-point electrodesare usedto measure
the impedancebetweenthe points, they would measureboth
the impedancedue to the propertiesof the material and the
impedancef the electrode—electrolytmterface.To reducethis
effect, four-point electrodesvould be usedfor in vivo measure-
ments.[9]In orderto modelthis four-point con guration, two
electrodesreused,andthe electrodeémpedances assumedo
benggligible. It is alsoassumedhatthereis a uniformdistribu-
tion of speci ¢ polarizationimpedancesuchthatno netpolar
ization potentialexists.[7]

IV. RESULTS

Four differentcon gurationswere consideredor the simu-
lation. The rst two con gurationswere usedto calculatethe
measuredmpedanceof a type Va lesion prior to contactwith
the lesion (unin ated balloon)andthenin contactwith the le-
sion. The othertwo con gurationsconsiderthe sameengage-
mentconditionsfor a type Vb lesion. The essentialifference
betweerthe two typesof lesionsis thatthe type Vb alsohasa
calci ed layerapproximatelyl25 m thick.

Threeparametersf theimpedanceverecalculated:thereal
portion, the imaginaryportionandthe phase.For bothtype Va
andVb lesions the calculatedealimpedancavasmuchhigher
whenthe electrodesverein contactwith the lesionthanwhen
they werein the blood. Figs. 2 and3 shaw the differencebe-
tweenthe contactandnon-contacton gurations.Figs.4 and5
shaw the differencein imaginaryimpedancebetweenthe con-

con guration would be insufcient to measurehe impedance tactandnon-contacton gurations. Figs.6 and7, displaythe

accurately The primary mode of current ow is dueto the
ionic conductvity of the varioustissues. When using a two-

phase- essentiallyaratio betweertherealandimaginarycom-
ponentof theimpedance Figs. 8, 9, and10 shaw the effect of
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Fig. 3. Measuredealimpedancéor atypeVb lesionfor unin ated andin ated
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Fig. 4. Measuredmaginaryimpedancédor atype Valesionfor unin ated and
in ated balloon.
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Fig. 7. Measuredhaseof the impedancdor a type Vb lesionfor unin ated
andin ated balloon.

the highly resistantalciumouterlayer playson thereal,imag-
inary, andphasecomponenbf theimpedanceExampleof the
real portion of the currentdensityin the geometryare shovn

in gs. 11and12. In eachcasethe real portion of the current
densityis displayed.

V. DISCUSSION

Due to the compleity of actuallesion geometry the simu-
lated lesiongeometryhasbeensomavhat simpli ed in Fig. 1.
In atypicallesion,for example thelayerswill notbeasuniform
asshawn. Additionally, therewill be brous tissueintermingled
with the smoothmusclecells. This wasessentiallynodeledin
the simulationas a thromhus layer in the outer portion of the
lesion. Thereis alsounlikely to be the horizontaland radial
symmetryasshavn. In fact, the lesionis often eccentricwith
respecto thelumen.

A. Realportion of theimpedance

When observingthe resultsshowvn in Figs. 2-10, thereare
noticeabledifferencesetweenhe variouscon gurations. The



Fig. 8. Comparisorof the realimpedancédor a type Va andtype Vb whenin
contactwith thelesion.

Fig.9. Comparisorof theimaginaryimpedancdor atypeVaandtypeVb when
in contactwith thelesion.

Fig. 10. Comparisorof the phaseémpedancdor atype Va andtype Vb when
in contactwith thelesion.

Fig. 11. Realcurrentdensitybeforethe electrodesengagea smallerlesion.

In this instance the electrodesareonly in contactwith the blood, which pos-
sesses high conductvity but comparatiely low permittivity. Theareain white

representseal currentdensitiesgreaterthan = 150 . The calculated
impedancéetweertheelectrodess =4073.74-i1192.83.

Fig.12. Realcurrentdensityaftertheelectrodegngagehe smallerlesion.The
calculatedmpedancédetweertheelectrodess =8979.42-i1037.37



most signi cant differenceis that of the real portion of the
impedancéetweerthe contactandnon-contactonditions,for

both the typesof lesionsconsidered(Fig. 2 and 3). The con-
ductivity of the blood is much higherthanthe conductvity of

thelesionandarterywall, sothis resultisn't altogethersurpris-
ing. In fact,this resultshawvs thatit might be easyto determine
whetherthe electrodediave madecontactwith thelesiongeom-
etry in vivo. Additionally, dueto the low conductvity of the

calcium,the measuredimpedancef thetype Vb lesionis much
higherthanthatof thetype Valesion,seenin Fig. 8. Thisresult
is signi cant, asthispropertymaybeusedto verify theexistence
of aninelasticcalciumlayerduringanin vivo measurement.

B. Imaginary portion of theimpedance

Thedifferencen theimaginarycomponenbf theimpedance
betweerthe contactandnon-contactonditionsarenot asstrik-
ing for the type Va lesion, but the differencebetweena lesion
with athick musclelayeranda lesionwith a thin musclelayer
is shavn in Fig. 4. If the lesionhasa thick musclelayer, the
displacementurrentincreaseswith a correspondinglecrease
in the real componentof the current. The thick musclelayer
causeghe imaginarycomponenbf the impedanceo increase
by nearly30%for all frequeng rangesconsidered.This infor-
mationobtainedmay prove valuable,asthe capacitancef the
lesion, especiallyat 100 kHz, is determinedprimarily by the
smoothmusclecontentof thelesion.

In the casewherethereis alow conductvity layerof calcium
on the surfaceof thelesion,theimaginarycomponenbecomes
evenmoreimportantin the determinatiorof the compositionof
thelesion.For 1 kHz and1 MHz, thereis alsoa largedifference
betweenthe imaginaryimpedanceof the high andlow capaci-
tancetype Vb lesion.In this case however, theimaginarycom-
ponentdoesnot changemuchfor the 100kHz condition,asthe
low real portion of the currentdominates. Anothernoticeable
effectof theouterlayerof calciumis thatit greatlyincreaseshe
imaginarycomponenbf theimpedancevith respecto thetype
Valesion,seenin Fig. 9.

C. Phaseof theimpedance

The nal consideratioris 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
musclelayerscanbe differentiatedor boththetypeVaandVb
lesionusingthe phaseinformation. For the type Va lesion, the
phasejn degreesnearlydoublesfor athick musclelayerlesion
comparedo a thin musclelayer lesionfor the frequenciesof
100kHz and1 MHz. Thereis alarge differenceaswell for the
type Vb lesion,but in this casethereis alarge changen phase
for thefrequeny of 1 kHz.

D. Surfaceconductivity

The purposeof this simulation was to estimatethe ef-
fect variouslesion morphologiesvould have on the measured
impedanceébetweentwo electrodes Onefactornot considered,
however, is the surfaceconductvity of the lesionwhenthe bal-
loonis expandedo make contact.Theballoonwill displacethe
blood surroundingthe lesionalmostcompletely but therewill
beasmallamountbf bloodonthesurfaceof thelesionthatis not

accountedor in the simulation.For purpose®f the simulation,
the currentgoingthrougha Im layerof bloodwasconsidered
to be ngyligible. It will, nonethelesslikely decreasdhe dif-
ferencebetweenthe real componenibf the impedancefor the
contactandnon-contactonditions,andwould be a worthwhile
topicfor futureresearch.

VI. CONCLUSIONS

This purposeof this simulationwasto explore the feasibil-
ity of mountinga four-pointelectrodeon a ballooncatheteiand
measuringheimpedancef variouslesionsin vivo. A largedif-
ferencein eachcomponentf theimpedancevasfoundfor the
variousconditionsandlesionmorphologies.It is believedthat
thisinformationcould be usedto helparesearctor clinical set-
ting differentiatebetweeresiontypesandcompositionsn vivo.
To furthervalidatethis method,a simulationof type IV lesions
shouldbe performed.Experimentaivork to validatetheseresult
is planned.
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