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Abstract

Blood velocity estimationis complicatedby the strongechoeseceved from tissuesurroundinghe vesselunderinvestiga-
tion. Properbloodvelocity estimatiomecessitategseof afilter for separatiorof thedifferentsignalcomponentsDevelopment
of thesefilters andnew estimatorgequiresRF-datawherethe tissuecomponents known. In-vivo RF-datadoesnot have this
property Insteadsimulateddataincorporatingall relevantfeaturesof the measuremergituationcanbe emplo/ed. Onefeature
is the motionin the surroundingissueinducedby pulsation heartbeat,andbreathing.This studyhave developedmodelsfor
the motionsandincorporatedheminto the RF simulationprogramField 1, therebyobtainingrealistic simulateddata. The
natureof pulsationis discussedandarelationbetweerthe pressurén the carotidarteryandthe experiencedresselvall motion
is derived.

1 Intr oduction

Ultrasoundfor cardiovascularimagingis widely usedtodayfor diagnosticpurposes.From recordedRF-signalsestimates
of the velocity distribution of the blood flow canbe computedwhich canreveal cardiosasculardiseasesuchasocclusions.
Useof simulatedRF-datais desirablewhendevelopingnew bloodvelocity estimatorsstationaryechocancellingfilters, and
otherfilters for processingecordedRF-signalssincethey arewell defined. In-vivo RF-signalsdo not have this property
sincethesignalcomponentérom the surroundingissueandthe bloodarenot easilydistinguishableandthe accuratextend
of thevesseis unknown.

To obtainrealisticsimulatedRF-dataall relevantfeaturesof the measuremergituationmustbeincorporated Onefeature
is themotionin thetissuesurroundinghevesselnderinvestigatiorinducedby breathing heartbeat,andpulsationof arterial
vesselwalls. Themotionis aresultof achangen positionof oneor moreorgans(lung andheart),andvesselwalls, whereby
motion is inducedupon adjacenttissueregions. Our previous study[1] investigatedthe presenceof the differentmotion
contributorsandthe modelinghereof,andresultedin 3 modelsdescribingthe temporalandspatialvarying contributionsto
the total motion from pulsation,breathing,and heartbeatmotion. The modelswere developedbasedon investigationsof
in-vivo RF-data.Simulationsfor the carotidarterywereperformedandevaluated.

This studyaddressesnprovemeniof themodelsto achieve bettersimulatedRF-data.Investigation®f theability to model
andsimulatetissuemotion in the abdominalregion are performed,andthe resultsare presented.To explain the natureof
vesseMlilation amathematicatelationbetweerthe dilation andthe pressuren the carotidarteryis derived.

All simulationsarebasedntheField Il program[2] usingspatialimpulseresponsandpointscatterersThis programcan
handleary arraytransducerfocusing,apodizationandtransduceexcitation.

2 Systemand recording conditions

Modelingof theindividual motionsarebasedn investigatiorof in-vivo RF-datarecordedat differentpositionsrevealingthe
motioninformation. The measurementsasperformedwith a3.2MHz probeonaB&K 3535ultrasoundscanneconnected



to a dedicatedreal-timesamplingsystem[3] capableof acquiring0.27 secondf dataalongoneRF-line. The probewas
hand-held,and datawere obtainedfrom 10 healthyvolunteers. To cover the whole cardiaccycle eachmeasurementvas
repeatedlO times, resultingin a datamaterialconsistingof 400 independenRF measurementsf 950 pulseecholines.
No ECG synchronizatiorcould be performed,soit cannot be guaranteedhat the whole cardiaccycle was coveredin the
completemeasuremergetfor eachvolunteer

| Dataset| Vessel | Scanplane | Motion |

C1l Carotidartery | Trans\erse PB
scanangle90®
HV1 Hepaticvein | Rightliverlobe | B,H (P)
intercostakcan
HVv2 Hepaticvein | Rightliverlobe H (P)
intercostalkscan
HV3 Hepaticvein | Leftliverlobe H (P)
epigastricscan

Tablel: Recordingconditionsfor determinatiorof motiondueto pulsation(P), heart(H) andbreathing(B).

Table 1 lists the scansitesandthe motionspresentduring measurementsT he subjectswvere lying supine. For the HV1
recordingghe subjectawerebreathingshallovly to keepthe vesselwithin the Dopplergate. During recordingsof the HV2
andHV3 data,the subjectaveretold to hold their breath.

3 Modelsdevelopedfrom in-vivo data

All modelsdevelopedhereandin [1] arebasedon investigationof the measuredn-vivo RF-data. The datawerebandpass
filtered to remove noise,andthe autocorrelatomethod[4] appliedto obtainestimatesof the tissuevelocities. Thirty four
adjacentRF-lines (temporally) were usedto obtain high-quality estimates. Estimatesof motion were obtainedfrom the
velocity estimatesdy summingover time at eachdepth. Plotsof theseestimatesasa function of time anddepthrevealsthe
informationneededo developthe motion models. In [1] the presenceof motionin the surroundingtissuewasfound, and
thereforeit mustbeincorporatednto thesimulationto obtainrealisticsimulateddata.All motiongeneratorgontrituteto the
totalmotionin thesurroundindissue.Theindividual contritutorsareassumedhdependentsotheaccumulatedissuemotion
at a givenscan-sitecanbe computedoy addingthe contritutionsfrom the individual motionspresent.Thetissuevelocities
arein the mm/srangewith amplitudelevels dependingon scan-site motionspresentanddistancebetweenscannedegion
andthe motion generatorsTherebythe levels of tissueandblood motion atthe vesselall arein the sameorder, makingit
difficult to distinguishthe signalcomponentdelongingto tissueandbloodrespectiely.

Figuresl, 2, and3 shaov examplesof dilation plots,which visualizeseaturesof thedifferentmotionsovertime anddepth.
Thedilationis positive, if the scatterersnove towardsthe transducerelative to aninitial position,andnegative if movement
is away from the transducer

3.1 Pulsation

Thepulsationin thearteriess dueto thetime varyingpressurén thevessetluringacardiaccycle,andresultsin aforceacting
onthevesselwalls. A radialmotion of the wall andthe surroundingissue[5] is induced. The pressurdevelsthroughouta
cardiaccycle in the carotidarteryrangesrom 80-160mmHg. Therelationbetweerthedilation, d, andthe pressurep, can
be approximatedy a parabold6, 7] asstatedin Eq. 1, wherepg is the diastolepressureandK a constanthataccountgor
thetissuecharacteristicsEquationl hasbeenderivedfrom excisedarteries(mostly dog arteries) put is assumedo hold for
in-vivo humanarterieswith properchoiceof thetissueparametekK [8].

de /p(t)K— Po _ \/g )

In Fig. 1 dilation estimateglueto pulsationin the carotidarteryarevisualized.Dueto the radial natureof pulsationtwo
dilation sequencemoving in oppositedirectionsrelative to the centerof the vesseloccurs.Thefigurerevealsthe onsetof a
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Figurel: Exampleof dilation foundfrom in-vivo datafrom the carotidartery Pulserate: 70 bpm.
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Figure2: Exampleof breathingmotionat carotidartery
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Figure3: Exampleof motiondueto heartbeafHV3) at hepaticvein.

cardiaccycle andtherebydilation attime equalto 0.12secondsThe precedingestimatesevealsthedilation, whenreturning
to diastolicconditions. The time sequencef the dilation risesfastandthendecreaseandreturnsto the initial value. All
motionis relative to the centerof the vessel,andthe level of motionis dampedwith increasedadial distance.The motion
thereforels afunction of time anddepth,andassumingno correlationbetweertime anddepththe motion modelbecomes
productof two functions- onedescribingthetime sequenceandthe otherdescribingthe depthdependencen Fig. 4(a)the
temporalmodelfor dilation dueto pulsationfor a givendepthis shavn with a pulserateof 1 pulse/s.Thetemporalsequence
agreeswith thein-vivo dilation estimate®btainedoy Bonnefoud9].

In [1] thedampingwasmodeledasa linearfunctionof radius,whichis not optimal. An exponentialdampingfunction,as
givenin Eq. 2, shouldbeapplied,whererd is thedampinglevel ata givenradius,r, b aconstantRy theradiusof thevessel,
andR, the maximumradialdistanceat which motionwill beseen.Beyond R thedampingfunctionis equalto zero.

— Ry
R —Ry

rd = b(cos(Tt )+1) for Ry<r<R 2

3.2 Breathing

Figure2 shovs anexampleof motiondueto breathingduringinhalation.Thelung "pushes’thetissuetowardsthetransducer
dueto the location of the lung beneaththe scan-site. The dampingdecreaseswvith increasingdepth. Again the motionis
a function of time and space(aswith pulsation). The repetitionfrequeng will mostoften be lower, sincethe respiration
frequeng is lower thanthe heartbeatfrequeng. Thetime sequencat a givendepthis shavn in Fig. 4(b). Themodelhasa
negative sign, sincethemotionis actingin the oppositedirectionof the positive axial axis (z-axis).

3.3 Heartbeat

Figure 3 showvs an example of motion estimatesdueto the heartbeating. It containsthe samefeaturesas for breathing
regardingpositionof motion generatordamping,andtime sequencebut the repetitionfrequeng is higher(- in averagel
beat/s).The contractiondave beenshovn notto follow the sametemporalsequencaspulsation,andis presumedo bedue
to the morecomplex motion pattern(translationaswell asrotation)of the heart. The modelfor thetissuemotionis givenin
Fig. 4(c), againassuminghatthe motionis actingin the axial direction.

All the modelscontainthe samefeaturesregardingtime and depthdependencehut the repetitiontime, amplitude,and
dampingvarywith scansiteandfor theindividualmotiontypes.Additionally thesemodelparametersaryamongndividuals.
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Figure 4: Models of dilation dueto pulsation(a), breathing(b) and heartbea{c). Frequenyg of breath: 13 breaths/min,
pulsationandheartbeat60 pulses/min.
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Figure5: Estimate®f dilation from simulateddatamainly dueto pulsationat the carotidartery Pulserate: 60 bpm.



e

/1174

277
i,

motion [mm]

7, (/'7”’7«'
=7, 2
) L 1075542
R A e,
S e 4
2 U A
G A
sy
4

Z

N

50

oo

Yty
&7 M
0.05 & 7
&7 27
1 2
o &/ ""'Ill;',',/'

2%
%,

time [s]

Figure 6: Motion estimateshasedon simulateddataresemblingthe HV3 recordings(motion is dueto the beatingof the
heart).Pulserate: 60 bpm.

4 Simulations of motion

Theability to createrealisticsimulateddataincorporatingthe motion hasbeenverifiedfor the carotidarteryandthe hepatic
vein (HV3). Thetransducewasmodeledasa 3.2 MHz corvex, elevationfocusedarraywith 58 elements.A focusingand

apodizationschemematchingthe usedscanprobewasincorporated.The point scatterersvere given amplitudeproperties
of tissueor blood, andmoved aroundaccordingto the motion modelbetweeneachsimulationof an RF-line. Womerslg's

pulsatile blood flow model[10] was usedto determinethe motion of the blood scatterersn the carotid artery RF-data
resemblings secondsvassimulatedto obtaindataincludingthefull effectfrom breathingandpulsation.Figure5 shovs an

exampleof simulateddilation for the carotidartery Thedampingwasmodeledby Eqg. 2, with R, equalto 20 mm. The scan
anglewas90°. Comparingwith Fig. 1 revealsa goodagreemenbetweerthe two dilations. The pulseratesdiffersfor the

two situations giving a fasterpulsationsequencéor the higherpulserate.In Fig. 1 somemotionis presenwithin thevessel
(centerof vessehtdepthequalto 19 mm) - probablybecauséhe scananglewasnot exactly 90°, sothatthebloodinfluences
themotionestimates.

The bloodflow in the hepaticcanbe modeledby a steadyflow superimposed time varying, low amplitudeflow. In the
HV3 simulationsonly the heartbeatmotionis presentyequiringonly 1 secondof simulationsto createRF-datacoveringa
full cycle. Thedampingwasmodeledasa linearfunctionof axial distancgz) with increasingamplitudefor increasediepth.
Theresultof simulationis plottedin Fig. 6, andis to be comparedwith Fig. 3. The pulseratefor the realdatais higher
thanfor thesimulateddata,giving afastemotionsequenceComparisorrevealsa goodagreemenbetweerthe motions,and
simulationof realisticdatafor the abdominakegionis thuspossible.

5 Conclusion

Theresultspresentedhereandin [1] provespresencef tissuemotion. Motion modelsfor eachof the contributorshave been
developedandincorporatednto the simulationprogramField Il. The generategimulatedRF-dataagreesvell with in-vivo

RF-data.Therebya powerful tool for optimizationof filters andestimatordor processingf RF-signalshave beenobtained.
The modelparametergamplitude repetitionfrequeng) vary dependingon scan-sitemotionspresentandthe individual to

bescannedAll of thesecanbemodifiedin theprogram.A simpleequationdescribingtherelationbetweemressureandthe
dilation in the carotidarteryhasbeenderived,which explainsthe natureof the motion dueto pulsation.
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