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Abstract. We presentanenhancedblock matchingapproachto improve displacementaccuracy in ultrasound
sequencesusinga combinationof matchingmeasures.Thefirst measureusesthenormalisedcrosscorrelation
for regionsof strongsignalandthesecondmeasureCD� , specificallyfor regionsof speckledeterminedby the
specklesignalto noiseratio. Wealsoshow displacementfield resultsfor simulatedspeckleandin vitro data.

1 Introduction

With modernultrasoundmachinesprovidingrealtimesequencedigitisation,motionestimationresearchin thisarea
for noisefiltering, trackingandregistrationhasincreased.In thispaperwe investigatea novel practicalalternative
to elastographyusing speckletracking to infer tissuemotion. Our contribution includesapplying two speckle
patternsimilarity measures,adaptingto regionsof varyingsignalandnoisewithin a multiresolutionframework
with displacementprocessing.Wefocusonsyntheticandin vitro interframeandtrajectorydisplacementaccuracy.

Scatteroccurswhensmall imperfections(scatterers)causeseeminglyrandomreflectionsandrefractionsof the
soundwave. Scatterersaccountfor a decreasein imagequality, causingblurring and decreasedintensity at
impedanceboundaries,while within themediumthey createspeckle.Thestatisticsof thesignaldependson the
densityof scatterers,with a largenumberof randomlylocatedscatterersfollowing a Rayleighdistribution (fully
developedspeckle).Theseconditionsareseldommet,resultingin differentstatisticalspecklemodelsbeingused.

UsingB-modeimages2D tissuemotioncanbemeasuredby trackingthemovementof thespeckleproducedby
the back scatteringof the ultrasounditself. To date,the most popularapproachesto speckletrackinguse2D
region-basedmatchingthatassumestheopticalflow is constantover a definedregion, for example[1], favouring
normalisedcrosscorrelation(NCC)comparedtoothermatchingcriteria,andopticalflow to estimatetissuemotion.
CohenandDinstein[2] andBoukerrouietal. [3] useanalternativespecklematchingmeasure(CD� ), thatassumes
thespecklepatternsin ultrasoundimagescanberepresentedby a multiplicativeRayleighdistributednoise.

In our recentwork [4] accurateinterframedisplacementsandmotion trajectoriesof individually tracked blocks
werereported,usinghierarchicalblocksandamultiplescaleNCCsimilarity measure.Focusingonmusculoskele-
tal ultrasound,in deeperbodyregionsa generalreductionin correlationasa resultof increasedspecklenoisewas
observed,affectingthecorrelationmeasure.Here,by combiningtwo matchingmeasures,we aim to maintainac-
curacy in strongsignalregionsusingthefirst measureNCC,with low correlationanda low specklesignalto noise
ratio (SNR)indicatingnecessaryre-trackingusingthesecondmeasureCD� .
In thiswork, we favourdisplacementestimationwith displacementpost-processing,ratherthanspecklefilter pre-
processingandthendisplacementestimation. Although muchresearchhasbeenaimedat removing speckleto
enhanceultrasoundimageunderstanding,many schemesproduceincreasinglyhomogeneousregions.This is due
to featuresthat arethe samescaleasthe specklebeingeliminated[5] impedinglocal motion estimation.Filter
performancetendsto bemeasuredby quantifyingedgesandboundaries,with specklepreservationandfluctuation
reductionmeasuredusingtheco-occurrencematrix andlocalisedmeanandstandarddeviation (speckleSNR).In
our situationall echoinformationis maintained,justifying a region-basedmotion estimationapproachthat has
someinherentrobustnessto speckleincoherenceandmachinenoisefor speckletracking.

Althoughsubstantialresearchexistsusinglow frequenciesat
�����

MHz (abdominal[2], cardiacandbreast[3]),
wefocusonhigherfrequencies� �
	��

MHz for musculoskeletaldiagnosis,capturinghigherresolutionimagesata
reducedpenetrationdepth.This is dueto attenuationwherethesignalis reducedby approximately

	
dB/cm/MHz

[6]. Weusedthreedifferentprobes(with bandwidths
 ��	��
, � ��	��

and
	��������

MHz), to captureperfectconditions
of anin vitro tendonsectionin astill waterbathwith clampedprobe,andnormalconditionsof anin vivo freehand
scanningof muscle.Sequencescapturedwith perfectconditionsweretemporallystableresultingin high tracking�
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accuracy usingasingleNCCtrackingscheme.Sequencescapturedwith normalconditionshighlightedareduction
in correlationin areasof speckle,tendingto occurin thelowerregions,Fig. 1.

In thenext sectionweconciselydescribeourdatasetsof simulatedultrasoundspeckleandin vitro tendons.Section
3 explainsthecombinedmatchingmeasureapproach,alsodefiningdisplacementpost-processingandinterframe
errormeasurement.Section4 demonstratesanddiscussessampleinterframeandtrajectoryresults.

2 Ultrasound Datasets

Figure 1. Achilles tendonwith en-
largedimagesof tendonandspeckle.

To evaluatethe advantagesof the proposedmethodwe generatedspa-
tially uniformandtemporallystablespeckletexturessimulatinganecho-
graphicspecklesequence[7], illustratedin Figs. 2(a)-2(b). The point
spreadfunction (PSF) ��������� � is assumedto be a Gaborfunction and
thescatteringfunction !"���#�$�%� a normallydistributedrandomfield that
representsthe populationof scatterersbeingimaged. Convolving with
thePSFyieldstheresultingRFechodata&'�(�����%�*)+�������$�%�%,-!.�����$�%� ,
with envelopedetectionproducingthe desiredimageof echomagni-
tude. Speckledensity is varied generatingsequencesof high (

	/���10
)

andlow (
�2�30

) speckleandvaryingspeckle(containinghalf of eachof
these).To measurerobustnessagainstspecklereducedtemporalcoher-
ence,we corrupt &4�����$�%� with multiplicative Rayleighdistributednoise5&'�(�#�$�%�6)87�9'&'���#�$�%� where 7:9<;>=?�@&1�A) BCEDGFIH3JLK � B DNM � C D � with a
non-zeromeanspecifiedby thesingledistributionparameterO .

Several in vitro sequenceswerecapturedusinganequinetendonthatwaspulled
�
,
�

and
	/�

mm at known rates
andloadswhilst continuouslyscanningusingan � �P	��

MHz clampedprobe,Fig. 2(c). All sequencesconsist
of

�:�
frames(thedefault acquisitionlength)capturedat Q 	��

Hz andquantisedinto � bits. All cyclesincludeda
positiveandnegativepull, similar to in vivo extensionto flexion motions.
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(a)Speckledensity( R$STSVU ).
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(b) Speckledensity( WTSVU ). (c) Longitudinaltendonsection.

Figure 2. Sampleimagesof (a)high (
	��:�30

), (b) low (
�2�10

) densityspeckleand(c) anin vitro frame.

Typically, all ultrasoundsequenceswill containvaryingamountsof speckleandregionsof underlyingsignalin
differentquantities.Therefore,wefirst analysein vitro tendonsequencesto demonstratethegoodtrackingresults
from usingtheNCC measure.Second,we analysesimulatedspecklesequencesto demonstratethe improvement
of our proposedmethodwherethespeckledensityvariesacrossanimage.Furtherinformation,including in vivo
experimentsusingdataasshown in Fig. 1, is availableonline* .

3 Proposed Method

Thefirst measureNCC,appliedin [4], assumesanincreasedSNRfrom high frequenciesandsparsescatterersas
shown in thetendonregion in Fig. 1. Althoughwe have foundthecorrelationtypically high,asdescribedabove,
specklenoisereducesmatching,highlighting the necessityof a suitablesecondmeasure.It mustalsobe stated
thatothercausesof correlationreductionarea lack of signal(probede-couplingor curvilineartendons),or signal
saturation(incorrectgaincontrolsor bone),or minimal features,causingproblemsfor any similarity measure.

To combatreducedNCCaccuracy in regionsof increasedspecklenoise,weproposetheuseof asecondarymeasure
insteadof the NCC, namelythe CD� measure,introducedby CohenandDinstein[2]. Recently, Boukerroui et
al. [3] showedthat in regionsof fully developedspeckleCD� is a moreprecisemeasurethanfor example,NCC
or meansquareerror(MSE).CD� assumes(to bematched)blocks � and � from framesXEY and XEY(Z#[ arecorrupted
by independentmultiplicative Raleighdistributednoise,representinguniform densespeckle. Log-compression



transformsthemultiplicative noiseto additive,denoted \&1]^)`_ba��@& ] � and \&A)`_ba��@&1� . Following [3], we maximise
theCD� objectivefunction,wherec and d areblockandpixel indexesin egf6h blocks,definedas:

CD�4) ikjlm�n [ o � \&1]bp(q m � \&Vp(q m � � _ba#� FVH J � � � \&1]rp�q m � \&Ip(q m ����s 	 �ut (1)

We usethe two measureswith multiple block scales,applyingthe NCC asthe primary matchingmeasuredue
to its high accuracy in low speckledensityregions. However, we requirean appropriatemeansof determining
theamountof local specklepresent.For this we usetheSNR givenby the ratio of themean &Vv to thestandard
deviation & C of thosepixelscontainedwithin a local region & , definedas wx) BzyB|{ . In an areaof uniform dense
speckle,Wagneret al. [8] have determinedanexpectedSNR valueof w}) 	�~ ��	

. We verified this valuewith in
vivo datausingmultiple scaledregionsof a uniform area,locatedat the focal zoneof theultrasoundbeam,and
computedthe meanSNR. Resultsshowed that the meanSNR convergedat w�Q �

, hencewe usea tolerance,
empiricallyderivedat

� 
 0 , to ensurea reasonablespecklesensitivity for in vivo imageswherespeckleis seldom
uniform. Only regionsof e�f"h , where e , h�� 	��

wereable to determinereliably that a region contained
uniformspeckle.Therefore,weproposeto useandapplyeithertheNCCor theCD� measures,determinedby the
SNR,where w�) 	�~ ��	

, which impliesthespeckledensitypresentin a region:

measure)�� NCC if SNR � 	�~ � 
:w
CD� otherwise

(2)

The SNR increaseswith a low amountof speckle(reachinginfinity for specularreflection),justifying the NCC
measure.However, SNRdecreasesfor highamountsof speckle,indicatingthatthesameblockshouldbere-tracked
usingthesecondaryCD� measure.This is evaluatedusingtheassociatedreferenceandcandidateblocksin a full
searchwith thesameextentsastheprimaryNCC measurefor the largerscales.ThespeckleSNRis usedasan
indicatorof specklecontent(ratherthancorrelation),astypically featurelessregionsof uniform speckleproduce
high correlationcoefficientswith surroundingspeckle. Unfortunatelythe SNR is alsosensitive to other image
components,for example,featureboundariesresultingin a low local SNR,thereforewe alsocheckto ensurethe
NCC peakcorrelationcoefficient � 9��T� is low. This approachof alternatingspecificspeckleandsignalsimilarity
measuresusingSNRallowstheproposedmethodto adaptto imagecontent.

Oncethe combinedmatchingmethodis appliedwe perform displacementpost-processing.Spuriousvelocity
vectorsare inevitable from any trackingprocessand arenot always obvious. Potentialcausesare from noise
or artifactswheremultiple block scaleshave insufficient encapsulatedfeatures.Using a coherencebasedpost-
processingalgorithm,adaptive weightedvectormedianfilter (WVMF) [9], vectordisplacementsaresmoothedif
inconsistentwith theirdominantneighbourswhilst preservingmotionboundaries.Given � displacementsinsidea
sliding window, theWVMF outputis a mediandisplacementvector � 9 thatminimisesthecumulative weighted� -normdistancebetweenanindividual � p andneighbouring� m displacements.A displacementis substitutedwith� 9 if thecumulativeweighted� -normdistancebetween� 9 and � p is significant,expressedas:�l p n [L� pN�I� 9 � �Lp��u��� �l p n [�� pu�V� m � ��pN�u� d�) 	 � � � ~I~I~ ��� (3)

For combinedmeasuresourweightingusesthemeanof boththeNCCandCD� measures,defined� ) ��~ 
�� � 9��V� s� 	�� � CD���/�z� , rangingbetween
�

and
	
. This techniquecanbe iterative andlendsitself to both interframeand

trajectorysmoothingwith low computation.

To quantifydisplacementaccuracy theerrorbetweenthecorrectgroundtruthdisplacement��Yzq ��)��(���/�$�:�u� andthe
estimateddisplacement�LYzq � )¡���¢�£�$�:�V� is measuredby theangularerror[10] combiningerrorsin magnitudeand
directioninto asinglevalue: ¤ )P¥V¦1§ K [ �©¨� �«ª ¨� � � (4)

where
¤

is theanglebetweenthecorrectspatiotemporalvector ¨� � )­¬r®£¯ q ° ¯ q [$±�²³ ® D ¯ ZL° D¯ Z#[ and,theestimatedspatiotemporal

vector ¨�#�k) ¬r®£´ q ° ´ q [µ±�²³ ® D ´ ZL° D´ Z¶[ . Further, displacementfieldsareusedfor displacedframedifferencing,quantifyingthe

rootmeansquare(RMS)errorbetweena backwardreconstructedframeandtheactualnext frame.

4 Displacement Results and Discussion

Trajectories,whichquantifycontinuoustemporaldisplacementsin sequences,wereestimatedfor anin vitro region
of tendon.Theabsoluteerrors(AE) betweenthegroundtruthandmeanestimatedtrajectoriesaresummarisedin



Table1. ThemaximumAE wasnoticeableneartheendof eachpull cycle,dueto theclampedtendonnotreturning
to its originalrestingstate.ThemeanAE remainedlow usingNCCandcombinedmeasures.TheNCCconsistently
producedhigh correlations� ��	E0

, producingsignificantlymoreaccuratedisplacementscomparedto thesingle
CD� andMSE measures.As mentionedlater, dueto the lack of speckle,usingcombinedmeasuresprovedto be
only asgoodasthesingleNCC measure.Typically, for in vivo datathespeckleSNRinstigatestheusageof the
NCCin minimalspeckled(tendon)regionsandthealternativeCD� measurein densespeckleareas.

Pull MSE NCC CD� NCC/CD� Combined
mm Max Mean STDDev Max Mean STDDev Max Mean STDDev Max Mean STDDev
a3 4.79 3.60 3.53 2.16 2.69 1.21 5.57 3.88 2.23 2.16 2.71 1.22
a6 8.97 3.78 4.46 2.62 2.45 1.39 5.32 4.58 2.13 2.63 2.44 1.37
a10 25.74 10.35 7.96 5.54 7.79 3.12 19.30 9.00 4.11 5.55 7.79 3.12

Table 1. Summaryof trajectoryabsoluteerrorfor in vitro tendondatafor
�

pulls.

aSettings:WVMF iterations ·�W andmultipleblockscaleswhere ¸º¹¼»�·-�N½u¾E¿zÀTW�¿$R$½�¿ÂÁI� .
Sampleresultsin Table2 quantifya comparative analysisbetweenour proposedNCC/CD� combinedapproach
andCD� , NCC, MSE measures.The key improvementfrom our combinedapproachis observed in sequences
with regionsof varying speckledensity(from multiple objectsfor exampletendonand tissue),wherebyusing
the appropriatemeasureallows for local signalvariation; this is importantfor in vivo analysis. For regionsof
homogeneousspeckle(highor low), thebestaccuracy is only asgoodastheappropriatesinglemeasure.

SpecklePattern High DensitySpeckle( ÃuÄ�ÄEÅ ) Low DensitySpeckle( Æ/Ä�Å ) VaryingDensitySpeckle
Measures MeanÇ STDDev Ç RMS MeanÇ STDDev Ç RMS MeanÇ STDDev Ç RMS
bNCC/CD� Combined 7.13 6.46 9.22 13.78 15.85 6.56 9.62 10.62 7.48
bCD� 7.13 6.47 9.22 15.95 16.63 7.55 11.46 13.91 9.33
bNCC 7.39 6.60 9.23 13.72 15.83 6.56 11.66 13.42 8.10
bMSE 7.58 7.45 13.27 23.74 24.55 14.20 13.48 18.05 10.15

Table 2. InterframevelocityangularerroranddisplacedframedifferenceRMSerror.

bSettings:Affinedeformation( ¾ pel)sequenceswithoutnoiseusingWVMF iterations·AS andablockscalewhere ¸º¹¼»?·«�IR$½I� .
Consequently, in Table3 we show furtherresultsspecificallyfor varyingdensityspeckle.Theseresultsillustrate
a marked improvementcomparedto usinga singlemeasure.For framepairswith appliednoise,theNCC mea-
sureproducedincreasingerrors,resultingfrom a reductionin correlationrangingbetween

�:��~ �:È 0É�?���%~ �:�10
to�2�%~Ê� 
 0Ë�P� � ~b	 
 0 betweenbest(no appliednoise)andworst O�) �%~ � cases.WVMF noticeablyimprovedall

resultsfrom just
�

iterationsusingan � neighbourhoodregion,maintaininga relatively low velocityangularerror,
for example

�3~ �:�
with and

��~ �1�
without. Similar resultswereobtainedfrom testingover

	��:�
framepairs.

SpecklePattern Uncorrupted ÌEÍÏÎÑÐÓÒÏÄ2Ô Õ Ì�ÍÏÎÑÐÖÒ"Ä:Ô ×
Measures MeanÇ STDDev Ç MeanÇ STDDev Ç MeanÇ STDDev Ç
cNCC/CD� Combined 7.06 6.09 7.41 7.02 11.10 12.44
cCD� 7.54 6.92 9.94 10.34 12.84 15.09
cNCC 7.64 6.09 8.53 9.12 12.10 13.25
cMSE 7.30 7.49 20.18 18.81 21.28 20.09

Table 3. Interframevelocityangularerrorfor
�

casesof noisecorruptedframesof varyingdensityspeckle.

cSettings:Affine deformation( ¾ pel)sequenceswith varyingnoiseusingWVMF iterations ·�W andablockscalewherȩ�¹ »?·«�IR$½I� .
We have demonstratedthatusinga combinationof specklepatternsimilarity measuresimprovedinterframeand
trajectoryperformance,validatingourapproachonsyntheticspeckleandin vitro datasets.Therealimprovementin
displacementaccuracy is obviousfrom analysingframesthatcontainsubregionsrangingfrom densespecklewith
noisecharacteristicsthat arepurely multiplicative Rayleigh,to sparsestablespeckle,to minimal specklemixed
with a strongunderlyingsignal,all featurestypically foundin in vivo data.
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