Combined Ultrasound Speckle Pattern Similarity Measures
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Abstract. We presentan enhancedblock matchingapproacho improve displacemenaccurag in ultrasound
sequencessinga combinationof matchingmeasuresThefirst measuraisesthe normaliseccrosscorrelation
for regionsof strongsignalandthe secondneasureCD,, specificallyfor regionsof speckledeterminedy the
specklesignalto noiseratio. We alsoshav displacementield resultsfor simulatedspeckleandin vitro data.

1 Introduction

With modernultrasoundnachinegroviding realtimesequenceigitisation,motionestimatiorresearclin thisarea
for noisefiltering, trackingandregistrationhasincreasedIn this paperwe investigatea novel practicalalternatve
to elastographysing speckletrackingto infer tissuemotion. Our contrikution includesapplyingtwo speckle
patternsimilarity measuresadaptingto regionsof varying signaland noisewithin a multiresolutionframework
with displacemenprocessingWe focuson syntheticandin vitro interframeandtrajectorydisplacemenaccurag.

Scatteroccurswhen small imperfectiong(scatterersfauseseeminglyrandomreflectionsand refractionsof the
soundwave. Scatterersaccountfor a decreasen image quality, causingblurring and decreasedntensity at
impedancéboundariesyhile within the mediumthey createspeckle. The statisticsof the signaldependn the
densityof scattererswith alarge numberof randomlylocatedscatterergollowing a Rayleighdistribution (fully
developedspeckle).Theseconditionsareseldommet,resultingin differentstatisticalspecklemodelsbeingused.

Using B-modeimages2D tissuemotion canbe measuredy trackingthe movementof the speckleproducedby
the back scatteringof the ultrasounditself. To date,the most popularapproacheso speckletrackinguse2D
region-basednatchingthatassumeshe optical flow is constanbver a definedregion, for example[1], favouring
normalisectrosscorrelation(NCC)comparedo othermatchingcriteria,andopticalflow to estimatdissuemotion.
CohenandDinstein[2] andBoukerrouiet al. [3] useanalternatve specklematchingmeasur¢CD-), thatassumes
the specklepatternsn ultrasoundmagescanberepresentetly a multiplicative Rayleighdistributednoise.

In our recentwork [4] accuratenterframedisplacementand motion trajectoriesof individually tracked blocks
werereportedusinghierarchicablocksanda multiple scaleNCC similarity measureFocusingon musculoskle-
tal ultrasoundjn deepeibodyregionsa generareductionin correlationasa resultof increasedspecklenoisewas
obsened, affectingthe correlationmeasureHere,by combiningtwo matchingmeasuresye aim to maintainac-
curag in strongsignalregionsusingthefirst measurédNCC, with low correlationanda low specklesignalto noise
ratio (SNR)indicatingnecessarye-trackingusingthe secondneasureCDs.

In this work, we favour displacemengstimationwith displacemenpost-processingatherthanspeckl€filter pre-
processingandthen displacemengestimation. Although much researcthasbeenaimedat remaoving speckleto

enhancealltrasoundmageunderstandingnary schemegroduceincreasinglyhomogeneousegions. This is due
to featuresthat are the samescaleasthe specklebeingeliminated[5] impedinglocal motion estimation. Filter
performanceaendsto be measuredby quantifyingedgesandboundarieswith specklepreserationandfluctuation
reductionmeasuredisingthe co-occurrencenatrix andlocalisedmeanandstandardieviation (speckleSNR).In

our situationall echoinformationis maintainedjustifying a region-basednotion estimationapproachthat has
someinherentrobustnesgo speckleincoherenc@ndmachinenoisefor speckleracking.

Althoughsubstantiatesearctexists usinglow frequenciest 3 — 7 MHz (abdominal2], cardiacandbreas{3]),

wefocuson higherfrequencies — 16 MHz for musculoskletaldiagnosiscapturinghigherresolutionmagesata
reducedpenetratiordepth. Thisis dueto attenuatiorwherethe signalis reducedy approximatelyl dB/cm/MHz
[6]. We usedthreedifferentprobeqwith bandwidthss — 10,8 — 16 and10—22 MHz), to captureperfectconditions
of anin vitro tendonsectionin astill waterbathwith clampedprobe,andnormalconditionsof anin vivo freehand
scanningpf muscle.Sequencesapturedvith perfectconditionsweretemporallystableresultingin hightracking
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accurag usingasingleNCCtrackingschemeSequencesapturedvith normalconditionshighlightedareduction
in correlationin areasof speckletendingto occurin thelowerregions,Fig. 1.

In thenext sectionwe conciselydescribeour datasetsf simulatedultrasoundspeckleandin vitro tendons Section
3 explainsthe combinedmatchingmeasurexpproachalsodefiningdisplacemenpost-processingndinterframe
errormeasurementectiord demonstrateanddiscussesamplenterframeandtrajectoryresults.

2 Ultrasound Datasets

To evaluatethe advantageof the proposednethodwe generatedpa-

Tendon tially uniformandtemporallystablespeckletexturessimulatinganecho-
] graphicspecklesequencg7], illustratedin Figs. 2(a)-2(b). The point
spreadfunction (PSF) H (z,y) is assumedo be a Gaborfunction and
the scatteringunctionT (z,y) a normally distributedrandomfield that
representshe populationof scattererdeingimaged. Convolving with
thePSFyieldstheresultingRFechodatal (z,y) = H (z,y) @ T (2, y),
with ernvelope detectionproducingthe desiredimage of echo magni-
tude. Speckledensityis varied generatingsequencesf high (100%)
andlow (20%) speckleandvarying speckle(containinghalf of eachof
Speckle these). To measuregobustnessgainstspecklereducedemporalcoher
ence,we corrupt! (z,y) with multiplicative Rayleighdistributednoise

*/20%) \ith a

Figure 1. Achilles tendonwith en- 7 —(
largedimagesof tendonandspeckle. (;y) = nmI (z,y) wheren,, ~ R(I) = 75 exp
non-zerameanspecifiedby the singledistribution parametes.

Severalin vitro sequencewere capturedusingan equinetendonthatwaspulled 3, 6 and10 mm at known rates
andloadswhilst continuouslyscanningusingan8 — 16 MHz clampedprobe,Fig. 2(c). All sequencesonsist
of 30 frames(the default acquisitionlength) capturedat ~ 10 Hz andquantisednto 8 bits. All cyclesincludeda
positve andnegative pull, similarto in vivo extensionto flexion motions.
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(a) Speckledensity(100%). (b) Speckledensity(20%). (c) Longitudinaltendonsection.
Figure 2. Sampleémagesof (a) high (100%), (b) low (20%) densityspeckleand(c) anin vitro frame.

Typically, all ultrasoundsequenceswiill containvaryingamountsof speckleandregionsof underlyingsignalin
differentquantities.Thereforewe first analysdan vitro tendonsequenceto demonstrat¢he goodtrackingresults
from usingthe NCC measure Secondwe analysesimulatedspecklesequencet demonstrat¢he improvement
of our proposednethodwherethe speckledensityvariesacrossanimage. Furtherinformation,includingin vivo
experimentaisingdataasshavn in Fig. 1, is availableonline.

3 Proposed Method

Thefirst measureNCC, appliedin [4], assumesnincreasedSNR from high frequencieandsparsescattereras
shavn in thetendonregionin Fig. 1. Althoughwe have foundthe correlationtypically high, asdescribedabove,
specklenoisereducegnatching,highlighting the necessityof a suitablesecondmeasure.lt mustalsobe stated
thatothercause®f correlationreductionarea lack of signal(probede-couplingor curvilineartendons)pr signal
saturatior(incorrectgaincontrolsor bone),or minimalfeaturescausingproblemsor any similarity measure.

To combatreducedNCCaccurag in regionsof increasedpecklenoise we proposdheuseof asecondaryneasure
insteadof the NCC, namelythe CD, measurejntroducedby CohenandDinstein[2]. Recently Boukerrouiet
al. [3] shavedthatin regionsof fully developedspeckleCD; is a moreprecisemeasurghanfor example,NCC
or meansquareerror (MSE). CD, assumesto bematchedplocksz andy from framesf; and f;, arecorrupted
by independenmultiplicative Raleighdistributed noise,representinginiform densespeckle. Log-compression



transformsthe multiplicative noiseto additive, denotedl” = In(I') and] = In(I). Following [3], we maximise
the CD, objective function,wherei and;j areblock andpixel indexesin M x N blocks,definedas:

MN ~ _ ~ B
CDy =Y {(I"i; — Lij) —In(exp(2(I's ; — I;;)) + 1)} 1)
j=1

We usethe two measuresvith multiple block scales applyingthe NCC asthe primary matchingmeasuredue
to its high accuray in low speckledensityregions. However, we requirean appropriateneansof determining
the amountof local specklepresent.For this we usethe SNR given by the ratio of the meanI, to the standard
deviation I, of thosepixels containedwithin a local region I, definedas\ = % In anareaof uniform dense
speckle Wagneret al. [8] have determinecan expectedSNR valueof A = 1.91. We verified this valuewith in

vivo datausing multiple scaledregionsof a uniform area,locatedat the focal zoneof the ultrasoundoeam,and
computedthe meanSNR. Resultsshoved that the meanSNR corvergedat A =~ 2, hencewe usea tolerance,
empiricallyderivedat 25%, to ensurea reasonablspecklesensitvity for in vivo imageswvherespeckleis seldom
uniform. Only regionsof M x N, whereM,N > 16 wereableto determinereliably that a region contained
uniform speckle.Thereforewe proposeo useandapply eitherthe NCC or the CD, measuresjeterminedy the

SNR,where) = 1.91, whichimpliesthe speckledensitypresenin aregion:

NCC if SNR> 1.25)\
CD, otherwise

)

The SNRincreasesvith a low amountof speckle(reachinginfinity for speculareflection),justifying the NCC
measureHowever, SNRdecreasefr highamountof specklejndicatingthatthesameblock shouldbere-tracled
usingthe secondanyCD, measureThis is evaluatedusingthe associatedeferenceandcandidateblocksin a full
searchwith the sameextentsasthe primary NCC measurdor the larger scales.The speckleSNRis usedasan
indicatorof specklecontent(ratherthancorrelation),astypically featurelessegionsof uniform speckleproduce
high correlationcoeficientswith surroundingspeckle. Unfortunatelythe SNR is also sensitve to otherimage
componentsfor example,featureboundariesesultingin a low local SNR, thereforewe alsocheckto ensurethe
NCC peakcorrelationcoeficient ¢, iS low. This approachof alternatingspecificspeckleandsignalsimilarity
measuresisingSNR allows the proposednethodto adaptto imagecontent.

measure= {

Oncethe combinedmatchingmethodis appliedwe perform displacemenpost-processing.Spuriousvelocity
vectorsare inevitable from ary tracking processand are not always obvious. Potentialcausesare from noise
or artifactswheremultiple block scaleshave insufficient encapsulatefeatures. Using a coherencéasedpost-
processinglgorithm,adaptve weightedvectormedianfilter (WVMF) [9], vectordisplacementaresmoothedf

inconsistentvith their dominantneighbourswvhilst preservingmotionboundariesGivenn displacementgsidea
sliding window, the WVMF outputis a mediandisplacemenvectord™ that minimisesthe cumulative weighted
p-normdistancebetweeranindividual d; andneighbouringd; displacementsA displacemenis substitutedvith

d™ if thecumulatve weightedp-normdistancebetweerd™ andd; is significant,expresseds:

> willd™ —dill, <) willd; —dill, i=12...n ©)
=1 =1

For combinedmeasuresurweightingusegshemeanof boththeNCCandCD, measureglefinedw = 0.5[¢maz +
(1 — ||CDs||)], rangingbetweer and1. This techniquecanbe iterative andlendsitself to both interframeand
trajectorysmoothingwith low computation.

To quantifydisplacemenaccurag theerrorbetweerthe correctgroundtruthdisplacemendl; . = (u., v.) andthe

estimatedlisplacementl; . = (u.,ve) is measuredby theangularerror[10] combiningerrorsin magnitudeand
directioninto asinglevalue:

Y =cos~'(d, - d.) (4)

5 (uc,vc,l)T

Further displacementields are usedfor displacedramedifferencing,quantifyingthe

wherey is theanglebetweerthecorrectspatiotemporalectord, = and,theestimatedspatiotemporal

(ue,ve,l)T
uZ+v2+41 ’

rootmeansquarg RMS) errorbetweera backwardreconstructedrameandthe actualnext frame.

vectord, =

4 Displacement Resultsand Discussion

Trajectoriesyhichquantifycontinuougemporaldisplacements sequencesyereestimatedor anin vitro region
of tendon. The absoluteerrors(AE) betweernthe groundtruthand meanestimatedrajectoriesare summarisedn



Tablel. ThemaximumAE wasnoticeableneartheendof eachpull cycle,dueto theclampedendonnotreturning
toits originalrestingstate.ThemeanAE remainedow usingNCC andcombinedneasuresTheNCC consistently
producedhigh correlations> 91%, producingsignificantlymore accuratedisplacementsomparedo the single

CD; andMSE measuresAs mentionedater, dueto the lack of speckleusingcombinedmeasureprovedto be

only asgoodasthe singleNCC measure Typically, for in vivo datathe speckleSNR instigateshe usageof the

NCCin minimal speckledtendon)regionsandthealternatve CD, measurén densespeckleareas.

Pull MSE NCC CD, NCC/CD, Combined
mm | Max Mean STD Dev|Max Mean STD Dev| Max Mean STD Dev|Max Mean STD Dev
a3 1479 360 3,53 (216 2.69 1.21 |557 3.88 223 [2.16 2.71 1.22
% [8.97 3.78 4.46 [2.62 245 139 |532 458 213 |2.63 244 1.37
810(25.7410.35 7.96 |554 7.79 3.12 |19.30 9.00 4.11 |555 7.79 3.12

Table 1. Summaryof trajectoryabsolutesrrorfor in vitro tendondatafor 3 pulls.

aSettings:WVMF iterations= 2 andmultiple block scalesvhereM x N = {64, 32,16, 8}.

Sampleresultsin Table2 quantify a comparatie analysisbetweenour proposedNCC/CD, combinedapproach
andCD., NCC, MSE measures.The key improvementfrom our combinedapproachs obsenedin sequences
with regions of varying speckledensity (from multiple objectsfor exampletendonandtissue),wherebyusing
the appropriatemeasureallows for local signalvariation; this is importantfor in vivo analysis. For regions of
homogeneouspeckle(high or low), the bestaccurag is only asgoodastheappropriatesinglemeasure.

SpecklePattern High DensitySpecklg(100%)|Low DensitySpeckle(20%)[Varying DensitySpeckle
Measures Mear? STDDev® RMS |Mearf STDDev® RMS [Mearf STDDev® RMS
ENCC/CDZ Combined 7.13 6.46 9.22 13.78 15.85 656 | 9.62 1062 7.48
CD, 7.13 6.47 9.22 15.95 16.63 755 |11.46 1391 9.33
®NCC 739 6.60 9.23 |13.72 15.83 6.56 |11.66 13.42 8.10
®MSE 7.58 7.45 13.27 |23.74 24.55 14.20 (13.48 18.05 10.15

Table 2. Interframevelocity angularerroranddisplacedramedifferenceRMS error.

bSettings:Affine deformation(4 pel) sequencewithout noiseusingWVMF iterations= 0 andablock scalewhereM x N = {16}.

Consequentlyin Table3 we shaw furtherresultsspecificallyfor varying densityspeckle. Theseresultsillustrate
a marked improvementcomparedo usinga single measure For frame pairswith appliednoise,the NCC mea-
sureproducedncreasingerrors,resultingfrom a reductionin correlationrangingbetweer96.84% — 99.99% to
72.75% — 78.15% betweenbest(no appliednoise)andworsto = 0.8 cases.WVMF noticeablyimproved all

resultsfrom just 2 iterationsusingan8 neighbourhoodegion, maintainingarelatively low velocity angularerror,

for example7.06 with and9.62 without. Similar resultswereobtainedrom testingover 100 framepairs.

SpecklePattern Uncorrupted Nm~c=04 | Ny ~c=08
Measures Mear? STD Dev®|Mearf STD Dev®|Mearf STD Dev®
°NCC/CD, Combined 7.06 6.09 7.41 7.02 1110 1244
°CD» 754 692 |9.94 10.34 |12.84 15.09
°NCC 764 6.09 |853 912 |12.10 13.25
‘MSE 730 7.49 |20.18 18.81 |21.28 20.09

Table 3. Interframevelocity angularerrorfor 3 casef noisecorruptedramesof varyingdensityspeckle.

€Settings:Affine deformation(4 pel) sequencewith varyingnoiseusingWVMF iterations= 2 andablockscalewhereM x N = {16}.

We have demonstratethat usinga combinationof specklepatternsimilarity measuresmprovedinterframeand
trajectoryperformanceyalidatingour approacton syntheticspeckleandin vitro datasetsTherealimprovemenin
displacemenaccurag is obviousfrom analysingramesthatcontainsubregionsrangingfrom densespecklewith
noisecharacteristicshat are purely multiplicative Rayleigh,to sparsestablespeckleto minimal specklemixed
with a strongunderlyingsignal,all featuregypically foundin in vivo data.
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