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Abstract

This paperdescribesan ongoing projectto develop a computetintegrated systemto assist
sulgeonsin revision total hip replacement(RTHR) suigery In RTHR sumgery, a failing
orthopaedichip implant, typically cementedis replacedwith a nev one by remaving the old
implant, remoring the cement,and fitting a new implant into an enlaged canalbroachedn
thefemur RTHR sumeryis a difficult procedurdraughtwith technicalchallengesanda high
incidenceof complicationsThegoalsof thecomputetbasedsystemarethesignificantreduction
of cementemoval laborandtime, theeliminationof corticalwall penetratiormndfemurfracture,
the improved positioningandfit of the new implantresultingfrom precise high quality canal
milling, and the reductionof bonesacrificedto fit the new implant. Our startingpoints are
the RoBopocf) systemfor primary hip replacemensuigery andthe manualRTHR sumgical
protocol. Wefirst discusghe maindifficultiesof computefintegratedRTHR suigeryandidentify
key issuesandpossiblesolutions.We thendescribepossiblesystemarchitecturesndprotocols
for preoperatie planningandintraoperatie execution. We presenta summaryof methodsand
preliminaryresultsin CT imagemetalartifactremoval, interactve cementut volumedefinition
andcementnachining anatomy-baseggistrationusingfluoroscopicX-ray imagesandclinical
trials usingan extendedRTHR versionof Rosoboc. We concludewith a summaryof lessons
learnedanda discussiorof currentandfuture work.
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1. INTRODUCTION

remwing the cement, and fitting a new implant into an

This paper describesan ongoing project to develop a
computefintegrated systemto assistsuigeonsin revision
total hip replacemen{RTHR) sugery (Joskavicz et. al,
1995). failing orthopaedidcip implant, typically cemented,
is replacedwith a new one by remaing the old implant,
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enlaged canalbroachedn the femur As theinstalledbase
of orthopaedicimplants grows and ages, replacementof

existing implants, especiallythoserelying on bone cement
for fixation andfit, is steadilyincreasing. In 1992,23,000
RTHR proceduresvereperformedin the U.S alone(27,000
in 1997). The averagecostper procedurevas$23,774with

an averagehospitalstay of 10.9days(OrthopaedidNetwork
News, 1992).
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RTHR sugery is a difficult procedureraughtwith tech-
nical challengesand a high incidence of complications.
Femoralcementremoval and canalpreparationpresentthe
most difficulties (Crenshay, 1987; Turner and Emerson,
1982). The goalis to remore asmuch of the old cementas
possibleto facilitatetheinsertionof anew implantandto pro-
vide anoptimal surfacefor bonesupportandinterdigitation.
While the cementmantlein the proximalareaof the canalis
visible andeasilyaccessiblethe cementmantleandplug in
thedistalareaarehardto seeandreachdueto thecanaldepth
andthe bowing of the femur Remawing cementis tedious,
time-consumingand risky, taking on averagebetween30
minutesand two hours. Femoralcanalpreparationis more
difficult thanin the primary casebecausehereis little good
boneleft and becausehe sumgical manipulationsare more
delicate. The reamergendto follow the old canal,making
axisandcanalpositioncorrectionsvirtually impossible.The
femur is fracturedin about18% of cases,andthe suigeon
breaksthroughthe corticalwall of thefemurin anotherl0%
of casegSchurmarandMaloney, 1992). Whenerrorsoccuy
moretime is requiredto repairthe damageadditionalblood
is lost, andtheinfectionrisk increases.

None of the currenttechniquesfor cementremaoval are
fully satisfactory Osteotomesndflexible reamersare dif-
ficult to manipulateandhave thetendeng to follow the path-
way of theold canal.Hand-heldhigh speedrills cutcement
fragmentsbut require fluoroscopicX-ray imagesobtained
with anintraoperatie C-arm for careful guidanceto avoid
perforatingthe femurwalls. Fluoroscopicguidancerequires
repeatedimaging and is errorprone becauseit provides
static, uncorrelatedwo-dimensionaimages,and resultsin
cumulativeradiationexposureto thesuigeon.Lateralfemoral
windows facilitate distal accesgo the cementbut may com-
promiseboneintegrity. A recentlydevelopedmethoduses
low-viscositycementthat bondsto the old cementto form a
plug. The plugis thenpulled out by screving in a threaded
extractionrod andpulling out piecesin shortsegments.This
techniquecannotbe usedwhen the cementmantle widens
distally or whencavities arepresentin the side of the bone.
New cementremaoval technologiessuchascementsoftening
with ultrasonicallydriven tools or cementfracturingwith a
lithotripstercanlower the complicationrate but are unlikely
to significantlyimprove accurag or shortenthe procedure.

The growing numbersgreaterdifficulty, andreducednar
gin for errormakeRTHR suigery a naturaltargetfor robotic
machining. Our goalsin developing the systemare: (1)
the significantreductionof cementremoval complications,
specifically cortical wall penetrationand bonefracture; (2)
the significantreductionof cementremaoval labor and time
required;(3) improvedpositioningaccurag andfit of thenew
implant resultingfrom precise, high quality canal milling;

(4) the reductionof bonesacrificedto fit the new implant,
and; (5) thereductionof cumulatve suigeonexposureto X-
ray radiationcausedy the repeatediseof the fluoroscopic
C-arm. In addition to the direct patient benefits, these
adwantagesansave costs,both by reducingoperatingroom
costandby shorteninghehospitalstayandrecorery time.

In 1995,weinitiateda joint effort to developanintegrated
preoperatie planningandintraoperatie executionsystenfor
RTHR sulgery. Our startingpointswere Rosoboc!®) (Paul
et. al, 1992; Taylor et. al, 1994), Integrated Sumical
Systems'(ISS) computefintegratedsystentfor primarytotal
hip replacemenproceduresandthe manualRTHR sumgical
protocol. RoBoboc was developedclinically by ISS from
a prototypedevelopedat IBM Researctandis currentlyin
clinical usein Europe. Preclinicaltestingshaved an order
of-magnitudeimprovementin precisionand repeatabilityin
preparingthe implant cavity. Over 3,000humancaseshave
beenperformedto date (fall of 1998), with very positive
resultsdocumentedh follow-upstudiegBorneret. al, 1998).
(PTHR)procedureghedamagegbint connectinghehip and
the femur is replacedby a metallic implant insertedinto a
canalbroachedn the femur The RoBobDOC systemallows
thesulgeongo planpreoperatiely theproceduréy selecting
and positioningan implant with respectto a CT study and
intraoperatiely mill the correspondingcanalin the femur
with a high speedool controlledby aroboticarm.

The RoBoDOC systemconsistsof aninteractve preoper
ative planning system,called OrRTHoDOC) and a robotic
system for intraoperatie execution. RoBoDOC PTHR
suigery startswith a minor sugical proceduran which two
small pins are implantedin the distal and proximal femur
surfaceearlier anadditionalthird distalpin wasrequired).A
CT scanof the patient,shaving thefemurandtheimplanted
pins, is thenacquired. Next, ORTHODOC processeshe CT
dataset, locatesthe pins within the CT images,and allows
the suigeonto selectthreeorthogonalplanarslicesthrough
the 3D imagevolume. The suigeonselectsa desiredmplant
model and size and interactvely positionswith a mouse
a CAD model of the implant relative to the CT images.
ORTHODOC generatesross-sectionalisplaysof theimplant
model shaving the plannedplacementsuperimposedipon
the planarsectionalviews selectedby the sugeon. In the
operatingroom, suigery follows the establishegrotocolup
throughthe point wherethe femoral headis removed. The
femur is then placedinto a fixation device attachedto the
robot's base. The pins are exposedand locatedin robot
coordinated®y a combinationof force-complianguidingand
autonomoudactile searchby the robot. The systemthen
computesthe transformationfrom CT (planning)to robot
andpatient(actual)coordinatesandmachineoutthedesired
shapdn thefemurwhile the sugeonfollowsthe progreson



ComputetintegratedRevision Total Hip ReplacemenBumgery 3

an intraoperatie display Oncethe shapeis cut, the robot
is moved out of the way and the procedureis completed
manuallyasusual.

RTHR sumgery is more comple than PTHR sumgery: it
requiresmore systemcapabilitiesand can haze more un-
certainty associatedwvith it. Sugeonsmust plan for and
remove the old implantandthe old cementbeforecuttingthe
new canalcavity. They mustplanfor the new cavity in the
presenceof the old implant and cementwith lower quality
CT imagescontainingimaging artifacts causedby the old
metalimplant. They mustforeseecomplicationsn implant
and cementremoval, which might changeor invalidatethe
preoperatie plan. ConsequentlycomputerassistedRTHR
sugery requiressubstantiakxtensionsand modificationsto
the RoBoboc PTHR sugery paradigm.To summarizethe
systemmustprovide, in additionto the currentcapabilities,
cementremoval planningand cutting capabilities intraoper
ative plan modificationand uncertaintyassessmengnd the
integrationof intraoperatie fluoroscopicX-ray imageswith
preoperatie CT data.

In this paperwe discusghe maindifficultiesof computer
integratedRTHR, identify the key technicalchallengesand
investigatepossiblesolutions. Basedon theseobsenations,
we proposea new systemand protocol for preoperatie
planningandintraoperatie execution.We presenasummary
of methodsandpreliminaryresultsin CT imagemetalartifact
removal, interactive cementutvolumedefinitionandcement
machininganatomy-baserkgistrationusingfluoroscopicX-
ray images,andclinical trials usingan extendedRTHR ver
sionof Rosoboc. To performanatomy-basegistrationto
thedesiredaccurag, we developedmethodsandexperiments
for fluoroscopicX-ray image distortion correctionand C-
armcameracalibration,and X-ray andCT bonecontourand
surfaceextraction. We concludewith a summaryof lessons
learnedanda discussiorof currentandfuture work.

2. PROBLEM ASSESSMENTAND
REQUIREMENTS

To identify the requirement®f computetintegratedRTHR

sugery, we followed the stepsof the manualRTHR proce-
dure with the RoBoboc PTHR protocol. We identify the

differencesmissingcomponentsandassesshe adequayg of

the currenttechniques.We evaluatethe relative importance
of the difficultiesthatariseandproposepossiblesolutionsto

them.Thepurposés to gainanunderstandingf thepractical
problemsandsystematicallyexplore solutions.
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Figure 1. (a) Original crosssectionaklice of afailing implant,and
(b) OrRTHODOC reconstructedrontal view.

CT images

X-ray CT imagesof body sectionscontainingmetal objects
are frequently corruptedby reconstruction’artifacts” that
oftenresemblestreakgadiatingfrom theregionsof theimage
where metal is present(Figure 1). Becausemetal objects
are opaqueto X-ray beamsin the diagnosticenegy range,
their scanningyieldsincompleteprojectiondata. CT images
reconstructedrom this incomplete data contain imaging
artifacts, whose extent dependson the material type and
volume of the implant. Imagingartifactsin CT datasetsof
RTHR patientswith metalfemoralimplantsaremostmarked
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in theproximalsectionwheretheimplantis thethickest.The

imagingartifactsmakeit difficult to determineghe boundary
betweenthe implant, the cement,and the bone. Sincethe

guality andaccurag of the sugical plandirectly depend®n

thequality of theCT imagesyeducingmageartifactasmuch

aspossibleis of greatimportance.

Preoperativeplanning

Preoperatie planningof RTHR suigery hastwo steps: ce-
mentremoval and newv implant planning. Cementremoval
planningdefinesthe cut volumethat containsasmuchof the
old cementspossible New implantplanningdetermineshe
type,size,andpositionof the new implantandthe associated
canalcut volumethatguarantees precisefit. Both stepsare
interrelated,sincethe bonestockleft after cementremoval
determineghe implant types, sizes,and positionsthat can
be used. Corversely the available implant typesand sizes
determinethe new canalshapeswhich indicatewhat bone
and cementvolumesshould be remored and what contacts
and gapswill appearwhenthe new implantis insertedinto
thecanal.

Themaindifficultiesof RTHR preoperatie planningstem
from the uncertaintiesassociatedvith imagingartifacts,old
implant removal, and cementremaval. Specifically four
issuesmust be addressed:(1) determiningthe extent of
the cementmantle and the bone stock requiressubstantial
experienceandjudgmentfrom the suigeon.Cementtendsto
partially fill porousbone,creatingheterogeneousonesthat
must be evaluatedindividually; (2) the cementcut volume
mustbe individually definedfor eachcase. A fast, intuitive
accuratemethod must be developedto allow suigeonsto
definemachinableutvolumesrom CT data;(3) determining
the trade-ofs betweenthe cementcut volume andthe canal
cutvolume.Thecementutshapemustbecomparedvith the
implant cut shapeto identify discrepanciessuchascement
pocketsand lack of surfacesupportfor the new implant.
Becauseahereare no generallyagreedupon criteria for the
best strat@y, automaticcementcut volume determination
is very unlikely; (4) determiningthe shapeand extent of
the cementmantlethat will be left after the old implant is
removed. Whentheoldimplantis notloose bonedetachment
andevenfemoralfracturecanoccurduringimplantremoval,
thus invalidating the preoperatre plan. The optionsareto
intraoperatiely modify the plan,to createalternatve backup
plans,or to completethe proceduramanually

Intraoperative validation and re-planning

To accounfor theuncertaintiesntroducedoy theold implant
remaoval, preoperatie plansmustbe comparedandvalidated
againstheintraoperatie situation.This validationis notnec-
essaryfor the PTHR RoBoDOC proceduresincethe femoral

anatomydoesnot changebeforethe canalis cut. It mightbe

necessaryor certainRTHR caseswhenthe suigeonneeds
to gain confidencein the preoperatie plan and possiblyto

modify it with the additionalintraoperatie information. The

modificationsinclude changingthe cementcut volume to

accountfor more or lesscementremoval, modificationsto

the shapeof the cementcut volumes,andadjustmentso the

new implantsizeandposition.

Thekey difficultiesaretheintegrationof theintraoperatie
datawith the preoperatre plan andthe modificationof the
preoperatie plan. Currentlyavailable sourcesof intraoper
ative dataare visual andtactile inspectionand fluoroscopic
X-ray imagesof the canalandremainingcementmantle. To
be useful, this data must be integratedand correlatedwith
thepreoperatie planandCT study Any modificationgo the
preoperatie planmustbe donequickly andaccurately

Image, patient, and robot registration
Roboticproceduresequireregisteringpreoperatie plansand
imagesto the robotandto the actualpatientanatomy The
Rosoboc systemfor PTHR suigery usesa proximal and
a distal pin implantedprior to sugery in the femur before
the patientis scanned.The robotis registeredto the patient
by bringing its tip in contactwith the fiducials. The robot
andthe preoperatie plan areregisteredby locatingthe pin
positionson the CT images. In RTHR sugeries,osteotomy
of the greatertronchanteis oftennecessaryo provide better
exposureand easethe insertionof the new implant. Thus,
a new locationthat doesnot interferewith the cutting tool
or requiremoreinvasive suigery mustbe found. Alternative
methodssuchasthe useof externalfiducials,theacquisition
of points on the bone surface,or the use of fluoroscopic
imagesfor anatomy-basedegistrationrequireinvestigation
to determinghe mostpracticalandrobustsolution.

Cementand bone cutting

Once the femur has beenfixated and the robotic arm has
beenregistered,the cementandthe canalare machined. A
revision canalcontainscementand is one-thirdto one-half
longer than a primary canal, extending belon the bow of
the isthmus. Becauseof its extendedlength and curvature,
machiningthe new canalraisesissuesof robot reachability
and workspacecapabilities stiffnessof the robotic arm and
cutting tool, and accessibilityfor curved machiningpaths.
Experimentanustbe carriedout to determinethe effects of
cutting cementwith high speedtools: stressesand femur
fractureanalysis,accurag, roughvs. finish cutting passes.
Thesewill establishif the RoBoboc tool wrist, aswell as
thecutting strat@y mustberedesigned.
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3. SOLUTIONS ANALYSIS AND PREVIOUS WORK

We have identifiedfour majorissueshat mustbe addressed
to developapracticalRTHR suilgerysystem:(1) preoperatie
planning under uncertainty due to imaging artifacts, old
implantremoval, andcementemoval; (2) cementcutvolume
definition and implant selectionfor eachindividual case;
(3) intraoperatie plan validation and modification,and (4)
image patient,androbotregistration.

3.1. CT imageartifact reductionand preoperative
planning
CT image metal artifact removal is a natural startingpoint
for attemptingto reducethe uncertaintyassociatedvith pre-
operatve planning.Several approachebave beensuggested,
including: (1) usingimplantsmadeof materialswith lower
attenuatiorcoeficientsor with smallercross-sectionareas
(Robertsonet. al, 1988); (2) using higher enegy X-rays
beamsthat will not be blockedby the implants(Robertson
et. al, 1988); (3) averagingout the effect of the imaging
artifactsby interpolatingandreslicingthe 2D imagesstack
(Robertsonet. al, 1988); (4) averagingout the effect of
theimagingartifactsby combiningmultiple imagesets,each
scannedvith the gantryat a differentangle;(5) interpolating
the missing projection data and reconstructingthe images
from thesecompletedprojections(Glover and Pelc, 1981;
Hinderling et. al, 1979; Kalenderet. al, 1987; Klotz et.
al, 1990;Medoff, 1987;Oppenheim1977)and;(6) creating
simulatedprojectiondatafrom the images,interpolatingthe
missingdatain theseprojectionsandthenreconstructinghe
imagegTuy, 1992).

For reducing imaging artifacts in CT data of RTHR
patients, (1) is obviously not an option. The needsfor
limited patientdoseand low enegy to discriminateamong
materialg(biologicaltissuetypesandsyntheticmaterialsuch
ascement)rulesout (2). The averagingeffect of (3) reduces
not only imageartifactsbut alsoimageresolution while (4)
requiredongerscanningime andhigherpatientexposureto
radiation. In principle (5) can producethe bestresults,but
in practiceaccesgo raw projectiondatais problematicfor a
clinically viable solution. (6) is the most practical option:
it has the added adwantagethat ary methodsdeveloped
can readily be applied to real projection data when these
are available. However, both (5) and (6) are intrinsically
limited becauserucialimagedetailsaremostlyerasedy the
imagingartifactsandcannotberecoeredfrom theCT image
dataalone.

Oneway to improve the information availablefor preop-
eratve planningis to complementhe CT information with
X-ray imagessuch as digitized multi-planarfilms, fluoro-
scopicC-arm, or CT scoutimages. Theseimageshave no

reconstructiorartifactsandcanprovide someof the missing
contourinformation. To be useful, several X-ray images
must be captured, accuratelyregisteredto the CT study
and properly presentedo the suigeon. It remainsto be
determinedhow well thesuigeoncanpositiontheimplantand
definea cementcut volumewith thesetwo kinds of images.
A novel alternatve is to usescoutimagestakenat the time
of the CT study and usethoseto fill in the missing data.
The CT scannemprovidesthe precisedatafor correlatingthe
scoutswith the CT data. We describethis approachn detail
in section5.1.

Another possibility is to use several co-registeredX-ray
imagesinsteadof a CT study(in fact, a crudeversionof this
is methodis currentlyusedto planmanualsuigerieswith ac-
etateoverlayswithout correlationbetweerthe images).The
disadantageis that much lessvolumetric datais available
for planning,althoughit is inexpensve. A key issueis the
numberof imagesnecessarandhow to co-registerthem.

3.2. Cementcut volume definition

A custom cementcut volume must be createdfor each
individualpatient.Thecreationprocessnustbefast,intuitive
andproduceanaccuratemachinableshape Cutvolumescan
be designedike customimplants,i.e., specifying,for each
CT slice, pointsdefininga 2D contourboundedby splines.
The stackof 2D slicesdefinesa 3D cut volume. Adjusting
the cut volume shapeto fit the cementrequiresmoving the
points. While accurate,this methodrequiresthe sulgeon
to input and manipulatemary points. An alternatie is to

definethecontourdn a subsedf the slicesandautomatically
interpolatetherest. Thistradesoff numberof input pointsfor

accurayg of thematchingshape Anotherpossibilityisto have

oneor moresimple,parameterizedhapessuchasconeswith

elliptical cross-sectiongndfit themto thecemenby varying
theparametersAlthoughmodifying afew parameterss fast,
this methodis potentially unintuitive and might take longer
to producethe desiredresults. A hybrid methodwhich uses
simple parameterizedhapesfor the rough fit and control
point modification for fine tuning could provide the best
trade-of.

The cut volume shapethus definedmustthenbe approx-
imatedto a machinableshapedeterminedby the radiusof
the cutter and the machiningaxis. The smallerthe cutter
radius,the more accuratethe shape,but the longerit takes
to machine. Multi-axis, adaptve machiningmethods,in
which the cutter axis is repositionedduring cutting, allow
tighter fits but require more complex computation. Once
the cut volumeshapehasbeendefined,the new implantand
its associatedcanal must be selectedand positioned. The
implant can be selectedand positionedmanually asin the
current ORTHODOC system,or by interactve definition of
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implantandimagelandmarksorrespondences.

Comparingthe cementcut shapeand the positionedim-
plantcut shapds necessario identify discrepanciesuchas
pocketsandlack of surfacesupportfor the new implant. The
comparisorcanbe left to the suigeon,by graphicallyover
laying the two volumesandshawving themin differentviews.
Reconcilingdiscrepanciebetweerthe two cut volumescan
be difficult. An alternatve stratgy is to definea single cut
volumefor boththecementutvolumeandthenew canalcut
shapeby takingtheir union. In this schemethe new implant
size and positionis chosenso asto containall or most of
the cementand the old canal. The cut volume associated
with the new implant is then usedto mill the old cement
mantle, cementplug, and new canalshapesimultaneously
Theadwantageof thisapproachs thatnonew cutshapeneeds
to be definedor modified. The disadantages that a trade-
off mustbe madebetweenremaorving all the old cementand
remaing toomuchgoodbone.Lumpingold cementemoval
and new canal preparationassumeghat the preoperatie
plan is of high quality, since no intraoperatie adjustment
is possibleoncethe robot startscutting the shape. Also, it
divergesfrom currentpractice which views cementremoval
andcanalpreparatiorastwo distinctsteps.Thiswasfoundto
be acceptablén somecasesaswill be explainedlater.

3.3. Intraoperative plan validation and modification
FluoroscopicX-ray imagesprovide the currently accepted
and most practical way for intraoperatie plan validation.
Visual andtactile inspectionrely on the suigeons ability to
mentallycorrelatethe CT datato theintraoperatie situation.
This correlationis qualitatve,andis only effective for detect-
ing majordiscrepancies-luoroscopicX-ray imagesprovide
more accurateinformation than visual or tactile inspection
but mustbe correctedfor distortionand registeredwith the
CT datato be usefulin a robotic procedure(Yani et. al,
1998). Otherintraoperatie imagingtechniquessuchasCT
or ultrasounddevices,areeithernot yet availableor have no
provento besufficiently accurate.

The preoperatie plan canbe validatedby superimposing
the cut volume andthe new implant projectionson intraop-
erative fluoroscopicX-ray images.The sugeoncanvisually
judgetheir adequag andeitherproceedor modify the plan.
One approachis to choosethe bestof several preoperatie
plans. Alternatively, the suigeoncan changethe shapeand
sizeof the cutvolumesasin the preoperatie planningphase,
althoughthis canbe impracticalin the operatingroom. It is
bestto first determinehe extentof the discrepancieandthe
natureof the modificationsrequiredbeforecommittingto a
specificsolution.

3.4. Image, patient, and robot registration
Accuraterobot-to-patienandrobot-to-imageegistrationare
essentialfor RTHR sumgery They can be achieved by
several methodswhich include: (1) implantedfiducials, as
in ROBODOC; (2) acquisitionof pointson the bonesurface
by direct contactof the robot tip (the “cloud of points”
approachin Lavallée (1995) or; (3) contactlessegistration
using fluoroscopicX-ray images. Methodsbasedon im-
plantedfiducialsarereliableandaccuratebut requireanextra
procedureFor RTHR sumgery, anew positionof thepinsmust
be found. Cloud of point methodsare only practicalwhen
enoughbone surfaceis exposedto allow direct contact®.
Pinlessregistrationof X-ray imagesto CT dataattemptsto
use correspondencelsetweenanatomicalstructurefeatures
in bothimagesto achieve the match. This type of 2D to 3D
anatomy-basergistrationhasbeendiscussedh Lavalléeet.
al (1994) and Lavallée (1995), and more recentlyincorpo-
ratedin arobotic systemin Brandtet. al (1997). It presents
significanttechnicalchallengeut hasclearadvantage®ver
theothermethods.

The maintechnicalissuesfor efficient, robust, andaccu-
rate real-time anatomy-basedegistration of CT datawith
fluoroscopicX-ray imagesare: (1) fluoroscopicX-ray images
presentlarge variable distortion (several millimeters) that
mustbe corrected;(2) the C-armintrinsic and extrinsic pa-
rametergnustbe obtainedfor eachdataset;(3) bonesurface
contoursmustbe extractedfrom boththe CT datasetandthe
fluoroscopicX-ray images,and; (4) the extracted contours
mustbe matchedo obtaintheregistrationby minimizingthe
distancebetweerthecorrespondingontourfeaturesRelated
work in this areaincludes(Brack et. al, 1998; Hamadelet.
al, 1998; Hofstetteret. al, 1997; Joskavicz et. al, 1995;
Lavallée, 1995; Phillips et. al, 1996). We presentsolutions
for accurateimage dewarping, C-arm cameracalibration,
contour extraction, and 2D/3D registration algorithms in
Sectionb.

4. PROPOSEDSYSTEM ARCHITECTURE AND
PROTOCOL

Figures2 and 3 shav the proposedexperimental sys-
temarchitectureandprotocolfor computefintegratedRTHR
sulgery Both are designedto accommodate variety of
technicalsolutionsfor the differentmodulesandstepsof the
procedureAt ary pointin time, theactualsystemwill consist
of specificinstancesof modulesand steps,which are then
testedandrefinedbasedon experimentalresultsandsuirgeon
feedback.

“IntegratedSugical Systemshasrecentlydemonstratea variationof this
methodfor PTHRIn the DigiMatch SingleSuigery System.Thesystemuses
apassve mechanicadigitizing armto collectthe cloudof points.
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Figure 2. Systemfor Revision Total Hip Replacemen$umgery.

Preoperatiely, a CT scanand/or X-ray imagesof the
femurwith thefailing implantareacquired Fiducialswill be
first implantedwhenthe robot/imageregistrationis fiducial
based.Externalfiducialsareoptionally attachedo the table
or to the patientto register the CT and X-ray data sets.
If the X-ray imagesare CT scouts,thereis no need for
externalfiducialsor registrationasthe patientis keptstill and
the gantry of CT machineis preciselycontrolled. The CT
slices, togetherwith the X-ray imagesand their view pose
informationarethenloadednto thepreoperatie workstation.
The imagesare then registeredif necessary The system
then processeshe CT imagesand additional X-ray images
to reducemagingmetalartifacts.

For preoperatie planning,the systempresentenhanced
CT images,or alternatvely, when only X-ray imagesare
available,animagespreadsheethich maintainsthe images
co-rgyisteredand allows manipulatingoverlayson them s
used. In either case,the imagesare usedto evaluatethe
extent of the cementmantle,definea cut volume,andselect
animplanttype,size,andposition. Thesuilgeoninteractiely
definesthe cut cementvolume andimplant type and place-
ment, andthe systemproducesa cut volume. The outputis

INTRAOPERATIVE

:

Intraoperative Workstation

Intraoperative image acquisition
Registration and tracking
Intraoperative modelling and decision suppart
Robot motion control
Surgeon interfaces

fixator

robotic
arm

C-arm

a setof co-rayisteredpreoperatie imagesand one or more
preoperatie plansconsistingof an implant type, size, and
positionandthe shapeandpositionof thecementutvolume.

Intraoperatrely, manual suigery will proceedas usual
until the old implant is remased and the cementthat can
be easilyremored manuallyfrom the proximal femuris out.
To remore the remainingcement the suigeonwill placethe
femurin afixation device rigidly attachedo therobot. The
fixator must be designedso that it can hold fragile bones
without damagingthem. Reggistration betweenthe patient
andtherobotwill beachievedvia theimplantedpinsor with
intraoperatie fluoroscopicX-ray images.If thepreoperatie
planneedgo bevalidated thesystemwill displaytheoutline
of the volumeto be cut superimposen the intraoperatie
fluoroscopic X-ray images. The suigeon may adjust the
sumgical plan, either by repositioningthe cut volume or by
modifying its shape.To be practical,this procesanusttake
lessthanten minutes.

Once the suigeon has verified the plan, the designated
volume will be cut out using the same material removal
stratgy asthat employedby Rosoboc for PTHR sumgery
Basedon the suigeons evaluation and confidencein the
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Figure 3. Proceduraflow for Revision Total Hip ReplacemenSugery. Dotted boxes and lines indicate optional stepsand/or possible

extensions.

preoperatie cut volume, the robot can then cut out either
the entire volume or cut only a conserative initial volume.
Additional imageswill be taken, registered,and compared
to the plannedcut volume. Theseimageswill be usedto
assessvhatmaterialstill needgo be remoredandto update
the registrationof the robotto the patient. The suigeonwill
theninstructtherobotto remove additionalcementvolumes,
optionally acquireadditionalfluoroscopicX-ray imagesand
will selecta final implantmodelandpositionusingthe most
recentimages.Therobotwill thencutthefinal shape.Once
thefemoralcavity for the new implantis preparedthe robot
will be removed from the sugical field and manualsuigery
will proceedasusual.

5. PRELIMIN ARY RESULTS

We are currently implementingvarious stepsof the proce-
dure. The work has concentratecon CT imaging metal
artifactremoval, interactive cut volume definition, anatomy-
basedregistration using fluoroscopicX-ray images,image
spreadsheetscement machining experiments, and clini-

cal RTHR sumgery experiencewith RoBoboc. To perform
anatomy-basedegistrationto the desiredaccurag, we de-

velopedmethodsand experimentedfor (1) fluoroscopicX-
rayimagedistortioncorrectiorandC-armcameracalibration;
(2) X-ray andCT bonecontourand surfaceextraction,and,;
(3) anatomy-baserbgistrationof CT andfluoroscopicX-ray
images.We describezachbriefly next.

5.1. Imaging metal artifact removalin CT data

We have developedanewv methodfor reducingmagingmetal
artifact noisein CT data using scoutimages. The scout
images,which are acquiredin the samesessionasthe CT

data,provide additionalinformationnecessaryo reducethe

imaging artifacts. Scoutimagesare producedby the CT

machineby keepingthe X-ray tubein a fixed positionand
moving thetableat constanincrementsThemainadwantage
of usingscoutsis thatthereis no needto registerthemto the

CT slices.Also, theaccurag of thecorrelatiorbetweerscout
imagesis the sameasthatof CT slicesandtheresidualerror
is negligible for our application. As with ary CT study the

patientmustlie still while scanned.

In principle,it is possibleto reducamagingmetalartifacts
by first corvertingadensesetof scoutimagesnto adenseset
of sinogram-likeprojectionsthenprocessingheseprojection
data, and finally obtainingreconstructedCT imagesusing
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(b)

Figure 4. Detail of CT image(a) beforeand (b) after 50 iterations
of MARCUS imagingmetalartifactreduction.

a standardfiltered back-projectiormethod(Browne, 1988).
However, our experimentsshov that to obtain adequate
resultsthenumberf scoutgequireds morethan100,which
is clinically unacceptableéothin termsof scanningime and
radiationdosage.Instead we have developeda methodthat

combineghedatafrom asmallnumberof scoutimageswith
the noisy CT data. Our goalswere to designan off-line
methodto recover objectboundariesn theregion aroundthe
metalimplant,ratherthanrecosering absolutepixel densities
overtheentireimage.

We developedMARCUS (Kalvin andWilliamson, 1998),
aniterative algorithmthatreducegheimagingmetalartifacts
in CT data. The algorithmrepeatedlymodifiesthe corrupted
CT imagesby applying setsof image and projectioncon-
straints. Image constraintsare basedon information about
the physical propertiesof the objectsin the image, while
projectionconstraintsaareimposedby scoutdata. MARCUS
startsby updatingthe CT imagesaccordingto the image
constraints. Then, the modified imagesare checkedfor
consisteng with the scoutdatato reducetheinconsistencies
betweenthe two. This processds repeateduntil the change
in theimagesin successk iterationsis below a prespecified
threshold,or until aniterationlimit is reached.In addition,
geometriddoundsonthepositionof theimplantcontourin the
CT imagescanbe computed.This is achiered by detecting
the edgesof metalimplantin the scoutdata,and usingthe
basicpropertyof the Radontransformwhich stateghateach
pointin the projectionspacecorrespondso a line in image
space.

We have tested MARCUS on a realistic custom-oiilt
RTHR phantomwhich consistsof a cadaer femur, a metal
hip prosthesis,and bone-cement. Figure 4 shovs a CT
image before and after the reconstructionusing 12 scout
images.The effectsof theimagingmetalartifactshave been
reducedsignificantly and details of the implant boundary
have beenrecorered. This experimentalso confirms that
the “blooming” natureof imagingmetalartifactsin CT data
causeghe completelossof imageinformationin the region
closeto the metal. This bloomingis not simply a display
artifact, e.g. resultingfrom saturationat the high-endof the
grey-scalemap. We thus concludethat effective imaging
metalartifactreductioncannotbe achieved by processinghe
noisyCT imagesalone.

5.2. Interactive cut volume definition

We have augmentedRTHODOC with aninteractize cut vol-
ume definition module. In the module, the sugeon first
segmentsout the bone cementby creatinga contour that
definesthe bonecementto beremored in several CT slices.
The contouris createdfrom control points suppliedby the
sugeonin eachCT slice by first fitting a splinein each
sliceandthenconnectingheresultingcontoursn successie
slicesto form the volume. The splinescan be modified by
moving, adding,anddeletingcontrol points. Currently the
volumeis definedas single connectedpiece, so the volume
creationprocesss straightforward.Figure5 shawvs the user
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Figure 5. ExtendedORTHODOC screenshoving an A/P view (left) anda top view of interactve cut volume contourdefinition (right). The
desiredvolumeis the exterior (outerline, white) andthe computediinner line, black) contour The bottomscreershows a wire framethree-

dimensionaliew of thedefinedcutvolume.

interfacescreerfor interactve cut volumedefinition.

The contourdatais theninput into a cut path generator
algorithmwhich outputsa contouridentifying the computed
robot cut path. The cut path is createdby successely
processingrom top to bottomall the contoursthat the user
has generated. The constructedsingle-axismachiningcut
path takesinto accountthe cutter radius and allows for
straightinsertionalongthevertical axis.

5.3. FluoroscopicX-ray imagedistortion correctionand
C-arm cameracalibration

We have developedseveral methodsfor performingintrinsic

and extrinsic calibrationof fluoroscopicX-ray images. In-

trinsicimagingparametermcludefocallength,imagecenter
pixel scaling,andimagewarping,andcanbecomputecy an-
alyzinganimageof a calibrationobjectof known geometry
Extrinsic parameterslescribethe positionandorientationof

the X-ray sourcewith respecto an externalreferencérame
suchasthe fixatoror the femur Theseparametersre used
for co-rayistering multiple fluoroscopicX-ray imagesand
for registeringintraoperatie X-ray imagesto preoperatie-
operatve imagesand models. We are currently comparing

themto determinewhich is mostsuitablefor our particular
intraoperatie ervironment.

One methodGuéziecet. al, 1998) extendsthe NPBS
methodof Champlebouwet. al (1992)to provide a direct
registrationof the robot to fluoroscopicX-ray images. Two
significantdifferencesare: (1) the useof thin plate splines
(Bookstein,1991; Duchon, 1976) for dewarping interpola-
tions and (2) obtainingimagesof multiple known calibra-
tion points. Ratherthan having the robot hold a comple
calibration object comprisingone or more planar grids of
radio-opaqueballs (Champlebowet. al, 1992), we usea
radiolucentprobe placedinto the cutter collet of the robot
(Figure6). Theprobeis sweptandimagedhroughtwo planes
to constructa virtual calibrationgrid. Image processingo
recover the ball centersis simple and robust sincethe only
differencebetweensuccessie imagesis the position of the
balls. The exposureradiationto acquirethe multiple images
is higherbut still within acceptabldimits. The advantageof
thismethodis thatit allowsfor morecompactindconvenient
fixturing than would be feasiblewith a corventional two-
planegrid. Ourexperimentshav accuratéhree-dimensional
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Figure 6. Radiolucenk-ray imageto robotcalibrationrod.

localizationswithin 0.1-0.4mmwith a conventional C-arm
(Guéziecet. al, 1998).

We have also investigatedan alternatve approachfor
intrinsic and extrinsic calibrationon the samesetof images
by imaginga partially radiolucentaluminumplate mounted
on the C-arm's imageintensifier The platehas3/16inches
thick and 1/16 inch wide grooves machinedin a square
patternon 1/4 inch centers. The grooves appearas pale
linesonthefluoroscopicX-ray images(Figure7(a))andcan

be sggmentedwith standardimage processingtechniques.

The dewarpingmapis obtainedby locatingtheimagepoints
of each grove's centerline, fitting a fifth order Bernstein
polynomial to them, and computing the dewarpedimage
point positionswith a scanline algorithm (Wolberg, 1990).
The scanline algorithmcomputeghe intersectiondetween
each horizontal scancenterlineline in the image and the
vertical Bernstein-basedurves. The intersectionpoints on
the scanline are then usedto fit a piecavise cubic spline
by relatingtheir locationon the scanline againsttheir ideal
locations.Theresampledmagein the horizontaldirectionis
obtainedby interpolatingall the pixelsonthe scanline using
thecubicsplineline. Thesameprocesss usedto devarpthe
grid in the verticaldirection. Figure7 illustratesthe process.
The advantagef our methodover methodsthat usea grid
of radio-opaquepheregBooneet. al, 1991;Eldridgeet. al,
1996; Schreineret. al, 1997)arethatit allows arbitrary C-
arm posesand that the fiducials do not completelyobscure
ary partof theimage althoughtheimagecontrasis reduced.
For extrinsic calibration,our stratgy relieson identifying
points and lines within a single fluoroscopicX-ray image
of a known spatialarrangemenof fiducials and computing
the cameratransformationparameters.This is simplerand
more effective thanusinga calibrationobjectholding radio-
opaquespheresarrangedn a spiral pattern(Eldridgeet. al,
1996),or includingfiducial linesin the bonefixator. Having
the robot hold a calibrationobjecteitherinside the femoral
cavity orvery closeto theboneprovidesacommonreference

to co-rayister the intraoperatie fluoroscopicimagesandto
directly obtain the transformatiorbetweenthe robot's end-
effector and the patients femur, expressedin robot coor
dinates. We have integratedradio-opaquefeaturesinto a
radiolucentcalibration object that can either be built into
the sumical cutter bearing sleare or else can be quickly
mounteddirectly to the sugical cutter The geometriesare
designedo permitthe estimationof therelative positionand
orientationfrom singletwo-dimensionaFluoroscopicX-ray
images.Four fluoroscopidmages- two for the dewarp grid
andtwo roughlyorthogonafor calibration-aretheminimum
numberof imagesthat wereweredeemedo be sufiicient to
obtainthedesiredaccurag results.

Figure8 shaws the setupof a positioningexperimentper
formedwith the JohnsHopkinsUniversity/IBM LARS robot
(Eldridgeet. al, 1996)anda C-arm. The LARS robothelda
ball probeandwaspositionedn theinterior of aradiolucent
box into which 1/8 inch steel balls had beeninsertedat
known positions. The inside surfaceof the box wascovered
with copperfoil, andelectricalcontactbetweerthe foil and
the ball probe could be detectedby the LARS controllet
After an initial calibrationto determinethe transformation
betweenthe robot's tool holder and the calibration object,
the robot was manually guided so that the ball wasinside
the box. Then, fluoroscopicX-ray imageswere takenfrom
two roughlyorthogonalunknownn orientations After locating
the coil andballs in both images,the relative differencein
positionandorientationof the C-armbetweerthetwo views
was computed andthe spatialpositionsof the balls relative
to the coil were estimatedby triangulation. The positions
werethenusedto computethe poseof the box relative to the
robot. Finally, the robotlocatedthe interior surfacesof the
box by maving in desireddirectionsuntil electricalcontact
wasmade. Comparingthe obsened distancesnoved to the
distancepredictedrom theimageswe measure@rrorsthat
werelessthan1mm for motionsup to 25mm, andlessthan
0.3mm for motions of 6mm or less. Theseencouraging
preliminary resultssuggestthat the progressre refinement
stratgy, consistingof initial undercuttingfollowed by re-
registrationbeforethefinish cutsaremade,is indeedviable.

5.4. FluoroscopicX-ray and CT image contour
extraction

We have developeda methodfor extracting contoursfrom
fluoroscopicX-ray and individual CT slice images,and a
method for extracting surfacesfrom a set of CT slices.
While both problemshave beenextensiely studiedin the
literature, no robust, reliable, and fully automaticmethod
is yet available. Reliably extracting bone contoursfrom
fluoroscopicX-ray imagesds difficult becauseheimagesare
noisy, have limited resolution,exhibit non-uniformexposure
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Figure 7. lllustration of the dewarpingprocess:a fluoroscopicX-ray imageof a smokedhamanda dewarpingcalibrationplate; (a) before
dewarping, (b) after groove location,and(c) dewarped. The white lines correspondo groovescut into an aluminumdewarpingcalibration

platemountedon the X-ray detector

Figure 8. Experimentaketupat The JohnsHopkinsUniversity for
image-guidedpositioning shoving the C-arm with the dewarping
grid plate mountedon its imageintensifier (left), the LARS robot
armholdingthe probe(centertop) anda box (centerbottom).

variationacrosshe field of view, andhave varying contrast
and exposurefrom shotto shot. The bone structuresare
surroundedy tissue containoverlappingcontoursandhave
internal contours. In the CT data, the individual 2D image
quality is significantlybetter but the spacingbetweerslices
canbe significant(up to 6mm), makingdifficult to useiso-
surfacevoxel techniqueso directly extractthe surfaces.

Tofind bonesurfacecontourdn fluoroscopicX-ray images
andindividual CT slices,we usea modified,semi-automatic
active contour modelstechniqueinitial userdefinedspline
contouris stretchedand bentaccordingto an enegy func-
tion actingthrougha potentialfield. The potentialfield is
definedby the norm of the image intensity gradient. We
use a smoothedmage gradientnorm for the potentialand
an initial polygonal contourmodel definedby a few user
suppliedpointsin the vicinity of the structureof interest.
The initial contouris deformedandfitted to the imagedata
by minimizing its enegy by solving a partial differential
equationusing the finite differencemethod. To definea
longer range potential, we have implementeda two-step
process. First, the initial deformablemodelis attractedby
a smoothedlow resolution potential. Then, the result is
usedasthe initial modelfor a seconddeformationstep at
full potentialresolution. Becausethe contourtopology is
relatively simple, consistingof at most two disconnected
contoursthis methodyields goodresults.For CT slices,we
usethe pointsin the neighboringslice asinitial estimategor
the following slice. Figure 9 shavs examplesof extracted
contourdn afluoroscopicX-ray imageandin aCT slice.

To construct surfacemodelfrom asetof CT sliceimages,
we connectthe extracted contoursin successie CT slices
by creatinga triangularmesh. The meshis built by finding
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Figure 9. (a) Extractedcontoursof a fluoroscopicX-ray image
and(b) extractedcontoursfrom distalfemur CT imageslice. Black
pixelsindicatethe extractedbonecontours.

correspondingpoints on the upperand lower contoursand
connectinghemwith anedge.Findingthe correspondences
is relatively straightforwardbecausehe femur anatomyis
simple and known. The algorithm builds a surfacepatch
connectinghe two contoursusinga variationof the method
describedn Fuchset. al (1977). The algorithmmaximizes
thesumof thequality measurege.g.,theratio of the positive
areaby the sum of squaredside lengths)of eachsurface

triangle. Theresultingsurfacesresimplifiedwith atolerance
between0.0mm and 0.3 mm using the Variable Tolerance
method (Guéziec, 1995). Figure 11 shav details of the
constructedsurfaceof the proximal and distal portion of a
femur.

5.5. Anatomy-basedmatching of fluoroscopicX-ray
imagesto CT data sets
We have developeda new methodfor matchingfluoroscopic
X-ray imagesto CT datasets. The methodfinds a rigid
transformatioroptimizingthe positionandorientationof the
bonesurfacesuchthatits projectionson the fluoroscopicX-
ray imagesat the computedcameradocationsbestmatchthe
bony anatomyobseredin suchimages.

The fluoroscopicC-armcameracanbe modeledasa pin-
hole projectve camerawith known focal length. The pin-
hole centerdefinesa setof linesemanatingrom it: whenthe
bone surfacemodel posecorrespondgo the imaging pose,
the lines emanatingrom the pin-holeand grazingthe bone
surfacecorrespondo pointson the bonecontour asseenon
thefluoroscopicX-ray images.We call thecontourdefinedby
thelinesthe appaentcontour A bonesurfacemodelwhich
is at a locationthat doesnot matchthe bonecontourin the
X-ray camergposecanbebroughtcloserto it by minimizing
thedistancebetweertheapparentontourandtheline bundle
(Figurell).

The iterative registrationproceedsn four steps:(1) com-
pute the apparentcontouron the bonesurface;(2) for each
line, find the closestapparentcontour point; (3) compute,
after eliminating outliers, a rigid transformation(rotation
andtranslation}that minimizesthe sumof squaredistances
betweenthe apparentcontourpointsandthe lines, and; (4)
applythetransformatiorto the bonesurface.This processs
repeatedintil the magnitudeof the incrementakotationand
translationis below apre-specifiedhresholdr the maximum
numberof iterationsis reachedWe briefly describesachstep
next (seeGuéziecet. al, 1998for details).

The bone surfaceapparentcontoursfor a given C-arm
camergposeis computedasfollows. For eachsurfacetrian-
gle, theviewing directionis definedasthe vectororiginating
from the pin-holecenterto thetrianglecentroid. Thetriangle
is saidto bevisibleif its normal,definedby the crossproduct
of orderedorientedtriangle edges,makesan obtuseangle
with the viewing direction,otherwiseit is invisible Surface
apparentontoursarethesubsebf surfaceedgesuchthatthe
triangleon onesideof the edgeis visible andthetriangleon
the othersideof the edgeis invisible. Theapparentontours
are constructedoy linking theseedgesto form non-planar
closedpolygonalcurvesin space. The algorithmbuilds the
apparentontourby firstidentifyingtheedgedelongingto it
andorientingthemsothatthevisible triangleis to the left of
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the edge. It thenpicks anedgeanditeratively addsedgesof
neighboringrianglesuntil the circuit is closed.This process
is repeatedn theremainingedgesuntil all apparentontours
arefound.

The closestpoints of the apparentcontoursto eachline
are computedby first computingthe closestpoint from the
line in all apparenttontoursandthenselectinga particular
apparentcontourand its correspondingclosestpoint.  For
the first step, we use a hierarchicaldecompositionof the
polygonalapparentontourgnto sggmentswith anassociated
boundingregion thatcompletelyencloseshe contourportion
of the sggment. The hierarchicaldecompositiorallows us
to find a closestpoint in O(logn) averageexpectedtime,
wheren is the numberof edgesn the apparentontour For
the secondstep,the algorithmtestsif the line "pierces” the
apparentcontour (Fig. 10). If so, the algorithm keepsthe
piercedapparentontourfor whichthe distanceo theclosest
pointis the largest.Otherwisejt keepsheonefor whichthe
distanceo theclosestpointis thesmallest.

To find the transformatiormatrix thatminimizesthe sum
of squaredlistancebetweertheapparentontourpointsand
thelines,we usethefollowing formulation:

m m
min  d = %Z
i=1 =1

—@pi+ ) (D)

—1)3 (25
—v (2)
0

where {p;} are closestapparentsurfacepoints, ¢; is the

camerapinhole position, v; arethe unit directionvectorsof

thelines,and Q andt arethe unknown rotation matrix and

translationvector We usethe Cayley rotation parameteri-
zation, which statesthat if U is a skev symmetricmatrix

obtainedfrom avectoru, thenthe matrix

Q= (1-U)(1+U)" 3)

is a rotationalmatrix. The advantageof this form is thatfor
smallrotations,Q ~ I — 2U. Theproblembecomes:

mmZHV

where P; is the skav symmetricmatrix derived from p;.
Following Kumar(1992),we usethe Tukey weightingfunc-
tion to scale eachdistanceerror After some additional
computationgdetailedin Guéziecet. al (1998), we obtain
alinearsystemthatwe solve for the desiredransformations.
We have conducteda seriesof experimentsto assesshe
accurag of our method. In one experiment,we usedim-
plantedfiducialson a cadaer boneand ROBODOC to obtain

i — ci + 2Pju + t)|)? 4)
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Figure 10. A directedX-ray path“pierces” anapparentontourif
thethreevectorsX, Y, andZ form aright-handedrame.Vector X
is theshortestlistancebetweerthe bonecontourandtheX-ray path,
Y istheorientedtangentof thebonecontour andZ is thedirection
of the X-ray path.

preciseand reliable transformationghat can be compared
to the image-basednethod. We found that the femur is

appropriatefor 2D/3D registrationbecausehe imagesshov

more than just the femur shaft. The condylesand the

anatomicafeaturesthat are left in the proximal part of the

femur provide sufficiently uniqgue asymmetricand unique
featuresfor matching. A measuredregistration error of

2.3mmwasrecordedn thedatasetof Figurell. Theerroris

themaximumof thedistancedetweerthegeometridocation

of the pins asmeasuredy the robot andandthe computed
ones.

In a secondexperiment(Figure 12), we useda different
calibrationrodandno pinsandobtaineda maximumregistra-
tion errormeasuredt eachmarkerlocationbetweenl.2mm
and 3.6mm. The main causeof the error is the effect of
angularerrorson alongshaft:anangularerrorof onedegree,
which is commonin suchapplications,on a femur 450mm
long causes displacemenbf 8mm at thetip, or 4mmif the
centerof rotationis in themiddle of thefemur.

5.6. Imagespreadsheet

We are developing an image spreadsheefor selectvely
viewing X-ray imagesCT cross-sectiongnd3D volumetric
reconstructiongFigure 13). The spreadsheanaintainsthe
imagesco-raisteredand allows manipulatingoverlays on
them. It includes standardimage-processingools, such
as histogrammingjntensity adjustmentsand zoomingand
panning.lt allows the userto specifythe numberof windows
desiredfourin Figure13) andmaintainsascrollablewindow
(bottomwindow) containingthumbnailviews of the casem-
ageswhich canbedisplayedby dragginganddroppingthem
in ary window. New imagescan be generatedsared, and



ComputetintegratedRevision Total Hip ReplacemenBuigery 15

\ K\\\\\

(©) (d)

Figure 11. Proximaland distal femur surfacemodelsand X-ray paths(a), (c) beforeregistrationand (b), (d) after registrationusingone
proximalmarkerin additionto thefluoroscopicX-ray images.
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Figure 12. Experimentakesultof pinlessX-ray image-basedegistration. Theimageshows a proximal femur surfacemodelbuilt from CT
data(center)andtwo distortion-correcte&-ray fluroscopicimages(left andright) after registrationin their original positions. The darkline
seggmentseemanatingrom the X-ray fluoroscopidmagebonecontoursrepresenk-ray paths.
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Figure 13. Imagespreadsheeathaving four windows anda thumb-
nail.

addedasthumbnailimagesto the bottomwindow. Volume
data,suchas CAD implant modelsand cut volumescanbe
overlayedon bitmapimages.

The usercandirectly manipulateandpositiontheimplant
andthevolumeswith the mouse.The spreadsheetlgorithm
computesthe projectionand maintainsthem co-registered.
Anotheralternatie, not yet implementedjs semi-automatic
positioning using sugeon-definedcorrespondences. The
suigeoncanusethe mouseto designatgpointsontheimplant
that should align with points in individual X-ray and CT
images. The systemthen computesan implant positionand
orientationthatbringsthe selectegairsof pointsascloseto-
getheraspossibleby formulatingandsolvingaleast-squares
minimizationproblem,achiezing an optimal placementvith
respectto the specifiedcorrespondencesBYy interactvely
adding, deleting, and modifying correspondenceshe sur
geoncan quickly find the bestimplant or volume position.
This methodis potentially lesstime-consumingbecausdt
simultaneouslyreducesdivergenceson several individual
views. However, it requiresthe suigeonto get usedto a
differentkind of positioning,which hasnot yet beenfound
necessarpy ORTHODOC users.

5.7. Cementmachining
We have conductedseveral experimentgo assesshe cement
removal process. In one experiment, we testedwhether
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the cutterscurrently usedin Rosoboc PTHR sumgery are
adequatdao cut bone cementby cutting circular shapesn

a hard plasticmaterialwith densitysimilar to bonecement.
To determineaccuray, the diameterof the cavities was
measuredand comparedo the planneddiameter obtaining
satisfactoryresults for shapeand position accurag. In

anotherexperiment,we testedhow deepwe cancutin bone
cementand still achieve the accurag we need. With the
current instrumentation the ROBoODOC systemcan cut an
implantcavity about300mmdeepalongtheaxis of thebone.
We foundthat properirrigation with a sterilesalinesolution
is very importantfor cementmachining. Full quantitatve
evaluationis partof futurework.

5.8. Clinical RTHR surgery experiencewith RoBoboC
Two sumgeons at the Berufsgenossenschaftlichbnfal-
Iklinik (BGU) in Frankfurt, Germar, conducted four
RosobocC RTHR sugeriesat the end of 1996 under the
supervisionof ISS engineers. The systemused was the
PTHR RoBoDOC systemaugmentedvith imagingmetalar
tifact reductionandinteractive cutvolumedefinitionsoftware
(Figure 5). The caseswere carefully chosenbe within the
specification®f the extendedsystem.

Thesugeriesveresuccessfuh all four casesanddemon-
stratedthe needfor improvementsn the cementcutting pro-
cedure.With the original Rosoboc PTHR suigery settings,
the cutterhadgreatdifficulty machiningthe cementcausing
frequentforce freezes”,i.e., excessve force when cutting,
which causeghe cuttingto stopduringthe procedureln the
first sugery, therewere 73 force freezesrequiringa cement
cuttingtime of overtwo hours(versugheexpectecdalf hour).
To improve the cementcutting performanceof therobot, the
ISS teammodified the cavity generatiorsoftwareto reduce
the amountof cementthatthe robothadto machineat each
passand improved the recorery capability from the force
freezes. The secondsuigery requiredslightly over an hour
of cementcutting time, with only 29 force freezes. During
the third suigery, the robot machinedthe proximal portion
of the cementmantlefor about10 minutes,at which time
the sugeonsnoticedthat the whole mantlehad comeloose
andremoved it manually This wasconsidereda very good
clinical result: it is likely thatthe robotloosenedhe cement
mantleby machiningaway the proximal part. By the fourth
caseperformedat the beginning of 1997, the softwareuser
interfacehadimprovedto the pointwherelSSengineersvere
involvedonly in theplanningphaseemotelyvia modem.

To allow the suigeonsto performall partsof the planning
without ISS assistancehefollowing softwareimprovements
weremade.

¢ addeda graphicalindication of the minimum volume

required for cutter clearanceon each cross-section.
Without this indication, the systemwill fail to createa

cavity without a meaningfulerror messagef the user

createda contourthatwastoo smallfor the cutter

o allow theuserto insertnew contourdn betweerexisting
contours.This wasnecessaryf the sugeonspacedhe
initial contourgoofar apartto createanaccuratecavity.

e improve thereliability of the cavity generatiorsoftware
sothatit worksin morethan90% of the casesandwill
fail gracefullyotherwise,i.e., createthe correctcavity,
or no cavity atall.

e createa tool for the sugeonto mark the top of the
bone.Thisinformationis passedo thecavity generation
softwareso thatit cangeneratgropercutter pathsfor
the"precut” area,i.e., the boneproximalto the cement
cavity.

The improved softwarewassuccessfullytestedon April 17,
1997at BGU wherethe sugeonsperformedhefirst revision
casewithout ary involvementfrom ISS. Since then, the
softwarehasbeenusedby suigeonsatBGU for severalRTHR
procedures.The primary limitation of the currentsystemis
thatthe femoralfixator cannotbe usedfor weakbones(asis
oftenthecasein revision patients)pecausdét candamagehe
bone.We arecurrentlyinvestigatingnew fixator designghat
canaccommodateeakerbones.

6. CONCLUSION

We have presentedhe conceptandpreliminaryresultsfor a
computefintegratedsystemto assistsuigeonsin revision to-
tal hip replacementRTHR) suigery Our startingpointswere
the RoBoboc systemfor primary hip replacemensuigery
andthe manualRTHR sumgical protocol. We identified four
key issueghat mustbe addresseih developingthe system:
(1) extendedpreoperatie planningto reduceimagingmetal
artifactsin CT data; (2) interactive cementcut volume def-
inition; (3) intraoperatie plan validation and modification,
and; (4) image,patient,androbotregistration. We described
methoddor dealingwith the above problems,andresultsof
experimentdor betterunderstandinghe technicalffeasibility
of alternatve solutions. Clinical trials were conductedwith
anextendedRTHR versionof RoBoboc, whichincludedCT
imagingmetalartifactremoval andinteractve cementolume
definition. Our preliminaryresultsindicatethatthe proposed
approachis viable and could form the basisof a practical
systenfor clinical use.We believe thatsomeof the solutions
developedspecificallyfor RTHR sumgery will be applicable
to to mary orthopaedi@andothersumgical problems.

The imaging metal artifact reduction algorithm has
proved of great use and will be incorporatedinto ISS'
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ORTHODOC product. Version 1.0 of the RTHR system
was just released. Short term plansinclude the designof
a newv femoral fixator that can handle weakerbones, the
combinationof the cementand implant cavity machining
(currently the systemonly machinescement),and an au-
tomatingthe methodfor identifying the cementcut volume.
Furtherimprovementsandclinical validationof fluoroscopic
registrationmethodsarerequired.
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