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This presentation discusses relatively recent advances in the use of techniques
from medical imaging and simulation to facilitate minimally invasive surgery.
The descriptions in this paper are based on original work done in the EC-

sponsored EASI-project (European

I ntroduction

With medicalimagingequipmenbnecangenerate
imagesof theinsideof thebody Theimagescanbe
usedfor diagnosisput alsofor planningandsimula-
tion of radio-therap, sugery andothertypesof in-
tenentions,aswell asfor guidanceandnavigation
while intervening accordingto the pre-operatie
plan. Severalregistrationtechniquesireavailableto
transferthe pre-operatie virtual plan ontothereal
patienton the operatingtable,sothatplannedposi-
tions,orientationsandsizescanbefoundback.The
positionand orientationof sumgical tools are mea-
suredsothatthey canbeoverlaidinteractvely onto
imagesshaving thetoolsto the suigeonin relation
to the patients anatomyandpathology Suchguid-
ancegreatlyfacilitatesminimally invasive suigery,
it improvessumical accurag andspeedjt reduces
sumical risks, andit improvesthe suigeons confi-
dence.

A further stepis the integration of intra-operatie
imaging (e.g. with microscopy, endoscop ultra-
sound,X-ray, CT andMR) to updatepre-operatie
imagesfor changeswhich have occurred, either
asa resultof sugery itself, or becauseof flexible
anatomy

For microsugery where a very high precisionis
needed,it is adwantageousto augmentthe sur

geons dexterity with the help of telemanipulators,

to minify movementsto filter any remainingmicro-
tremor andto limit the force (or degreesof free-
dom)of sugicalinstruments Simulationof suilgery

Applications in Surgical Interventions).

is gainingacceptancéor trainingof suigeonsn the
non-destructie useof laparoscopi@andendoscopic
sumgical tools.

Figurel: Image-guidedeurosugery:
image-to-patientsegistration

During the last few decades various three-
dimensionalmedicalimaging techniqueshave be-
come available, such as Computed Tomography
(CT) andMagneticResonanc@VIR) imaging,with
which variouspartsof the humanbody canbe ac-
curatelydepicted.Theresultingimagescanbeused
asanaid in diagnosingpathologyandfor planning
of medicaltreatment.

Corventionally diagnosisis performedin a visual
way: clinicians comparewhat is seenin patient
imageswith knowledgeof anatomyandpathology
Planningof treatmenis performedsimilarly. Prior
to suigery sulgeonsuse the imagesto mentally
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projectthethree-dimensiongatients anatomyand
they determinehesumgical planonthebasisof this.

In recentyears,adwancesin computertechnology
anda significantincreasen the accurag of imag-
ing have madeit possibleto develop systemsthat
canassistandaugmenthe clinician muchbetterin
thefull pathof diagnosisplanningandtreatment.

In the EuropeanApplicationsin Sumgical Interven-
tions (EASI) project, research,developmentand
clinical evaluation in the area of image-guided
suigery were performed. The project focusedon
two applicationareas:image-guidecheurosugery
of the brain (EASI-Neuro), see Figure 1, and
image-guidedvascularsuigery of abdominalaor
tic aneurysmgEASI-Vascular),seeFigure2. The
goalwasto improve theeffectivenessaandquality of
suigery andto reducethe overall costof treatment.

Figure2: Image-guidedrascularsurgery: overlayof
aortafrom CT to X-ray

EASI-Neuro concernedumgical proceduresuch
as the retrieval of brain biopsiesfor tissue anal-
ysis, resectionof brain tumours,endoscopicven-
tricular sugery and the treatmentof neurwascu-
lar aneurysms. Advancedtools were developed
for planning,visualizationand tracking, while us-
ing the EasyGuideintra-operatre navigator and
Easy\ision clinical workstation as starting plat-
forms.

EASI-Vascular was concerned with image-

(AAAS), a life-threateningdilation of the abdomi-
nalaorta.Ruptureof an AAA leadsto instantdeath
in the majority of the cases.Corventionally these
aneurysmsretreatedwith opensugeryvia theab-
domen. Relatvely recently a minimally-invasive
techniquehasbeenintroducedfor theendwascular
placementof an aortic prosthesisvia the femoral
arteries. The EASI-Vascularproject focusedon
planning of the dimensions(length and diameter)
of the prosthesidrom pre-operatiely acquired3D
CT imagesand on image-guidedorosthesiplace-
ment.

Project Approach

First, the needsof the clinical userswere anal-
ysedwith respectto the variousstepsinvolved in
image-guidedsuigery (pre-operatie imaging, pre-
operatve planningand intra-operaire navigation).
For theapplication®of interestthedesiredmprove-
mentsand possiblenew sugical proceduresvere
formulatedin aclinical specification.

From the clinical specification,a functional speci-
fication wasderived in which eachof the required
functionsand its required performancewas spec-
ified in detail. This functional specificationwas
translatednto atechnicalspecificatiorin whichthe
hardware and software tools to be developedwere
specified Basedon thetechnicalspecificationpro-
totypeimage-guidedsuigery planningand naviga-
tion systemgqcalleddemonstratorsjvere built and
installedat clinical sitesfor clinical validation. On
thebasisof resultsof theongoingclinical validation
thedemonstratorgverecontinuouslyimproved.

Neurosurgery

The clinical proceduresaddressedn EASI-Neuro
arecraniotomy(openingof theskull for e.g.tumour
resection)biopsy(theretrieval of smallbraintissue
samples)jnsertionof shuntcathetersnto the ven-
tricles (draining of CSF) and endoscopicsuigery

For all of theseprocedureghe clinical userswant
to accuratelyplanthe procedureon the basisof pre-
operatvely scannedCT or MR images. This may
involve sggmentationand visualizationof critical

structuressuch as blood vessels tumours, ventri-

guided treatmentof abdominalaortic aneurysms cles, gyri and sulci. Furthermore the userswant
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to accuratelyfollow the pre-operatie plan during
sulgerywhile gettingfeedbackaboutary deviations
from theplan.

Basic platformsfor EASI-Neuro

TheEasy\Msion CT/MR pre-operatie planningsta-
tion andthe EasyGuid&M intra-operatie navigator
wereusedasstartingplatforms(seeFigure3). New
softwareandhardwaretoolswereaddedo improve
functionality resultingin the EASI-Neurodemon-
strator

Figure3: Easy\Msionworkstation(left) and
EasyGuidéM navigator (right)

Figure4: Phantomdgor thedetectionof
scannefinducedgeometriadistortionsin CT (left) and
MR (right) images

Developed toolsfor EASI-Neuro

Tools were developed for correctionof scanner
induceddistortionsin CT/MR imagesfor planning
and guidancein framelessstereotactidiopsy for

craniotomyand path planningin tumourresection,
andfor image-guidedndoscopisulgery

Geometric correction

Thefirst stepin image-guidecheurosugery is pre-
operatve CT or MR imaging. Geometricdistor
tions may be presentn the imagesdueto, for ex-
ample,impreciselyreportedtable speedwor gantry
tilts (CT) or imperfectmagneticfields (MR). Such

scanneiinduceddistortionsmayinfluencetheaccu-
ragy of image-guidedhavigation. Specialphantoms
weredesignedor measuringlistortionsin CT and
MR imageg(seeFigure4) andmethodsveredevel-
opedfor correctingtheimageqary patient-induced
MR distortionsarenot correctedor).

Useof thesephantomsn scannersf variousman-
ufacturersrevealedthat distortionsof seseral mm
areno exception,bothfor CT andMR. We areeval-
uatinghow muchthe overall navigationalaccurag
canbeimprovedby correctingfor suchscannedis-
tortions.

Frameless stereotactic biopsy

When diagnosticimaging indicates the possible
presenceof a tumour often a biopsy is retrieved.

This is corventionally doneby usinga stereotactic
frame,seeFigure5 (left). In the operatingtheatre,
the baseof areferenceérameis attachedo the pa-

tient.

Figure5: Leksellframewith scanplates(left) and
arc(right) (photoscourtesyElekta)

Figure6: EasyBxis™ sumicalarm

Thepatientis thentransferredo theradiologicalde-
partmentfor CT or MR scanning.After scanning,
the patientis broughtbackto the operatingtheatre,
wherethe arcis mountedto the base seeFigure5

(right). Theneedlesinsertionpoint, orientationand
insertiondeptharemeasuredrom the scannedm-

agesandaretransferredonto the arc of the stereo-
tacticframe. Thenaneedlds insertedandthebiop-

siesaretaken.
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The conventional frame-basedstereotacticproce-
dureis patientunfriendly time consumingandsub-
optimal for hospitallogistics. We thereforedevel-
opedaframelesprocedureahatis describedelow.

Figure7: Needleguide

The patientis first scanned CT/MR) with fiducials
markersattachedo the skin andis thentransferred
to the operatingtheatre. There the EasyGuidenav-

igator is usedto register the patientto the pre-
operatve images. The biopsy entry and tamget
points are plannedwith a specialbiopsy planner
tool, which allows evaluationof the pathfrom en-
try to tamget. The needleis positionedandoriented
accordingto the plannedpath by using a special
biopsyneedleguidewhich is mountedin a sugical

armattachedo operatingtableor Mayfield clamp.

b E @ 25-Jul-1997 17:34
EDj-m.. ] @| e

T[]

@I =)
(===
LA LA

=

[[Show margih around Biopsy pathy

pathmaigin segmentedstructures

Figure8: Plannettool

The alignmentsoftwarein the biopsy plannertool
helpstheuserto find the correctpositionandorien-
tationquickly andaccurately Thesuigeonfirst puts
the tip of the biopsy needleguide on the planned
path(+ marker). Thesuigeonthenalignstheguides
orientationwith the plannedpath (x marker). The
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alignmentmatchesthe defined path position and
orientation when both the + and x marlers are
shavn attheimagecenterposition,indicatedby the
crosshair The positionsof the markers are calcu-
latedin the biopsyneedleguidecoordinatesystem,
which establishea naturalfeedbackieft, right, up,
down on the screenis alsoleft, right up down for
thebiopsyneedleguide.
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Figure9: Tool to align guideontoplannedpath

As the needleis tracked, the progressof the nee-
dle insertioncan be shavn in relationto the pre-
operatve images.The suigeoncansimulatethere-
trieval of abiopsyby moving theguides depthstop
asif a needlewasinserted. The pre-operatie im-
agesareshavn atthe needletip position. Whenall
is satishctory the real needlecan be insertedinto
theguideandthebiopsiescanberetrieved.

Clinical studies have shawvn that the procedure
can be performedin a very shortamountof time
(about40 minutesin the OR) with accurag better
than2mm.

Craniotomy and path planning for neuro-
surgery

We developeda craniotomyplannertool for tumour
resectionthat allows the suigeonto accuratelyde-
terminethetumourposition(thetarget),to compare
alternatve positionsand shapes/sizesf the cran-
iotomy (theentry point) andto verify the pathfrom
theentrypointto thetumour
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Figure10: Tool to simulatea biopsyandto navigate
while takinga biopsy

Evaluatethe path
to thetumorby
inspectingslices
perpendiculato

This tool usesadwancedsegmentationtechniques the path

to discriminatethe tumourandsurroundingeritical
structures(e.g. major blood vesselsand gyri and
sulci of healthybrain tissue)and advancedvisual-
ization techniquedo shav whatis encounterean
thepath.

The pre-operatie plan can be transferredonto

Usetheoptical
localizertool to

the patient by using the tracked pointer of the transferthe
EasyGuidenavigator During suigery, deviations plannedburr holes
ontothe patient

fromtheplancanbevisualizedonthenavigatordis-
play.

Figurell: Planatumorresectioronvirtual patients
imagesandtransferthe planontothereal patient

Endoscopic procedures for EASI-Neuro

A mountablepointerhasbeendevelopedto enable
trackingof the positionandorientationof theendo-
scopeduring endoscopicsugery of the ventricular
system. The pointer canbe placedat any position
ontheworking cannulaof theendoscope.

The geometryof the endoscope-pointezombina-
tion canbelearnedwith a speciallydevelopedtool.
The EasyGuidenavigator displaysthe orientation
andpositionof the endoscop@n the pre-operatie
images. Specialtools have beendevelopedto grab Figure12: Endoscopevith mountablepointer
anddisplayvideoimagesirom the endoscope.
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Clinical validation results for EASI-Neuro

Advancedtools were developedfor planningof a
craniotomyand a sugical pathto a selectedoca-
tion in the brain andfor planningand performing
framelesdrainbiopsy

The sugical planis basedon CT/MR imagesthat
have beenacquiredpre-operatiely. Theseimages
may contain geometricdistortion which influence
the obtainablesugical accurag. Toolswerethere-
fore developedto measureand remove scanner
induceddistortions.

Finally, tools weredevelopedto enabletracking of i
various sugical instruments(pointers,endoscope,
catheters).

The tools were thoroughly validated at National
HospitalLondon,wherethey wereusedin 404 op-

erative proceduresThe 11 clinical usershighly ap-
preciatedthe tools: for instance96% of the users
was of the opinion that usageof tools hassignifi-

cantadwantagesver corventionaltechniques.

Especially the tools for framelessbiopsy were
highly appreciated. A true framelessprocedure
could be performedin lessthan 40 minuteswith

anaccurag of aboutl.5-2.0mm, which compares
favourablywith corventionalframe-basedhethods.

Vascular surgery

Figurel4: The TEAM procedurdillustrationcourtesy
User needsfor EASI-Vascular EVT)

EASI-Vascular concentrateson the treatmentof

aneurysmsof the abdominalaorta. An abdomi- A carefulpre-operatie planningis necessarjo see
nal aortaaneurysmis a life-threateningweakness whetherthe patientsatisfieghe selectiorcriteria, to
of the aortawall which resultsin a swelling and evaluatethe suitability of the accesdrajectoryand
possibleruptureof the aorta. The attentionin this 0 determinethe dimensionsof the requiredendo-
projectis focusedon the TransfemoralEndovas- prosthesis.We have also evaluatedwhetherintra-
cular AneurysmManagemen{TEAM) procedure, operatve sugical guidancecould improve the ac-
which is a relatively recenttechniqueto reinforce Curay of positioningthe prosthesissplanned.
abdominalaneurysmsby placing a endoprosthe-

sis (often Y-shaped)nsidethe aortawhile passing Basic platform for EASI-Vascular

througha smallinsertionin thefemoralartery The

prosthesigs hooked from inside the aortainto its Contrary to EASI-Neuro, EASI-Vascularhad no
wall. For patientssatisfying certainselectioncri- navigation productsthat could sene as a starting
teria, the minimally-invasve TEAM procedurecan platform. The demonstratomwas thereforedevel-
replacethe ratherinvasive corventional procedure opedbasednanEasy\ision CT/MR clinical work-
in which the abdomens completelyopenedto re- stationwith additionalhardware and experimental
placetheaortaby a prosthesis. software.
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Figurel5: Automaticsegmentatiorof thelumenfrom
the CT data

Pre-oper ative planning for EASI-Vascular

To evaluatethe accesstrajectory and attachment
sites,a (semi-)automaticalgorithmwasdeveloped
that sgmentsand tracks lumen and thromhus in
CTA imagedrom theinsertionpointin thegroinup
to therenalarteriegseeFiguresl5and16). Theal-
gorithmautomaticallycalculateshediameterof the
aortaalongthe centrallumen line and determines
thediameterof the best-fittingendoprosthesis.

I ntra-operative for EASI-

Vascular

navigation

Toaidtheclinical userin theplacemenbf theendo-
prosthesisa navigation systemhasbeendeveloped
thatregistersintra-operatre fluoroscopicX-ray im-

ageswith pre-operatie CTA images. This allows

thevisualisationn theintra-operatie X-ray images
of structureswhich are clearly visible in the CTA

images(suchasthe lumen), but which arenot vis-

ible in the X-ray images. Briefly summarizedthe
registration methodoperatesas follows. A verte-
brais segmentedrom the 3D CTA images.A pro-

jectionof this vertebrais constructecindautomati-
cally registeredto the correspondingertebrain an

intra-operatie 2D X-ray image. Theregistrationis

performedby usinga similarity measurebasedon

patternintensity This similarity measureperforms
betterthan othermeasuressuchasthe normalised
cross-correlatiomndmutualinformation.

Figure16: Semi-automati¢rackingof thecentral
lumenline (CLL) andestimationof thelumenarea
alongthe CLL from reformattedmagesperpendicular
totheCLL

The registrationonly remainsvalid aslong asthe
patient has not moved with respectto the X-ray

imagingsystem.Thereforeanautomatianotionde-
tectionmethodwasimplemented.In clinical prac-
tice, suchmotion occursregularly, dueto bothin-

tentionalandunintentionalrepositioningof the op-

eratingtable and/orthe X-ray device. When mo-

tion hasbeendetectedthe registrationis declared
invalid andtheregistrationalgorithmis restarted.

Clinical validation results for EASI-

Vascular

A methodwas developedfor image-guidedolace-
mentof an abdominalaortic prosthesis.The pros-
thesisis insertedthrough a small incision in the
femoralartery Intra-operatie guidancds supplied
onthebasisof registeringintra-operaire 2D fluoro-
scopicX-ray imagesto pre-operatiely scanne®D
CT images After registration,informationthatwas
retrieved from the CT dataandthatis not clearly
visible in the X-ray (e.g. theaorta)canbe overlaid
onthe X-ray.

In thelastphaseof theproject,attentionwasshifted
towards planning: determinationof patienteligi-

bility and sizing of the patient-specifiqrosthesis.

Tools were developedfor automaticsegmentation
of thelumenin the aortaandfor automaticestima-
tion of the prosthesiddimensions. A preliminary
clinical validation shaved that the dimensionscan
beaccuratelyestimated.

The EASI-Vasculardemonstratorhas been clini-
cally validatedat the Utrecht University Hospital
(AZU). Up to now the systemhasbeenevaluatedn
11 proceduregof circa20in total sinceJuly 1996).
Discussionswith the suigeonshave repeatedlyled
to importantredesigns. Thereforequantitatve re-
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sultsarenot presenin the samealundanceasthey
arein the EASI-Neuropartof the project.

Figurel7: Linking of pre-operatre CT with
intra-operatie X-ray images

The vascularsuigeonsare very pleasedwith the
planningtools for pre-operatie assessmerdf pa-
tient eligibility, for measurementf the dimensions
of the requiredprosthesisandfor planningits at-
tachmentsite. The vascularsuigeons’enthusiasm
for intra-operatie guidanceis muchless. Froma
technicalviewpoint, the developedintra-operatie
guidancemethodproved to function well in prac-
tice. Intra-operatie localization(basedon match-
ing intra-operatie X-ray to pre-operatie CT) was
realizedwith anaccurayg of circal mmin thedirec-
tions parallelto the planeof the X-ray projection,
and circa 2-3 mm in the perpendiculardirection.
However, theaccurag specifiedby thesuigeonwas
1 mmin all directionsfor accurateleterminatiorof
positionand orientationof thetip of the endopros-
thesis.This couldnot bereachedwvith only asingle
directionof X-ray projection.Furtherimprovement
of the localizationperformancecan be reachedby
usingtwo or moredirectionsof X-ray imaging.

However, if onerelieson similarities betweenthe

pre-operatie imaging andthe intra-operatie situ-

ation, thenit is not suficient to only improve the

intra-operatre localizationaccurag. For instance,
whenthe aortas shapechangesand/orwhenits re-

lation to the vertebraechangesignificantly there-

sulting lack of similarity severely reduceghe use-
fulnessof the pre-operatie images.
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Figure18: Overlayof aortawith aneurysm(segmented
from pre-operatie CT images)ontointra-operatie
X-ray image

Conclusions and future plans

In the courseof the EASI project,advancedmeth-
ods and tools were developed and validated for
planningand performingimage-guidedsuigery on
thebasisof pre-operatiely acquiredmagery
Future research, development and clinical co-
operationswill focuson furtherincreasingthe ac-
curag of suigery, by combiningintra-operatie im-
ages(CT, MR, US, Video) with pre-operatie im-
ages.

The competitionin this field is heary andthe mar
ket hasnot taken off as quickly aswas estimated
several yearsago. In orderto limit the develop-
mentcosts,several companiesneigedtheirimage-
guided sugery actvities in the Sumgical Naviga-
tion Network (SNN). Philips joined SNN in Oc-
tober 1998. The aim of SNN is to cometo an
open-standardmulti-vendor modular plug-and-
playimage-guideduigery platform.

Philips Medical Systemsintroducesthe achieve-
mentsof the EASI projectand other relatedwork
asmuchaspossibleinto SNN.

PMS is currently focusing more attentionto the
combinatiorof intra-operatie imaging(e.g.mobile
CT, interactve MR, X-ray, ultrasoundand video)
andimage-guidedhavigation.
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