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Abstract

This paper presents an alternative to Elastography by
speckle tracking ultrasonic frames quantifying both motion
and strain. Ve combine two similarity measures for vary-
ing echographic content including displacement process-
ing, with interframe and trajectory performance measured
on extensive synthetic and in vitro data.

1. Introduction

With moderrultrasoundnachineproviding realtimese-
guencedigitisation,motion estimationresearchn this area
for noisefiltering, trackingandregistrationhasincreased.
In this paperwe investigatea novel practicalalternatve to
elastographysing speckletrackingto infer tissuemotion
andto estimatestrain. We focuson extensve syntheticand
invitro sequencterframeandtrajectorydisplacemenac-
curag determiningstrain precision. Our contribution in-
cludesusingtwo specklepatternsimilarity measuresadapt-
ing to regionsof varying signalandnoiseusinga multires-
olution approactwith velocity vectorpost-processing.

Elastogramgyuantify strain from an applied stressus-
ing ultrasound[8], displaying the longitudinal strain as
the axial componenf the estimateddisplacemengradi-
ent. Displacementsire derived from 1D crosscorrelation
of radio frequeng (RF) echoarrival times pre- and post-
compressionElastographylravbacksincludetheinability
to recordandstoreRF datarestrictingclinical usabilityand
typically limited to measuringsmall strainsof only < 1%.

Speckletracking can provide real solutionsto mary of
theseproblems,with existing researchincluding Meunier
andBertrand[6] andBohset al. [3], all notingits impor-
tanceto modeltissuebehaiour. More recentlyCohenand
Dinstein[5] and Boukerroui et al. [4] usean alternatie
specklematchingmeasurdCD,), thatassumeshe speckle
patterndn ultrasoundmagescanberepresentethy a mul-
tiplicative Rayleighdistributednoise.

In ourrecentwork [7] accuraténterframedisplacements
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andmotiontrajectoriesof individually tracked blockswere
achieved,usinghierarchicablocksandamultiple scalenor-

malisedcrosscorrelation(NCC) similarity measure. Fo-

cusingon musculoskletal ultrasound,in deeperbody re-
gions a generalreductionin correlationas a resultof in-

creasedspecklenoisewas obsered, affecting the correla-
tion measureHere,by combiningmultiple matchingmea-
sureswe aimto maintainaccurag in strongsignalregions
usingNCC asthe first measurewith correlationreduction
indicating necessarye-trackingusing the alternatve sec-
ondmeasurecDs.

In the next sectionwe review speckle filtering effects
andthe incorporationof the two matchingmeasuresSec-
tion 3 detailssimulatedandin vitro datasetsvith Section4
definingvectorpost-processinghe straintensoranderror
measurementSection5 shavs our interframe,trajectory
andstrainresults finishingwith adiscussiorin Section6.

2. Speckle Pattern Similarity M easures

Tendonshave a very striated structure, although no
mediumin the body is completely homogenousor flat.
Scatteroccurswhensmallimperfectiongscatterersgause
seeminglyrandomreflectionsandrefractionsof the sound
wave. Scatterersaccountfor a decreasen image qual-
ity, causingblurring and decreasedhtensity at impedance
boundarieswhile within the mediumthey createspeckle.
The statisticsof the signaldependon the densityof scat-
terers,with a large numberof randomlylocatedscatterers
following aRayleighdistribution (fully developedspeckle).
Theseconditionsareseldommet,resultingin severaldiffer-
entstatisticalmodelsof specklebeingused.

Much researchhas been aimed at removing speckle
to enhanceultrasoundimage understandingwith mary
schemegproducingreasonabljnomogenousegions, how-
ever, featureghatarethe samescaleasthe speckletendto
be eliminated[9] impedinglocal motion estimation. Fil-
ter performanceéendsto be measuredby quantifyingedges
and boundarieswith specklepreseration and fluctuation
reductionmeasuredisingthe co-occurrencenatrix andlo-



calisedmeanandstandardieviation. In our situationfilter-
ing is not applied, maintainingall echoinformation, con-
sequentlyjustifying a region-basednotion estimationap-
proach,which hassomeinherentrobustnesgo specklein-
coherenc@andmachinenoisefor speckletracking.

Although substantialresearchexists on analysingB-
modesusinglow frequenciesat3 — 7TMHz (abdominal5],
cardiacandbreast{4]), we focuson higherfrequenciesf
mainly 8 — 16MHz for musculoskletaldiagnosiscaptur
ing higherresolutionmagesatareducedenetratiordepth.
Thisis dueto attenuatiorwherethesignalis reducedy ap-
proximatelyldB/cm/MHz.

Using three different probeswith bandwidths5 — 10,
8 — 16 and10 — 22MHz, we captured30-framesequences,
using“perfect” conditionsof anin vitro tendonsectionin a
still waterbathwith clampedprobe,and“lessthanperfect”
conditionsof anin vivo freehandcanningf thebiceps.For
all casegsheimageswerespatiallyandtemporallystablere-
sulting in high trackingaccurag usingour NCC tracking
scheme However thein vivo casedhighlightedcorrelation
reductionin areaorruptedoy fully developedspecklethat
tendto occurin thelower regions,asillustratedin Fig. 1.

Speckle

Figure 1. Achilles tendon with subima ges of
tendon and lower region speckle.

The first measureNCC, definedin [7], assumesn in-
creasedNRfrom highfrequenciesandsparsescattereras
shavn in the tendonregion in Fig. 1. Althoughwe have
found the correlationtypically high, as describedabove
specklenoisereducesnatching,highlighting the necessity
of a suitablesecondmeasure.It mustalso be statedthat
other causesf correlationreductionare a lack of signal
(probede-couplingor curvilineartendons)or signalsatura-
tion (incorrectgain controlsor bone),or minimal features,
causingproblemsfor ary similarity measure.

Thesecondneasuré&CDs introducedn [5] measurethe
error betweentwo noisy blocksin an ultrasoundsequence
denotedEfm. CD, assumegto be matched)blocks z
andy from f; and f;11 arecorruptedoy independentnulti-
plicative Raleighdistributednoise representindully devel-

opedspeckle.Log-compressiotransformsthe multiplica-
tive noiseto additive obtaininga modelfor displayedultra-
soundimagesdenotedasin(z) = % andin(y) = §. From
[5] we maximisethe CD, objective function[4] definedas:

N
ECP2(v)) = Y {(@i5=Fsg)~In(exp(2(@i— 7)) +1)
=1
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where; andj aretheblock andpixel index respectiely.

Our proposedapproachcombinesboth measuresising
multiple scaleswith theNCC asthe primarymatchingmea-
suredueto its high accurag in thetendonregion. The cor-
respondingcorrelationcoeficientis comparedo a thresh-
old value,setto 0.9 resultingfrom previous work and|[6],
establishingwhetherthe sameblock shouldbe re-tracled
using the CD, secondarymeasure. The thresholdvalue
is sufficiently high to yield a good usageof the NCC and
CD, measure$n appropriateaegionsof varyingscatterers.
The CD,; secondarymeasurds evaluatedusing the asso-
ciatedreferenceand candidateéblocksin afull searchwith
the sameextentsasthe NCC primary measureResultsuse
blockscalesM x N = {32,16,8} samplingat8 x 8.

3. Smulated and I n vitro datasets

Simulatedandin vitro dataareusedto compareknown
andmeasuredlisplacementfrom the proposednethodil-
lustratinginterframeandtrajectoryaccurag.

We implementedhe commonlyusedmethodoutlinedin
[6] simulatingan echographicspecklesequencd (z,y, t)
where z, y and ¢ denotethe axial, lateral and temporal
co-ordinates.The point spreadfunction (PSF)H (z, y) is
assumedo be a Gaborfunction and the scatteringfunc-
tion T (z,y) a normally distributedrandomfield that rep-
resentsthe populationof scattererdeingimaged. Con-
volving with the PSF yields the resulting RF echo data
I(z,y) =H (z,y)T (z,y), with ervelopedetectiorpro-
ducingthe desiredimageof echomagnitude. To measure
robustnessagainstoisewe corrupted! (z,y) with multi-
plicative Rayleighnoiser,, resemblingspecklenoise,

A

I(z,y) = I(z,y) Nm )
2 2 )
wheren,, ~ R(I) = % exp_(I /20%) with a non-zero
meanspecifiedby the singledistribution parametes.

Using a Gaussiarmaskwe simulateda centraldenser
speckleregion to provide boundaryanalysis. By applying
known lineargeometricatransformsncludingtranslation,
rotationandaffine deformationfields, variousmotionsand
correspondingstrainscan be analysed. Fig. 2 illustrates
I (z,y) with the correspondinglisplacementield, produc-
ing an equaldecrementasktiff backgroundspeckleand a
uniformly high stiff centraldensespeckle.



Figure 2. Simulated image and displacement
field matching known geometric transf orm.

Several in vitro sequencesvere also capturedusingan
equinetendorthatwaspulled3, 6 and10mmatknown rates
andloadswhilst continuouslyscanningusingan8 — 16MHz
clampedprobe. All sequencesonsistof 30 frames(the
maximumacquisitionengthfrom theemployedDiasusDy-
namiclmagingultrasoundmachine)capturedat 30Hz and
guantizednto 8 bits. All cyclesincludedapositive andneg-
ative pull, similarto in vivo extensionto flexion motions.

Figure 3. Invitro groundtruth and setup.

4. Displacement Processing, Strain and Error

Oncethe combinedmatchingmethodis appliedto our
datasetswe perform displacemeniprocessing. Spurious
velocity vectorsare inevitable from any tracking process
and are not always obvious. Potential causesare from
noiseor artefactswheremultiple block scaleshave insuffi-
cientencapsulateteatures.Usinga coherencdasedost-
processinglgorithm,adaptve weightedvectormedianfil-
ter (WVMF) [1], displacementsire smoothedf inconsis-
tent with the dominantneighbourswhilst preservingmo-
tion boundaries.Giventhe setV of N displacementec-
torsv; = (v.,vy) the WWMF minimisesthe cumulative
weightedp-normdistancefrom othervectorsin V' within a
neighbourhoodgefinedas:

N N
D willve = Villp <> willv; = vill, 3
i=1 =1

wherev,, is thelocal neighbourhoodnedianvector i and
j aretheindividual centreandneighbouringrectorsrespec-
tively andw thesetof weights.Ouradaptve weightinguses

the NCC correlationcoeficientsrangingbetweer) and1.
Thistechniqudendsitself to bothinterframeandtrajectory
smoothingwhilst having low computation.

We alsocomputethe 2D Lagrangiarstraintensors from
thedisplacementieldsgeneratingelastogramgjefinedas:
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wheree, ande, arethetwo normaldirectionalstrainsand
€ay ande,,, arethetwo shearstrains.

To quantifydisplacemenaccurag theerrorbetweerthe
known correctgroundtruthvelocity and the estimatedve-
locity is measuredy the angularerror[2], that combines
errorsin magnitudeanddirectioninto asinglevalue.

5. Simulated and in vitro Displacement Accu-
racy and Elastograms

Table1 quantifiessimulatednterframedisplacemenac-
curag with andwithout WVMF displacemenprocessing.
Casesincludedtranslation,rotation and affine warpsof 1
and5 pixels,3° and6°, and2% and4% respectiely, with
worst casesheing corruptedby noisefor a direct compar
ison. Casespostfixed with * denotedisplacementesults

Table 1. NCC/NCC-CD, interframe accuracy.

Noise AngularError WVMF AngularError
Case o [Mean(°) STDDev (°)|Mean(°) STDDev (°)
1 — 0.00 0.00 0.00 0.00
1 0.8 | 2.87 8.77 1.21 2.24
1* 0.8 | 2.18 7.93 1.13 2.30
5 — 1.55 2.13 0.77 0.90
5 0.8 3.76 9.30 1.46 2.92
5* 0.8 2.94 10.32 1.28 2.27
3° — 1.66 7.44 1.64 7.39

° 0.8 2.90 9.90 2.00 7.62
3°* 1 0.8 2.28 8.87 1.95 7.09
° — 1.67 8.19 1.40 6.82
° 0.8 | 3.47 11.33 2.41 9.26
6°* | 0.8 | 3.27 10.12 3.20 9.38
2% — 0.46 2.67 0.04 0.83
2% | 0.8 | 3.88 13.21 1.90 7.74
2%*| 0.8 | 0.58 2.97 0.07 1.05
4% — 3.55 19.05 1.46 13.55
4% | 0.8 5.58 20.47 2.77 13.26
4%*| 0.8 2.74 16.07 1.03 8.98

from combiningboth NCC and CD, measuresdaptvely.
Theseresultsillustratea markedimprovementcomparedo
usingthesingleNCC measurdor theworstcasesdueto a
substantiaincreasen errorandreductionin thecorrelation
thatrangedbetweerd6.84% —99.99% to 72.75% — 78.15%
betweenbest (— no applied noise) andworste = 0.8
casesUsingthe WVMF shovednoticeablamprovements
from just 1 iterationusingan 8 neighbourhoodegion, and



shaved no smoothingof the centraldenserspecklebound-
ary. With moreiterationsobviousdominantregionsof mo-
tion werevisible. More resultscanbefoundonlinet.

Fig. 4-leftillustratestherequiredtensileload (N) to de-
form eachspecimerin ourin vitro datasetdy 3, 6 and10
mm. Fig. 4-right shawvs a direct comparisonof the cor
respondinggroundtruthdatato the measuredrajectories.
Eachmeasuredetof trajectoriegregionof individualblock
temporaldisplacementgjuantifieghecorrespondingnean
displacemengscaledo corvert pixelsto mm) for atracked
regionusingNCC-CD, combinedmeasureandWVMF.

8r . Groundtruth 10 Measured

./\\ — — - 10mm —+— 10mm
16 | \ ____ mm emm
| 3mm —a—  3mm

Applied Load (N)
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Figure 4. Invitro trajector y displacements.

Table 2 summariseshe error betweengroundtruthand
measuredeal displacementgor the threein vitro experi-
ments.The maximumerror (MAX) is noticeabldrom Fig.
4 attheendof eachpull cycle,whenthetendonis notunder
load, thatis dueto the tendonnot returningto its original
restingstate.Usinga boneandachillestendoninterfacere-
ducedclampslippageerrorandresultedin arelatively low
meanabsolutedifference(MAD) for eachsequence.

Table 2. Invitro trajector y summar y

Pull(mm) [ MAX MAD STDDev
3 041 0.14 011
6 1.27 039 035
10 090 052 028

Sampleslastogramareshowvnin Fig. 5 for oursynthetic
andin vitro datarespectiely. The syntheticelastogram
shaws the backgroundtissue and central region strongly
matchingthe applieddeformationshovn in Fig. 2, for the
bestcase.Thein vitro elastogranquantifiesan increasing
smallstrainin thedirectionof thepull (from left to right).
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Figure 5. Synthetic and invitro data longitudi-
nal elastograms ..

6. Discussion

We have demonstratedthat using a combination of
speckle pattern similarity measuresmproved interframe
andtrajectoryperformancevalidatingour approacton syn-
thetic dataand in vitro datasets. Also by using WVMF,
displacementéiave improved, reducingmotion and strain
error, weighted by the correlation confidence. WVMF
shavedaccuratesmoothingandsupportfor motionbound-
aries,for examplearoundthe centralstiff regionin thesim-
ulated sequence.Using multiple similarity measuresry
displacemeninaccurag tendedo be from motioninduced
noise,with normalsolutionsinvolving increasedemporal
samplingdependingntissuedeformatiorrate.

The NCC consistentlyproducedhigh correlationin the
focusedendorregions,but reducedn thelowerregionsin-
stigatingthe usageof the CD, measure We obsened that
speckletrackingfor strainestimationusing ultrasoundse-
guencesaslimitations, with large interframetissuedefor
mation> 15% beingincreasinglydifficult. Resultsindicate
a strongadwantagefor using multiple similarity measures
especiallyfor obtainingreliable strain measurementith
futurework shaving morestraintensorcomponentesults.
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