A gooddisplayis onethatemphasizethe diagnos-
tic featuesand minimizeshe camouflging effect
of thenondiggnostic(anatomic)featues.

H.L. Kundel,1990

Chapter 3

Integration of Functional and
Anatomical Brain Images:
A Survey of Approaches

Abstract

This chapterreviews the literature on integration of functionaland anatomicalvolumetric
brainimages.Integrationconsistsof two steps:matchingor registration,wherethe images
arebroughtinto spatialagreementandfusion or simultaneouslisplaywherethe registered
multimodalimageinformationis presentedn an integratedfashion. Approachego regis-

ter multiple brainimagesaredividedinto extrinsic methodshasedn artificial markers,and
intrinsic matchingmethodsbasedsolely on the patientrelatedimagedata. Only rigid regis-

tration (i.e., translationandrotation)is consideredThe variousmethodsarecomparedy a

numberof characteristicayhichleadsto aclearpreferencdor oneclassof intrinsicmethods,
viz.voxel basedmatching.As for imagedisplay anoverview of existing methodgo simul-

taneouslyisualizeregisteredmultiple imagess presentedBoth 2D and3D approacheare
discussedSereraltechniqueseenquiteappropriatdéor multimodalbrainimagefusion. Yet,

ageneraktask-dependegoof the visualizationand—inaddition—thevariability of obsena-

tion proceduresindobserer characteristicprecludesucha genericconclusion.
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3.1 Intr oduction: Purposeand scope

Integrationof imagesfrom multiple modalitieshasrapidly evolvedinto a substantial
areaof researchin medicalimaging. Therearetwo major causedor this develop-
ment. First, performingthe calculationgnvolved in registeringandvisualizingtwo
3D datasethashecomefeasibleon present-dagomputers.This haspavedtheway,
not only for novel matchingapproacheshat are basedon the full contentsof the
imagesratherthanon just a few pointsfrom artificial markers or anatomicaland-
marks,but alsofor novel visualizationtechniquesimedat efficiently presentinghe
multimodalinformation. Secondthereis a steadilygrowing demandrom theclinic
for multimodality integration,in particularin neurosugery andradiationtreatment
planningandevaluation.

The scopeof the presentchapteris now outlined. As the title indicates,this
chaptercoversintegrationof functionalandanatomicabrainimages,a subclasf
multimodalimage-to-imagentegration. This excludesimage-to-imagentegration
of singlemodalityimagedataandimage-to-atlasntegration. Image-to-imagente-
grationof braindatagenerallydealswith informationfrom the samepatient,whence
it is naturalto consideronly rigid transformationgtranslationsandrotations). The
suney will furthermorebelimited to integrationof two volumetricimagesmatching
of a3D imagewith a 2D imageandof time seriesof imagesarenot dealtwith.

Brain imaging modalitiesthat produceanatomicvolumetricdataare CT, CTA,
MRI, andMRA. Functionalvolumetricbrainimagingmodalitiesare SPECT PET,
fMRI, PerfusionWeightedMRI, Diffusion WeightedMRI, andMRSI. In addition,
functionalvolumetricinformationmay be inferredfrom EEG or MEG by meansof
mathematicaiodelling(sourceocalization).

The purposeof the chapteris to give an overviewv of methoddgfor integrationof
volumetric brainimagesfrom functionaland anatomicalmodalities. The different
extrinsic andintrinsic approacheto imageregistrationaredescribecandcompared
by a numberof characteristicslt will be shavn thatthesecriteriaareappropriateo
clearly selecta classof approacheasbeingsuperior The secondssue,integrated
visualizationof theregistereddata,will bediscussednoreextensiely, andwill fea-
tureourown experiencesvith severalof theseapproacheasappliedto simultaneous
displayof SPECT/MRI,PET/MRI,andfMRI/MRI. Theqguestiorof whichtechnique
is themostsuitables stronglytask—andperator—dependenivhich preventsagen-
eralevaluationof visualizationmethods.

3.2 Multimodality imageregistration

In VandenElsenetal. (1993)a classificatiorof imageregistrationmethodss given
accordingto a numberof discerningcriteria. The main criteriaare: Dimensionality
(2D/3D/4D),natureof matchedpropertieqextrinsic methodsusingartificial objects
asstereotactidrames heador dentalmolds,skin markers;andintrinsic methodus-
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ingimagedataonly), elasticityof thetransformationgrigid/affine/projectve/cuned),
andinteraction(interactve/semi-automatic/automatic).

This sectiondiscussesigid registrationof multimodalvolumetricbrainimages.
In keepingwith the cateyorization,the approachearedividedinto extrinsic andin-
trinsic matching.Extrinsicregistrationmethodsaresubdvidedaccordingo thetype
of artificial markeremployed,intrinsic methodsaresubdvidedaccordingo theprop-
erty of theimagedatausedfor matching.

3.2.1 Extrinsic matching

Thethreeapproacheslassifiedunderextrinsic matchinghave in commonthatthey
do notadmitof retrospectie matchingwhich entailsthatthe clinical protocolsmust
take accounof therequirementsf thematchingoroceduresConsequenthanimage
that was acquiredbeforethe necessityof multimodality integrationis recognized,
cannotbeincludedin the matchingproceduref extrinsic approacheareused.

3.2.1.1 Stereotacticframe / skull screws

In stereotactimeurosugery, arigid frameis attachedo the headof the patientto
guidethe sugical instrumentsln theimageacquisitionstage Jocalizerframescon-
taining point markersor line markers (rods)areattachedo the sterotactidramein
orderto provide a referencesystemfor all imaging modalities. Consequentlyan
accurateregistrationof all multimodalimagesfor suigery planningis ensured.We
usethe terminology stereotactidrame exclusively for a framewhich is fixatedto
the skull by screvs (Lunsford1988,Vandermeulerd991). Non-invasive moldsand
adapteraretreatedunderthe next heading.Stereotactidramebasedregistrationis
theleastpatientfriendly of all imageintegrationapproacheslt hasa high degreeof
reproducibility andapplyingit is ratherlaborintensie. For alongtime, stereotactic
framebasedmatchinghasbeenthe gold standardor imageintegration. This holds
no longertrue. Eventhoughthe accurag of stereotactidramebasedmethodscan
be increasedy knowledgebasedmethods(Wang et al. 1994), thereis increasing
evidencethatintrinsic methodsanattaina higheraccurag, while they arealsomore
attractve by ary otherof thecriteriaused.Thisissuewill befurtherdiscussedbelow.

3.2.1.2 Non-invasively fixated mold or frame

Non-invasiely fixatedalternatvesto the stereotactiérameareathermoplastienask
(Schadet al. 1987), a dentalmold (Hawkes et al. 1992), a combinationof these
(Greitz et al. 1980), and an adapterwith a nasionsupportand ear plugs (Laitinen
etal. 1985). Thesedevicesareall slightly lessaccuratehanthe stereotactidrame,
generallymore labor intensve becausendividual moldshave to be madefor each
patient,andprovide lessreproduciblematchingresults.On the otherhand,themeth-
odsaremorepatientfriendly andmoregenerallyapplicablebothlimitationsto gen-
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eral gpplicationof the stereotactidrame hold to a lesserextent for thesedevices.
Non-invasive framesare suitedprimarily for radiotherag purposegregistrationof
CT with treatmentbeams);they have little usein functionalimaging, andthusin
functional-anatomicamageintegration.

3.2.1.3 Skin markers

Imageregistrationusingskin markersis patientfriendly andapplicableto all clinical
imaging modalities. The reproducibilityis goodfor brief time intervals, in which
casethereferencepointsof the markerscanbe markedwith (if necessarynvisible)
ink; for long time intervals, the reproducibilityis at bestfair. The accurag of point
marker basednatchingmay be quite goodunderideal circumstances,e., whenthe
tomographidmageslicesarethin andinterslicegapsarenarrov or absentandwhen
the referencepoints are inside the scannedsolume. The methodis not very labor
intensive if the numberof marlkersis limited to four or five (Lehmannet al. 1991).
For image protocolswith thick slicesand/orlarge interslicegaps,the accurag of
pointmarker basedegistrationis poor. Arrow-shapedskin markerswereintroduced
in VandenElsenetal. (1991)to combineEEG or MEG derived 3D dipole datawith
tomographigCT, MRI) imagedataof the samepatient(seealsoFigure3.7). Sub-
sequentlythis type of marker wasusedfor variousimage-to-imagenatchingproce-
dureg(Knufmanetal. 1992 VandenElsenandViergever 1994). Themainadwantage
of arrov-shapednarkersover point-shapednarkersis thatthey canbelocatedin to-
mographidmageswith subsliceaccurag, which makesthemsuperiorespeciallyin
matchingdatasetsvith aninferior samplingin the axial direction. Furthermorethe
markerscanindicatepointsslightly outsidethe scanned/olume.

3.2.2 Intrinsic matching

The threemethodsclassifiedunderintrinsic matchinghave two propertiesn com-
mon. Thefirst is the retrospectie natureof the match;the imagingprotocolsneed
not make provisionsfor the matchingprocedure.The secondcommonpropertyis,

accordingly the extreme patientfriendlinessof the approaches.The key problem
of intrinsic matchingmethodss the selectionof the imagepropertieson which the

matchis based.Thesehave to be derived from quite dissimilarimageswhich poses
achallengingask.

3.2.2.1 Anatomical landmarks

Imageregistrationusinganatomicalandmarkss generallya ratherlabor intensve
processsincethe landmarkshave to be pointedout interactvely (seee.g., (Evans
etal. 1989,Schiersetal. 1989, Hill etal.1991)).While afirst guessnaybeprovided
by automaticmeans no fully automatedandmarkextractionalgorithmshave been
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reported.Consequentlythe approacthasa low degreeof reproducibility Theaccu-
rag is fair andincreasesvith the numberof landmarksuseduntil a certainlimit is

reachedtypically at around20 - 25 landmarkg Timmens1991)). Landmarkmatch-
ing is applicableto all tomographiamagingmodalitiesandcanreadily be extended
to nonlinear(curved) matching. This latter propertyis sharedonly by voxel based
methods.

3.2.2.2 Structures/ objects

Object basedimage matchinghas becomepopular by the work of Pelizzariand
coworkers(Chenetal. 1987,Pelizzarietal. 1989,Levin etal. 1989). Their method
definesobjectsby contourdetectionin the 2D slicesof the tomographicset; most
commonlythe external surface of the skin is usedfor registration. In oneimage
modality, thesecontoursarestacledto generatea surface,the 'head’, ontowhich a
'hat’, consistingof a setof pointsderived from the contoursin the othermodality,

is fitted by meansof an optimizationprocedure.The methodis quite accurateand
applicableto all tomographidmaging modalities(althoughfor applicationto PET
and SPECTthe availability of a transmissiorscanis desirable);the robustnesds

guestionablethough,owing to thedependengcon a high-level objectdefinition. The
maindisadwantageof the methodis thatuserinteractionis requiredto steerthe opti-

mizationprocesshothby identifying the partsof the’head’ and’hat’ to beusedand
by selectingandadaptinghetransformatiorparametersSeveralattemptshave been
madeto improve upontheoriginal concepbof Pelizzari,e.g., increasingheaccurag

of thematchby remaoving outliers(Jiangetal. 1992)andcombinationwith anatomi-
callandmarkmatchinginto onealgorithm(Collignonetal. 1994),or renderingobject
matchingfree of userinteractionby basingit on automaticsggmentationVanHerk
andKooy 1994).

Objectdefinitionis a high-level task,which is difficult to automatewithout en-
dangeringthe accurag. Instead,multimodality matchingmay be basedon low-
level binary featureimages,e.g., using a secondorder invariant (Van den Elsen
et al. 1992, Maintz et al. 1996b), or using higher order geometricalffeatures(Liu
et al. 1994). The first methodcomparedavorably with registrationusing arrow-
shapedmarlers,but later provedto beinferior to registeringthe full featureimages.
The secondmethod(also knownas core matching)is a theoreticallypromisingin-
trinsicregistrationmethod(Fritschetal. 1994),but the practicalresultsof themethod
arenotyetcorvincing, bothbecaus®f thesizeof theregistrationerrorsandbecause
of thehighly interactve natureof themethod(Liu etal. 1994).

3.2.2.3 Voxelproperties

Multimodality registration methodsbasedon voxel propertieshave only recently
appearecn the scene,but they have nonethelessaken the lead in brain image
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Figure 3.1 Exampleofintegrated2D displaysof registrationsbasedon Mutual
Information.Frame(A): Adjacentdisplayofa CTimage (top), PETimage (middle),
and PET image with superimposedkull fromthe CT image (bottom). Frame(B):

'Chedkerboad’ display of a PET and MR image whele the four quadmants have
different cheders size (top left: 1 pixel (= alternatepixel display), top right: 4
pixels,bottomleft: 16 pixels,andbottomright: 32 pixels).

matching. This type of methodsshareghe adwvantagesof beingretrospectie, pa-
tient friendly, and generallyapplicablewith the other classeof intrinsic matching
approaches.In addition, most voxel basedmethodsdo not require userinterac-
tion andthusare both labor extensve andreproduciblethey canalsobe extended
to curved (usually referredto as elastic)matching,which is a desiredpropertyin
image-to-atlagnatchingand intersubjectmatching. On top of all this, early al-
gorithms of voxel basedtype alreadyproducedresultsof surprisingly high accu-
ragy (VandenElsen1993,Woodset al. 1993). In consequencegsearchefforts in
multimodality imageregistrationhave focusedon this classof approachesOf the
recentmethodgHill etal. 1994,Studholmeetal. 1995,Collignonetal. 1995,Col-
lignon et al. 1995b,Viola andWells Il 1995,Wells Il etal. 1995,Van denElsen
etal. 1995 Maintzetal. 1995,Studholmeetal. 1996 ,Maintz 1996 Maesetal. 1997),
the Mutual Informationapproachdescribedn detail by Maeset al. (1997) appears
themostpromising(seeFigure3.1).

Tablel givesa condensedverview of the classe®f multimodalityimageregis-
trationtechniquews. sevenquality criteria. The latter classof methodsyoxel based
intrinsic matching clearly outperformshe otherapproaches.

3.2.3 Evaluation aspects

An issuewhich sofar hasremainedundiscusseds the evaluationof registrational-
gorithmsasregardsaccurag. This posesaseriougproblemin clinical practice since
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Accuray  Patient Repro- Labor Retro- Extensible Extensible
friendly ducible exten- spectve tocurned to intra-
sive match- operatve
ing matching
Extrinsic matching
Frame/ screvs + - + + - - +
Mold / adapter + + + - - - +
Skinmarkers + + + + - - +
Intrinsic matching
Anatomiclandmarks =+ + - - + + -
Surfaced objects + + + + + + +
Voxel properties + + + + + + +

Table 3.1 Compaative overviev of multimodalityimage matding approades.
Accuracy: + high, + satisfactory Patient-friendliness=#+ patientfriendly, £ both-
ersome but non-irvasive — invasive Repoducibility: + good, &+ satisfactory —
questionable Labor extensivenesst labor extensive & intermediate— labor in-
tensive Retospectivity: + retrospective— prospective Extensibility: + readily
extensible + limited extensibility — not extensible

thebesttransformatioris anunknavn. Thereforetheaccurag canonly beassessed
qualitatvely by visualinspection,andquantitatvely by composinghe foundtrans-
formationto onesobtaineduponemplog/ing otherregistrationtechniques.Evenin
the latter casethe accurag measurds not an absoluteone, sinceit is relative to a
transformatiorthatinevitably hasits own intrinsic registrationerror.

Different presentatiortechniqueshave beenusedto evaluateregistrationaccu-
ragy, e.g., VandenElsen(1993)reformattedhe usuallytransaxiallyacquiredtomo-
graphicdatato coronalandsagittalslicesin whichdirectiongegistrationcanbemuch
moreerrorprone.By zoomingin onspecificstructuresa detailedaccountbf all mis-
registrationscanbe obtained.The displaycanbeimproved considerabljpy making
useof selectve integration (seesection3.3.1.3)of, e.g., boneor the contourof the
brain (seeFigures3.1A and 3.5)). Basicallyall techniquedisted in Section3.3.1
have beenappliedto assessegistrationaccurag (seealso (Chenet al. 1987, Hill
etal. 1993,Pietrzyketal. 1996)).Useof visualizationtechniquesllows the conclu-
sionthataregistrationis accuratebut it leavesthe problemof how to interpretminor
differences.

A novel setupto provide anindependengold standards the useof cadaer stud-
ies, whererigid fiducial tubesare insertedprior to imaging. This hasshavn to be
a viable approachto evaluateCT-MRI registrations(Hemler et al. 1995b,Hemler
etal. 1995c¢). For instancejt clearly shavs thatthe accuracieseportedfor surface
basednatchingdonotholdtruefor internalbrainstructuresAn extensve evaluation
techniguewasproposedanddemonstratetty Westet al. (1997). Here,theregistra-
tion resultsof mary differentretrospectie methodsarecomparedo a gold standard
basedon screv-mountedmarkers. The differencesbetweenregistrationresultsare
evaluatedn clinically relevantregionsonly, andtheimagesused(PET, CT, andMRI)
aredravn from a large databasef clinically obtainedimages.Althoughthe actual
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Figure 3.2 Raistration of Thallium—SPECTand MRI using Mutual Informa-
tion. Theimage dataare takenfroma patientwith a left tempoal lobe abnormal-
ity which is indicatedby the contourfrom the abnormalThallium—-SPECTegion
superimposeanto the MR image. Frame (A) MR image, (B) integrated image,

(C) Thallium—SPECTmage.

accurayg of thegold standardisedcannotbeascertainednethoddik e thesehave the
potentialto provide a morequantitatve measureof accurag thanvisualinspection
can.

3.3 Integrated imagedisplay

When the multimodality imageshave beenmatched the questionof how to opti-
mally corvey the integratedinformationremains. This problemis task-driven. For
instancein orderto provide ananatomicaframeof referencdor SPECTusingMRI
sliceswith approximatelythe sameslice thicknessa combinedVRI/SPECTimage
may be presentedestby a 2D grey value or color display of the original SPECT
slices,with the contoursof relevantstructuregcortex, ventricles Jesions)asderived
from the corresponding—resampled—INdRce outlinedby a white, black, or color
overlay(seeFigured.5). If, however, for someclinical indicationtheMR imageis the
primary sourceof informationwith high resolutionin the threedimensionsandthe
SPECTimagesenesto provide additionaldiagnosticvalue,the sameMRI/SPECT
combinatiormaybepresentedbestby thereverseordet i.e., a2D grey valuedisplay
of original MR sliceswith anoutlineof thecorresponding—resampled—SPE@i$-
tribution, e.g., indicatingan areawith abnormalactivity (seeFigure3.2). In conse-
guence,in evaluatinga specificintegrateddisplay techniqueor in comparingtwo
or moredisplaytechniquesthe detectiontaskmustbe well specified.Furthermore,
experiencawith differentvisualizationtechniquesndicatesa significantoperatorde-
pendenyg, e.g., superimposedontoursin functionaldataleadto reactionsranging
from praiseto sheemislike (seeChapter6).

We now discussintegrateddisplay approacheshat have beenproposedn the
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recentimageprocessingjteratureandpresenexperiencesvith severalof theseech-
niquesfor PET/CT, fMRI/MRI, PET/MRI and SPECT/MRIvisualization. We dis-
tinguishbetweer2D presentatiomethodsn which oneor moretomographicslices
throughthe 3D image dataset,or one or more (usually orthogonal)projectionsof
this datasetare shavn, and 3D presentatiomethodsn which a volumetricdisplay
of one or more structuress offered. lllustrationsof several optionsfor integrated
imagedisplay are presented We have usedthe imagesfrom a patientwith a right
frontal lobe astrogtomafor all following illustrationsin this chapter Note thatin
someof the methodghe presentatioris restrictedio two imagemodalities whereas
in othermethodssimultaneouslisplayof threeor evenmoremodalitiesis supported.
Furthermoreseveralof themethodgliscussedanbeadvantageouslgombinedwith
eachother

3.3.1 2D integrated visualization

A major advantageof the computeris the ability to interactwith the data. Visual-
izationis thereforenot limited to adjacentisplayaswith thelight box, but with the
aid of computerslatacanbe processedvith the objective to male thedisplayof the
informationmoreeffective (Kundel1990,Hill etal. 1991,Hill etal. 1992).

Thefirst logical stepbeyondadjacentisplayof theimagesds integrationof mul-
tiple 2D imagesinto oneimage. We distinguishtwo categyorieswhich we denoteas
‘'non-selectve’ and’selectve’ integration.

3.3.1.1 Adjacentdisplay

Adjacentdisplaypresentzorrespondinglicesof two (or more)modalitieson mul-
tiple screens—om multiple windows on onemonitor—, with separateontrolsfor

contrastand brightnessn eachimage. It is the simplest,but also one of the most
effective typesof integrated2D display especiallywhenthe displayis extendedwith

alinkedcursor(Hawkesetal. 1990)indicatingcorrespondindocationsin theimage
slicesof differentmodalities(seeFigure3.3).

3.3.1.2 Non-selectveintegration

Non-selectie integration comprisesvarious methodsthat do not requireary user
interactionor a priori knowledge. Theseoperationsare carried out on the entire
imagesand useall available informationwithout making a decisionbasedon the
contentof a pixel.

¢ Arithmeticintegration:
This classof methodsnvolvespixelwise addition,subtractionmultiplication,
etc. of imageqseeFigure3.4).
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Figure 3.3 Adjacentdisplaywith a linked cursor: Correspondingslicesfromthe
original imagesof threemodalities.(A) SPECTimage, (B) MR—T1limage, (C) MR—
T2image.

e Transparencor opacityweighteddisplay:

This approachstemdrom theclassicwork of PorterandDuff (1984).A trans-
pareng valueis assignedo eachpixel (the so-calleda-channelor a-value),
whichdetermineds contributionto thefinalimage.In theory thetransparenc
valuecanbedependendnthecontenif thevoxel or attributedto specificparts
by anobserer, but to our knowledgeonly a globalvaluehasbeenapplied(for
PET/MRIsee(Evansetal. 1996)).

'Checkerboard’or 'chessboard’alternatepixel andsplit-screerdisplay:
Alternatepixelsin the displayareassignedyrey valuesand/orcolorto repre-
sentthe two differentmodalities(Hawkeset al. 1990,Rehmet al. 1994,Van
Herk andKooy 1994,Hemleretal. 1995b,RobbandHanson1996) (seeFig-
ure3.1B). Cautionis calledfor whenusingcolor, becaus@roblemsoccurwhen
thessizeof the checleris smallandneighboringpixels areperceptuallymixed
(see(Hawkesetal. 1990)on’color smearing’andSection5.2.4.)

Colormodeling:

Colormodelscanbeappliedto moreeffectively corvey theinformationof the
multiple datasetso our visual system(Alf anoet al. 1992,Kundel1990). The
'color wash’techniqugPelizzarietal. 1989,Holmanetal. 1991)addsa color
correspondingvith functionalinformationto a grey valuecorrespondingvith

anatomicaldata. Furthermorecolor informationcanbe encodedas a three-
parametespace(e.g., the RGB color modelor the HSV color model), with

whichit is possibleo make amappingof two or threeparameterto uniquecol-

ors. Thistechniquehasbeenamplyemployed,e.g., for integratedvisualization
of MRI acquisitiongWeissetal. 1987 Kammaretal. 1989,Alf anoetal. 1995,
RobbandHanson1996),PET/MRI (Levin etal. 1988),SPECT/CT(VanHerk
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Figure 3.4 Non-selectivintegrationof (A) original SPECTimage and(B) original
MR-T2image. Frames(C), (D), (E), and (F) are the (rescaled)ntegratedimages
of (A) and (B) with (C) MRI-T2minusSPECTgrey values,(D) SPECTmultiplied
with MRI-T2 grey values,(E) RGB integration; SPECTrepresentedby a green
color scalefusedwith MRI-T2informationrepresentedvith a red color scale and
(F) HSVintegration; the huecomponentepresentdhe SPECTdataand the value
componentepresentthe MRI-T2data.

andKooy 1994),andSPECT/MRI(Hawkesetal. 1990,Holmanetal. 1991).

With the methodswe evaluated,we found that non-selectie integration poses
the dangerof obscuringrelevant databy irrelevant information, therebydegrading
the overall diagnosticquality of the fusedimage(seeFigure 3.4). This is possibly
not problematicfor the assessmerdf registrationaccurag, but clinical obseration
tasksmightwell beimpaired.

In our work with SPECT/MRIwe testedboth RGB and HSV integration (see
Figures3.4E and3.4F, whereeachof thetwo modalitiess representetly adifferent
componenbf the RGB or HSV color space).We found RGB integrationdifficult to
interpretfor severalreasonsj) relevant dataare camouflagedy irrelevant data(as
notedearlierin this section),andii) useof color to presentMRI informationis not
intuitive, traditionallygrey valuesareused.

We found the HSV scheméor integrationof SPECTwith MRI muchmorein-
tuitive, with the huecomponentescribingghe SPECTdata(color encodings afre-
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guentlyappliedtechniquédn theinvestigationof SPECTdata),andthevaluecompo-
nent(= achromatidénformationor shade®f grey) describinghe MRI data.Manipu-
lation of theremainingsaturatiorcomponentsinganappropriatémagedisplaytool
is a meango changethe contrikution of color to theimage. This enablesa gradual
increaseof the contriktution of the functionalinformationto the imagefrom zeroto
overwhelming.

3.3.1.3 Selectieintegration

Selectve integrationrequiresthat certaincharacteristideaturesare extractedfrom
oneor moremodalitiesandsubsequentlyntegratedwith oneor moreothermodali-
ties. Contraryto non-selectie integrationa decisionis madeby anobsenrer or based
onthecontentof theimages.

¢ Windoweddisplay:
The displayedslice is divided into a numberof parts,eachshaving the grey
scale contentsof one of the involved modalities(Kooy et al. 1994, Soltys
et al. 1995). The distinctionwith the checlerboarddisplayis prominentin
therequireduserinteractionfor 'steering’the selection.

e Featurdisplay:
Geometricalfeatures,e.g., points or contours,or objects,e.g., bone, from
oneor moremodalitiesreplacethe original informationfrom anothermodal-
ity (Stokkingetal. 1994,Farrelletal. 1995,Hemleretal. 1995b).

Extractingwell definedstructuredrom SPECTor PET posesproblemsbecause
theresolutionis poor (Kundel1990). In routineclinical SPECTandPET diagnosis,
asmuchaspossibleinformationis used(e.g., comparisorwith contralaterainfor-
mationis vital), whichimpliesthatno functionalinformationshouldbe removedfor
the integratedvisualization. MRI or CT, on the otherhand,do allow definition of
featuresof variouskind thatcanbetransferredo the functionalimageto supplyan
anatomicaframework.

In our work with SPECTand MRI we found segmentationof the MR images
a good approachto corvey anatomicalinformation to the functional SPECTim-
ages(Stokking et al. 1994). The outline of the brain, the boundaryof the white
matter andthe ventriclescanbe sggmentedrom MRI-T1 dataand additionalline
sgmentor contourscanbedravn to denotdandmarkdik e characteristisulci, brain
areasandthe planethroughthe longitudinalfissure. Furthermorethe locationand
the extent of an abnormalregion canbe outlinedandtransferredo corresponding
images.

Figure 3.5 shaws two indicators,a contourfor the brainandafilled areafor the
tumor, which were extractedfrom MRI andtransferredo the SPECTimage. The
resultsindicatethat selectve integrationis usefulto provide the SPECTdatawith
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Figure 3.5 Selectivantegration usingmanualsegmentation.The brain contour
drawnin theMR-T1image (B) andthe damajedregion rendeedwhitein the MR—
T2image (C) are transferedto thecorrespondingSPECTimage (A).

an anatomicaframevork (seeChapter6), without loss of relevantinformation. To
illustrate the wasteof relevant SPECTdatawe deliberatelyapplieda filled region
for the tumor area. The useof filled regions obviously calls for caution,which is
why we feel thatit shouldonly be usedwhen non-reloant SPECTinformationis
replacede.g., outsidethebrainor with goodanatomicalandmarkdik etheventricles.
Accordingly, for the caseof Figure3.5we would replacethe areaby a contourin the
clinical application.

3.3.1.4 Discussionof 2D integrated visualization

Adjacentdisplayof registeredunctionalandanatomicalmagegresentsll acquired
informationin an easyandintuitive way, wherethe useof a linked cursoris a very
simple,but effective tool to assistin theintegrationof theinformation. Technically
however, theinformationis still presentedeparatehandtheobsenrer hasto perform
the mentalintegration.

A commondenominatorin our experimentswith non-selectie integration for
functional-anatomicalisualizationwasthat no or little additionaldiagnosticinfor-
mationcouldbecorveyedcomparedo adjacentlisplay while valuablefeaturesvere
often camouflagedy non-diagnostiénformation. Consequentiywhile thesetech-
niquescanbe attractve thanksto their ease-of-usandhigh speedthey arenotvery
effective for theintegratedpresentatiomf informationfrom functionalandanatomi-
cal data. The integrationusing color modelsis an exception,sinceour visual sys-
tem emplgys color more effectively than grey levels (Weiss et al. 1987, Kundel
1990,Gouras1991). Of the employed color models,RGB wasnot satishctoryfor
SPECT/MRIland PET/MRI integration, but HSV gave promisingresults(seealso
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Chapters for usein 3D visualization). The HSV integrationschemewill be subject
to furtherresearchbut asyetwe favor bothadjacentisplaywith alinkedcursorand
selectve integrationto integrateonly the diagnostiaelevantinformation.

With functional-anatomicabisualization,the useof selectve integration offers
the possibility to displaythe relevant datafrom the differentmodalitiesmoreeffec-
tively. Theapproachalsohasaninherentdravback,viz. thata selectionof features
hasto be madeto performa specificintegrationtask. For someapplicationsdelin-
eationof the brain contourmay be sufiicient, but more complex casegnay require
the definition of additionalfeatures. In our work with SPECTand MRI, we used
manualand semi-automatedthresholdingand region growing) segmentationrou-
tinesto extract several features(brain contour tumor area,ventricles,etc.). The
speedaccurag andreproducibilitywith which theresultingvisualizationsvereob-
tainedled usto favor semi-automategdegmentationFor futurework we areinclined
to usemoresophisticatedinear) automaticsggmentatiormethodge.g., thosebased
on morphology(RobbandHanson1996)or multiresolution(Vincken et al. 1995)),
where suitablechoicesand propertools shouldreducethe workload significantly
Furthermoreijt is apparenfrom our own work presentedn Chapter2 thatvarious
segmentationtasksallow completeautomation. Consequentlyan obserer canbe
offeredreproducibldntegratedvisualizationghatrequireno userinteraction.

Themostobvioushandicamf thedescribed®D multimodalityvisualizationmeth-
odsis the inherentlack of 3D information(seealso (KeyesJr. 1990, Maisey et al.
1992)). The obsener muststudy consecutie slicesto mentallyreconstructhe 3D
picture neededfor properdiagnosis,treatmentplanning,and communicationwith
the referringphysicianor suigeon. The following sectionwill discussseveraltech-
niquesfor 3D multimodality visualizationof functionaland anatomicalbrain data
thatalleviatethis task.

3.3.2 3Dintegrated display methods

Theapplicationof volumevisualizationtechniquego display3D imageinformation
is steadilyincreasingn routineclinical work. For arapid assessmertf functional
andanatomicakelationsnuclearmedicinephysiciansinvestigateimagedatausing,
e.g, aMIP or aBull's eye display(Wallis 1992)andradiologistsusea MIP or a 3D
surfacevisualization.Furthermorea 3D representatioosanimprove communication
with the referring specialist(seealso (Wallis 1992)). The efficient presentatiorof
informationfrom multiple sourceds even moredemandingas mentalintegrationof
thewealthof informationis nighimpossible.To assistliniciansin extractingall rel-
evantinformationfrom the data,severalintegrated3D visualizationtechnique$have
beenreported. In this section,we review and presentechniquedor 3D integrated
visualizationof functionalandanatomicabrainimages.
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Figure 3.6 Multimodalwindowdisplay Frame(A) showsa volumetricrendering
of the brain fromthe MR—T limages (voxelgradientshading). In Frame(B) part
of the renderingis replacedby a MIP of the correspondingSPECTdata (colored
insert,lookuptableontheright).

Figure 3.7 Multimodalcutplanevisualizationof a planethroughthe frontal lobe
tumorarea, with a voxelgradientshadedenderingof the cortex from MRI-T1as
a refeenceframe ThecutplaneshowsSPECTactivity with a numberof diagnos-
tic featuestransfered fromthe correspondingIRI-T1and T2 slices. Frame(A)
showshetumorareaandventriclesasfilled regionsanddifferentpartsof thebrain
outlinedby contouss, Frame(B) showghe boundarybetweergrey andwhite matter
plottedin purple TheSPECTIookuptableis shownin the middle In bothimages
thethreearrow-shapednarkers usedfor theregistration of thesemagesare clearly
visible (seeSection3.2.1.3).
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3.3.2.1 Link edfeaturedisplay

Thelinked cursordiscusseavith 2D adjacendisplaycanbeextendedio 3D by cor

relatingalocationin a 3D renderingto the correspondingositionin a 2D imageof

anothemodality Featuredike points,lines (Levin etal. 1989,Hu et al. 1990),0r

planescanbe used. The possibilitiesto interactwith the display may be absentor

fairly limited, e.g., whenarenderingfrom oneof the six directionsof a cubeof data
containsaline indicatingoneof theimageslicesof anothemodality However, when
ataskand/or anobsererdemandsgull interactionwith, e.g., aplaneandarendering
to indicateanobligueimageslice in anothemodality, moreintricatetechniquesre
required.

3.3.2.2 Integrated data display

Volumetricstructuressderivedfrom variousmodalitiesareintegratednto onedataset
and subsequenthdisplayedby standardrenderingtechniquese.g.,, as opaqueor
transparensurfacegViergever etal. 1992 ,Evansetal. 1996)or pointsandcontours
assingle,or multicolor overlays(VandenElsenetal. 1991).

3.3.2.3 Multimodal window display

A 3D volumevisualization,althoughit createsa 3D illusion, is basicallya 2D rep-
resentatiorof theimagedataandall techniquedor integrated2D displaycanbe ap-
plied. We will discusghe multimodalwindow approachseesection3.3.1.3)asthis
seemghe mostpromisingof these’semi-3D’ methodsfor 3D integratedvisualiza-
tion, but alsoto illustratethe consequences volumevisualizationfor 3D integrated
visualization.

A 'window’ in avolumevisualizationof anatomicatlatarevealsthecorrespond-
ing partof thefunctionaldata.Oncethe 3D rendering®f thefunctionalandanatom-
ical volumesareavailable,actualintegrationis very fast,asit only involvesthe use
of 2D cut-and-pasteoutines.

Figure3.6shavsavoxel gradientshadingof thecortex from MRI-T1 with anin-
sertfrom amaximumintensityprojectionof the SPECTdataof theright hemisphere.
A tumorareais indicatedby thedeteriorateatorticalsurfacestructure(in front of the
window), andthe SPECTinsertindicatesa strip of increasedlood perfusionin the
vicinity of the damagedegion. Severalresearcherhave presentedgimilarimages,
e.g., for MRI/PET (Levin etal. 1989)andMRI/CT (Stimacetal. 1988).

A wide rangeof techniqueganbe appliedfor multimodalwindow visualization
of the functionalandanatomicaimages.’Hot’ or 'cold-spot’ visualization(Wallis
1992) and projectiontechniquescan be employed for 3D SPECTand PET visu-
alization. However, hot or cold-spotvisualizationrequiresa subjectve threshold,
andthe projectiontechniqueslike the MIP we appliedhere,generallyfall shortin
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cornveying real 3D information(Ehricke andLaub 1990)andrepresent viewpoint-

dependentreaof imageinformation, ratherthanlocal data. New techniquedor

improved 3D functionalvisualization like the methodfor 3D SPECTvisualization
presentethy Hashikavaetal. (1995),will consequentlglsoimprovethemultimodal
window display

3.3.2.4 Multimodal cutplanedisplay

Theuseof cutplanediasbecomea standardechniquen (singlemodality)volumevi-
sualization.lts establishedisein volumevisualizationindicatesthatit is a powerful
techniqudor theinvestigationof clinical datasetsLandmarksisiblein avolumetric
renderingcanbe usedto positiona cutplanefor closeinvestigationof corresponding
data. In multimodalityvisualization,cutplaneshave beenused,e.g., in avolumetric
visualizationof skin from MRI andskull from CT, with two cutplanegepresenting
theoriginal CT andMRI grey valuegSchiersetal. 1989)or in avolumevisualization
of the brain from MRI with a cutplanerepresentingunctionalinformation (Payne
andToga 1990). In Stokkinget al. (1994)functionaldatafrom SPECTimagesand
anatomicafeaturesfrom MR imagesare presentean a multimodalcutplanein an
anatomicaframework suppliedby a 3D renderingof the brainfrom the MR images.
A cutplaneis basicallya 2D image.We usedtheresultsof 2D multimodalityvisual-
ization,wherewe favoredselectve integrationof featuresto guidetheintegrationof
SPECTandMRI dataonthecutplaneIn Figure3.7the SPECTdataon the cutplane
arecolorencodedhroughalookuptableandthe MRI-T1 andT2 characteristicare
representelly conspicuousolorsnotusedin the SPECTlookuptable.

3.3.2.5 Surfacetexturing and mapping

In functionalbrainresearchpneof the primaryregionsof interestis the grey matter
of the folded surfacelayer (about2-10 mm thick). Integrationof informationcan
be performedby texture mappingfunctionalinformationonto a surface(Payneand
Toga 1990), but this will only presenta small part of the interestingfunctionalin-
formationin one comprehensi image. A techniqueproposedby Valentinoet al.
(1991)first mapsa neighborhoodf functionalinformationonto an anatomicabol-
umefollowedby renderingof thecombinedvolume.Othermethodsim morespecif-
ically atmappingunderlyinggrey matteractivity ontothebrainsurfacerenderedrom
anatomicatata.Levin etal. (1989)usesatechniquehatsamplegunctionalactiity
below the surfacealongthe viewing direction,which introduceglocalization)arte-
facts. The Normal Fusiontechnique(seealso Chapterd) overcomegheseartefacts
by spavning a secondaryray alongthe reversegradient(inward normal) at a sur
face(in volumevisualizationthe gradientis generallycalculatedo determineshad-
ing (Hohneet al. 1990))to samplelocal functionalactvity and,subsequent|ycolor
encoddahesamplednformationontothesurfacerenderedrom anatomicatlata.The
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Figure 3.8 Multimodal SPECT/MRVisualizationusingnormalfusion. Themax-
imumintensityof the SPECTsamplesalong the direction of the normalwasused
to color encodethe brain surfacevia a lookuptable (shownon theright). Top: in

stereo (cross-gedviewing) a left frontal view of the healthyside of the brain. Bot-

tom: in stereoa right frontal view of theinflictedhemisphex Thetumoris located
in theright frontal lobe indicatedby the deteriomted structue of gyri and sulci.

A comparisorof theleft andright frontal lobesclearly showsan area of increased
cerebral blood perfusionsurroundingthetumor

approachasbeenquite successfuin simultaneousisualizationof SPECTPET, or
fMRI with structuralMRI (seeFigure3.8),andrecentresultswith SPECTandMRI
datahave confirmedthatthis methodaddsdiagnosticvalueto straightforvardinter-
pretationof theindividual slices(seeChaptergt and6).

Therenderinggpresentedn Figure3.8 canbe usedfor left-right comparisorof
the hemispheresThis comparisormay be alleviated by using different projection
approachetherebysupplyingroundabouviews of thebrainin oneimage.We have
appliedtwo comparableapproachesising cylinder and sphericalprojection(for an
exampleof the cylinder mapseeFigure3.9). Othershave appliedsimilartechniques
in investigation of skull from CT images(Vannieret al. 1994),integrationof EEG
datawith anunfoldedbrainfrom MRI (Hollander1995), supplyinga spericalview
for radiotherap planningbasedon CT images(Bendl et al. 1995), or unfolding of
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Figure 3.9 Cylinder projection (frontal view) for integrated visualization of
SPECTandMRI data.

SPECTdatafor theheart(Lamoureuxetal. 1990,Wallis 1992).

3.3.2.6 Discussionof 3D integrated visualization

Linked featuredisplayis an extensionof the linked cursorfor 2D displayand ap-
pearsvery effective to indicatecorrespondingpositionsin differentmodalities.The
intricagy of theappliedinteractiontechniquds bothtaskandobserer dependent.

Integrateddatadisplay can be a simple and effective techniqueto combinein-
formation from different sources,as long asthe interestinginformation from one
of the modalitieshasbeenpreprocessednd binarizedusinga point, line, or other
geometricafeature.

Multimodal window displayis hamperedy problemsgenerallyencounteredh
volumevisualizationof functionaldata(seealso(Links andDevousSt. 1995)).How-
ever, it offersa quick assessmeigsinceit is essentiallyanintegrationof 2D images)
of functionalinformationin ananatomicaframewvork.

Multimodal cutplanedisplayis capableof providing selectve informationonin-
tegrationof functionalandanatomicaldatain onecomprehense imagethat visu-
alizesthe planeof interestwith respecto a 3D anatomicaframevork suppliedby
volumetricrendering.

Surfacetexturing appeargo presentittle informationandclinical useis highly
guestionable The surfacemappingtechniquesvherethe viewing directionis used
for integrationmay resultin someappealingmages but localizationproblemsseri-
ouslyhampergeneralse(asis indicatedby Hu etal. (1990)).Accuratelocalization
is obtainedusingthe Normal Fusiontechniqug(seeChapter4), wherethelocal cur
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vatureof the surfaceis usedfor integration. This methodpresentsnformationabout
the blood perfusionin the surfacelayerof corticalgrey matterwithin ananatomical
frameof reference.

Thetechniqueslescribedn this chaptercanbe furtherenhancedy makinguse
of sterecor animatedmages.Theimproved depthperceptiorfrom steredmagesis
demonstratedh Figure3.8. Animationstronglycontritutesto 3D perceptiorandwe
referto ourweb-site(http://www.cv.ruu.nl).

3.4 Conclusions

Researclof multimodalityimageregistrationhasmadehugeprogressn thelastfew
years.Especiallyintrinsic methodsasedon voxel similarity criteriahave improved
significantly with maximizationof Mutual Information asthe most promisingap-
proach.

Thereis awide variety of methoddor integrateddisplay Which methodis best
in a specificsituationdepend®n theimageunderstandingaskto be performedand
individual preference®f the obserer. In mary applicationsa 2D displayin grey
or color of oneor moreslicesof the primary diagnosticmodality, overlaid by rele-
vantstructuregpoints,contours pbjects)from anothemodality appeardo be quite
appropriate.Volumetric (3D) integrateddisplayis calledfor in somecasesput is
certainlynot optimalfor all interpretatiortasks.
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