Deformable Registration Using Regularization that
Accommo dates Local Tissue Rigidit y

1. SUMMARY

Deformablemedicalimageregistrationaims at retrieving the transformationT that brings the homologousmageg's
coordinatespacento alignmentinto thatof thereferencamagef , suchthatf g T.

Deformableregistrationproblemsare mostinterestingdueto its high e xibility but they areat the sametime highly
underdetermineddue to the extremely high dimensionalityof transformationeld, and this resultsin ill-conditioning
aswell asinstability of solutionsand local optimaissues. Regularizationsare introducedto alleviate theseissuesand
alsoto incorporateprior physiological and anatomicknowledge into the problemformulation. Therefore,regularized
deformableegistrationalgorithmsareusuallysetup to usea costfunction,consistingof asimilarity measurendapenalty
termthatdiscouragesindesirabléransformationsCorventionalregistrationmethodsusehomogeneougegularizationfor
smoothnessr othertopologicalproperties.

However, ignoring the elasticity differencebetweenissuetypescanresultin non-ptysiologicalresults,suchasbone
warping.Existingwork addressinghis issueeithertreatsdifferentregionsof animageindependentlyr post- Itering.

We proposea methodto accountfor tissue-typedependentigidity informationby regularizationdesignin nonrigid
registrationproblem. Experimentswith clinical datajusti es thatthe proposedegularizationdesignyields morephysio-
logically sounddeformation.As aadditive penalty it actsasa “soft” correctingforcein highintensityregions,whichtend
to correspondo rigid structuregowardslocally rigid transformationsandrelaxeswithin low intensityregionsthattends
to correspondo moreelastictissuetypes.

By designingthe local stiffnessfactorasan implicit function via compositionwith an intensity map, our approach
avoids explicit sggmentatiorandis especiallyrobustto partial volumeeffect, which is importantwhena multi-resolution
techniquds to beapplied.

Moreover, thedesignof localrigidity penaltyis basedntheFrobeniusiorm,andeachterminvolvedin evaluatingthis
functionandits derivative (which is usedin optimizationstep)is easilyavailablefrom previous computationof the data
delity metric. Thereforethe proposedpproacthardlyincursary extracomputatiorrequirement.

2. OPTIMIZA TION PROBLEM FORMULATION AND REGULARIZA TION DESIGN

The goal of nonrigid registrationis to nd the transformationT suchthat the transformechomologousmageg best
matcheghereferenceamagef . We use to denotethe physicalregion of interestfor registration.LetT : ! bethe
transformationLetx 2  denotethecoordinatgin vectorform) of a speci ¢ location.Ourgoalis to nd:
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where is the classof allowabletransformations Here, the overall objective function  consistsof two parts: data
dis-similaritymetricC(f ;g T) andtheregularizationtermR(T ) to penalizeundesirabldéransformations.

2.1.L, norm for data (in) delity measue

Interestedn deformableregistrationof helicalandcone-beanCT imagesin particular we usesumof squaredlifference
(L2 norm)to measurelatain delity i.e.,
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Notethattheregularizationdesignmethodappliesgenerallyto otherdatasimilarity metricssuchasmutualinformationor
correlationbasedmetric.



2.2.Regularization Design

TheregularizationR (T ) is composedf two parts: a homogeneouspatialroughnespenaltyfor deformation eld, and
a spatialvarying (mhomogeneouq@enaltythat accountdor local tlssuerlgld@/ The homogeneousmoothnespenalty
is de ned askr D kab andwe designlocal tissuerigidity basedpenaltyas (xX)r(Tx). Theoverall regularization
becomes:
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wherer (Ty) measureshedeviation of thelocal transformatiorfrom beingrigid, and (x) is a spatialvaryingweight
thatre ects local tissuerigidity propertiesIn particular (x) canbelookedon asthe local “trade-of” betweenintensity
matchandtissuerigidity condition.It shouldbe largewherebonestructurdies andsmallwithin moreelasticregions.We
alsocall it “local stiffnessfactor” to illustrateits physicalmeaning.
2.2.1.Non-Rigidity Index for Local Deformation
We designnonrigidity index for local deformationbasedbon thefollowing claims:

CLAIM 2.1. Anecessanandsufcient conditionfor amapT to berigid atx is thatits JacobianmatrixJ 1 (X) = r T (X)
beorthogonal.

LEMMA 2.2. A necessanandsufcient conditionfor amatrixM 2 RY 9 to beorthogonalisthat MM T 14 = 0,
wheee k k denotesany matrix norm.

We have thusfoundamathematicallyigorousway to describeéhedeviation of thelocal transformatiorT , x from being
rigid. For simplicity, we chooseo usethe squared-robeniusorm,anddesigntherigidity regularizationfunctionto be:
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or equialently,

2.2.2.Local StiffnessFactor

We designthe spatialvaryinglocal stiffnessfactor (x) to re ect differencein elasticityamongtissuetypes,which deter
minestherelative weightingbetweerdatain delity anddeviation from rigidity.

FacT 1. In calibrated X-ray CT images, pixel intensity (CT number)is highly correlatedwith tissuetypeinformation,
hencea goodinferencesourcefor local rigidity.

Therefore we de ne thelocal stiffnessfactorimplicitly asthe compositionof a monotoneincreasingunctionh and
theimageintensitymapf :

(x) = h(f (x)):

In particular we usea scaledandshifted hyperbolictangentfunction dueto its simplicity, sharprising edgefor dis-
tinguishingdifferenttissuetypesand desirablesatuationbehaior intra tissuetype. We choosethe locationand shape
parameter$or the hyperbolicfunctionsuchthattherigidity penaltybecomestrongandmoredominantwhenin thebory
structurewhile muchrelaxedwithin elastictissues.

In Fig. 1, we illustratethe derived stiffnessmapfrom referencamageon the rightmostcolumn.

2.2.3.0ptimization

We adoptthecommonlyusedB-splinebasisto parameterizéhedeformationeld andsolve theoptimizationproblemwith
the multi-resolutionscheme.
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wherei = [i; j;k]T denoteshe B-splineknot location, ; y; , determineghe scaleof B-splinein eachdirection,
x = [x;y;z]", andN () is determinedy the supportof the B-splinebasis.

In eachresolutionlevel, we useconjugategradientmethodto iteratively solve for the B-splinecoefcients until con-
vergence.



3. EXPERIMENT SETUP

We testedour approachwith two thorax CT scansof the samepatient: one at 80% of the vital capacityinhale breath
hold (deepinhalebreathhold, tidal breathinggenerallypeaksat 40% also)andoneat exhale. The scansareboth of size

512 512 148with voxelsize0:2 0:2 0:5cmS. We usethedeepinhalebreath-holdhoraxCT imageasthereference
andfurthercropit to size259 175 107tore ect theregion of interest.Fig. 1 shavstypical dataslices(differentviews)

of thereferencémage homologousmageandtheinferredstiffnessmap(h f).
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Figure 1. Differentviews of theoriginal dataandtissueinformationinferredfromit. Toprow [X(1)]: coronalslices;middlerow [X(2)]:
sagittalslices; bottomrow [X(3)]: axial slices. Left column[a(#)]: slicesfrom referencamage; middle column[b(#)]: slicesfrom
homologousmage;right column[c(#)]: slicesfrom inferredstiffnessmap.

4. TEST RESULTS

We shaw the registrationresultsin slice views by superimposinghe deformedhomologousmagewith referenceim-
age;andobsere thatincluding the proposedegularizationterm yields comparabléntensity matchasthe the casewith
roughnesgenaltyonly in Fig. 2.

Notice that CT numberis a very good indicator of tissuetype, and bonestructurescorrespondgo high count, we
extractthebory structureby thresholdinghe CT numberto checkphysiologicalsoundnessf theresults.We overlay the
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Figure 2. Deformedhomologousmage(green)overlaidwith referencemage(darkblue).:[bs()] B-Splineregistrationwith smoothness
penaltyonly; [bsreg()] B-Splineregistrationwith both proposedegularization.

extractthegeometnyfrom thereferencamagevolume(white) andthe deformedhomologousmage(light blue)in Fig. 3to

compareheperformancen bonestructurealignment.

We canclearly obsene a nonplysical warpingof bonesin the deformedhomologouggeometryusing B-splinebased
nonrigid registrationmethodwithout the proposedregularization. This is dueto the underdeterminednessf B-Spline
registration,i.e., mary local minimayield similar intensitymatc. Inspectingcloselywhere“bone warping” occut we can
seelocal minimaof the datain delity metricaremostly causedy the “pseudo-periodic’structureof theribs. Moreover,
the local smoothnesproperty of B-Spline togetherwith homogeneousmoothnessegularizationmakes the bonesto
deformsimilarly asdiaphragmwherethe motionis large, AKA, physical soundnesss compromisedo resembleelastic

deformationin thoseregions.
Whentheproposedegularizationis introducedthedeformationon thebonestructures givenanadditional“force” to
conformto rigid transformation\We obsere in Fig. 3 anolbviousimprovementasfar asbone-varpingissueis concerned.

(b)

Figure 3. Geometryextractedfrom registrationresults:(a) B-Splinebasecdhonrigidregistrationwith nolocal rigidity regularization;(b)
B-Splinebasedhonrigidregistrationresultwith proposedocal tissuetype dependentegularization.



