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Abstract

The paper presentsa ray tracing ultrasoundimaging
simulationmethodthataccountdor theeffectsof reflection,
scatteringand attenuation. Two-dimensionakcocadio-
grahpicimageswere synthesizedising this method. Non-
linear effectsintroducedby the signal processingunits in
an ultrasoundimaging systemwere also emulated.Three-
dimensionaltriangular facet meshmodelswere employed
in representinghe heartstructuesand geneting the syn-
thetictwo-dimensiona¢docardiographicimages.Thesyn-
thetic images agreed with the correspondingreal ultra-
soundimagesin major ultrasoundeffects. No other prior
workin echocadiographicimage synthesiss known.

1. Intr oduction

Althoughultrasoundmageshave low signal-to-noisea-
tio, ultrasoundmagingis especiallysuitedfor the beating
heart,because¢he motionblur in ultrasoundmagesis less
severethanwith other modalitiesdueto its shorterimage
formationtime.

A 3-D heartreconstructioomethodis beinginvestigated
by iteratively optimizing a 3-D heart meshmodel using
thediscrepang betweertherealultrasoundmagesandthe
syntheticheartimagesgeneratedrom the modelbeingop-
timized. The ultrasoundmaging simulationandthe heart
imagesynthesigart is reportedin this paper Ultrasound
phenomenancluding reflection,scatteringand attenuation
weresimulated.Thesimulationwasdoneby theray tracing
renderingtechnique . The surfacemodelsof the heartstruc-
turesusedare developedby [4]. Nonlineareffects intro-
ducedby the signalprocessinginitsin anultrasoundmag-
ing systemwerealsoemulated.

Simulationof ultrasoundimaging hasbeenreportedin
[1, 2]. However, they eitherusedno objectmodelor sim-
plified the materialcharacteristicéor differentpurposes.
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2. Physicsof Ultrasound in the Heart
2.1 Reflectionand Refraction

Theangleofincidence; is definedastheanglebetween
the surfacenormalto the interfaceandthe directionof the
incidentsoundwave. The angleof reflectiond, is defined
as the angle betweenthe surface normal to the interface
andthedirectionof thereflectedsoundwave. The angleof
transmissiord; is definedasthe anglebetweerthe surface
normalto the interfaceandthe directionof the transmitted
soundwave. All theanglesmustbe betweer)® and90°.

The reflectedintensity of a planecompressionasound
wave at speculaboundaryis givenby
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wherel,. (W/m?) is the reflectedintensity I; (W/m?) is
the incidentintensity Z; (kg/m?s) is the characteristic
impedanceof mediuml, Z, (kg/m?s) is the characteristic
impedancef medium2. Thetransmittedsoundintensityis
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T_he relatior)shipsamongei, 8, and4, ared, = 8; and
sinf. — sindi where ¢ is the velocity of soundin

C
médiuml, ¢q IS thevelocity of soundin medium2.

In non-speculareflection, the reflectedwaves go to
mary directionsin additionto the direction of the perfect
reflection. The reflectedintensityto the incidentdirection
is calculatedas[7] I, = ;W (0;) cos™ 8;, wherel,. isthere-
flectedintensityto thedirectionof theincidentlight, W (8;)
is thespecularrefectioncoeficientof theinterfaceandn is
the specularrefectionexponentof theinterface.



2.2 Attenuation asScattering and Absorption

Attenuationof theincidentintensity; is givenby
I; = I; exp(—2al) (3)

wherel; is theattenuatedntensity « is the attenuationco-

efficient(Np-em =" orem™1) andl is thedistancebetween

wherethe attenuatiorstartsandthe pointto be obsened.

The backscatterethtensity I, (180°) (Wem~=28r—1) is
theintensityof thescatteredoundwave thatgoeshackward
in the oppositedirectionof the incidentsoundwave. The
formulato calculatel;(180°) is [5]
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wheren; is the badkscatteringcoeficient(em—18r—1), lis
the radial distancebetweenthe scatteringparticle and the
point to be obsenred, g}, is the differential badscattering
crosssection(em?Sr=1), V is unit volume(cm?).

Thedifferential scatteringcrosssections 4(#) of asingle
particleis givenby [3]
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wherek is thewave number a is the radiusof the particle,
G andp arerespectiely, the compessibility (cm? /dyne)
andthe massdensity(g/cm?) of thefluid, G, andp, are,
respectiely, thecompressibilityandthemassdensityof the
particle,f is theanglebetweerthe directionof theincident
ultrasoundwave and the direction of the scatteredwave,
whichis 180° for backscattering.

Thebackscatteringoeficients, in bloodis givenby [8]

oy Wo (1 — Wo)*
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whereW, is the hematocritexpressedas a fraction, V' is
the volume of a single scatteringparticle, and g, is the
backscatteringrosssectionof a singlescatteringparticle.

The backscatteringoeficient 5, of tissue,suchas fat
andmyocardiumjs givenby [6]
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wheref is theroot meansquarevelocity variation / %ﬁ
(Ac is the time averagechangein the velocity asthe ul-
trasoundpropagateshrougha region of tissue.),b,, is the
maximal correlationlength which is an expressionof the
spatial distanceover which the acousticpropertiesof a
region remain correlated(basedon autocorrelation)with
someinitial startingpointin thetissue.

Figure 1. A mesh model for the left ventric le
surface .
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Figure 2. The ray tracing path.

3. Heart Anatomy and Modeling

Theinnerspaceof the heartis dividedamongfour cham-
bers.Theleft ventricle(LV) andtheright ventricle(RV) are
two chambersoccupying the lower part of the heartat the
placessuggestedy their names;the left atrium (LA) and
theright atrium (RA) arethe othertwo chamberghat oc-
cupy the upperpartof the heartat the placessuggestedy
theirnames.Theinnersurfaceof thechamberss calledthe
endocadiumandtheoutersurfacecalledthe epicadium

The piecavise smoothsubdvision surfacedevelopedin
[4] is usedin 3-D representationsf the heartsurfaces.An
exampleheartsurfacemodelis shavn in Figurel.

4. Ultrasound PhenomenonModeling by Ray
Tracing

The ultrasoundbeamsare modeledasideal rays. Each
ray is traced. Along eachray, the intensity changecby at-
tenuationandreflectionis calculated Theintensityarriving
at eachlocationon the ray is eitherreflectedor backscat-
teredto thetransducer

4.1 Ray Tracing Mechanism

Figure 2 shavs the ray tracingpath. The wave startsat
Py with initial intensity Is. Supposehe wave hastrav-
eledthroughM mediafrom Py. We usea!™ to represent
the attenuationcoeficient of the m-th mediumalongthe
ray path,ngm) for thebackscatteringoeficient of medium

m, 8™ and6{™ for the anglesof incidenceandtransmis-



sionfrom mediumm to mediumm + 1, o™™ Y (05’”))
anda{™™m+V (05’”)) for the intensity reflectionandtrans-
missioncoeficientsfrom mediumm to mediumm + 1, 1,,,
for the distancethe wave haspropagatedhroughmedium
m. Hencethereis atotal of M attenuationsnd (M — 1)
refractionsbeforethe wave reache®P. By the attenuation
equation3 andtherefractionequation2, it follows that

M M-1
I(P) =I5 exp (-2 3 a(m)lm> I o™ty (ogm))
m=1

m=1

At P, the soundwave is backscattered P is not on an
interface,otherwiseit is reflected.

In principle, therearemary possiblepathsalongwhich
the back-propagatediavescanarrive at Py. However, the
probability of rayswith large intensity gettingto the trans-
ducernot via the reverseforward pathis small. Sowe ne-
glecttheraysthatgetbackto thetransducewia pathsother
thanthereverseforwardpath. Hencethe angleof incidence
from mediumm + 1 to mediumm is Qt(m) andtheangleof
transmissiord{™ .

When P is not on an interface, I(P) is backscattered
and the backscatteredvave is still subjectto attenuation
andreflection. By the backscatteequation4, the attenu-
ationequation3 andtherefractionequation?, the intensity
I (P) recevedatPy is

My M
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In Figure2, P’ is Al apartfrom P onthesameray path.
For P’, theray travels Al morein both forward andback-
warddirections,which involvesonly onemoreattenuation
and possiblyone more reflection, the intensity for P can
be utilized. So,basedon theintensity Ir(P), theintensity
I (P') recevedby thetransducers

1*(P)

1) = ey + e

exp (—4a<M> Al) Ir(P)

wherel(P) = Zi‘r{:l I,

Theaboverecursve equationis for P’ andP in thesame
mediumandnot on ary interface. It is easyto find the re-
cursive equationdor othersituationssimilarly.

The recursve approachcan sase a large proportion of
multiplicationswhenM is large.

4.2 Ray Tracing Acceleration

Theray tracingtime depend®n the total numberof tri-
angularfacetsmakingup all the structuresthe total num-
berof ray shotsfrom thetransduceandthetime neededor
eachray-facetintersectiorcalculation.

FacetPlaneParameterPrecalculation.The planeequa-
tion parameterdor eachtriangularfacetand the normals
to eachplaneare precomputedinceeachfacetplanemay
intersectwith multiple rays.

FacetCandidateSelection.The triangularfacetswhich
do not intersectthe imaging planewill not be involved in
the simulationif the refractionis small enoughto neglect.
Hence,only thosefacetsintersectinghe imagingplaneare
selectedascandidategor theray-facetintersection.

Ray-FacetIntersection.lt is time-consumindo find ray-
facetintersections. When the intersectionP betweena
ray andthe planeof a facetis found, P andthe facetare
projectedto a planepassingtwo coordinateaxes. The in-
side/outsiderelationshipbetweenP andthe facetis done
in 2-D by looking attheinside/outsideelationshipbetween
their projections.

Forward Ray Tracing Only. Theray hasbeenassumed
to go backto thetransducealongthesamepathasit leaves
thetransducerAt eachlocationalongthe path,attenuation
or reflectionhappendwice: oncein theray’s forward trip
andoncein theray’s backwardtrip. Sinceattenuatioror re-
flection changeghe intensityby a linear constanindepen-
dentof theincidentintensity we cando pre-attenuatiomr
pre-reflectiorfor the backwardtrip in additionto the atten-
uationor reflectioncalculationin the forwardtrip. Hence,
thebackwardraytracingcanbe saved.

5. Ultrasound Imaging System Nonlinear Ef-
fects Simulation

The most obvious nonlineareffects are introducedby
thevariablegainamplifier, thelog compressor/demodulator
andnon-zerabeamwidth in anultrasoundmagingsystem.

Signallossfrom attenuationincreasesvith distancdrom
thetransducerA time controlledgainfunction(TGC)is ap-
plied to compensatéor this. The TGC functionis setman-
ually by thesonographeeachtime beforethe scanningand
canbeemulatedoy alook-uptableindexedby the distance
to the transducer However, sincethe TGC settingvaries
from caseto caseandis notavailableto the simulationalgo-
rithm, anapproximatiormethodcalledperfectTGCis used.
The perfectTGC compensateasll attenuatiorperfectlyasif
no attenuatiorhadhappened.

Logarithm compressioris usedto reducethe dynamic
rangeof the signalfor displayandwasimplementedn the
simulationalgorithm.



Figure 3. The real image (left) and the syn-
thetic image (right).

To compensatéor the error createdby the assumption
that the ultrasoundsourcegenerates planarwave with a
zero-areavavefrontin the ideal ray tracer the blurring ef-
fectsdueto the beamwidth aremodeledby doinganarith-
meticaveragefiltering on eachpoint.

6. Synthetic Imagesand Real Images

Controlled experimentswere done by generatingsyn-
thetic imagesfor several given imaging planesfrom the
reconstructed3-D heart mesh modelsof a seriesof pa-
tientstudies.The correspondingealultrasoundmagesare
availablefor comparison.

To compensatdor the error in the estimationof tissue
characteristicand empirical formulae, we applied piece-
wiselinearregressioronthegrayscalesf the syntheticim-
ages.

Figure3 shavsasynthetiamageproducedogethemith
its correspondingealimage.

Thesyntheticimagedook differentfrom therealimages
in severalways. The differencesareexplainedasfollows:

e Therearespecklenoisesn therealimagesvhereasot
in the syntheticimages. The specklesare causedby
the randomnessf the scatterersfor example,blood
cells,andthe cohereninterferenceof thereflectedul-
trasoundwaves. The randomspecklecan be simu-
lated but it will notincreaseaccurag even thoughit
malkestheimagemorerealistic-looking.In ourproject,
realistic-appearanagoesnot take thefirst priority.

e There are fewer structuresin the syntheticimages.
This is becaus®nly the left ventriclewasusedin the
simulation.Modelsof otherstructuresareeitherbeing
developedor neglected.

e The areasnearthe transducefook quite different. In
clinical practice thenearfield partin theimageis not
consideredecauséheregionhasmixedunanticipated
tissues.

Despitetheabove differencesthesynthetiamagesagree
with the realimagesat the endocardiumthe wall andthe

epicardiunof theleft ventricle. The highlightedboundaries
dueto reflectionatinterfacesarecaughtin the synthetiam-
ages.Theseareasare of the mostimportancein 3-D heart
reconstruction.

A groupof medicalultrasoundmagingexpertsassessed
the syntheticimagesand endorsedheir usagein the 3-D
heartreconstructiomproject,for themajorultrasoundeffects
arepresentindaccuraten the syntheticimages.

7.Conclusions

An ultrasoundimaging simulation method using ray
tracing techniquehas beendescribedin this paper The
ultrasoundphenomenancluding reflection, scatteringand
attenuatiorare simulated which providesa way to gener
atesyntheticimages. The syntheticimagescanbe usedto
evaluatethe 3-D objectmodel.
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