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Abstract

Blood velocity estimationis complicatedby thestrongechoesreceivedfrom tissuesurroundingthevesselunderinvestiga-
tion. Properbloodvelocityestimationnecessitatesuseof afilter for separationof thedifferentsignalcomponents.Development
of thesefilters andnew estimatorsrequiresRF-data,wherethetissuecomponentis known. In-vivo RF-datadoesnot have this
property. Insteadsimulateddataincorporatingall relevantfeaturesof themeasurementsituationcanbeemployed. Onefeature
is themotion in thesurroundingtissueinducedby pulsation,heartbeat,andbreathing.This studyhave developedmodelsfor
the motionsand incorporatedtheminto the RF simulationprogramField II, therebyobtainingrealisticsimulateddata. The
natureof pulsationis discussed,andarelationbetweenthepressurein thecarotidarteryandtheexperiencedvesselwall motion
is derived.

1 Intr oduction

Ultrasoundfor cardiovascularimaging is widely usedtodayfor diagnosticpurposes.From recordedRF-signalsestimates
of thevelocity distribution of thebloodflow canbecomputed,which canrevealcardiovasculardiseasessuchasocclusions.
Useof simulatedRF-datais desirable,whendevelopingnew bloodvelocityestimators,stationaryechocancellingfilters,and
otherfilters for processingrecordedRF-signals,sincethey arewell defined. In-vivo RF-signalsdo not have this property,
sincethesignalcomponentsfrom thesurroundingtissueandthebloodarenoteasilydistinguishable,andtheaccurateextend
of thevesselis unknown.

To obtainrealisticsimulatedRF-dataall relevantfeaturesof themeasurementsituationmustbeincorporated.Onefeature
is themotionin thetissuesurroundingthevesselunderinvestigationinducedby breathing,heartbeat,andpulsationof arterial
vesselwalls. Themotionis aresultof achangein positionof oneor moreorgans(lungandheart),andvesselwalls,whereby
motion is induceduponadjacenttissueregions. Our previous study [1] investigatedthe presenceof the differentmotion
contributorsandthemodelinghereof,andresultedin 3 modelsdescribingthetemporalandspatialvaryingcontributionsto
the total motion from pulsation,breathing,andheartbeatmotion. The modelsweredevelopedbasedon investigationsof
in-vivo RF-data.Simulationsfor thecarotidarterywereperformedandevaluated.

Thisstudyaddressesimprovementof themodelsto achievebettersimulatedRF-data.Investigationsof theability to model
andsimulatetissuemotion in the abdominalregion areperformed,andthe resultsarepresented.To explain the natureof
vesseldilationa mathematicalrelationbetweenthedilationandthepressurein thecarotidarteryis derived.

All simulationsarebasedontheField II program[2] usingspatialimpulseresponseandpointscatterers.Thisprogramcan
handleany arraytransducer, focusing,apodization,andtransducerexcitation.

2 Systemand recordingconditions

Modelingof theindividualmotionsarebasedon investigationof in-vivo RF-datarecordedatdifferentpositionsrevealingthe
motioninformation.Themeasurementswasperformedwith a3.2MHz probeona B&K 3535ultrasoundscannerconnected
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to a dedicated,real-timesamplingsystem[3] capableof acquiring0.27secondsof dataalongoneRF-line. Theprobewas
hand-held,anddatawereobtainedfrom 10 healthyvolunteers.To cover the whole cardiaccycle eachmeasurementwas
repeated10 times, resultingin a datamaterialconsistingof 400 independentRF measurementsof 950 pulseecholines.
No ECG synchronizationcouldbe performed,so it cannot be guaranteedthat the whole cardiaccycle wascoveredin the
completemeasurementsetfor eachvolunteer.

Dataset Vessel Scanplane Motion

C1 Carotidartery Transverse P,B
scanangle90o

HV1 Hepaticvein Right liver lobe B,H (P)
intercostalscan

HV2 Hepaticvein Right liver lobe H (P)
intercostalscan

HV3 Hepaticvein Left liver lobe H (P)
epigastricscan

Table1: Recordingconditionsfor determinationof motiondueto pulsation(P),heart(H) andbreathing(B).

Table1 lists the scansitesandthe motionspresentduringmeasurements.Thesubjectswerelying supine.For the HV1
recordingsthesubjectswerebreathingshallowly to keepthevesselwithin theDopplergate.During recordingsof theHV2
andHV3 data,thesubjectsweretold to hold their breath.

3 Modelsdevelopedfr om in-vivo data

All modelsdevelopedhereandin [1] arebasedon investigationof the measuredin-vivo RF-data.Thedatawerebandpass
filtered to remove noise,andthe autocorrelatormethod[4] appliedto obtainestimatesof the tissuevelocities. Thirty four
adjacentRF-lines(temporally)were usedto obtain high-quality estimates.Estimatesof motion were obtainedfrom the
velocity estimatesby summingover time at eachdepth.Plotsof theseestimatesasa functionof time anddepthrevealsthe
informationneededto develop the motion models. In [1] the presenceof motion in the surroundingtissuewasfound,and
thereforeit mustbeincorporatedinto thesimulationto obtainrealisticsimulateddata.All motiongeneratorscontributeto the
totalmotionin thesurroundingtissue.Theindividualcontributorsareassumedindependent,sotheaccumulatedtissuemotion
at a givenscan-sitecanbecomputedby addingthecontributionsfrom the individual motionspresent.Thetissuevelocities
arein themm/srangewith amplitudelevelsdependingon scan-site,motionspresent,anddistancebetweenscannedregion
andthemotiongenerators.Therebythe levelsof tissueandbloodmotionat thevesselwall arein thesameorder, makingit
difficult to distinguishthesignalcomponentsbelongingto tissueandbloodrespectively.

Figures1, 2, and3 show examplesof dilationplots,whichvisualizesfeaturesof thedifferentmotionsovertimeanddepth.
Thedilation is positive, if thescatterersmovetowardsthetransducerrelative to aninitial position,andnegative if movement
is away from thetransducer.

3.1 Pulsation

Thepulsationin thearteriesis dueto thetimevaryingpressurein thevesselduringacardiaccycle,andresultsin aforceacting
on thevesselwalls. A radialmotionof thewall andthesurroundingtissue[5] is induced.Thepressurelevelsthroughouta
cardiaccycle in thecarotidarteryrangesfrom 80-160mmHg. Therelationbetweenthedilation,d, andthepressure,p, can
beapproximatedby a parabola[6, 7] asstatedin Eq. 1, wherep0 is thediastolepressureandK a constantthataccountsfor
thetissuecharacteristics.Equation1 hasbeenderivedfrom excisedarteries(mostlydogarteries),but is assumedto hold for
in-vivo humanarterieswith properchoiceof thetissueparameterK [8].

d �
�

p � t ��� p0

K
�
�

∆P
K

(1)

In Fig. 1 dilation estimatesdueto pulsationin thecarotidarteryarevisualized.Dueto theradialnatureof pulsationtwo
dilation sequencesmoving in oppositedirectionsrelative to thecenterof thevesseloccurs.Thefigurerevealstheonsetof a
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Figure1: Exampleof dilation foundfrom in-vivo datafrom thecarotidartery. Pulserate:70 bpm.
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Figure2: Exampleof breathingmotionatcarotidartery.
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Figure3: Exampleof motiondueto heartbeat(HV3) at hepaticvein.

cardiaccycleandtherebydilationat timeequalto 0.12seconds.Theprecedingestimatesrevealsthedilation,whenreturning
to diastolicconditions.The time sequenceof the dilation risesfastandthendecreasesandreturnsto the initial value. All
motion is relative to thecenterof thevessel,andthe level of motion is dampedwith increasedradialdistance.Themotion
thereforeis a functionof time anddepth,andassumingno correlationbetweentime anddepththemotionmodelbecomesa
productof two functions- onedescribingthetime sequence,andtheotherdescribingthedepthdependence.In Fig. 4(a)the
temporalmodelfor dilationdueto pulsationfor agivendepthis shown with apulserateof 1 pulse/s.Thetemporalsequence
agreeswith the in-vivo dilationestimatesobtainedby Bonnefous[9].

In [1] thedampingwasmodeledasa linearfunctionof radius,which is not optimal.An exponentialdampingfunction,as
givenin Eq. 2, shouldbeapplied,whererd is thedampinglevel atagivenradius,r, b a constant,Rw theradiusof thevessel,
andRl , themaximumradialdistanceat whichmotionwill beseen.BeyondRl thedampingfunctionis equalto zero.

rd � b � cos � π r � Rw

Rl � Rw
��� 1� for Rw � r � Rl (2)

3.2 Breathing

Figure2 showsanexampleof motiondueto breathingduringinhalation.Thelung”pushes”thetissuetowardsthetransducer
dueto the locationof the lung beneaththe scan-site.The dampingdecreaseswith increasingdepth. Again the motion is
a function of time andspace(aswith pulsation). The repetitionfrequency will mostoften be lower, sincethe respiration
frequency is lower thantheheartbeatfrequency. Thetime sequenceat a givendepthis shown in Fig. 4(b). Themodelhasa
negativesign,sincethemotionis actingin theoppositedirectionof thepositiveaxial axis(z-axis).

3.3 Heartbeat

Figure 3 shows an exampleof motion estimatesdue to the heartbeating. It containsthe samefeaturesas for breathing
regardingpositionof motion generator, damping,andtime sequence,but the repetitionfrequency is higher(- in average1
beat/s).Thecontractionshavebeenshown not to follow thesametemporalsequenceaspulsation,andis presumedto bedue
to themorecomplex motionpattern(translationaswell asrotation)of theheart.Themodelfor thetissuemotionis givenin
Fig. 4(c),againassumingthatthemotionis actingin theaxial direction.

All the modelscontainthe samefeaturesregardingtime anddepthdependence,but the repetitiontime, amplitude,and
dampingvarywith scansiteandfor theindividualmotiontypes.Additionally thesemodelparametersvaryamongindividuals.
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Figure 4: Modelsof dilation due to pulsation(a), breathing(b) andheartbeat(c). Frequency of breath: 13 breaths/min,
pulsationandheartbeat:60 pulses/min.
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Figure5: Estimatesof dilation from simulateddatamainlydueto pulsationat thecarotidartery. Pulserate:60 bpm.
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Figure6: Motion estimatesbasedon simulateddataresemblingthe HV3 recordings(motion is due to the beatingof the
heart).Pulserate:60 bpm.

4 Simulationsof motion

Theability to createrealisticsimulateddataincorporatingthemotionhasbeenverifiedfor thecarotidarteryandthehepatic
vein (HV3). Thetransducerwasmodeledasa 3.2 MHz convex, elevation focusedarraywith 58 elements.A focusingand
apodizationschemematchingthe usedscanprobewasincorporated.The point scatterersweregiven amplitudeproperties
of tissueor blood,andmovedaroundaccordingto themotionmodelbetweeneachsimulationof anRF-line. Womersley’s
pulsatileblood flow model [10] was usedto determinethe motion of the blood scatterersin the carotid artery. RF-data
resembling5 secondswassimulatedto obtaindataincludingthefull effect from breathingandpulsation.Figure5 showsan
exampleof simulateddilation for thecarotidartery. Thedampingwasmodeledby Eq. 2, with Rl equalto 20 mm. Thescan
anglewas90o. Comparingwith Fig. 1 revealsa goodagreementbetweenthe two dilations. Thepulseratesdiffers for the
two situations,giving a fasterpulsationsequencefor thehigherpulserate.In Fig. 1 somemotionis presentwithin thevessel
(centerof vesselatdepthequalto 19mm)- probablybecausethescananglewasnotexactly90o, sothatthebloodinfluences
themotionestimates.

Thebloodflow in thehepaticcanbemodeledby a steadyflow superimposeda time varying, low amplitudeflow. In the
HV3 simulationsonly theheartbeatmotion is present,requiringonly 1 secondof simulationsto createRF-datacoveringa
full cycle. Thedampingwasmodeledasa linearfunctionof axial distance(z) with increasingamplitudefor increaseddepth.
The resultof simulationis plottedin Fig. 6, andis to be comparedwith Fig. 3. The pulseratefor the real datais higher
thanfor thesimulateddata,giving afastermotionsequence.Comparisonrevealsagoodagreementbetweenthemotions,and
simulationof realisticdatafor theabdominalregion is thuspossible.

5 Conclusion

Theresultspresentedhereandin [1] provespresenceof tissuemotion.Motion modelsfor eachof thecontributorshavebeen
developedandincorporatedinto thesimulationprogramField II. ThegeneratedsimulatedRF-dataagreeswell with in-vivo
RF-data.Therebya powerful tool for optimizationof filters andestimatorsfor processingof RF-signalshavebeenobtained.
Themodelparameters(amplitude,repetitionfrequency) vary dependingon scan-site,motionspresentandthe individual to
bescanned.All of thesecanbemodifiedin theprogram.A simpleequationdescribingtherelationbetweenpressureandthe
dilation in thecarotidarteryhasbeenderived,which explainsthenatureof themotiondueto pulsation.
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