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ABSTRACT

Clinical andresearceurosugical studiesinvolving the use
of intracranialelectroencephalographand cortical stimula-
tion dependcritically on accuratdocalizationof electrodes.
Neuronaigation tracking probesenablesuigeonsto record
the positionof exposedelectrodesbut they cannotbe usedto
reliably measuresubdurakcontactglacedundertheduraand
beyond the extent of the craniotomy We describean algo-
rithm to estimatethe positionof theseinaccessiblsitesusing
the patients preoperatie structuralMRI data.After generat-
ing a model of the cortical surface,our algorithm estimates
surface normalsat the sitesof accessibleslectrodesgstab-
lishesthe orientationof the electrodestrips,andthenextrap-
olatesthe position of adjacentcontactsbasedon the known
inter-electrodedistance We performedvalidationusinga pa-
tientdatasetonsistingof 37 electrodeplacedonthecortical
surfaceduringsumgery.

1. INTRODUCTION

Numerousstudieshave demonstratedhe clinical bene ts of
intracranialelectroencephalograpiiEEG) and direct elec-
trocortical stimulation (DECS) during awake neurosugical
procedure$l, 2]. In additionto their clinical usethesetech-
niguesprovide a unique opportunityto study humanbrain
function. Researchn this eld dependsritically on accu-
rate measurementsf the intracranialelectrodepositionsas
ameando both effectively interpretthe accompaying data,
andto properlycorrelateheresultswith otherimagingmodal-
ities suchasfMRI. Previousstudieshave approximatedhese
positionsby taking intraoperatire photographf the corti-
cal surfaceandmatchingvascularand sulcalanatomyto de-
ne thelocation[3]. The growing useof neuronaigational
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Fig. 1. Intraoperatie photographof the sumgical site shovs
the small craniotomyand cortical surface. A 2 8 electrode
grid hasbeenplacedsliding the distal 8 contactsunderthe
edgeof the craniotomy The location of thoseelectrodes
canonly beroughlyestimatedy placingtheneuronaigation
probeon the scalpsurface. Note: the validationdatausedin
this papemwerecollectedduringa differentcase.

computersystemsluring suigery providesthe opportunityto
decreasehe errorin electrodelocalization,and morerecent
studieshave demonstratedjualitatve and quantitatve com-
parisonswithin the neuronaigation systemg4].

The needto establishphysical contactbetweenthe sys-

tem'strackingprobeandtherelevantlocations however, presents

aconsiderablémitationin accuratelyocalizingsubduraklec-
trodespositionedbeyond the extent of the craniotomy(Fig.
1). Thisis particularlyrelevantsincethewidespreaddoption
of intraoperatre neurona&igationhasallowedsuigeongo ap-
proachtumorsandlesionsthroughsmallercraniotomies.To
help remedythis situation,the sugeonmay visually approx-
imatethelocationof thesesitesby registeringa point on the
scalpdirectly above theelectrodgFig. 2). Thismeasurement
methodcaneasilyleadto spuriougresultshowever, adwersely
affectingary subsequentataanalyseshatarecontingenton
accurateelectrodepositions.In casesn which electrodesre
placedontheinferior temporallobein particular the suigeon
is oftenunableto provide evena grossestimationof their lo-



Fig. 2. Left,Center: Intraoperatie screenshot§rom the
neuronaigation systemshaowving the recordedelectrodelo-
cations. The suigeon visually approximatedon the scalp
the positionsof ary electrodesnaccessiblyplacedunderthe
duraand beyond the reachof the tracking probe (white ar
rows). Right: Postoperatie integration of thesedatain the
3D Slicer[5] applicationfor input to the algorithm. We gen-
eratedthe modelof the cortical surfacefrom the preoperatie
MRI data,andthe electrodepositions(red markers)from the
neuronaigationcoordinates.

cationsdueto the intervening boneand muscletissue. The
algorithmwe presentiutomaticallyextrapolateghe positions
of theseinaccessibleslectrodeshasedsolely on the known

characteristicof the electrodestrip andthe cortical surface
modelgeneratedrom the preoperatie imagingdata.

2. SURGICAL PROCEDURE

Sumical navigationwasconductedisingtheInstaTrak frame-
lessstereotactisystem(GE HealthcaréNavigation,Lawrence,
MA). ThereferenceMRI volumewasa high-resolutionT1-
weightedgradientecho 3D MPRAGE (MagnetizationPre-
paredRapidGradientEcho)image(256 256matrix;240mm
FOV; 124 slices). The suigeonappliedthe electrodestrips
to the cortical surfaceaccordingto the clinical needsof the
patient,andthe positionsof accessibleslectrodeswvere reg-
isteredon the neuronaigation systemusing the hand-held
trackingprobe.Whenpossiblejnaccessiblelectrodeplaced
beyondthe extentof the craniotomy(i.e. beyondthereachof
the tracking probe)were approximatelylocalizedby record-
ing apointonthescalpvisually estimatedo bedirectlyabove
theelectrodesintracranialocation(Fig. 2). A CT scanof the
patientwas collectedwith the implantedelectrodesn place
to provide validation data. The intracranialelectrodesused
during the craniotomywere composef platinum contacts
embeddedn a at strip of e xible plastic(AD-TECH Medi-
cal InstrumentCorporationRacineWl). Eachstrip consisted
of 8 contactspacedlO mmapartinal 8con guration. We
assumehe stripsprovide enough e xibility to conformto the
curvedsurfaceof the cortex with minimal stretchingor lateral
bending. The validation data presenteelon demonstrate
thatthisis areasonablassumption.

Fig. 3. Diagramillustrating the algorithm stepsto estimate
the next contactsite (sg) on an electrodestrip. We estimate
the normal (n) to the cortical surfaceat the mostdistal site

(ss), andthen establishthe orientationof the strip with the

planethatis parallelto A andpasseshroughs, andss. We

selectthe solution(sg) by minimizing 1) the distanceto this

plane,and?2) theinter-electrodespacingerror.

3. POSTOPERATIVE DATA PROCESSING

We usedthe 3D Slicer[5] softwareto integratethe preoper
ative MRI volume with the electrodesitesregisteredby the
neuronaigation system. After sgmentingthe cortex from
thereferenceMRI volume,we generateca modelR of point
clouddata(PCD)in R® which approximatelyepresentethis
surface.Electrodepositionsrecordedby the neuronaigation
systemwerecorvertedto thepropercoordinatespaceandren-
deredalongsidehe corticalmodel(Fig. 2).
Ouralgorithmestimatesdjacensubduraklectrodeposi-
tionsgiven: 1) thelocationsof othercontactfrom the same
strip and, 2) an accuratemodel of the cortical surface. The
rst inputis the initial setS of n contactsiteswhich were
accessibldo the trackingprobeandaccuratelyrecorded.In
orderto establisitheorientationof theelectrodestrip,n 2.
The modelR of the cortical surfaceis the secondinput pa-
rameter The algorithmbegins estimationat the rst site be-
yondthecraniotomy Eachnenly estimatediteis addedo S
beforeiteratingfor the next electroddocalization.

4. SURFACE NORMALS

GiventhesetS of accurateénitial contactsitesandthecortical
modelR, we establistthe orientationof theelectrodestrip by
calculatinga surfacenormalfi atthecontactsites, closesto
the edgeof the craniotomy The surfacenormalis estimated
by solvingthewell-known least-squaresmethodo nd thedi-
rectionof minimumdispersiorfor the cloud of nearbymodel
points[6]. Givena point cloud X composedf thek nearest
neighborgo s, (representetty columnvectors)we nd the
planewhich passeshroughthecenterof massof X andmini-
mizesthe sumof thesquaredlistance$rom theplaneto each

of the pointsin X . Letx = %

i=1

Xi bethe centerof mass



for X . If the planethroughx is de ned by its unit normaln,
thenthe distancefrom x; to theplaneisd; = nT(x;  x).

We wantto minimizeE (n) = di?. Thuse(n) = nTMn
i=1
where

X
M = (Xi
i=1

x)(xi x)T (1)

Givethatn is a unit vectorandthereforen™ n = 1, weintro-
ducealLagrangemultiplier andthendifferentiate:

E(N)=n"Mn n'n (2)
dE
an - 2Mn 2 n 3)

This resultsin the eigervalueproblem:Mn = n . If n; is
a normalizedeigervectorrepresenting possiblesolutionto
this problem thenwe minimize:

E(ni)=ni"Mni=n" ini = | (4)

Note ; 0. Thereforen; mustbethe minimumeigervalue,
andwe choosethe estimatedh = n; asthe minimum unit
eigervectorthatis normalto theleast-squareglane.

5. STRIP ORIENTATION

Oncethesurfacenormalf is estimatechtthe s, site,we ex-
trapolatethe positionof the next contactin the strip by cal-
culatingthe planethatis parallelto h andpasseshroughthe
two mostdistal contactss,, ands,, ; from the setS of ini-
tial sites. This planeeffectively representshe orientationof
theleadingendof the electrodestrip, andthe positionof the
next electroden thestripis foundby minimizing thedistance
to this plane. The planeis de ned by its unit normalfi, as
follows:

n
Ap = —& 6
P inpd (6)

The placemenibf the next contactsite in the strip is found
by iterating throughthe remainingpointsin the modeland
minimizing: 1) the distanceto this plane,and 2) the inter
electrodespacingerror. For ary pointr; in themodelR, the
distanceto theplaneis calculatedas”y = [A] (rj  sn)]°. Let

be the known distancebetweencontactson the electrode
strip. Themeasuref inter-electrodespacingerroris therefore
"2 = [irj  Snj 2. A solutionis thenfound by iterating
throughthe modelpointsandminimizing:

s+l s P (@

Theresultingpointr; 2 R is thuschosenasthe mostlikely
adjoining contactpositionon the electrodestrip. If estimat-
ing additionalsites,we simply addr; to S andtheniterate

F == 0]

throughthe algorithmagain. In this way, theresultsfrom one
iterationareusedasinput to the next. Theresultsfrom asin-
gle striparedepictedn Fig. 4. Thealgorithmis illustratedin
Fig. 3 andsummarizedelow.

Algorithm 1Inputs:R, S, t (numberof new sitesto estimate)
Require: jSj 2
m = jSj f Initial numberof establishediteg
forn=mto(m+ t) do
A = estimatechormalat s,
np (Sn Sn l) A
fy = ]'r% f Planeorientationof stripg
forj = 1tojRj do
"1 = [Aj(rj sn)]? f Distancefrom plangy
"2 = [jrj  Snj ]? f Inter-electrodespacingerrorg
if [("1+ "2) < F]or[j is1]then
F=("1+ ") fworking minimumerromg
s°= r; fworking solutiorg
end if
endfor
S=S[ fs%fAdd nal solutionpointto Sg
endfor

6. EXPERIMENT AL RESULTS

Wevalidatedtheresultsof ouralgorithmusingapatientdataset
consistingof 5 electrodestrips placedduring suigery (four
1 8strips,onel 5 strip). Twenty of the 37 total electrodes
employed in the procedurewere locatedsubdurallybeyond
the extent of the craniotomy The suigeonapproximatedhe
position of 16 of thesecontactson the patients scalp. The
remainingd contactsiteswerepositionedon theinferior tem-
poral lobe, wherethe intervening boneandtissueprevented
ary scalpapproximationgo be made.We determinedheac-
tual electrodepositionsusinga postoperatie CT volume.
The algorithm produceda meanerrorof 7.7 0.7 mm

for all 20 inaccessiblesites. Comparingonly the 16 sites
which werealsoapproximatedy the suigeon,the algorithm
resultedn in ameanerrorof 8.0 1.8mmcomparedo 23.9

0.9mm (p < 0:00)) usingthe intraoperatre approxima-
tions. The algorithm estimatedthe positionsof the 4 elec-
trodesplacedon theinferior temporallobe within 6.4 1.8
mm of theactualpositions.

7. DISCUSSION

The methodwe describeallows preciselocalizationof elec-
trodeswhich are positionedbeyond the extent of the cran-
iotomy and cannotbe accuratelymeasuredy the neurona-
igation system.Neurosugical advances particularlythe use
of intraoperatre neuronaigation, have resultedn the ability
to performsigni cantly smallercraniotomiesthus decreas-
ing patientmorbidity andhealingtime[7]. However, in mary



Fig. 4. Left andsuperioviews of thealgorithminput, output,
and validationdatafor one strip. Top (red): Intraoperatre
locationsrecordedby neuron&igation system. The suigeon
approximatedhe six anteriorsiteson the scalpbecausehey
wereinaccessibldo the trackingprobe. Middle (blue): Al-

gorithmresultsfor the samestrip. All contactsarenow ush

with the surface.Bottom (green):Validationdatafrom CT.

corticalmappingcasesthe sugeonmustmake a largercran-
iotomy in orderto testtherelevantbrainfunctions. The abil-
ity to placeelectrodestripsunderthe duraandskull beyond
the extent of the craniotomyallows the testing of a much
larger areaof cortex while still preservinghe advantagef
a smallercraniotomy A furtherbene t of our algorithmre-
vealsitself whenelectrodesreplacedon theinferior tempo-
ral lobe, whereinterveningboneandtissuestructureprevent
even a grossestimationof the electrodepositionsusing the
tracking probe. Our algorithm providesthe only option for
accuratelylocalizing contactsitesin this area.

Theutility of our methodis primarily relevantto intracra-
nial EEG dataacquisitionconductedduring sumery, since
most postoperatie EEG monitoring canutilize CT imaging
to localizeimplantedelectrodesFor this reasonpur method
of validationmay leadto problemsin error assessmentAl-
thoughwe canreliably determineelectrodepositionsusing
theCT scanthesedatamaynotaccuratelye ect theirtruein-
traoperatie positions.Electrodecanshift whenthe sugeon
closesthe dura and replacesthe bone, and brain shift may
occurasa resultof edemaphysiologic respiratorychanges,
or uid changesDespitetheseshortcomingsthis validation
methodremainghebestoptionthatis readilyavailable.

Anotherpotentialsourceof error concernghe quality of
the cortical surface PCD. The algorithm nds a solutionse-

lectedfrom this setof points,andaninaccurateor aninsuf-
ciently densePCD couldleadto poorresults.Sincesolutions
from oneiterationof the algorithmmay sene asinput to the
next, ary errorscan potentially propagte throughto subse-
guentsiteson a given strip. The fact that our datado not
exhibit this trendis mostlikely becausehe brain shift that
occurredprior to the CT scanningdisplacedthe electrodes
within thevicinity of thecraniotomy pushingthembelow the
level of the preoperatie cortical surface. The error actually
deceasedwith eachiteration of the algorithmsincethe CT
datacorvergedwith the cortical surfaceasthe distancefrom
thecraniotomyincreased(seeFig. 4, lower-right).
Despitetheselimitations, researchinvolving iEEG and
DECScansigni cantly bene tfromthealgorithmwepresent.
Althoughmorework validatingtheresultss neededthismethod
representasigni cantimprovementin localizingintracranial
electrodesvhentheneuronaigation systemcannotbe used.
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