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ABSTRACT
In addition to its widespread clinical use, theactanial electroencephalogram (IEEG) is

increasingly being employed as a tool to map thealeorrelates of normal cognitive function
as well as for developing neuroprosthetics. Degpgitent advances, and unlike other established
brain mapping modalities (e.g. functional MRI, matm and electroencephalography),
registering the iIEEG with respect to neuroanatomindividuals — and coregistering functional
results across subjects — remains a significantestgee. Here we describe a method which
coregisters high-resolution preoperative MRI witisfoperative computerized tomography (CT)
for the purpose of individualized functional mappwof both normal and pathological (e.g.,
interictal discharges and seizures) brain actividyir method accurately (within 3mm, on
average) localizes electrodes with respect to diviotual's neuroanatomy. Furthermore, we
outline a principled procedure for either volumetr surface-based group analyses. We
demonstrate our method in five patients with mdtjigatractable epilepsy undergoing invasive
monitoring of the seizure focus prior to its suagicemoval. The straight-forward application of
this procedure to all types of intracranial eled&é®, robustness to deformations in both skull and
brain, and the ability to compare electrode locatiacross groups of patients makes this

procedure an important tool for basic scientiste/al as clinicians.
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1. Introduction
In a large subset of patients with complex padglepsy, pharmacological intervention

is ineffective (Engel et al. 2005). If non-invasimeasures (e.g. EEG, PET, fMRI) fail to
sufficiently localize the epileptogenic zone othiat zone abuts or overlaps eloquent cortex,
arrays of electrodes placed either directly oncibréical surface or into deep structures (e.g.
hippocampus, amygdala) may be indicated. Sindadeption (Penfield & Jasper 1954; Engel
et al. 2005), iEEG has been the gold-standard nddtirdocalizing seizure foci and delineating
eloquent cortex in patients with medically-intrdateaepilepsy. Owing to its high spatiotemporal
resolution and simultaneous coverage of wide aséasrtex, iEEG is increasingly being used as
a tool to study the neural correlates of normainttbge function (e.g., Crone et al. 2001; Yoshor
et al. 2007; Brugge et al. 2008; Jerbi et al. 2@#hin et al., 2009) and examine spontaneous
brain activity (e.g., Canolty et al. 2006; He et24)08; Cash et al. 2009). It has proven
particularly informative in studying certain asggeof brain activity (e.g. gamma-band activity)
which are less observable with non-invasive metl{pds EEG or MEG). More recently,
intracranial electrodes are also being used asaadi;g platform from which to design brain-
computer interfaces for various neuroprosthetippses, including communication aids for
patients who suffer from amyotrophic lateral scésar stroke (e.g., Wilson et al. 2006;
Leuthardt et al. 2006; Felton et al. 2007; Schal.e2008; Schalk 2010; Shenoy et al. 2008) .
For clinical as well as scientific purposes — uritthg seizure-onset localization, eloquent-

cortex mapping, and cross-subject comparison, dsaweelating results to other



neuroanatomical structures (e.g. white mattergjaatd the larger neuroimaging literature —
knowledge of electrode location with respect toghtent's individual neuroanatomy is critical.
This is especially true given the spatial spedyiof IEEG (due to its proximity to neural
generatons Despite its importance, registering iEEG witpadient's individual cortical folding
pattern remains a major challenge. Several saisitio this problem have been proposed,
utilizing photography (Wellmer et al. 2002; Mahvahal. 2007; Dalal et al. 2008), 2D
radiography (Miller et al. 2007), postoperative MBbotsveld et al. 1994; Kovalev et al. 2005;
Hugh Wang et al., Comprehensive Epilepsy Centen Xk University School of Medicine,
personal communication), or postoperative CT (&Geask et al. 1992; Winkler et al. 2000;
Noordmans et al. 2001; Nelles et al. 2004; Huntet.2005; Tao et al. 2009; Hermes et al.
2010), each with inherent limitations.

Here, we describe an electrode-localization prosedhich combines the coregistration
of high-resolution preoperative MRI with postoperatCT and the 3D rendering of each
patient's cortical surface (Dale et al. 1999; Histlal. 1999a) or volumetric reslicing to aligreth
slice with the long axis of depth-electrode arrayse parenchymal shift introduced by the
implantation of subdural electrodes (Hill et al989Hill et al. 2000; Hastreiter et al. 2004;
Miyagi et al. 2007; Dalal et al. 2008; Hermes e28110), which can often be larger than a
centimeter (Hill et al. 1998), potentially causiogalization errors at least this large (Dalallet a
2008), is accounted for by using an optimizatiagoathm that minimizes an energy function

defined by inter-electrode distances and globabmiedtion of electrode configuration. This



method minimizes assumptions about the naturesopénenchymal shift introduced by the
implant and allows for accurate localization ofotledes near highly convex cortical regions.

We extend previous work by providing a procedurecfortical surface-based intersubject
registration of each individual's electrode ensemallowing for surface-based group analyses of
studies utilizing subdural electrodes. Given the that subdural electrodes are positioned on
the cortical surface, this method of group analghisuld prove more accurate when compared to
the standard volumetric-based analyses (Collirs. 4994; Miller et al. 2007; Ritzl et al. 2007,
Talairach & Tournoux 1988). We validate our regisbn method by comparison with
intraoperative photographs, using prominent anatahtandmarks in order to determine the
distance between estimated and actual electrodéidos in reference to the 3D cortical

reconstruction.



2. Materialsand Methods
2.1. Patients
Five patients with medically-intractable epilepsyderwent clinically-indicated invasive

monitoring of the seizure focus prior to its suajiemoval (Table 1). Patients gave their
informed consent, and all procedures were apprbydte Institutional Review Boards at
Partners Healthcare (Massachusetts General HoapdaBrigham and Women’s Hospital) and
the Massachusetts Institute of Technology. Pdaléctrode implantation, each patient
underwent high-resolution T1-weighted MRI. No emtions for potential B-field distortions
were applied. During the implantation procedusdjgmts were placed under general anesthesia,
a craniotomy was performed, and the overlying davaa reflected over the intact skull to expose
the lateral aspect of the cortical surface (Figab#dl Fig. 1B). In each patient, arrays of platinum
electrodes embedded in silastic sheets (2.3mm egptiameter, 10mm center-to-center spacing,
Adtech Medical, Racine, YMvere placed over temporal, frontal, and parietatex. In some

cases inferior temporal, interhemispheric, andptadicortex was covered as well. The reflected
dura was then sewn over the electrode array anskiilewas replaced. After a brief recovery
period, each patient underwent postoperative Qirdier to assess electrode placement and to

verify the absence of hemorrhage and mass effect.

2.2. Coregistration of preoperative MRI with postogtive CT
High-resolution postoperative CT was automaticedlyistered to the same patient's

preoperative MRI using the mutual-information-basadsform algorithm provided by SPM



(http://www.fil.ion.ucl.ac.uk/spm/; Wells et al. 98) in the Freesurfer environment
(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSoffeki). Using the CT scan as the movable
volume, the registration was visually checked d@ingecessary, manually adjusted. Fig.1D

shows an example of this registration for a simgigent.

2.3. Manual selection of electrode coordinates
Electrode coordinates were obtained in the pasiertive anatomical space by visual

inspection in the Freesurfer environment ugkigedit Nearly all electrodes from an individual
patient can be visualized in a 2D image by compitite maximum intensity projection of the
CT volume in the plane approximately perpendictdahe long axis of the electrode arrays
(usually sagittal for subdural arrays as shownign EC and Figure 3a, and usually coronal or
horizontal for stereotactically-placed depth arjayBoing so significantly reduces the time it
takes to manually localize each electrode in thiieeensions and transcribe its coordinate (either
native Freesurfer RAS or MNI space). After locgteach electrode in the 2D image, the final
electrode coordinates were obtained by traverdingssin the %' dimension (through the plane

in Fig. 1C) and selecting the approximate centeéhefhyper intensity created by each electrode.
Each electrode's coordinate (in native RAS spaes)tiven manually transcribed. This
procedure yielded an initial estimate of a subdalattrode's coordinate on the cortical surface

or a depth electrode's position within the volume.



2.4. Volumetric reslicing for visualization of deglectrode arrays
In order to visualize all electrodes from a sigiepth array, new slices from the 3D MRI

volume were computed which aligned the new slic#is long axis of each array. In general,
stereotactic depth arrays are placed orthogonatar-orthogonal to the sagittal plane; thus,
reslicing was performed to yield peri-coronal origrizontal images. The peri-coronal or
peri-horizontal plane for each new slice was defibg the most-superfical and deepest contacts.
A simple linear equation is used to determine ##icing plane, and a weighted average of the
intensities adjacent voxels is used to generatérheslice image. The following equations

were used to determine a peri-coronal slice.

b=ey, —me,

y=mx+b



I.(x,z) = frac(y) = I, (x,floor(y), z) +[1 — frac(y)] * I, (x,ceil(y),z)

In these equations, the slope,and intercepty, are computed using the most medg/,and
most lateral electrodesy, wherex is the right-left axisy is the anterior posterior axis, and
the superior-inferior axis. The pixel intensiteghe final slice]s, are computed as the

weighted average of adjacent voxel intensitiesalbng the new slice plane. Results using such
volumetric reslicing are shown in Fig. 2.

2.5. Construction of pial and dural surfaces
3D rendering of each patient's cortical surface pexformed in the Freesurfer

environment using high-resolution T1-weighted MRIo corrections were made for potential B-
field distortions. Talairach registrations (usthg Freesurfer talairach volume as a movable
template) and white and gray matter surfaces wesgeicted and manually corrected if
necessary. After a satisfactory pial surface waained, a smoothed pial surface (effectively a
dural surface, Fig. 3b) was computed for both hpheses using the morphological closing

algorithm built into Freesurfer (Schaer et al. 2008

2.6. “Snapping” surface electrode coordinates te tlortical surface
Due to brain deformation known to be caused byrtiant procedure (Hill et al. 1998),

initial electrode coordinates obtained from CT sc@oregistered with preoperative MRI)



appear buried within the parenchyma instead ohercortical surface when overlaid onto the
cortical reconstruction (left panels of Fig. 3i)ur method accounts for this deformation
automatically in two steps: (1) pulling the init@ordinate estimates to the dural surface via an
energy minimization algorithm and (2) projecting ttoordinates from the dural surface to the
closest vertex on the pial surface (lower rightedani Fig. 3b).

The electrode coordinates are initially pulledie dural surface using a constrained
energy minimization algorithm. The algorithm mbwgfill the constraint that all electrodes lie
on the dural surface, while minimizing the displaeait between the original and current
electrode locations, as well as the deformatictménspatial configuration of the electrodes. The
energy function is therefore composed of a disptesd term as well as a deformation term and

is defined as,

N N N
2
E (e):E displacemenfl-E deformation Zl H € _ei0||2+ Z‘i 'Zl % (dij B d'(J))
1= = ]=|+

with the constraint,

Vi |le—s||=0

whereN is the number of electrode & is the location of electrode e are the original
coordinates for electrode Ji is the distance between electrodesd], di? is the original

distance between that same pair of electrc %i is a parameter which takes values 1 or 0



determining whether the pair of electrod@sdj contribute to the energy function, & Si is the
location on the dural surface closest to electiode

Intuitively, the energy algorithm places a seoé%springs” between each electrode and
its original position (displacement springs), adlae springs between the electrodes themselves

(deformation springs). The energy in each spngeases if the electrodes are pulled apart or

pushed together further than their equilibriumatise (0 for displacement sprini%i for
deformation springs).

Ideally, the pairs of electrodes which define adja contacts on a grid or strip of
electrodes would be included in the deformatiomtef the energy functior %i =1 ), while

distant pairs of electrodes would not exert aruigriice on the energy minimizatic “ij_:O ).

This would result in a mesh-like structure of sgsmwhich prevents individual electrodes from
greatly deviating from the initial spatial configaion, but allows for “bending” or “flexing” of

the silastic grids and strips (Fig. 4a). To autboadly determine the pairs of electrodes included
in the energy function, the 5 nearest neighborgéwh electrode are computed, and placed into
guantized bins with 0.2mm resolution. After ttiscompleted for all electrodes within a given
patient, the bin with the largest count is takethas‘fundamental” distance between contacts.

Hypothetical springs are placed between any twoteldes andj falling within 1.25x of the

fundamental distance (i. %i is set to 1 for the pair of electrodeandj). At most, each

electrode may have 5 connection&ny electrode which still does not have any amtions is



connected to its nearest neighbor as well as drgr aontact lying with 1.25x the distance to its
nearest neighbor. This guarantees that all eldesrbave at least one connection, and allows for
strips that may have electrode spacings largerttm@afundamental distance. Note that this
algorithm also takes into account the possibilitynailtiple arrays with different electrode
spacings.

The optimization was performed in MATLAB using tlreinconalgorithm in the
optimization toolbox. The optimization was setdaminate when the total constraint function
was less than 0.0l the change in the energy function was less th@®, @r the change i
was less than 0.1. The total number of iteratigas limited to 50.

After the electrodes are pulled to the dural ste@fdhey are projected to the closest vertex
(in Euclidean distance) on the pial surface. Thisosid projection is necessary for functional
mapping within an individual as well as accuratgjgation to the Freesurfer average brain (see

section 2.8).

2.7. Validation
Validation of our localization procedure was catraut in two of five patients through

visual inspection of intraoperative photographs emahparison with estimated electrode
locations in reference to the reconstructed cdrsigeace. For electrodes which were visible in
intraoperative photographs, local anatomical lan#isyancluding prominent sulci and gyri were

used to estimate, manually, an electrode's actstipn on the reconstructed surface.



Subsequently, for each electrode, the Euclideaamtie between the location estimated by the
MR-CT procedure and that determined by visual in8pe of the photographs was computed.

We used this distance as a measure of error.

2.8. Surface-based coregistration with Freesurfegrage brain
For each patient, we computed a 2D spherical ramglef the pial surface and

coregistered it with the average spherical surfaogided in Freesurfer. Electrode (excluding
depth electrodes) coordinates from an individuailewken transformed to the individual's
registered spherical surface using a one-to-oneUpotable, projected onto the spherical
Freesurfer average surface by nearest-neighbasftramation. Finally, these coordinates were
overlaid onto the template pial surface by onesie-mok-up table (Fig. 3d). Given that this
registration method is known to yield better aligmmof structural as well as functional brain
areas across subjects (Fischl et al. 1999b) anfhtihé¢hat subdural electrodes most often rest on
or near gyral crowns, projecting electrode coordisdrom an individual's pial surface onto a

template brain by spherical means could prove li$afigroup studies.



3. Results
3.1. Individual localization
Fig. 3B shows the results of our projection metfadan individual subject implanted

with four 2x8 and one 1x8 strip arrays. As carséen in the upper and lower left-hand panels of
Fig. 3B, several electrodes are either invisiblewside the brain as defined by the smoothed
pial surface. After the snapping procedure oudlimesection 2.5 was performed (Fig. 4), the
electrodes now appear on the smoothed pial suftggeer right-hand panel of Fig. 3B), and

were finally snapped to the original pial surfagenearest-neighbor mapping (lower right-hand

panel of Fig. 3B).

3.2. Cross-subject registration
Unlike more established brain-mapping modalitieshsas fMRI, the ability to cross-

register functional intracranial recordings acressous individuals has proven difficult. The
accurate localization of electrodes within indiva¢kicould allow for cognitive generalizations if
those locations could be compared across subjects.

Fig. 3C and Fig. 3D show the surface-based cdragjmn of a single subject with the
Freesurfer average surface (Fischl et al., 199%hg 2D spherical surface of the individual
subject is shown in the lower panel of Fig. 3C ¢Riset al., 1999a). Gyri and sulci are indicated
by green and red, respectively. This surface leas lsoregistered with the Freesurfer average
surface, shown in the upper panel of Fig. 3C usiiegprocedure described in Fischl et al.,

1999b. Each electrode coordinate was projected fhe individual's pial surface (lower-right



panel of Fig. 3B) to the same individual's sphérscaface by a one-to-one mapping of the
vertex. Electrode coordinates were then projeoted the Freesurfer average brain by nearest-
neighbor mapping defined by Euclidean distancéén2D spherical space. Electrodes from an
individual subject after having been projected adhFreesurfer average are shown in Fig. 3D.
Fig. 5 shows the results of the spherical registngbrocedure collapsed across all five subjects
in the study after each subject's cortical surfaas aligned with that of the Freesurfer average.
While electrodes from different patients rarely &, this mapping allows direct comparison
across subjects.

Note that this procedure does not apply to edeleis on penetrating depth arrays.

3.3. Validation
Estimates of the error in the electrode local@aprocedure were obtained in 2 of the 5

subjects in the study by manual inspection of ebelets visible in intraoperative photographs
(Fig. 1A and Fig. 1B). An electrode's true locatam the cortical surface was estimated with
reference to major anatomical landmarks (e.g. giyici and/or vascular features). The estimated
difference between the true electrode locationsthoske obtained by our localization procedure
was 2.52mm and 3.00mm in patient 3 and patieradpeactively. Interquartile ranges as well as

minimum and maximum errors are given in table 2.



3.4. Brain deformation due to implant
Assuming the level of accuracy established by alidation, our method allows for the

guantitative measurement of the amount of defolonatf the parenchyma due to the
implantation of chronic sub-dural electrodes byrgiiging the distance between initial estimates
of an electrode's location and that after our aateh“snapping” procedure. Fig. 6 shows the
distributions of electrode displacements for edctne five patients in our study, as well as the
collated distribution from all five patients. Theedian displacement of the pial surface across

all five patients was 3.04mm, but displacementdctcba as large as 1.38cm.

3.5. Example of method's utility
To illustrate application of the localization meth Fig. 7 shows the spatiotemporal

voltage pattern of a single interictal dischargeatient 5 from 100 ms before to 1000 ms after
the peak of the discharge. As can be seen frarfithire, the discharge initiates at around 70ms
along the superior aspect of the inferior frontglug and subsequently spreads dorsally and
ventrally to include the posterior middle frontgkgs, anterior inferior frontal gyrus, and
possibly anteroventral temporal areas. The insjike was followed by a broader slow wave
that initiated at approximately 200ms and contintiedughout the remainder of the times
shown in the figure. Note that in this case, atre¢ély small error in electrode localization

would lead to mislocalization of the source of ifiker-ictal discharge, possibly placing it in the
middle vs. inferior frontal gyrus and possibly leegito a resection of the wrong tissue by the

neurosurgeon. The same concerns of anatomicasmeextends to studies of normal cognitive



function, albeit with lesser clinical consequenaethe implanted individual. Our method has
recently been used to compare low-frequency (Hz)lresting-state fMRI networks with
corticocortical evoked potentials elicited by seglulse stimulation with intracranial EEG
electrodes (Keller et a2011). Without the localization accuracy our mekipoovides,
functional-anatomical correlations between BOLD\aist and iIEEG could not have been

established.



4. Discussion
The localization of intracranial electrodes igiéical issue in electrocorticography for

clinical as well as scientific purposes. We hagmdnstrated a method for accurately aligning a
postoperative CT scan with preoperative MRI for plaepose of individualized localization of
semi-chronic intracranial electrodes. The methm@gisters preoperative MRI with
postoperative CT using a combination of an autasmatitual information-based procedure
(Wells et al., 1996) and visual inspection. Aftais alignment, electrode coordinates were
obtained manually using Freesurfer and projected tire pial surface using a combination of an
energy-minimization function and nearest-neighbapping. Our method affords patient-
specific localization accuracy with estimated eonrthe order of half a centimeter or less,
comparable with previously-demonstrated methodsgusither a similar CT-MRI method
(Hermes et al., 2010) or a method utilizing X-raysl intraoperative photographs (Dalal et al.,
2008).

The main advantages of our method include (istree initial coregistration procedure
operates on either subdural electrodes or deptiretkes accessing the mesial temporal-lobe
structures (Fig. 2), (ii) it minimizes assumpti@isut the parenchymal shift (Hill et al. 1998;

Hill et al. 2000; Hastreiter et al. 2004; Miyagiagt 2007; Dalal et al. 2008; Hermes et al. 2010)
introduced by the implant by using an optimizatwacedure to project the electrodes to the
smoothed pial surface, (iii) it provides a procediar cortical-surface-based intersubject

mapping (Fig. 5), (iv) — as mentioned by othersr(hies et al., 2010) — it can accurately localize



electrodes positioned anywhere in the volume, ratian solely those in the vicinity of the
craniotomy or away from highly convex areas sucthas/entral temporal lobes, and (v) the
method relies on very little commercial softwaretimthe exception being MATLAB). With
respect to (ii), our method provides a particudvamtage over local-norm-based projection
(Hermes et al., 2010) in that it applies equallyl wedifferent electrode configurations (e.g., 8x8
vs. 1x8) because it does not rely on the computaif@ normal vector for which there may be
no unique solution, e.g. in the case of 1xN array.

Our method is useful for basic scientific as vealiclinical purposes. Knowledge of
electrode location is critical for the interpretatiof cognitive experiments and allows clinicians
to extraoperatively visualize ictal and intericaalivity at anatomically correct locations,
possibly mitigating risk to the patient by reducihg need for intraoperative mapping. The
surface-based intersubject mapping procedure ecedly useful for group studies. It has been
shown previously that 2D spherical alignment ofivihial brains provides far greater
localization accuracy of both structural and fuoicéil neuroanatomical features when compared
with volumetric-based alignment methods (Fischdlet1999b). This is especially likely to be
the case for subdural electrode studies givengheh electrode rests on or near the crown of a
gyrus. A surface-based procedure is also likeljietd better overlap between
electrocorticography findings and those from novasive methods such as functional MR,

scalp EEG, and magnetoencephalography.



Both the MRI-CT coregistration and the pial-surfacejection are likely to introduce
some localization error. The pial-surface pro@ttrror occurs due to some electrodes
positioning between adjacent gyri over the intemgrsulcus. However, in order to perform
intersubject surface-based registration, the entooduced by the pial-surface projection is
unavoidable; thus, most of the correctable errtikédy due to subtle inaccuracies in the MRI-
CT registration. In our method, this registratieas semi-automated, using a mutual-
information-based algorithm shown previously toyile good alignment of within-subject
multimodal images (Wells et al., 1996). This pehoe is rendered more difficult, however, by
the deformation of the skull caused by the cramtcand manual adjustments were often
required. In our experience, scans yielding higgntution isotropic or near-isotropic voxels
provided the best initial coregistration estimatthwhe preoperative MR volume. In principle,
it should be possible to use only the hemisphep®site the craniotomy in computing the MRI-
CT registration. This is likely to yield bettertamatic registration estimates but would require
manual editing of the CT volume in order to mask llemisphere with the craniotomy-induced
deformations.

One limitation of our method is the time it takesnanually localize each electrode in
the coregistered CT volume. Automation of the tetete localization would significantly reduce
the time spent during this step. A possible aut@mnaalgorithm would use the dural surface as
an inclusive volumetric mask for the CT volume aftee MRI and CT have been coregistered.

This would prevent the extraneous metal (e.g. waresconnectors) often included within the



CT's field of view from generating false alarmsidgrautomatic electrode detection. A similar
procedure has previously been described for caexig preoperative and postoperative MR
images (Kovalev et al., 2005). However, such aonraation procedure would only be useful as

a first pass electrode localization, and manuatatibn would likely still be required.
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Figure L egends
Figure 1. Intraoperative photographs, MRI-CT coregistratiamd maximal-intensity projection.

(A) Reflected dura, exposed pial surface and ovedigctrode arrayR) from a typical

craniotomy. C) The sagittal maximal-intensity projection of {hastoperative CT scan,

showing most of the electrode sites in a singlevviéD) lllustration of the accuracy of the
coregistration between the preoperative MRI ancpthstoperative CT. The left panels show
sagittal (top) and coronal (bottom) views of a gngubject's (patient 5) MRI; the right panels
show the same orientations for the postoperative El&ctrode sites can be seen as bright spots

in the coronal CT section. The yellow trace oatithe pial surface in both the MRI and CT.

Figure 2. Slice views of five arrays of depth electrodesrafeslicing the 3D MRI volume to the
long axis of each array. The middle panel showsettitry point for each array overlaid on the
reconstructed cortical surface; the inset in eastepshows this patient's reconstructed cortical

surface along with peri-coronally oriented plarnestlicate the slice view.

Figure 3. Outline of electrode localization and intersubj@@apping procedure.

(A) The preoperative MRI is coregistered with thetpperative CT volume. The lower panel
shows the maximal intensity projection of the CTuwoe in the sagittal dimension, which shows
all the electrodes in a sagittal plan®&) Due to the parenchymal shift from the implant

procedure, some electrodes initially appear asghduuried in the gray matter. To correct for



this, each electrode coordinate is projected frst smoothed pial surface (effectively a dural
surface) and subsequently back to the pial surfé€e2D registration with the Freesurfer
average brain. An inflated spherical surface mpoted from the individual's pial surface and
aligned with that of the Freesurfer average) Rrojection of each electrode coordinate from the

individual's pial surface to that of the Freesugeerage.

Figure4. lllustration of the energy-minimization procedwsed to project the electrode
coordinates onto the cortical surface.

(A) Dural surface showing each electrode's path ftsnmitial volumetric location estimate to

it's final location on the dural surfaceB)(The top panel shows the value of the energy fanct
across successive iterations of the algorithm.eMotv the function approaches a stable value as

the number of iterations increases. The bottonelpstmows the value of the constraint function.

Figure5. Electrode coordinates collapsed across all fatients mapped onto the Freesurfer
average brain.
Each black dot represents an electrode from omleedfour patients. X) Lateral view of the left

hemisphere. B) Inferior view of the left hemisphere.

Figure 6. Histograms of distances between initial and f{nal after “snapping) estimates of

electrode locations yielding a measure of intrai@gressure-induced parenchyma deformation



due to electrode implantation. Each of the fing panels shows the distance histograms from

single patients; the right-most panel shows thi&adee histogram across all five patients.

Figure 7. Spatiotemporal voltage map of an interictal d&sgle from patient 5. Color intensity
indicates amplitude of positive (red) or negatibki€¢) voltage. The discharge initiates near the
border of the middle and inferior frontal gyri qipmoximately 70ms into the epoched time
window. A post-discharge undershoot can be segimbieag around 130ms and continuing until

the start of the slow wave 230ms.



v
,\C\«,,'

\/ -
» ve% 0y 4

»

"0069, >
..'A Yo e
L0 PPRAG ¢ 4
¥, PO RL W00t

o7
<

Figure 1



Figure 2



B Cortical Reconstruction C 2D Registration w/
and Electrode Localization Freesurfer Average

A

Preoperative
MRI

coregistration

Postoperative
CT

Figure 3



ACCEPTED MANUSCRIPT

S
oy

Figure 4



lateral

anterior J

superior

anteriorJ

Figure 5



20 20 1
30[- N n N N

A 5| I ANN
P1 P2 P3 o P4 P5 1uv All
20 10
10 10 1 50
10 5
0 0 0 0 0

0O 5101 o0 51015 O0 51015 o0 51015 0 51015 0 5 1015
Displacement (mm)

Count
(] (@) ] o

Figure 6



€3 & € @ @ g

t=0ms t=10ms t=20ms t=30ms t=40ms t=50 ms t=60ms

t=70ms t=80ms t=90 ms t=100 ms t=110ms t=120 ms t=130 ms

t=140 ms t=150 ms t=160 ms t=170 ms t=180 ms t=190 ms t =200 ms

t=210 ms t=220 ms t=230 ms t=240 ms t=250 ms t =260 ms t=270 ms

Figure 7



Table 1. Patient, implant and seizure-onset information.

Patient Hemisphere Sex Age Electrode Arrays Seizure Focus
P1 Left Male 21 Four 2x8 Left Anterior Temporal
One 1x8
One 8x8
P2 Left Male 22 One 1x8 Left Cingulate Cortex
Four 1x4
One 8x8 Left Anterior Temporal
P3 Left Male 29 One 1x8 and
Four 1x4 Left Parietal
One 8x8 . .
P4 Left Female 23 . Anterior Middle Frontal
Five 1x4

Posterior Superior Temporal
P5 Left Male 20 % (Qa ¥ and
Four 1x4 .
Middle Frontal



Table 2. Validation results. All numbers in mm.

Lower Upper

. . Min Max
Quartile Quartile

Patient Median

P3 2.52 1.27 3.66 0.05 5.56
P5 3.00 2.04 4.01 0.52 8.16



