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Abstract

This paper presents an alternative to Elastography by
speckle tracking ultrasonic frames quantifying both motion
and strain. We 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 modernultrasoundmachinesprovidingrealtimese-
quencedigitisation,motionestimationresearchin this area
for noisefiltering, trackingandregistrationhasincreased.
In this paperwe investigatea novel practicalalternative to
elastographyusingspeckletrackingto infer tissuemotion
andto estimatestrain.We focusonextensivesyntheticand
in vitro sequenceinterframeandtrajectorydisplacementac-
curacy determiningstrain precision. Our contribution in-
cludesusingtwo specklepatternsimilaritymeasures,adapt-
ing to regionsof varyingsignalandnoiseusinga multires-
olutionapproachwith velocityvectorpost-processing.

Elastogramsquantify strain from an appliedstressus-
ing ultrasound[8], displaying the longitudinal strain as
the axial componentof the estimateddisplacementgradi-
ent. Displacementsarederived from 1D crosscorrelation
of radio frequency (RF) echoarrival timespre- andpost-
compression.Elastographydrawbacksincludetheinability
to recordandstoreRFdatarestrictingclinical usabilityand
typically limited to measuringsmallstrainsof only ����� .

Speckletrackingcanprovide real solutionsto many of
theseproblems,with existing researchincluding Meunier
andBertrand[6] andBohset al. [3], all noting its impor-
tanceto modeltissuebehaviour. More recentlyCohenand
Dinstein [5] and Boukerroui et al. [4] usean alternative
specklematchingmeasure(CD� ), thatassumesthespeckle
patternsin ultrasoundimagescanberepresentedby a mul-
tiplicativeRayleighdistributednoise.

In ourrecentwork [7] accurateinterframedisplacements

andmotiontrajectoriesof individually trackedblockswere
achieved,usinghierarchicalblocksandamultiplescalenor-
malisedcrosscorrelation(NCC) similarity measure. Fo-
cusingon musculoskeletalultrasound,in deeperbody re-
gions a generalreductionin correlationas a result of in-
creasedspecklenoisewasobserved,affecting the correla-
tion measure.Here,by combiningmultiple matchingmea-
sures,weaim to maintainaccuracy in strongsignalregions
usingNCC asthefirst measure,with correlationreduction
indicatingnecessaryre-trackingusing the alternative sec-
ondmeasureCD� .

In the next sectionwe review speckle,filtering effects
andthe incorporationof the two matchingmeasures.Sec-
tion 3 detailssimulatedandin vitro datasetswith Section4
definingvectorpost-processing,thestraintensoranderror
measurement.Section5 shows our interframe,trajectory
andstrainresults,finishingwith adiscussionin Section6.

2. Speckle Pattern Similarity Measures

Tendonshave a very striated structure, although no
medium in the body is completelyhomogenousor flat.
Scatteroccurswhensmall imperfections(scatterers)cause
seeminglyrandomreflectionsandrefractionsof thesound
wave. Scatterersaccountfor a decreasein image qual-
ity, causingblurring anddecreasedintensityat impedance
boundaries,while within the mediumthey createspeckle.
Thestatisticsof the signaldependson thedensityof 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 understanding,with many
schemesproducingreasonablyhomogenousregions,how-
ever, featuresthatarethesamescaleasthespeckletendto
be eliminated[9] impedinglocal motion estimation. Fil-
ter performancetendsto bemeasuredby quantifyingedges
andboundaries,with specklepreservation andfluctuation
reductionmeasuredusingtheco-occurrencematrix andlo-



calisedmeanandstandarddeviation. In our situationfilter-
ing is not applied,maintainingall echoinformation,con-
sequentlyjustifying a region-basedmotion estimationap-
proach,which hassomeinherentrobustnessto specklein-
coherenceandmachinenoisefor speckletracking.

Although substantialresearchexists on analysingB-
modesusinglow frequenciesat �
	�� MHz (abdominal[5],
cardiacandbreast[4]), we focuson higherfrequenciesof
mainly �	���� MHz for musculoskeletaldiagnosis,captur-
ing higherresolutionimagesatareducedpenetrationdepth.
This is dueto attenuationwherethesignalis reducedby ap-
proximately � dB/cm/MHz.

Using threedifferent probeswith bandwidths��	���� ,�	���� and ����	���� MHz, wecaptured��� -framesequences,
using“perfect” conditionsof an in vitro tendonsectionin a
still waterbathwith clampedprobe,and“lessthanperfect”
conditionsof anin vivo freehandscanningof thebiceps.For
all casestheimageswerespatiallyandtemporallystablere-
sulting in high trackingaccuracy usingour NCC tracking
scheme.However the in vivo caseshighlightedcorrelation
reductionin areascorruptedby fully developedspecklethat
tendto occurin thelower regions,asillustratedin Fig. 1.

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

The first measureNCC, definedin [7], assumesan in-
creasedSNRfrom highfrequenciesandsparsescatterersas
shown in the tendonregion in Fig. 1. Although we have
found the correlationtypically high, as describedabove
specklenoisereducesmatching,highlightingthenecessity
of a suitablesecondmeasure.It mustalso be statedthat
other causesof correlationreductionare a lack of signal
(probede-couplingor curvilineartendons),or signalsatura-
tion (incorrectgaincontrolsor bone),or minimal features,
causingproblemsfor any similarity measure.

ThesecondmeasureCD� introducedin [5] measuresthe
errorbetweentwo noisyblocksin an ultrasoundsequence
denoted��� �"!# . CD� assumes(to be matched)blocks $
and % from &(' and &�'*),+ arecorruptedby independentmulti-
plicativeRaleighdistributednoise,representingfully devel-

opedspeckle.Log-compressiontransformsthemultiplica-
tivenoiseto additiveobtaininga modelfor displayedultra-
soundimages,denotedas -/. 01$325476$ and 8*9:01%;2<4=6% . From
[5] wemaximisetheCD� objective function[4] definedas:

��� � !# 0 v # 2:4 >?@BA + C 0D6$ #*E @ 	F6% #1E @ 2�	G-/.H0*IKJ;L 0M�N0D6$ #1E @ 	F6% #*E @ 2B2KOP��2RQ
(1)

whereS andT aretheblockandpixel index respectively.
Our proposedapproachcombinesboth measuresusing

multiplescaleswith theNCCastheprimarymatchingmea-
suredueto its highaccuracy in thetendonregion. Thecor-
respondingcorrelationcoefficient is comparedto a thresh-
old value,setto �VU W resultingfrom previouswork and[6],
establishingwhetherthe sameblock shouldbe re-tracked
using the CD� secondarymeasure. The thresholdvalue
is sufficiently high to yield a goodusageof the NCC and
CD� measuresin appropriateregionsof varyingscatterers.
The CD� secondarymeasureis evaluatedusing the asso-
ciatedreferenceandcandidateblocksin a full searchwith
thesameextentsastheNCCprimarymeasure.Resultsuse
blockscalesXZYF[\4 C ���;]����N]B;Q samplingat ^YF .
3. Simulated and In vitro datasets

Simulatedandin vitro dataareusedto compareknown
andmeasureddisplacementsfrom theproposedmethodil-
lustratinginterframeandtrajectoryaccuracy.

We implementedthecommonlyusedmethodoutlinedin
[6] simulatingan echographicspecklesequence_�0*$ ]B%`]bab2
where $ , % and a denotethe axial, lateral and temporal
co-ordinates.The point spreadfunction (PSF) cd01$ ]B%;2 is
assumedto be a Gaborfunction and the scatteringfunc-
tion ef0*$,]b%V2 a normally distributedrandomfield that rep-
resentsthe populationof scatterersbeing imaged. Con-
volving with the PSF yields the resulting RF echo data_g01$ ]b%V2:4�cd0*$,]b%V2ihjef0M$ ]B%;2 , with envelopedetectionpro-
ducingthe desiredimageof echomagnitude.To measure
robustnessagainstnoisewe corrupted_�0*$,]b%V2 with multi-
plicativeRayleighnoisek�l resemblingspecklenoise,m_g01$ ]b%V2n4�_50M$ ]B%;2;k�l (2)

where k�lporq�0M_s2t4 uv ! IKJ;Lxw 0 u !Ry � v ! 2 with a non-zero
meanspecifiedby thesingledistributionparameterz .

Using a Gaussianmaskwe simulateda centraldenser
speckleregion to provide boundaryanalysis.By applying
known lineargeometricaltransformsincludingtranslation,
rotationandaffine deformationfields,variousmotionsand
correspondingstrainscan be analysed. Fig. 2 illustrates_g01$ ]b%V2 with thecorrespondingdisplacementfield, produc-
ing an equaldecrementalstiff backgroundspeckleand a
uniformly highstiff centraldensespeckle.



Figure 2. Simulated image and displacement
field matc hing kno wn geometric transf orm.

Several in vitro sequenceswerealsocapturedusingan
equinetendonthatwaspulled � , � and ��� mmatknownrates
andloadswhilst continuouslyscanningusingan  	j��� MHz
clampedprobe. All sequencesconsistof ��� frames(the
maximumacquisitionlengthfromtheemployedDiasusDy-
namicImagingultrasoundmachine)capturedat 30Hzand
quantizedinto  bits. All cyclesincludedapositiveandneg-
ativepull, similar to in vivo extensionto flexion motions.

Figure 3. In vitro groundtruth and setup.

4. Displacement Processing, Strain and Error

Oncethe combinedmatchingmethodis appliedto our
datasetswe perform displacementprocessing. Spurious
velocity vectorsare inevitable from any tracking process
and are not always obvious. Potential causesare from
noiseor artefactswheremultiple block scaleshave insuffi-
cientencapsulatedfeatures.Usinga coherencebasedpost-
processingalgorithm,adaptive weightedvectormedianfil-
ter (WVMF) [1], displacementsaresmoothedif inconsis-
tent with the dominantneighbourswhilst preservingmo-
tion boundaries.Given the set { of [ displacementvec-
tors v # 4|0*}i~N]b}i�i2 the WVMF minimisesthe cumulative
weighted� -normdistancefrom othervectorsin { within a
neighbourhood,definedas:>? #�A +H� #R� v l�	 v #��R��� >? #�A +H� #�� v@ 	 v #��R� (3)

wherev l is the local neighbourhoodmedianvector, S andT aretheindividualcentreandneighbouringvectorsrespec-
tivelyand� thesetof weights.Ouradaptiveweightinguses

theNCC correlationcoefficientsrangingbetween� and � .
This techniquelendsitself to bothinterframeandtrajectory
smoothingwhilst having low computation.

Wealsocomputethe2D Lagrangianstraintensor� from
thedisplacementfieldsgeneratingelastograms,definedas:� ��~ �i~���i�D~ �i�j� with � � ~ 4�� ~~ � ~�� 4�� ~�� �D~ 4 � �~ � � 4 � �� (4)

where�i~ and �i� arethetwo normaldirectionalstrainsand�i~�� and �i�D~ arethetwo shearstrains.
To quantifydisplacementaccuracy theerrorbetweenthe

known correctgroundtruthvelocity and the estimatedve-
locity is measuredby the angularerror [2], that combines
errorsin magnitudeanddirectioninto a singlevalue.

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

Table1 quantifiessimulatedinterframedisplacementac-
curacy with andwithout WVMF displacementprocessing.
Casesincludedtranslation,rotationandaffine warpsof �
and � pixels, ��� and ��� , and ��� and �;� respectively, with
worst casesbeingcorruptedby noisefor a direct compar-
ison. Casespostfixed with * denotedisplacementresults

Table 1. NCC/NCC-CD � interframe accurac y.
Noise AngularError WVMF AngularError

Case � Mean( � ) STDDev ( � ) Mean( � ) STDDev ( � )�
— 0.00 0.00 0.00 0.00�
0.8 2.87 8.77 1.21 2.24�

* 0.8 2.18 7.93 1.13 2.30�
— 1.55 2.13 0.77 0.90�
0.8 3.76 9.30 1.46 2.92�

* 0.8 2.94 10.32 1.28 2.27� � — 1.66 7.44 1.64 7.39� � 0.8 2.90 9.90 2.00 7.62� � * 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� � * 0.8 3.27 10.12 3.20 9.38���
— 0.46 2.67 0.04 0.83���
0.8 3.88 13.21 1.90 7.74���

* 0.8 0.58 2.97 0.07 1.05� �
— 3.55 19.05 1.46 13.55� �
0.8 5.58 20.47 2.77 13.26� �

* 0.8 2.74 16.07 1.03 8.98

from combiningboth NCC andCD� measuresadaptively.
Theseresultsillustratea markedimprovementcomparedto
usingthesingleNCCmeasurefor theworstcases,dueto a
substantialincreasein errorandreductionin thecorrelation
thatrangedbetweenW��NU ��s��	�W�WVU W�Ws� to �i�;U��i����	^�iVU/�����
betweenbest (— no applied noise) and worst z�4��NU 
cases.UsingtheWVMF showednoticeableimprovements
from just � iterationusingan  neighbourhoodregion, and



showedno smoothingof thecentraldenserspecklebound-
ary. With moreiterationsobviousdominantregionsof mo-
tion werevisible. Moreresultscanbefoundonline1.

Fig. 4-left illustratestherequiredtensileload(N) to de-
form eachspecimenin our in vitro datasetsby � , � and ���
mm. Fig. 4-right shows a direct comparisonof the cor-
respondinggroundtruthdatato the measuredtrajectories.
Eachmeasuredsetof trajectories(regionof individualblock
temporaldisplacements)quantifiesthecorrespondingmean
displacement(scaledto convertpixelsto mm) for a tracked
regionusingNCC-CD� combinedmeasuresandWVMF.

Figure 4. In vitro trajector y displacements.

Table2 summarisesthe error betweengroundtruthand
measuredreal displacementsfor the threein vitro experi-
ments.Themaximumerror(MAX) is noticeablefrom Fig.
4 at theendof eachpull cycle,whenthetendonis notunder
load, that is dueto the tendonnot returningto its original
restingstate.Usinga boneandachillestendoninterfacere-
ducedclampslippageerrorandresultedin a relatively low
meanabsolutedifference(MAD) for eachsequence.

Table 2. In vitro trajector y summar y
Pull (mm) MAX MAD STDDev

3 0.41 0.14 0.11
6 1.27 0.39 0.35
10 0.90 0.52 0.28

Sampleelastogramsareshown in Fig. 5 for oursynthetic
and in vitro data respectively. The syntheticelastogram
shows the backgroundtissueand central region strongly
matchingtheapplieddeformationshown in Fig. 2, for the
bestcase.The in vitro elastogramquantifiesan increasing
smallstrainin thedirectionof thepull (from left to right).

1http://www.cs.bris.ac.uk/˜revell

Figure 5. Synthetic and in vitro data longitudi-
nal elastograms �i~ .

6. Discussion

We have demonstratedthat using a combination of
specklepatternsimilarity measuresimproved interframe
andtrajectoryperformancevalidatingourapproachonsyn-
thetic dataand in vitro datasets.Also by using WVMF,
displacementshave improved, reducingmotion andstrain
error, weighted by the correlation confidence. WVMF
showedaccuratesmoothingandsupportfor motionbound-
aries,for examplearoundthecentralstiff region in thesim-
ulatedsequence.Using multiple similarity measuresany
displacementinaccuracy tendedto befrom motioninduced
noise,with normalsolutionsinvolving increasedtemporal
samplingdependingon tissuedeformationrate.

The NCC consistentlyproducedhigh correlationin the
focusedtendonregions,but reducedin thelowerregionsin-
stigatingtheusageof theCD� measure.We observedthat
speckletrackingfor strainestimationusingultrasoundse-
quenceshaslimitations,with largeinterframetissuedefor-
mation � �(��� beingincreasinglydifficult. Resultsindicate
a strongadvantagefor usingmultiple similarity measures
especiallyfor obtainingreliablestrainmeasurementswith
futurework showing morestraintensorcomponentresults.
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