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ABSTRACT

Clinical andresearchneurosurgical studiesinvolving theuse
of intracranialelectroencephalography andcortical stimula-
tion dependcritically on accuratelocalizationof electrodes.
Neuronavigation tracking probesenablesurgeonsto record
thepositionof exposedelectrodes,but they cannotbeusedto
reliablymeasuresubduralcontactsplacedundertheduraand
beyond the extent of the craniotomy. We describean algo-
rithm to estimatethepositionof theseinaccessiblesitesusing
thepatient's preoperative structuralMRI data.After generat-
ing a modelof the cortical surface,our algorithmestimates
surfacenormalsat the sitesof accessibleelectrodes,estab-
lishestheorientationof theelectrodestrips,andthenextrap-
olatesthe positionof adjacentcontactsbasedon the known
inter-electrodedistance.Weperformedvalidationusingapa-
tientdatasetconsistingof 37electrodesplacedon thecortical
surfaceduringsurgery.

1. INTRODUCTION

Numerousstudieshave demonstratedthe clinical bene�ts of
intracranialelectroencephalography (iEEG) anddirect elec-
trocortical stimulation (DECS) during awake neurosurgical
procedures[1, 2]. In additionto their clinical use,thesetech-
niquesprovide a uniqueopportunity to study humanbrain
function. Researchin this �eld dependscritically on accu-
ratemeasurementsof the intracranialelectrodepositionsas
a meansto botheffectively interprettheaccompanying data,
andtoproperlycorrelatetheresultswith otherimagingmodal-
itiessuchasfMRI. Previousstudieshave approximatedthese
positionsby taking intraoperative photographsof the corti-
cal surfaceandmatchingvascularandsulcalanatomyto de-
�ne the location[3]. The growing useof neuronavigational
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Fig. 1. Intraoperative photographof the surgical site shows
the small craniotomyandcortical surface. A 2� 8 electrode
grid hasbeenplacedsliding the distal 8 contactsunderthe
edgeof the craniotomy. The location of thoseelectrodes
canonly beroughlyestimatedby placingtheneuronavigation
probeon thescalpsurface.Note: thevalidationdatausedin
thispaperwerecollectedduringadifferentcase.

computersystemsduringsurgeryprovidestheopportunityto
decreasethe error in electrodelocalization,andmorerecent
studieshave demonstratedqualitative andquantitative com-
parisonswithin theneuronavigationsystems[4].

The needto establishphysical contactbetweenthe sys-
tem'strackingprobeandtherelevantlocations,however, presents
aconsiderablelimitation in accuratelylocalizingsubduralelec-
trodespositionedbeyond the extent of the craniotomy(Fig.
1). This is particularlyrelevantsincethewidespreadadoption
of intraoperativeneuronavigationhasallowedsurgeonsto ap-
proachtumorsandlesionsthroughsmallercraniotomies.To
helpremedythis situation,thesurgeonmayvisually approx-
imatethe locationof thesesitesby registeringa point on the
scalpdirectlyabove theelectrode(Fig. 2). Thismeasurement
methodcaneasilyleadto spuriousresultshowever, adversely
affectingany subsequentdataanalysesthatarecontingenton
accurateelectrodepositions.In casesin which electrodesare
placedon theinferior temporallobein particular, thesurgeon
is oftenunableto provide evena grossestimationof their lo-



Fig. 2. Left,Center: Intraoperative screenshotsfrom the
neuronavigation systemshowing the recordedelectrodelo-
cations. The surgeon visually approximatedon the scalp
thepositionsof any electrodesinaccessiblyplacedunderthe
dura and beyond the reachof the tracking probe(white ar-
rows). Right: Postoperative integrationof thesedatain the
3D Slicer[5] applicationfor input to thealgorithm. We gen-
eratedthemodelof thecorticalsurfacefrom thepreoperative
MRI data,andtheelectrodepositions(redmarkers)from the
neuronavigationcoordinates.

cationsdueto the interveningboneandmuscletissue. The
algorithmwepresentautomaticallyextrapolatesthepositions
of theseinaccessibleelectrodesbasedsolely on the known
characteristicsof the electrodestrip andthe cortical surface
modelgeneratedfrom thepreoperative imagingdata.

2. SURGICAL PROCEDURE

SurgicalnavigationwasconductedusingtheInstaTrakframe-
lessstereotacticsystem(GEHealthcareNavigation,Lawrence,
MA). The referenceMRI volumewasa high-resolutionT1-
weightedgradientecho3D MPRAGE (MagnetizationPre-
paredRapidGradientEcho)image(256� 256matrix;240mm
FOV; 124 slices). The surgeonappliedthe electrodestrips
to the cortical surfaceaccordingto the clinical needsof the
patient,andthe positionsof accessibleelectrodeswerereg-
isteredon the neuronavigation systemusing the hand-held
trackingprobe.Whenpossible,inaccessibleelectrodesplaced
beyondtheextentof thecraniotomy(i.e. beyondthereachof
the trackingprobe)wereapproximatelylocalizedby record-
ing apointonthescalpvisuallyestimatedto bedirectlyabove
theelectrode's intracraniallocation(Fig. 2). A CT scanof the
patientwascollectedwith the implantedelectrodesin place
to provide validationdata. The intracranialelectrodesused
during the craniotomywerecomposedof platinumcontacts
embeddedin a �at strip of �e xible plastic(AD-TECH Medi-
cal InstrumentCorporation,RacineWI). Eachstripconsisted
of 8 contactsspaced10mmapartin a1� 8 con�guration.We
assumethestripsprovideenough�e xibility to conformto the
curvedsurfaceof thecortex with minimalstretchingor lateral
bending. The validation datapresentedbelow demonstrate
thatthis is a reasonableassumption.
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Fig. 3. Diagramillustrating the algorithmstepsto estimate
the next contactsite (s6) on an electrodestrip. We estimate
the normal (n̂) to the cortical surfaceat the mostdistal site
(s5), and thenestablishthe orientationof the strip with the
planethat is parallelto n̂ andpassesthroughs4 ands5. We
selectthesolution(s6) by minimizing 1) thedistanceto this
plane,and2) theinter-electrodespacingerror.

3. POSTOPERATIVE DATA PROCESSING

We usedthe 3D Slicer[5] software to integratethe preoper-
ative MRI volumewith the electrodesitesregisteredby the
neuronavigation system. After segmentingthe cortex from
thereferenceMRI volume,we generateda modelR of point
clouddata(PCD)in R3 whichapproximatelyrepresentedthis
surface.Electrodepositionsrecordedby theneuronavigation
systemwereconvertedto thepropercoordinatespaceandren-
deredalongsidethecorticalmodel(Fig. 2).

Ouralgorithmestimatesadjacentsubduralelectrodeposi-
tionsgiven: 1) the locationsof othercontactsfrom thesame
strip and,2) an accuratemodelof the cortical surface. The
�rst input is the initial set S of n contactsiteswhich were
accessibleto the trackingprobeandaccuratelyrecorded.In
orderto establishtheorientationof theelectrodestrip,n � 2.
The modelR of the cortical surfaceis the secondinput pa-
rameter. Thealgorithmbeginsestimationat the �rst sitebe-
yondthecraniotomy. Eachnewly estimatedsiteis addedto S
beforeiteratingfor thenext electrodelocalization.

4. SURFACE NORMALS

GiventhesetS of accurateinitial contactsitesandthecortical
modelR, weestablishtheorientationof theelectrodestripby
calculatingasurfacenormaln̂ at thecontactsitesn closestto
theedgeof thecraniotomy. Thesurfacenormalis estimated
bysolvingthewell-known least-squaresmethodto �nd thedi-
rectionof minimumdispersionfor thecloudof nearbymodel
points[6]. Givena point cloudX composedof thek nearest
neighborsto sn (representedby columnvectors),we �nd the
planewhichpassesthroughthecenterof massof X andmini-
mizesthesumof thesquareddistancesfrom theplaneto each

of the pointsin X . Let �x =
1
k

kX

i =1

x i be the centerof mass



for X . If theplanethrough�x is de�ned by its unit normaln,
thenthe distancefrom x i to the planeis di = nT (x i � �x).

Wewantto minimizeE(n) =
kX

i =1

di
2. ThusE(n) = nT M n

where

M =
kX

i =1

(x i � �x)(x i � �x)T (1)

Give thatn is a unit vectorandthereforenT n = 1, we intro-
duceaLagrangemultiplier � andthendifferentiate:

E (n) = nT M n � � nT n (2)

dE
dn

= 2M n � 2� n (3)

This resultsin theeigenvalueproblem:M n = � n . If n i is
a normalizedeigenvectorrepresentinga possiblesolutionto
thisproblem,thenweminimize:

E(n i ) = n i
T M n i = n i

T � i n i = � i (4)

Note� i � 0. Thereforen i mustbetheminimumeigenvalue,
andwe choosethe estimated̂n = n i as the minimum unit
eigenvectorthatis normalto theleast-squaresplane.

5. STRIP ORIENTATION

Oncethesurfacenormaln̂ is estimatedat thesn site,we ex-
trapolatethe positionof the next contactin the strip by cal-
culatingtheplanethat is parallelto n̂ andpassesthroughthe
two mostdistal contactssn andsn � 1 from the setS of ini-
tial sites. This planeeffectively representstheorientationof
the leadingendof theelectrodestrip, andthepositionof the
next electrodein thestrip is foundby minimizingthedistance
to this plane. The planeis de�ned by its unit normal n̂p as
follows:

np � (sn � sn � 1) � n̂ (5)

n̂p =
np

jnp j
(6)

The placementof the next contactsite in the strip is found
by iterating throughthe remainingpoints in the model and
minimizing: 1) the distanceto this plane,and 2) the inter-
electrodespacingerror. For any point r j in themodelR, the
distanceto theplaneis calculatedas" 1 = [n̂T

p (r j � sn )]2. Let
� be the known distancebetweencontactson the electrode
strip. Themeasureof inter-electrodespacingerroris therefore
"2 = [jr j � sn j � � ]2. A solutionis thenfoundby iterating
throughthemodelpointsandminimizing:

F = "1 + "2 = [n̂T
p (r j � sn )]2 + [jr j � sn j � � ]2 (7)

Theresultingpoint r j 2 R is thuschosenasthemostlikely
adjoiningcontactpositionon the electrodestrip. If estimat-
ing additionalsites,we simply addr j to S andthen iterate

throughthealgorithmagain. In thisway, theresultsfrom one
iterationareusedasinput to thenext. Theresultsfrom a sin-
glestriparedepictedin Fig. 4. Thealgorithmis illustratedin
Fig. 3 andsummarizedbelow.

Algorithm 1 Inputs:R, S, t (numberof new sitesto estimate)
Require: jSj � 2

m = jSj f Initial numberof establishedsitesg
for n = m to (m + t) do

n̂ = estimatednormalat sn

np � (sn � sn � 1) � n̂
n̂p = n p

j n p j f Planeorientationof stripg
for j = 1 to jRj do

"1 = [n̂T
p (r j � sn )]2 f Distancefrom planeg

"2 = [jr j � sn j � � ]2 f Inter-electrodespacingerrorg
if [("1 + "2) < F ] or [j is 1] then

F = ("1 + "2) f workingminimumerrorg
s0 = r j f workingsolutiong

end if
end for
S = S [ f s0g f Add �nal solutionpoint to Sg

end for

6. EXPERIMENT AL RESULTS

Wevalidatedtheresultsof ouralgorithmusingapatientdataset
consistingof 5 electrodestrips placedduring surgery (four
1� 8 strips,one1� 5 strip). Twentyof the37 total electrodes
employed in the procedurewere locatedsubdurallybeyond
theextentof thecraniotomy. Thesurgeonapproximatedthe
positionof 16 of thesecontactson the patient's scalp. The
remaining4 contactsiteswerepositionedontheinferior tem-
poral lobe, wherethe interveningboneandtissueprevented
any scalpapproximationsto bemade.We determinedtheac-
tualelectrodepositionsusingapostoperative CT volume.

The algorithmproduceda meanerror of 7.7 � 0.7 mm
for all 20 inaccessiblesites. Comparingonly the 16 sites
which werealsoapproximatedby thesurgeon,thealgorithm
resultedin in ameanerrorof 8.0� 1.8mmcomparedto 23.9
� 0.9 mm (p < 0:001) usingthe intraoperative approxima-
tions. The algorithm estimatedthe positionsof the 4 elec-
trodesplacedon the inferior temporallobewithin 6.4 � 1.8
mmof theactualpositions.

7. DISCUSSION

The methodwe describeallows preciselocalizationof elec-
trodeswhich are positionedbeyond the extent of the cran-
iotomy andcannotbeaccuratelymeasuredby theneuronav-
igationsystem.Neurosurgical advances,particularlytheuse
of intraoperative neuronavigation,have resultedin theability
to performsigni�cantly smallercraniotomies,thusdecreas-
ing patientmorbidity andhealingtime[7]. However, in many



Fig. 4. Left andsuperiorviewsof thealgorithminput,output,
andvalidationdatafor onestrip. Top (red): Intraoperative
locationsrecordedby neuronavigation system.The surgeon
approximatedthesix anteriorsiteson thescalpbecausethey
wereinaccessibleto the trackingprobe. Middle (blue): Al-
gorithmresultsfor thesamestrip. All contactsarenow �ush
with thesurface.Bottom (green):Validationdatafrom CT.

corticalmappingcases,thesurgeonmustmake a largercran-
iotomy in orderto testtherelevantbrainfunctions.Theabil-
ity to placeelectrodestripsunderthe duraandskull beyond
the extent of the craniotomyallows the testing of a much
largerareaof cortex while still preservingtheadvantagesof
a smallercraniotomy. A further bene�t of our algorithmre-
vealsitself whenelectrodesareplacedon theinferior tempo-
ral lobe,whereinterveningboneandtissuestructureprevent
even a grossestimationof the electrodepositionsusing the
trackingprobe. Our algorithmprovides the only option for
accuratelylocalizingcontactsitesin thisarea.

Theutility of ourmethodis primarily relevantto intracra-
nial EEG dataacquisitionconductedduring surgery, since
mostpostoperative EEG monitoringcanutilize CT imaging
to localizeimplantedelectrodes.For this reason,our method
of validationmay leadto problemsin error assessment.Al-
thoughwe can reliably determineelectrodepositionsusing
theCTscan,thesedatamaynotaccuratelyre�ect theirtruein-
traoperative positions.Electrodescanshift whenthesurgeon
closesthe dura and replacesthe bone,and brain shift may
occurasa resultof edema,physiologic respiratorychanges,
or �uid changes.Despitetheseshortcomings,this validation
methodremainsthebestoptionthatis readilyavailable.

Anotherpotentialsourceof errorconcernsthequality of
the cortical surfacePCD.The algorithm�nds a solutionse-

lectedfrom this setof points,andaninaccurateor aninsuf�-
cientlydensePCDcouldleadto poorresults.Sincesolutions
from oneiterationof thealgorithmmayserve asinput to the
next, any errorscanpotentiallypropagatethroughto subse-
quentsiteson a given strip. The fact that our datado not
exhibit this trend is most likely becausethe brain shift that
occurredprior to the CT scanningdisplacedthe electrodes
within thevicinity of thecraniotomy, pushingthembelow the
level of the preoperative cortical surface. The error actually
decreasedwith eachiterationof the algorithmsincethe CT
dataconvergedwith thecorticalsurfaceasthedistancefrom
thecraniotomyincreased.(seeFig. 4, lower-right).

Despitetheselimitations, researchinvolving iEEG and
DECScansigni�cantly bene�t fromthealgorithmwepresent.
Althoughmoreworkvalidatingtheresultsisneeded,thismethod
representsasigni�cant improvementin localizingintracranial
electrodeswhentheneuronavigationsystemcannotbeused.
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