Semi-Automatic Shape Extraction from

Introduction to 3-dimensional x-ray
systems
By Rolf Suurmond

Althoughthe principle of usingx-raysfor diagnos-
tic imaginghasbeenknown for along time, thereis
still alot of researclandimprovementsggyoingonin
thefield. Onerecentadditionto the neuro-ascular
imagingsystem—useitbr visualizingbloodvessels
in the brain and guidanceof interventions—is3D
rotationalangiography(3D-RA). Using 3D-RA, it
is possibleto view the vesseltreein 3D. Tradition-
ally, 3D information could only be obtainedwith
dedicatedube-shapetR andCT scannershatare
not available in the intervention room. With 3D-
RA, the3D imagescanbegeneratedh theinterven-
tion room, without moving the patientto andfrom
theCT scannerAlso, thespatialresolutionis better
thanthatof MR andCT scanners.
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Figurel: PhilipsintegrisBV 5000neuro-\ascular
X-ray system.

A picture of a neuro-wascularimaging systemis
shawvn in Figure 1. It is a systemwith two x-ray
sourcesandtwo x-ray detectorghatcanbe moved
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aroundthe patientto obtain good viewing direc-
tions. With eachsource-detectopair real-timese-
guence®f 2D projectionimagesof thevesselsan
be madeafterinjection of a contrastmedium. For

3D-RA, only one source-detectopair is used. It

is rotatedaroundthe patientwhile making projec-
tion images(seeFigure 2). After that, theimages
areprocessean a computerworkstationto obtain
avolumetricdataset.

Figure2: Thex-ray sourceanddetectorrotatearound
the patient(centerof figure)while makingx-rayimages.

During an intervention certain malformationscan
be repairedby meansof a catheter A catheteris
a thin plastichollow tubethat canbe insertedinto
the arterial systemvia a small incision, mostly at
the groin. Examplesof such malformationsare
aneurysmsand stenoses. An aneurysmis a sac
formedby thedilatationof thewall of anartery(see
Figure3 (left)). Viewing the aneurysnfrom multi-
ple directionson the 3D-RA workstationhelpsthe
neuroradiologisto determinethe location andthe
shapeof sucha malformation. Apart from view-
ing, it is also possibleto measurethe size of the
aneurysm. The heightand width of an aneurysm
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canbedetermineddy drawing aline in 3D through
the aneurysmanddisplayingthe lengthof theline.
A stenosids a narraving of the vessellumen (see
Figure3 (right)). In makingcorrectdecisionsabout
the treatment;t is importantto know the diameter
of the stenoticpart of the vesselin relationto the
non-stenoticpart. Also the length of the stenotic

partis relevantto know. Again,thesemeasurements|

canbe doneby drawing lines manually but this is
a somavhat cumbersomeprocess. Therefore,we

Bruijns presentsheresultsof thisresearch.

of stenosisanalysis. The following article by Jan

3D-RA reconstructiorof a stenosigright).

Semi-Automatic Shape Extraction from Tube-like Geometry

I ntroduction

Thesedays, it is possibleto acquirevolumerepre-
sentationof the brain which shav a cleardistinc-
tion in gray valuesbetweentissueand vesselvox-
els(see[3] for anexample).Shapeextraction,such
asmeasuringa vessel diameteris doneby inter

actiely positioningandorientinga plane. Thein-

tersectiorof this planewith the volumegivesa 2D

imageof grayvaluesin whichthevessepixelshave
adifferentgrayvaluethanthetissuepixels. The di-

ameterof the selectedvesselcan be computedby
selectingthe appropriatearea,for example,usinga
rectangle.

The planeshouldbe orientedso thatit is orthogo-

nal to the vesselwhoseshapehasto be measured.

An oblique planewould give the wrong diameter
Unfortunately interactvely orientingthe planeor-
thogonallyto the vesselis a time-consumingand
errorpronetask. In addition, the planefrequently
intersectsmore than one vessel. This meansthat
the correctvesselin the 2D imagealso hasto be
selectednteractvely. If we considerdiagnosinga
stenosisfor example,it is thereforeimpracticalto
measure setof diametersalongavessel.

We solved the problemof interactively orientinga
planeorthogonallyto the vesseby meanf a self-
adjustingprobe (which, to the bestof our knowl-
edge,is anew tool). A probeis acombinationof a
sphereanda planethroughthe centerof the sphere
(including storagefor someothervesselproperties
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suchastheradiusof thevessel) After theprobehas
interactvely beenplacedon a vesselin the neigh-
borhoodof the desiredposition (seefigure 8; only
the probes spherds outlined),the probeautomati-
cally adjustsitself sothatits planeis orthogonatto
thevesselandthe centerof its spherds onthe cen-
tral axis of the vessel(seefigure 9). The radiusof
thevesselis alsoestimatecandstoredin the probe.
Whenthe probeis aligned,it canbe moved along
thevesseln thedirectionof the planenormal. The
probealignsitself againafter eachstep. It is also
possibleto let the probefollow the vesselutomati-
cally until the probedetectdor examplethe endof
a vesselor the beginning of an aneurysm.An en-
doview canbedisplayedwhile tracinga vesselsee
figure 10).

First, we introducethe self-adjustingprobe. Next,
we describéts applicationfor shapeextraction. Fi-
nally, we presentour resultsand we concludethe
paper

This paperis anextractof [6]. Theinterestedeader
is referredto this last paperfor more detailsabout
thealgorithmsinvolved.

The Self-Adjusting Probe

As mentionedin the introduction, we solved the
problemof orientinga planeorthogonallyto a ves-
selbyimplementingaself-adjustingporobe.A probe
consistof asphere:



(p—po)* =12 1)
anda planethroughthe centerof the sphere:

ny,-(p—po) =0 (2
with p the positionof a point, py the centerandr
the radiusof the sphereandn,, the normal of the
plane.

For reasonghat will be explainedlater, the radius
of the sphereshouldbe slightly greaterthanthera-

dius of the vessel. Interactve selectionof the cor

rectradiusis easywith apropergraphicaluserinter-

face whenthe3D spherds renderedogethemith a

3D triangle suriacerepresentationf the boundary
of the vesselscreatedfor exampleby a marching
cubesalgorithm[2] asin figure7.

The sphereshouldbe positionedso that the vessel
intersectsthe sphere at leastpartially. Interactve
positioningis easyby creatingthree orthographic
views of the volume of the vesselsurface (seefig-
ure 8) andthenplacingthe cursorin two different
views in the neighborhoof the vesselto be mea-
sured.

Next, the orientationof the probes plane,the lo-
cal co-ordinatesystenof this planeandthe position
of the probes sphereis adjusted.After alignment,
the vesselradiusis estimated.Finally, we explain
how to dealwith aninitial orientationwhich devi-
atessubstantiallyfrom the orthogonalrientation.

Probe's Plane Orientation

In orderto adjustthe orientationof the plane,we
usethe normalsof the surface verticesinside the
sphere at a small distancefrom the plane(seefig-
ure4). The thresholdfor this distanceto the plane
is takenfrom thelengthsof thetriangleedges.

Theplanenormalshouldbeasorthogonato these-
lectedsurfacenormalsas possible. Therefore,the
sum of the squaresof the inner productsbetween
the planenormalandthe n_s selectedsurfacenor
mals:

n-s
error = Y (ny - n;)

®3)
1=1

is minimizedwith the constrainthatthe planenor
mal hasalengthof 1:

Il =1 4)
Notethatthereis no needfor connectity informa-
tion of the 3D triangles. Trianglesmay eveninter

sector be disconnectedAll thatis neededs a set

of 3D triangleswhich togetherform a reasonable
approximatiorof the boundaryof thevessels.

Differentiatingequation(3) to the planenormaln,,
givesthefollowing homogeneouleastsquareprob-
lem:
T
Nn, =[000]
with
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Thesolutionof thishomogeneoueastsquargrob-
lem, togetherwith the constraintin equation(4), is
given by the null spaceof the matrix V. This null
spaceis computedby meansof singularvalue de-
composition(seefor examplesection2.6 of [4]). If
this null spacehasa dimensionof 1, the planenor
mal is equalto the basisvector of this null space.
Else, the selectedsurface normalsdo not spana
plane(for example,if they have all the samedirec-
tion).

If theselectedsurfacenormalsdo notdefineaplane
direction, the planecannotbe adjustedso thatit is
orthogonallyto the vessel:the probecannotalign
itself to the vessel.Probablythe probedoesnot in-
tersecthevessekenough.

Local Co-ordinate System of the Plane

If the orientationof the planeis adjustedo theves-
sel(theprobeis aligned) thedirectionof thenormal
is reversedf thenew planenormalis oppositeo the
old planenormal.

Next, theu andv axisof the planearechosersothat
they areorthogonato thenew planenormalandor-
thogonalto eachotherandareascloseaspossible
to the old u andv axes (if ary). Consistenu and
v axesarenecessaryor a smoothendwiew of the
vesselduring vesseltracing (given further detailin
the section*ShapeExtraction”).

Theseu andv axesarealsousedfor the adjustment
of thespherecenterasdescribedn thenext section.

Probe Position and Vessel Radii

The centerof the sphereis adjustedsothatit coin-
cideswith thecentralaxis of thevessel.

The projectionon the alignedplaneof the average
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positionof the surfaceverticesis usedasaninitial
estimatdor the new spherecenter
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Figure4: Sideview of verticesata smalldistanceof
theplane

Due to outliers (verticesinside the spherebut not

belongingto thevessel),t is possiblethatthis nev

spherecenteris notin the neighborhoof the ves-
sel’s centralaxis. This initial estimateis therefore
improved by thefollowing iterative algorithm:

1. The selectedvertices are projected onto the
alignedplaneandaresubdvided into four sec-
tors,with thenew u andv axesasthecoordinate
systemandthe currentspherecenterasthe ori-
gin (seefigureb):

s1 = [315°,45°], sp = [45°,135°] (7)
s = [135°,225°], s4 = [225°,315°] (8)
2. Foreachsectorthenumberof projectedvertices

determinatiorof theminimumof themaximumdis-

tances.The minimumradiusgivesa goodestimate
for the maximuminsidediameter The quotientbe-

tweenthemaximumradiusandtheminimumradius
gives an estimateof the accurayg of the estimated
minimumradius.

sector 4

Figure5: Thefour sectors

It is alsopossibleto approximatethe outline of the
vesselby an ellipse or a closedspline insteadof
a circle. Outliers are automaticallyignoredwhen
only the selectedrerticesbetweerthe two radii are
used.

An exampleof an alignedprobeis depictedin fig-
ure9 andanexampleof anendwiew is depictedn
figure 10. A slicewith the selectedvertices(black
dots),thefinal centerposition(smallblack square)
and the two black radii are depictedin figure 11.

in that sector(usedin vesseltracing discussed This figure also shavs that the neighboringvessel

later on), the minimum distanceand the maxi-
mumdistanceo the origin arecomputed.

3. The spherecenteris moved in the direction of
thelargerminimumdistances.

This shift is repeatedintil it is negligible or until a
maximumnumberof shiftshave beenperformed.
Finally, theminimumandmaximumvesseladii are
estimatedisingthe minimum of the four minimum
andtheminimumof thefour maximumdistance®f
the projectedverticesto thefinal spherecenter

Sectorswith no projectedvertices,for examplein
caseof a lateralaneurysmare not includedin the
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is correctlyignored.

Second Alignment

If the probewas not aligned before, it aligns it-
self twice. Twice becausehe initial orientationof
a planeof a non-alignedprobe canbe completely
wrong. Therefore the surfaceverticescloseto the
planein thisinitial orientationcandiffer very much
from the surfaceverticescloseto the planeof the
alignedprobe.Thesecondalignmentcorrectsapos-
sibleresidueerrorin thepositionof theprobeand/or
in the orientationof its plane.



In addition, somedecisions(like the “end of ves-
seldetecteddecisionof the shapeextractionfunc-
tions describedn the section“ShapeExtraction”)
arebasedontheratio betweerthe selectedrertices
at the front side of the planeandthe total number
of selectedvertices. However, whethera vertex is
atthefront sideor atthebacksideis decidedby the
planeorientationbeforethe alignment. So, if the
planeorientationhaschangeda lot, mary vertices
areattheothersideof thealignedplane.Moreover,
changingthe planeorientationcanalsochangethe
setof selectedrertices.

Thereforefo guarante@roperalignmenttheprobe
aligns itself twice if it was not already aligned.
Likewise,whentheanglewith the old planenormal
is morethan 30 degrees the alignmentis repeated
afteramove.

Shape Extraction

We have developeda setof semi-automaticshape
extraction functions basedon the self- adjusting
probe. Thefirst oneis ‘single stepvesseltracing’,
with automaticalignmentafterwards. This function
is suitablefor interactve explorationof the vessel
shape.

The othertwo shapeextractionfunctionsare ‘con-

tinualvessetracing’and‘vessetracingto asecond
probe’. Thesetwo functionsactivatethe singlestep
vesseltracing function repeatedlywhile collecting
theshapeparameters.

Single Step Vessel Tracing

The single stepvesseltracing function enablesn-

teractve explorationof the vesselshape.First, the
probeis positionedin the neighborhoodf the ves-
selwherethetracingshouldstart. The probealigns
itself twice (as explainedin the section“Second
Alignment”).

After successfulalignment,the probe moves one
step(the stepsizecanandshouldbe choserbefore
thisfunctionis activated)in thedirectionof thenor
mal. If the probegoesin the wrong direction, the
directionof the normalshouldbe reversedandthe
single stepvesseltracing function shouldbe acti-
vatedagain.

If the move would resultin a position outsidethe

volume, the intersection(sith the corresponding
boundingplane(s)is usedasthe endpositionof the
move: the positionis clipped.

Finally, the probealignsitself at the new position.
After aligning, a possibleendof vesselis detected
by comparingthe numberof selectedverticesin
front of the planewith the total numberof selected
vertices.

If thepositionwasclippedor if anendof vesselvas
detectedtheplanenormalandu axisarereversed.

Theresultcanbe inspectedusinga normalview as
in figure 9, an endwiew asin figure 10 or a slice
view asin figure11.

Continual Vessel Tracing

An applicationof the single stepvesseltracingis
continualvesseltracing. First, the probeis posi-
tionedin the neighborhoodf the vesselwherethe
tracingshouldstart. The probealignsitself twice.

Next, the singlestepvessetracingfunctionis acti-
vatedto checkwhetherthe probegoesin thecorrect
direction. If not, thedirectionof thenormalshould
bereversed.

Subsequent)ythe continualvesseltracingfunction
canbe activated. The probemovesin the direction
of thenormalandalignsitself repeatedlyTheprobe
positionandthe planenormalcanbe usedto create
anendwiew while tracing(seefigure 10).

During tracing, the probedata(not only the posi-
tion of the sphereandthe orientationof the plane
but alsoothervessepropertiesuchastheradiusof

thevessel)s collectedn atube(anarrayof probes),
giving anapproximateshapeof thevessel.Thiscan
beusedto computethe vesselolume,for example.
An exampleof atubeis depictedin figure12. The
centerline givestheestimatedenterpositions.The
concentriccirclesarethe circleswith the minimum
andthe maximumradius,respecitrely.

The continual vesseltracing function stopswhen
oneof thefollowing conditionsis detected:

1. The probe hasmoved a maximum number of
steps.

. Thetubeis full.

. Theprobecouldnolongerbealigned.

. An endof thevessels detected.

. An openvesselis detectedthe vesselseemdo

a b~ wN
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have aholein thecylinderlike wall.
An openvesselfor examplethebeginningof an
aneurysm)s detectedy takingtheinclusiveor
of the resultsof two rules. The first rule com-
paresthe numberof selectedrerticesin front of
the planewith the numberof selectedvertices
behindthe plane,persector
The numberof selectedverticesin front of and
behindthe plane are computedduring the ad-
justmentof the probeposition. In fact, the to-
tal numberof verticesarecomputedrom these
numbers.
The secondrule comparesthe numberof se-
lectedverticesin front of the planewith those
of all othersectorspersector

6. The distanceto the previous probe positionis
toosmall.

7. The distanceof the previous probepositionto
the new planeis too small.

Vessel Tracing to a Second Probe

A variantfor continualvesseltracing,asdescribed
above, is vesseltracing to a secondprobe. Both
probesshouldbe aligned. Tracing stopswhenthe
first probehaspassedheplaneof the secondprobe,
or whena specialstop conditionis detected. The
planenormalof thefirst probeshouldbe sothatthe
first probe steppingalong the vesselin the direc-
tion of its planenormalshouldarrive at the second
probe. If not, the plane normal of the first probe
shouldbereversedbeforethis functionis activated.

Thespecialstopconditionsare:

1. The probe hasmoved a maximum numberof
steps.

2. Thetubeis full.

3. Theprobecouldnolongerbealigned.

4. An endof thevessels detected.

Comparingthesespecialstop conditionswith the
stopconditionsfor continualvesseltracingreveals
that vesseltracing to a secondprobe avoids un-
wantedstoppingfor examplein the caseof anopen
vesselconditioncausedyy smallsurfaceirregulari-
ties.

The“faceto face”functionfacilitatesvessetracing
to a secondprobeby settingthe plane normalsof
two probessuchthatthe centerof the first probeis
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atthepositive sideof the planeof thesecondprobe,

andvice versa.This functioncanbeusedto correct
the planenormalsbeforevesselracingto a second
probeis actvated, but only whenthe intermediate
vessellies completelybetweenthe centersof both

probes.

arched vessel axis

Figure6: Two probesonaarchedvessel

This “faceto face” functionis alsoneededo reli-
able detectwhetherthe first probe has passedhe
secondprobe. This is detectedby testingwhether
the centerof thefirst probeis atthe negative sideof
theplaneof thesecondprobe. Thetwo probesmust
be“faceto face”to measurehis. Butif for example
the secondprobeis to the left of thefirst probebut
thevessefirst goesto theright of thefirst probeand
thenbendsto theleft in the directionof the second
probe(seefigure 6), the two probesshouldnot be
“faceto face”atthestart. Also, the passtestshould
not be appliedaslong asthe first probeis moving
awvayfromthesecondrobe.Thereforethe“faceto
face”functionis appliedwhenthetwo probesover
lap for the first time. Next, passings checled af-
ter eachstep. The resultingalgorithm (without the
otherspecialstopconditions)is:

1. While the two probe spheresdo not overlap,
tracethevessel.

2. Apply the*“faceto face”function.

3. While thefirst probeis atthe positive sideof the
planeof the secondprobeandthe distancebe-
tweenthe two probes centersdecreasedrace
thevessel.

The extra condition in the last stepis neededto
stop vesseltracing in casethe secondprobeis at
a branch.Indeed,in this caseit is possiblethatthe



first probeexhibits a randomwalk without passing
the planeof the secondprobebecausdhe normals
atabrancharepointingin all directions.

Results

The self-adjustingprobe and the shapeextraction
functions have beenincorporatedin a demo pro-

gramfor testing. Four gray value voxel volumes,
acquiredwith the3D Integris[1, 3], aretransformed
to 3D trianglesurfacerepresentationsf the bound-
ary of the vesselsusing a marching cubesalgo-

rithm [2] asshawn in figure 7. The numberof ver-

ticesvariedbetweeril23681and180435vertices.

Probealigningatavesselvasneveraproblem,even
whenthe probes planewas almostparallel to the
vesselbeforealignment. After one or two moves,
the planeflippedto the orthogonabrientation.

The continual vesseltracing function performed
well, even for the noisy 3D triangle surfacerepre-
sentations.But, often an openvesselwas not de-

tectedat a branchor the beginning of ananeurysm.
In addition, this function sometimesstoppedtoo

earlyin caseof anopenvesselconditioncausedyy

smallsurfaceirregularities. Vesselracingto a sec-
ond probeavoids this problem. Using a begin and

endprobealsogivesprecisecontrol over thevessel
partfrom which the shapehasto be extracted.

Vesseltracing takes aboutone secondper stepon
an Onyx/Rea2. Renderinga slice (seefigure 11)
insteadof the whole surface (seefigure 9) hardly
acceleratedresseltracing. So, this onesecondper
stepis requiredfor moving andaligningthe probe,
not for renderingthe 3D triangle surfacerepresen-
tation. Spacepartitioningthe verticeswill proba-
bly acceleratevesseltracing considerablebut, for
our purposesaccurag of the extractedshapepa-
rameterss moreimportantthanspeedBesideswe
have implementeda simpleandfastmethodto ex-
tractapartof the 3D mesh.A meshof about10000
verticestakesabout40 millisecondsper stepon an
Onyx/Rea2.

The noise in the extracted shapeparametergie-
pendson the noisein the 3D triangle surfacerep-
resentatiorof the boundaryof the vessels.An ex-
ampleof thequality obtaineds shavn in figure 12.
Notethatthe noisecanbe furtherreducedy filter-
ing thecollectedshapeparameters.

The self-adjustingprobe and the shapeextraction
functionshave beenincorporatednto aprototypeof
the 3D RotationalAngiographyintegris. This pro-
totype was demonstrateen the LINC'99 in Paris
andthe RSNA'99 in Chicago. A numberof these
prototypesystemsare now being evaluatedin the
daily clinical routine.

Conclusions

The following conclusionscan be drawvn from the
results the picturesandthe experiencegained:

1. Theself-adjustingnoving probeis a very suit-

abletool for semi-automatishapeextraction. It
makesshapgcenterpositionsandradii) extrac-
tion of vesselsnucheasierto use.The possible
endwiew alsogivesa clearvisualizationof the
insideshapeof thevessel.
The extractedshapeparametersespeciallythe
positionsof thecentralaxis,canbeusedo com-
pute the curvature and tortuosity of the vessel
part.

2. Theaccurayg of the extractedshapeparameters
depend=on the quality of the 3D triangle sur
facerepresentationf the boundaryof the ves-
sels. The classificationof the voxelsinto tissue
andvesseloxelsshouldthereforebeasreliable
aspossible.

3. Connectvity informationof the 3D trianglesis
not needed.All thatis neededs a setof pos-
sibly intersectingand/orpossiblydisconnected
3D triangleswhich togetherform a reasonable
approximatiorof the boundaryof thevessels.

4. It is alsopossibleto usethenormalizedyradient
vectorsandthe positionsof the boundaryves-
selvoxels. Theseboundaryesseloxelscanbe
foundeasily:avesseloxel is aboundarywessel
voxel if andonly if atleastoneof its neighbor
ing voxelsis atissuevoxel.

5. this case,the thresholdfor selectionshouldbe
basednthevoxel size.

6. Furtherinvestigationis necessaro improvethe
continual vesseltracing function, not only for
improved detectionof the connectionsof ves-
selsto ananeurysmbut alsoto beableto detect
thevesselkstructuresat branchesAutomaticre-
constructionof branchstructuresasdescribed
in [5], is anecessaryandmaybesuficient) con-
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ometry views

Figure 7: Triangle surfacege- Figure 8: Three orthogonal Figure9: Aligned probe

sel sel

dition for automaticextractionof the complete
vessektructureandits shapeparameters.
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