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Abstract

The paper presentsa ray tracing ultrasoundimaging
simulationmethodthataccountsfor theeffectsof reflection,
scatteringand attenuation. Two-dimensionalechocardio-
grahpic imageswere synthesizedusingthis method.Non-
linear effectsintroducedby the signal processingunits in
an ultrasoundimaging systemwere also emulated.Three-
dimensionaltriangular facetmeshmodelswere employed
in representingtheheartstructuresandgenerating thesyn-
thetictwo-dimensionalechocardiographicimages.Thesyn-
thetic images agreed with the correspondingreal ultra-
soundimagesin major ultrasoundeffects. No other prior
work in echocardiographicimagesynthesisis known.

1. Intr oduction

Althoughultrasoundimageshavelow signal-to-noisera-
tio, ultrasoundimagingis especiallysuitedfor the beating
heart,becausethemotionblur in ultrasoundimagesis less
severethanwith othermodalitiesdueto its shorterimage
formationtime.

A 3-D heartreconstructionmethodis beinginvestigated
by iteratively optimizing a 3-D heart meshmodel using
thediscrepancy betweentherealultrasoundimagesandthe
syntheticheartimagesgeneratedfrom themodelbeingop-
timized. The ultrasoundimagingsimulationandthe heart
imagesynthesispart is reportedin this paper. Ultrasound
phenomenaincluding reflection,scatteringandattenuation
weresimulated.Thesimulationwasdoneby theray tracing
renderingtechnique.Thesurfacemodelsof theheartstruc-
turesusedare developedby [4]. Nonlineareffects intro-
ducedby thesignalprocessingunitsin anultrasoundimag-
ing systemwerealsoemulated.

Simulationof ultrasoundimaginghasbeenreportedin
[1, 2]. However, they eitherusedno objectmodelor sim-
plified thematerialcharacteristicsfor differentpurposes.

2. Physicsof Ultrasound in the Heart

2.1. Reflectionand Refraction

Theangleof incidence� � is definedastheanglebetween
thesurfacenormalto the interfaceandthe directionof the
incidentsoundwave. The angleof reflection� � is defined
as the angle betweenthe surfacenormal to the interface
andthedirectionof thereflectedsoundwave. Theangleof
transmission� � is definedastheanglebetweenthesurface
normalto the interfaceandthedirectionof the transmitted
soundwave. All theanglesmustbebetween� � and � � � .

The reflectedintensityof a planecompressionalsound
waveat specularboundaryis givenby	 ��
 	 ������� � � � ��� ���� � � � ����� � � � ��� ���� � � � � � � (1)

where
	 � ( ��� � � ) is the reflectedintensity,

	 � ( ��� � � ) is
the incident intensity, ��� ( � ��� � �  ) is the characteristic
impedanceof medium1, �!� ( � � � � �  ) is thecharacteristic
impedanceof medium2. Thetransmittedsoundintensityis	 �
 	 �#" �!� ���� � � � � �$ ���� � � � ��� ���� � � � � % � (2)

The relationshipsamong � � , � � and � � are � �&
'� � and( ) *�+ ,- . 
 ( ) *�+ /- 0 , where 1 � is the velocity of sound in
medium1, 1 � is thevelocityof soundin medium2.

In non-specularreflection, the reflectedwaves go to
many directionsin addition to the directionof the perfect
reflection. The reflectedintensityto the incidentdirection
iscalculatedas[7]

	 ��
 	 � � $ � � % � � � 2 � � , where
	 � is there-

flectedintensityto thedirectionof theincidentlight, � $ � � %
is thespecular-refectioncoefficientof theinterfaceand 3 is
thespecular-refectionexponentof theinterface.



2.2. Attenuation asScattering and Absorption

Attenuationof theincidentintensity 4 5 is givenby4 687&4 5 9 : ;�< =�> ?8@ A (3)

where4 6 is theattenuatedintensity, ? is theattenuationco-
efficient( BDCFE G HJI8K or G HJI8K ) and @ is thedistancebetween
wheretheattenuationstartsandthepoint to beobserved.

Thebackscatteredintensity 4 L < M N O P A ( QRG HJI�S T!U I8K ) is
theintensityof thescatteredsoundwavethatgoesbackward
in the oppositedirectionof the incidentsoundwave. The
formulato calculate4 L < M N O P A is [5]4 L < M N O P A�7WV X Y 4 5@ S 7[Z�X 4 5@ S (4)

whereV X is thebackscatteringcoefficient( G H\I8K T!U I8K ), @ is
the radial distancebetweenthe scatteringparticleand the
point to be observed, Z�X is the differential backscattering
crosssection( G H S T!U I8K ), Y is unit volume( G H\] ).

ThedifferentialscatteringcrosssectionZ�^ < _ A of asingle
particleis givenby [3]

Z�^ < _ A�`[a b c degf hFi = hhkjRl < m i =\m A> m i j mon p q _ r
S

(5)

wherea is thewave number, c is theradiusof theparticle,h and m arerespectively, the compressibility ( G HsS t u v w8x )
andthe massdensity(y�t G H ] ) of the fluid, hzi and m i are,
respectively, thecompressibilityandthemassdensityof the
particle,_ is theanglebetweenthedirectionof theincident
ultrasoundwave and the direction of the scatteredwave,
which is M N O P for backscattering.

Thebackscatteringcoefficient V X in bloodis givenby [8]

V X 7 Z X Q\{ < M|=}Q\{ A bY < M j > Q\{ A S (6)

where Q\{ is the hematocritexpressedasa fraction, Y is
the volume of a single scatteringparticle, and Z X is the
backscatteringcrosssectionof a singlescatteringparticle.

The backscatteringcoefficient V X of tissue,suchas fat
andmyocardium,is givenby [6]

V X 7 l ~ S a� � f � � � I8K < a � � A j MeF� � � I8K < l a � � A=�a � �M j a S � S� =�a � �l < M j e a S � S� A r
(7)

where~ is theroot meansquarevelocity variation � � �!� � �� �( ��G is the time averagechangein the velocity as the ul-
trasoundpropagatesthrougha region of tissue.),� � is the
maximal correlationlength which is an expressionof the
spatial distanceover which the acousticpropertiesof a
region remain correlated(basedon autocorrelation)with
someinitial startingpoint in 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 theheartis dividedamongfour cham-
bers.Theleft ventricle(LV) andtheright ventricle(RV) are
two chambersoccupying the lower part of the heartat the
placessuggestedby their names;the left atrium (LA) and
the right atrium (RA) arethe other two chambersthat oc-
cupy theupperpartof theheartat theplacessuggestedby
theirnames.Theinnersurfaceof thechambersis calledthe
endocardiumandtheoutersurfacecalledtheepicardium.

Thepiecewisesmoothsubdivision surfacedevelopedin
[4] is usedin 3-D representationsof theheartsurfaces.An
exampleheartsurfacemodelis shown in Figure1.

4. Ultrasound PhenomenonModeling by Ray
Tracing

The ultrasoundbeamsaremodeledasideal rays. Each
ray is traced.Along eachray, the intensitychangedby at-
tenuationandreflectionis calculated.Theintensityarriving
at eachlocationon the ray is either reflectedor backscat-
teredto thetransducer.

4.1. Ray Tracing Mechanism

Figure2 shows the ray tracingpath. Thewave startsat� { with initial intensity 4 � . Supposethe wave hastrav-
eledthrough � mediafrom

� { . We use ? � � � to represent
the attenuationcoefficient of the H -th mediumalong the
ray path, V � � �X for thebackscatteringcoefficientof mediumH , _ � � �5 and _ � � �� for theanglesof incidenceandtransmis-
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sion from medium � to medium ���R� , �!� ��� ���!� ��¡  ¢ � �|�£¥¤
and �� �|� �|�8� �¦   ¢ � �|�£¥¤ for the intensity reflectionandtrans-
missioncoefficientsfrom medium� to medium�[�§� , ¨ �for the distancethe wave haspropagatedthroughmedium� . Hencethereis a total of © attenuationsand   ©«ª&� ¤
refractionsbeforethe wave reaches¬ . By the attenuation
equation3 andtherefractionequation2, it follows that   ¬ ¤�®  ¯§° ± ²\³ ª�´¶µ·��¸!� � � �|� ¨ ��¹ µDº �»�|¸8� �!� ��� ���!� �¦ ¼ ¢ � �|�£¥½
At ¬ , the soundwave is backscatteredif ¬ is not on an
interface,otherwiseit is reflected.

In principle, therearemany possiblepathsalongwhich
theback-propagatedwavescanarrive at ¬F¾ . However, the
probabilityof rayswith largeintensitygettingto thetrans-
ducernot via the reverseforwardpathis small. Sowe ne-
glecttheraysthatgetbackto thetransducervia pathsother
thanthereverseforwardpath.Hencetheangleof incidence
from medium�[�§� to medium� is ¢ � ���¦ andtheangleof
transmission¢ � �|�£ .

When ¬ is not on an interface,
   ¬ ¤ is backscattered

and the backscatteredwave is still subjectto attenuation
andreflection. By the backscatterequation4, the attenu-
ationequation3 andtherefractionequation2, theintensity ¿   ¬ ¤ receivedat ¬�¾ is ¿   ¬ ¤�®  ¯ÁÀ�� µ �ÂÄÃ¼ Å µ�|¸8� ¨ � ½�Æ ° ± ²J³ ª�ÇWµ

·�|¸8� � � �|� ¨ �|¹È µÉº �»�|¸8� �� �|� �|�8� �¦ ¼ ¢ � �|�£¥½ �!� �|�8� � ���¦ ¼ ¢ � ���¦ ½
In Figure2, ¬FÊ is ËD¨ apartfrom ¬ on thesameray path.

For ¬zÊ , the ray travels Ë�¨ morein both forwardandback-
warddirections,which involvesonly onemoreattenuation
and possiblyone more reflection,the intensity for ¬ can
beutilized. So,basedon the intensity

 ¿   ¬ ¤ , the intensity ¿   ¬FÊ ¤ receivedby thetransduceris ¿   ¬ Ê ¤�® ¨ Æ   ¬ ¤  ¨   ¬ ¤ ��Ë�¨ ¤ Æ ° ± ² ¼ ª|Ç � � µ � Ë�¨ ½  ¿   ¬ ¤
wherë   ¬ ¤�® Å µ��¸!� ¨ � .

Theaboverecursiveequationis for ¬zÊ and¬ in thesame
mediumandnot on any interface. It is easyto find the re-
cursiveequationsfor othersituationssimilarly.

The recursive approachcan save a large proportionof
multiplicationswhen © is large.

4.2. Ray Tracing Acceleration

Theray tracingtime dependson thetotal numberof tri-
angularfacetsmakingup all the structures,the total num-
berof rayshotsfrom thetransducerandthetimeneededfor
eachray-facetintersectioncalculation.

FacetPlaneParameterPrecalculation.Theplaneequa-
tion parametersfor eachtriangular facetand the normals
to eachplaneareprecomputedsinceeachfacetplanemay
intersectwith multiple rays.

FacetCandidateSelection.The triangularfacetswhich
do not intersectthe imagingplanewill not be involved in
the simulationif the refractionis small enoughto neglect.
Hence,only thosefacetsintersectingtheimagingplaneare
selectedascandidatesfor theray-facetintersection.

Ray-FacetIntersection.It is time-consumingto find ray-
facet intersections. When the intersection ¬ betweena
ray andthe planeof a facetis found, ¬ and the facetare
projectedto a planepassingtwo coordinateaxes. The in-
side/outsiderelationshipbetween¬ and the facetis done
in 2-D by lookingat theinside/outsiderelationshipbetween
their projections.

Forward RayTracing Only. The ray hasbeenassumed
to gobackto thetransduceralongthesamepathasit leaves
thetransducer. At eachlocationalongthepath,attenuation
or reflectionhappenstwice: oncein the ray’s forward trip
andoncein theray’sbackwardtrip. Sinceattenuationor re-
flectionchangesthe intensityby a linearconstantindepen-
dentof the incidentintensity, we cando pre-attenuationor
pre-reflectionfor thebackwardtrip in additionto theatten-
uationor reflectioncalculationin the forward trip. Hence,
thebackwardray tracingcanbesaved.

5. Ultrasound Imaging SystemNonlinear Ef-
fectsSimulation

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

Signallossfromattenuationincreaseswith distancefrom
thetransducer. A timecontrolledgainfunction(TGC)is ap-
plied to compensatefor this. TheTGC functionis setman-
ually by thesonographereachtimebeforethescanningand
canbeemulatedby a look-uptableindexedby thedistance
to the transducer. However, sincethe TGC settingvaries
from caseto caseandis notavailableto thesimulationalgo-
rithm,anapproximationmethodcalledperfectTGCis used.
TheperfectTGCcompensatesall attenuationperfectlyasif
no attenuationhadhappened.

Logarithm compressionis usedto reducethe dynamic
rangeof thesignalfor displayandwasimplementedin the
simulationalgorithm.
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Figure 3. The real image (left) and the syn-
thetic image (right).

To compensatefor the error createdby the assumption
that the ultrasoundsourcegeneratesa planarwave with a
zero-areawavefront in the ideal ray tracer, the blurring ef-
fectsdueto thebeamwidth 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 meshmodelsof a seriesof pa-
tient studies.Thecorrespondingrealultrasoundimagesare
availablefor comparison.

To compensatefor the error in the estimationof tissue
characteristicsand empirical formulae,we appliedpiece-
wiselinearregressiononthegrayscalesof thesyntheticim-
ages.

Figure3 showsasyntheticimageproducedtogetherwith
its correspondingrealimage.

Thesyntheticimageslook differentfrom therealimages
in severalways.Thedifferencesareexplainedasfollows:Ì Therearespecklenoisesin therealimageswhereasnot

in the syntheticimages. The specklesarecausedby
the randomnessof the scatterers,for example,blood
cells,andthecoherentinterferenceof thereflectedul-
trasoundwaves. The randomspecklecan be simu-
latedbut it will not increaseaccuracy even thoughit
makestheimagemorerealistic-looking.In ourproject,
realistic-appearancedoesnot take thefirst priority.Ì There are fewer structuresin the synthetic images.
This is becauseonly the left ventriclewasusedin the
simulation.Modelsof otherstructuresareeitherbeing
developedor neglected.Ì The areasnearthe transducerlook quite different. In
clinical practice,thenearfield part in theimageis not
consideredbecausetheregionhasmixedunanticipated
tissues.

Despitetheabovedifferences,thesyntheticimagesagree
with the real imagesat the endocardium,the wall andthe

epicardiumof theleft ventricle.Thehighlightedboundaries
dueto reflectionat interfacesarecaughtin thesyntheticim-
ages.Theseareasareof themostimportancein 3-D heart
reconstruction.

A groupof medicalultrasoundimagingexpertsassessed
the syntheticimagesand endorsedtheir usagein the 3-D
heartreconstructionproject,for themajorultrasoundeffects
arepresentandaccuratein thesyntheticimages.

7. Conclusions

An ultrasoundimaging simulation method using ray
tracing techniquehas beendescribedin this paper. The
ultrasoundphenomenaincluding reflection,scatteringand
attenuationaresimulated,which providesa way to gener-
atesyntheticimages.The syntheticimagescanbe usedto
evaluatethe3-D objectmodel.
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