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INTRODUCTIONINTRODUCTION -- ToTo developdevelop aa noninvasivenoninvasive methodmethod ofof detectingdetecting 
arterialarterial occlusiveocclusive disease,disease, pulsepulse waveformswaveforms werewere recordedrecorded atat 
twotwo locationslocations onon thethe lowerlower extremitiesextremities ofof youngyoung normalnormal 
volunteersvolunteers andand patientspatients withwith arteriographicallyarteriographically confirmedconfirmed 
arterialarterial occlusiveocclusive disease.disease. PulsesPulses werewere monitoredmonitored usingusing 
impedanceimpedance plethysmographyplethysmography atat thethe knee·knee· andand thethe iliaciliac regions.regions. 
TheThe frequencyfrequency spectraspectra ofof thethe abnormalabnormal iliaciliac waveformswaveforms containedcontained 
4-54-5 harmonicsharmonics asas comparedcompared toto thethe 2-32-3 harmonicsharmonics presentpresent inin 
normals'~normals'~ ItIt waswas hypothesizedhypothesized thatthat thethe occuranceoccurance ofof highhigh 
frequenciesfrequencies resultedresulted fromfrom pulsepulse wavewave interactionsinteractions withwith diseaseddiseased 
portionsportions ofof thethe vessel.vessel. ThisThis paperpaper willwill presentpresent thethe resultsresults ofof 
aa theoreticaltheoretical andand experimentalexperimental modelmodel developeddeveloped toto testtest thisthis 
hypothesis.hypothesis. 

CLINICALCLINICAL BACKGROUNDBACKGROUND -- PulsesPulses werewere monitoredmonitored atat twotwo levelslevels 
ofof thethe extremitiesextremities inin 44 normalnormal volunteersvolunteers andand 1313 patients.patients. 
InformationInformation aboutabout distaldistal flowflow inin thethe legleg waswas providedprovided byby 
waveformswaveforms obtainedobtained whenwhen pairspairs ofof stripstrip electrodeselectrodes werewere placedplaced 
directlydirectly proximalproximal andand distaldistal toto thethe knee.knee. VolumeVolume pulsespulses fromfrom 
thethe iliaciliac arteriesarteries werewere acquiredacquired usingusing anan originaloriginal electro'deelectro'de 
array,array, consistingconsisting ofof twotwo ECGECG electrodeselectrodes placedplaced justjust belowbelow thethe 
navelnavel andand twotwo electrodeselectrodes placedplaced onon thethe toptop ofof thethe thigh.thigh. 
FigureFigure 11 showsshows samplesample pulsepulse waveformswaveforms recordedrecorded atat eacheach locationlocation 
in:in: aa normalnormal volunteer,volunteer, aa patientpatient withwith severesevere diseasedisease atat oneone 
levellevel ofof thethe limb,limb, andand aa patientpatient withwith severesevere diseasedisease atat aa 
combinationcombination ofof levels.levels. 
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FigureFigure 11 -- SampleSample TracingsTracings 

TheThe kneeknee pulsespulses ofof thethe normalnormal volunteervolunteer exhibitedexhibited aa largelarge 
primaryprimary peakpeak andand aa second,second, smallersmaller peak.peak. PatientPatient tracingstracings
displaydisplay aa dampeddamped primaryprimary peakpeak andand aa highlyhighly attenuatedattenuated oror absentabsent 
secondsecond wave.wave. ThisThis observationobservation maymay indicateindicate diseasedisease andand 
correlatescorrelates wellwell withwith thethe findingsfindings ofof otherother investigatorsinvestigators fil.fil. 
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TheThe morphologymorphology ofof thethe iliaciliac pulsespulses revealsreveals somesome anomalies.anomalies. 
TheThe normalnormal volunteervolunteer waveformswaveforms showedshowed clearclear primaryprimary pulsespulses withwith 
solitarysolitary secondarysecondary pulses.pulses. TheThe pulsespulses forfor thethe patientpatient ~ith~ith 

singlesingle diseasedisease locationlocation hadhad manymany smallersmaller peakspeaks present.present. ThisThis 
waswas anan unexpectedunexpected finding.finding. ItIt isis hypothesizedhypothesized thatthat thesethese 
harmonicsharmonics areare thethe resultresult ofof pulsepulse interactionsinteractions withwith arterialarterial 
obstsructiveobstsructive diseasedisease (AOD).(AGD). 

ThisThis observationobservation cancan bebe quantifiedquantified byby performingperforming spectralspectral 
analysisanalysis onon thisthis signal.signal. FigureFigure 22 showsshows thethe powerpower spectrumspectrum ofof 
aa normalnormal volunteervolunteer andand aa patientpatient withwith AOD.AOD. TheThe normalnormal spectrumspectrum 
showsshows nono significantsignificant peakspeaks beyondbeyond thethe secondsecond -harmonic.-harmonic. FiveFive 
harmonics are presentpresent inin thethe di seased case.case. TheThe goalha rmonics a re diseased goa I ofof thethe 
presentpresent studystudy isis toto understandunderstand thethe fundamentalfundamental basisbasis ofof thisthis 
differencedifference inin arterialarterial pulsepulse characteristicscharacteristics .. 
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FigureFigure 22 -- PowerPower SpectrumSpectrum ComparisonComparison 

EXPERIMENTALEXPERIMENTAL ANALYSISANALYSIS -- AnAn experimentalexperimental modelmodel waswas developeddeveloped 
toto studystudy wavewave propagationpropagation inin aa straightstraight compliantcompliant tube.tube. AA 
siliconesilicone rubberrubber tubetube waswas usedused toto modelmodel thethe aorta.aorta. ExperimentsExperiments 
modelingmodeling aa perfectperfect reflectingreflecting site,site, werewere achievedachieved withwith aa 9696 em.em. 
tubetube havinghaving aa completelycompletely closedclosed end.end. AnAn oscillatingoscillating diaphragmdiaphragm 
providedprovided aa sinusoidalsinusoidal inputinput ofof specifiedspecified frequency.frequency. FlowFlow waswas 
monitoredmonitored atat thethe proximalproximal endend ofof thethe tubetube withwith anan 
electromagneticelectromagnetic flowmeterflowmeter andand transducerstransducers locatedlocated aa distancedistance 1515 
andand 9292 ern.cm. awayaway fromfrom thethe diaphragmdiaphragm recordedrecorded pressure.pressure. TheThe twotwo 
pressurepressure readingsreadings providedprovided aa meansmeans ofof comparingcomparing variationsvariations inin 
pulsepulse morphologymorphology andand allowedallowed calculationcalculation ofof wavewave speedspeed andand 
attenuation.attenuation. 

ExperimentsExperiments werewere performedperformed usingusing oscillationsoscillations fromfrom 1I toto 1010 
Hz.Hz. Flow,Flow, pressurepressure andand sinusoidalsinusoidal inputinput werewere monitoredmonitored withwith aa 
4-channel4-channel signalsignal processor.processor. TheThe signalsignal processorprocessor providedprovided aa 
meansmeans obtaining averagedaveraged andand domaindomain data.data. AAofof Obtaining timetime frequencyfrequency 
plotter,plotter, providedprovided aa permanentpermanent recordrecord ofof results.results. 

FigureFigure 33 depictsdepicts thethe resultsresults obtainedobtained fromfrom thethe modelmodel atat aa 
frequencyfrequency ofof 88 Hz.Hz. AllAll drivingdriving frequenciesfrequencies testedtested displayeddisplayed 
similarsimilar results,results, anan essentiallyessentially sinusoidalsinusoidal signalsignal forfor bothboth 
pressurepressure andand flow.flow. TheThe powerpower spectrumspectrum (average(average ofof 5050 records)records) 
hadhad oneone majormajor peakpeak atat thethe fundamentalfundamental drivingdriving frequencyfrequency andand 
onlyonly minorminor peakspeaks atat thethe harmonics.harmonics. 
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FigureFigure 3:3: ExperimentalExperimental ResultsResults 

THEORETICALTHEORETICAL MODELMODEL TheThe theoreticaltheoretical modelmodel developeddeveloped toto 
simulatesimulate wavewave propagationpropagation incorporatedincorporated aa frequencyfrequency responseresponse 
analysisanalysis basedbased uponupon steadysteady oscillatoryoscillatory forcedforced vibrations.vibrations. TheThe 
linearizedlinearized equationsequations forfor oscillatoryoscillatory flowflow werewere solvedsolved byby aa 
separationseparation ofof variablesvariables techniquetechnique toto determinedetermine constitutiveconstitutive 
equationsequations forfor flowflow andand pressurepressure head.head. TheThe functionsfunctions werewere 
representedrepresented asas thethe productproduct ofof spatialspatial andand timetime varyingvarying 
quantitiesquantities [2]:[2]: 

Press.Press. HeadHead h'h' ReRe [H(x)eic.>t][H(x)eic.>t] (1(1 )) 
FlowFlow q'q' ReRe [Q(x)eic.>t][Q(x)eic.>t] (2(2 )) 

TransferTransfer equationsequations forfor thethe complexcomplex valuedvalued spatialspatial componentcomponent 
ofof flowflow andand pressurepressure headhead werewere determineddetermined fromfrom thethe particularparticular 
solutions.solutions. TheThe equationsequations were:were: 

H(x)H(x) Ho,uHo,u coshyxcoshyx %% ZcQD,uZcQD,u sinhyxsinhyx (3(3 )) 
Q(x)Q(x) -(Ho,u/Zc)-(Ho,u/Zc) sinhyxsinhyx %% Qo,uQo,u coshyxcoshyx (4(4 )) 

where:where: 
Ho,uHo,u downstreamdownstream oror upstreamupstream pressurepressure headhead 
Qo,Qo, uu downstreamdownstream oror upstreamupstream flowflow 
yy propagationpropagation constant,constant, aa functionfunction of:of: 

resistance,resistance, capacitance,capacitance, andand inertanceinertance 
characteristiccharacteristic impedance,impedance, aa parameterparameter 
basedbased onon constantsconstants pfpf thethe systemsystem 

HydraulicHydraulic impedance,impedance, thethe ratioratio ofof pressurepressure headhead toto flow,flow, 
waswas thethe basisbasis ofof thethe thirdthird constitutiveconstitutive equation.equation. TheThe transfertransfer 
equationequation forfor impedanceimpedance was:was: 

(Zo,u(Zo,u %% ZcZc tanhyx)tanhyx) 
Z(x)Z(x) (5)(5) 

(1(1 :: (Zo,u/Zc)(Zo,u/Zc) tanhyx)tanhyx) 

TheThe impedanceimpedance atat anyany pointpoint alongalong thethe tubetube maymay alsoalso bebe 
determineddetermined fromfrom thethe reflectionreflection coefficient.coefficient. ReflectionReflection inin thethe 
systemsystem isis causedcaused byby aa changechange inin characteristiccharacteristic impedanceimpedance andand isis 
quantifiedquantified throughthrough thethe complexcomplex valuedvalued reflectionreflection coefficient.coefficient. 
AnAn openopen endend tubetube hashas aa coefficientcoefficient ofof (-1.0,0.0),(-1.0,0.0), aa closedclosed endend 
tubetube (1.0,0.0),(1.0,0.0), andand anan infinitelyinfinitely longlong tubetube aa coefficientcoefficient ofof 
(0.0,0.0).(0.0,0.0). TheThe hydraulichydraulic impedanceimpedance andand reflectionreflection coefficientcoefficient 
areare relatedrelated by:by: 

Z(x)Z(x) == ZcZc «f(x)«f(x) ++ l)/(f(x)l)/(f(x) -- 1»1» (6)(6) 
wherewhere :: ff == reflectionreflection coefficientcoefficient 
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STRAIGHTSTRAIGHT ELASTICELASTIC TUBETUBE RESULTSRESULTS ToTo solvesolve thesethese equation,equation, 
boundaryboundary conditionsconditions werewere statedstated atat thethe proximalproximal andand distaldistal 
pointspoints ofof thethe tube.tube. TheThe proximalproximal endend boundaryboundary conditioncondition 
specifiedspecified flowflow magnitudemagnitude fromfrom thethe experimentalexperimental data.data. AtAt thethe 
distaldistal end,end, impedanceimpedance waswas specifiedspecified fromfrom thethe reflectionreflection 
coefficientcoefficient forfor aa closedclosed end.end. Upstreamupstream impedanceimpedance waswas 
calculatedcalculated usingusing equationequation (5)(5) andand upstreamupstream pressurepressure waswas 
determineddetermined fromfrom thethe impedanceimpedance andand knownknown flow.flow. withWith thethe 
upstreamupst ream parameters eva luated, pressurepres sure f low profilepa I' ameters evaluated, thethe andand flow prof i Ie 
alongalong thethe tubetube waswas calculatedcalculated fromfrom eqns.eqns. (3)(3) andand (4).(4). TheThe 
pressurespressures atat 1515 andand 9292 ern. obtainedobtainedcm. werewere comparedcompared toto thethe valuesvalues 
experimentally,experimentally, FigureFigure 4.4 . 
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FigureFigure 44 -- ComparisonComparison ofof TheoryTheory andand ExperimentExperiment 

BothBoth modelsmodels displayeddisplayed aa steadysteady pressurepressure withwith oneone resonanteresonante 
peak,peak, atat aboutabout 55 Hz.Hz. TheThe theorytheory andand modelmodel agreeagree quantitativelyquantitatively 
withwith bothboth pressurespressures beingbeing ofof thethe samesame orderorder ofof magnitude.magnitude. 
BroaderBroader resonanceresonance peakspeaks inin thethe experimentalexperimental modelmodel maymay bebe duedue toto 
thethe uncontrolleduncontrolled sourcesource impedanceimpedance inducedinduced byby thethe oscillatoroscillator andand 
electromagneticelectromagnetic flowmeter.flowmeter. 

CONCLUSIONSCONCLUSIONS TheThe behaviorbehavior ofof sinusoidalsinusoidal pulsespulses inin aa 
straightstraight compliantcompliant tubetube hashas beenbeen demonstrateddemonstrated inin bothboth aa 
theoreticaltheoretical andand anan experimentalexperimental modelmodel study.study. WhileWhile thethe 
amplitudeamplitude ofof thethe pulsespulses waswas seenseen toto varyvary withwith locationlocation alongalong 
thethe tubetube asas wellwell asas withwith thethe sourcesource frequency;frequency; higherhigher 
harmonics,harmonics, similarsimilar toto thosethose seenseen inin humanhuman data,data, werewere notnot 
demonstrated.demonstrated. ItIt isis concludedconcluded thatthat thesethese harmonicsharmonics areare notnot duedue 
toto thethe effecteffect ofof aa completecomplete arterialarterial obstruction.obstruction. FurtherFurther 
experimentsexperiments areare underwayunderway toto evaluateevaluate thethe contributioncontribution ofof 
nonlinearnonlinear elements,elements, includingincluding lessless thanthan completecomplete obstruction,obstruction, 
branchingbranching andand variablevariable compliance.compliance. 
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