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Abstract

X-ray tomosynthesisis animagingmodalitywhich reconstructs3D tissuevolumes
from multiple planarX-ray imagestakenat differentanglesrelative to thesamplevol-
ume. Speci�cally, tomosynthesismammography is usedfor imaging3-D breastvol-
umesto aid in thedetectionanddiagnosisof breastcancers.Elastography is beingcon-
sideredasanadditionaltool to enhancethis imagingmodality. Dueto thenatureof the
tomosynthesismammography examination,the breastis undera controlledcompres-
sionwhile beingimaged.At leasttwo 3-D images,underdifferentcompressions,need
to beobtainedduringtestingto obtainastrainimage.A third imageof thebreastunder
shearwill berequiredto reconstructthetissuemodulus.Imageshavehighresolutionin
planesparallelto theX-ray detectorandlessresolutionin thedirectionperpendicular
to thedetector.

Gelatinphantomshave beencreatedwith calciumparticlesintermixed to generate
speckledimagesfor displacementtracking.Phantomswerecreatedwith varyingmod-
ulus distribution by controlling the concentrationof gelatin. Initial imagesshow that
thephantomscloselymatchtheattenuationof thebreasttissue.Preliminaryanalysisof
thedisplacementwasdoneusinga threedimensionalcrosscorrelationalgorithm. Ini-
tial resultsshow goodtrackingwith resolutionsin themillimeter rangefor theplanes
perpendicularto the imagingdetector. A 3-D �nite elementcodewill be usedto re-
constructthe modulusimagesin future experiments.The purposeof this studyis to
determineif tomosynthesismammography can be usedto track tissuedisplacement
andultimatelyquantitatively measuretheelasticpropertiesof breasttissue.

X-Ray TomosynthesisElastography

We have begun an investigation into the feasibility of usingthreedimen-
sionalX-ray tomosynthesisto quantitatively imagethemechanicalproperties
of breasttissue. In this studywe determineda protocol for creatingtissue-
mimickingphantomsfor tomosynthesiselastography. Ourgroupcollaborates
with MassachusettsGeneralHospitalto developanexperimentalprotocoland
imageour phantoms.We have adaptedan algorithm for displacementand
strainestimationin threedimensionsandconsiderwhat,in thefuture,will be
neededto reconstructelasticmodulusimages.

Background and Moti vation

Tomosynthesis
� This imagingmodality produces3-D X-ray imagesof breastvolumes. It
requiresseveral X-ray images,eachtaken with the X-ray sourceat a dif-
ferent position relative to the detectorand the tissuebeing imaged. If the
X-ray sourcepositionis changed,thepathlengthof theX-raysis alteredthus
changingtheinterferenceof tissuein thosepathlengths.If thepositionof the
sourceis known, a computeralgorithmis usedto reconstruct3-D imagesof
thetissuevolumesfrom theseindividual images.Theover all exposurelevel
the tomosynthesissystemrequiresfor oneimagereconstructionis typically

� 50% higherthanthatof a singlef�lm 2-D mammogram.
� Ourcollaboratorsclinically testthis imagingmodalityfor usein breastcan-
cerdetection(tomosynthesismammography). Thehopeis that this imaging
techniquewill reducefalse-positive andfalse-negative diagnoseswhencom-
paredto conventional2-D mammography [5]. X-ray mammography is one
of the leadingtools for diagnosingbreastcancerandis highly accessibleto
clinicians.
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Figure1. TypicalSliceof Figure2. Imagingsetup.

TomosynthesisBreastImage.

Elastography
� One characteristicof clinical mammography is that the breastis held in
compressionbetweentheX-ray detectoranda compressionplate.This prac-
ticemotivatestheintegrationof elastography into thisimagingmodality. Elas-
tography is a methodof imagingtissuestiffnessby comparingimagestaken
of tissuewhile it is beingmechanicallyperturbed.Tissuestiffnessor elastic
modulusdistribution is believedto beclinically signif�cantandmaybecorre-
latedto tumorhistology[4].

� Oneadvantageof integratingelastography into this imagingmodalityis that
it would createstrainandelasticmodulusimagesin perfectregistrationwith
the tomosynthesismammograms,thus further improving the diagnosticac-
curacy of this system.It would alsoproducea reproducible3-D imageof a
quantitythatphysiciansroutinelyprobeby manualpalpation.

� Themotivationbehindquantitatively reconstructingtheelasticmodulusis
to uniquelyidentify specif�c regionsof thebreastwhicharestiffer thannormal
tissue.Quantitative segmentationof modulusvaluescanincreasediagnostic
accuracy andrepeatabilityfor multiple patientvisits or consistency between
patients.

Experimental And Analytical Methods

PhantomConstruction
� Elastictissuemimicking phantomswerecreatedusinga gelatinbase. In-
clusions,madeto mimic tumor stiffness,were addedto the phantomsby
alteringgelatinconcentrationin discreteareasof the phantom. Chalk par-
ticles (CaCO� ) wereusedto introducefeaturesto the phantom,mimicking
attenuationdifferencesfound betweenblood vessels,calcium depositsand
thesurroundingtissue.CalciumCarbonatewasusedbecauseit is strongab-
sorberof X-rays. Chalkconcentrationwasmadeto approximateattenuation
in breasttissue,2.0% by mass[2],[3]. Gelatin,with abloomstrengthof 300,
was concentratedat 10.0 % or 15.0 % by mass,dependingon the relative
stiffnessrequired.Thecuboidalinclusionsweremadewith 15 % gelatinand
the backgroundwas10 %. Prior to letting any phantommaterialset,all in-
gredientsweredegassedasamixture.

Figure3(a)and(b). TissuePhantomswith Inclusions.

Imaging Protocol
� Imagesof thephantomweretakenat 11 projectionanglesover a 50°range
[5]. During imaging, the phantomswere placedbetweenthe compression
plateand the detectorwith a precompressionof several millimeters. Paper
wasplacedbetweenthe detectorandthe phantomwhich approximatelyen-
forcedzerodisplacementboundaryconditions.

� Imagesets(11 imagesperreconstructedimagevolume)weretakenfor in-
crementallyincreasingcompression.Imagereconstructionsarefound using
an iterative Maximum Likelihoodalgorithmdescribedin [5]. The original
imagesandthe reconstructionshave high resolutionin directionsparallelto
theplaneof the imagedetector( � 0.1 mm/voxel) andpoor resolutionin the
directionperpendicularto it ( � 1.0mm/voxel).

Displacementand Strain Estimation
� Displacementsbetweenreconstructionswere estimatedusing 3-D cross-
correlationalgorithmadaptedfrom a 2-D Particle ImageVelocimetryalgo-
rithm, “URAPIV” [1]. Small,equallysized3-D blocksweretaken from the
samepositionin eachreconstructedimageandthe peaksof their crosscor-
relationsweretaken to be thedisplacements.Thesizeof theblocksandthe
overlapof eachareuserdef�nedin all directionsandcanbeoptimizedto the
dataset.Correlationsweredoneusinga3-D Fouriertransformandthepeaks
of the datawereinterpolatedwith a Gaussianto approximatesub-pixel dis-
placements.The processwas donefor many equally spacedblocks which
spanthe entirevolume, creatingan estimated3-D vector f�eld of displace-
ments.

� Strainestimateswereevaluatedtwo dimensionallyin planesparallelto the
imagingdetector(high resolutiondirections). Local strainswerecalculated
by a leastsquaresf�t to small displacementplanescut from a whole plane.
Thesmallerplanesareequallyspacedandspantheentireplane.Sizeof the
smallerplanesandamountof overlapbetweenplanesis alsouserdef�ned.

Results

Figure4. TypicalSliceof Reconstructed

PhantomImage.

� Phantomimagevolumeswere re-
constructed, creating � 40 image
slices similar to that shown in Fig-
ure4. Onereconstructedvolumewas
found for eachof four different ap-
plied displacementexperiments.The
initial height was 40 mm and the
other imageswere taken at heights
of 39, 38, and 35 mm. This allows
usto calculatedisplacementsfor dif-
ferencesof 1.0 mm through5.0 mm.
Currently, only millimeter displace-
ment incrementsare allowed by na-
tureof thecompressionplate.

� Displacementswerefound for all directions. Individual block dimensions
wereapproximately4 mm x 4 mm x 8 mm in theX, Y (high resolution)and
Z (low resolution)directions,respectively. The overlap of eachblock was
half the block dimensionsin eachdirection. Displacementswerecalculated
separatelyfor all applieddisplacementvariations.

� Strainestimateswerefoundseparatelyfor eachimagingplanein theX and
Y directionsusingthe leastsquaresf�t of the incrementalplanesizeswhich
were15 x 15 displacementvectorsin eachdirection. Strainswhich required
displacementsin thelow resolutiondirectionwerenot calculated.
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Figure5(a)and(b). TypicalDisplacementImagesfor theX andY Directionsfor One

Plane(	 and 
 , Respectively).
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Figure6(a)and(b). TypicalStrainImagesfor Two DifferentPlanes(“Strain” =
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Figure7. TypicalStrainImagein theX-Z Plane(“Strain” =
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Discussion
� Imagereconstructionsof thephantomsdistinguishedthebackgroundsfrom
largerchalkparticleswith highaccuracy. Smallerchalkparticlesseemedonly
to addto thebackgroundattenuation.Thebackgroundhasno distinguishable
featuresandsignalto noiseratioarerelatively low.

� Calculateddisplacementimagesseemedconsistentwith experimentalmeth-
ods.Thereis ahigh level of displacementon theouterbordersof thecylinder
and zero measureddisplacementcloseto the centerof the phantom. The
measureddisplacementin the directionof low resolutionwashighly noisy,
however, overall it seemedto matchupwith experimentallyapplieddisplace-
ments.

� Calculatedstrainimageswereharderto interpretfor severalreasons.First,
the abnormalsizeandgeometryof the inclusionsmadeit unclearwhat the

expectedstrainimageshouldlook like. Also, thezerostrainboundarycondi-
tion on thebottommayhave addedlargeartifactsto our strainimage.Strain
imagesof simulatedphantomdatacanbeseenin Figure8. Both imagesare
constrainedon thebottomboundaryandcompressedasour phantomswere.
Strainartifactsarepresentin both imagesandareslightly moreprominent
in theimagewith inclusions.Lastly, thesignalto noiseratio in thedisplace-
mentsarelargewhich causedproblemsfor differentiation.Thelow signalto
noiseratioswereseenin areaswith low concentrationof chalkparticles.
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Figure8(a)and(b). StrainImagein theX-Z Planeof SimulatedPhantomMaterialWith

(a) andWithout (b) anInclusion(“Strain” =
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Futur e Work
� Redesignedphantomsarebeingmadewith inclusionswhich will have pre-
dictablestrain f�elds and the boundaryconditionsof the experimentduring
imagingwill becontrolledto allow for betterinterpretationof strainimages.
Phantomsare also being alteredto increasethe concentrationof the larger
chalk particleswith the hopethat the featuredensitywill increasethusde-
creasingthesignalto noiseratio.

� A further motivation of this studyis to usedisplacementandstrainf�elds
to determine,quantitatively, the tissuemodulusf�eld. To do this, however,
moreinformationneedsto be collectedto solve the inversepartial differen-
tial equation(PDE). For instance,a secondset of imageswith a different
imposedmechanicalperturbation(shearstrain) must be obtainedto solve
the PDE usinga direct method. The setup of the tomosynthesissystemis
suchthat imposinga shearingmotionwith thecompressionplateis a simple
modif�cation.
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