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In addition to its widespread clinical use, the intracranial electroencephalogram (iEEG) is increasingly being
employed as a tool to map the neural correlates of normal cognitive function as well as for developing neu-
roprosthetics. Despite recent advances, and unlike other established brain-mapping modalities (e.g. function-
al MRI, magneto- and electroencephalography), registering the iEEG with respect to neuroanatomy in
individuals—and coregistering functional results across subjects—remains a significant challenge. Here we
describe a method which coregisters high-resolution preoperative MRI with postoperative computerized to-
mography (CT) for the purpose of individualized functional mapping of both normal and pathological (e.g.,
interictal discharges and seizures) brain activity. Our method accurately (within 3 mm, on average) localizes
electrodes with respect to an individual's neuroanatomy. Furthermore, we outline a principled procedure for
either volumetric or surface-based group analyses. We demonstrate our method in five patients with
medically-intractable epilepsy undergoing invasive monitoring of the seizure focus prior to its surgical re-
moval. The straight-forward application of this procedure to all types of intracranial electrodes, robustness
to deformations in both skull and brain, and the ability to compare electrode locations across groups of pa-
tients makes this procedure an important tool for basic scientists as well as clinicians.

© 2011 Elsevier Inc. All rights reserved.
Introduction

In a large subset of patients with complex partial epilepsy, phar-
macological intervention is ineffective (Engel et al., 2005). If non-
invasive measures (e.g. EEG, PET, fMRI) fail to sufficiently localize
the epileptogenic zone or if that zone abuts or overlaps eloquent cor-
tex, arrays of electrodes placed either directly on the cortical surface
or into deep structures (e.g. hippocampus, amygdala) may be indicat-
ed. Since its inception (Penfield and Jasper, 1954; Engel et al., 2005),
iEEG has been the gold-standard method for localizing seizure foci
and delineating eloquent cortex in patients with medically-
intractable epilepsy. Owing to its high spatiotemporal resolution
and simultaneous coverage of wide areas of cortex, iEEG is increasing-
ly being used as a tool to study the neural correlates of normal cogni-
tive function (e.g., Crone et al., 2001; Yoshor et al., 2007; Brugge et al.,
2008; Jerbi et al., 2009; Sahin et al., 2009) and examine spontaneous
ston, MA 02114, USA.
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brain activity (e.g., Canolty et al., 2006; He et al., 2008; Cash et al.,
2009). It has proven particularly informative in studying certain as-
pects of brain activity (e.g. gamma-band activity) which are less ob-
servable with non-invasive methods (i.e., EEG or MEG). More
recently, intracranial electrodes are also being used as a recording
platform from which to design brain–computer interfaces for various
neuroprosthetic purposes, including communication aids for patients
who suffer from amyotrophic lateral sclerosis or stroke (e.g., Wilson
et al., 2006; Leuthardt et al., 2006; Felton et al., 2007; Schalk et al.,
2008; Schalk, 2010; Shenoy et al., 2008).

For clinical as well as scientific purposes—including seizure-onset
localization, eloquent-cortex mapping, and cross-subject comparison,
as well as relating results to other neuroanatomical structures (e.g.
white matter tracts) and the larger neuroimaging literature—knowl-
edge of electrode location with respect to the patient's individual
neuroanatomy is critical. This is especially true given the spatial spec-
ificity of iEEG (due to its proximity to neural generators). Despite its
importance, registering iEEG with a patient's individual cortical fold-
ing pattern remains a major challenge. Several solutions to this prob-
lem have been proposed, utilizing photography (Wellmer et al., 2002;
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Mahvash et al., 2007; Dalal et al., 2008), 2D radiography (Miller et al.,
2007), postoperative MRI (Bootsveld et al., 1994; Kovalev et al., 2005;
Hugh Wang et al., Comprehensive Epilepsy Center, New York Univer-
sity School of Medicine, personal communication), or postoperative
CT (Grzeszczuk et al., 1992; Winkler et al., 2000; Noordmans et al.,
2001; Nelles et al., 2004; Hunter et al., 2005; Tao et al., 2009;
Hermes et al., 2010), each with inherent limitations.

Here, we describe an electrode-localization procedure which com-
bines the coregistration of high-resolution preoperative MRI with
postoperative CT and the 3D rendering of each patient's cortical sur-
face (Dale et al., 1999; Fischl et al., 1999a) or volumetric reslicing to
align the slice with the long axis of depth-electrode arrays. The paren-
chymal shift introduced by the implantation of subdural electrodes
(Hill et al., 1998; Hill et al., 2000; Hastreiter et al., 2004; Miyagi et
al., 2007; Dalal et al., 2008; Hermes et al., 2010), which can often be
larger than a centimeter (Hill et al., 1998), potentially causing locali-
zation errors at least this large (Dalal et al., 2008), is accounted for by
using an optimization algorithm that minimizes an energy function
defined by inter-electrode distances and global deformation of elec-
trode configuration. This method minimizes assumptions about the
nature of the parenchymal shift introduced by the implant and allows
for accurate localization of electrodes near highly convex cortical re-
gions. We extend previous work by providing a procedure for cortical
surface-based intersubject registration of each individual's electrode
ensemble, allowing for surface-based group analyses of studies utiliz-
ing subdural electrodes. Given the fact that subdural electrodes are
positioned on the cortical surface, this method of group analysis
should prove more accurate when compared to the standard
volumetric-based analyses (Collins et al., 1994; Miller et al., 2007;
Ritzl et al., 2007; Talairach and Tournoux, 1988). We validate our reg-
istration method by comparison with intraoperative photographs,
using prominent anatomical landmarks in order to determine the dis-
tance between estimated and actual electrode locations in reference
to the 3D cortical reconstruction.

Materials and methods

Patients

Five patients with medically-intractable epilepsy underwent
clinically-indicated invasive monitoring of the seizure focus prior to
its surgical removal (Table 1). Patients gave their informed consent,
and all procedures were approved by the Institutional Review Boards
at Partners Healthcare (Massachusetts General Hospital and Brigham
and Women's Hospital) and the Massachusetts Institute of Technolo-
gy. Prior to electrode implantation, each patient underwent high-
resolution T1-weighted MRI. No corrections for potential B-field dis-
tortions were applied. During the implantation procedure, patients
were placed under general anesthesia, a craniotomy was performed,
Table 1
Patient, implant and seizure-onset information.

Patient Hemisphere Sex Age Electrode
arrays

Seizure focus

P1 Left Male 21 Four 2×8
One 1×8

Left anterior temporal

P2 Left Male 22 One 8×8
One 1×8
Four 1×4

Left cingulate cortex

P3 Left Male 29 One 8×8
One 1×8
Four 1×4

Left anterior temporal
and
Left parietal

P4 Left Female 23 One 8×8
Five 1×4

Anterior middle frontal

P5 Left Male 20 One 8×8
Four 1×4

Posterior superior temporal
and
Middle frontal
and the overlying dura was reflected over the intact skull to expose
the lateral aspect of the cortical surface (Figs. 1A and B). In each pa-
tient, arrays of platinum electrodes embedded in silastic sheets
(2.3 mm exposed diameter, 10 mm center-to-center spacing, Adtech
Medical, Racine, WI) were placed over temporal, frontal, and parietal
cortex. In some cases inferior temporal, interhemispheric, and occip-
ital cortex was covered as well. The reflected dura was then sewn
over the electrode array and the skull was replaced. After a brief re-
covery period, each patient underwent postoperative CT in order to
assess electrode placement and to verify the absence of hemorrhage
and mass effect.

Coregistration of preoperative MRI with postoperative CT

High-resolution postoperative CT was automatically registered to
the same patient's preoperative MRI using the mutual information-
based transform algorithm provided by SPM (http://www.fil.ion.ucl.
ac.uk/spm/; Wells et al., 1996) in the Freesurfer environment
(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki). Using
the CT scan as the movable volume, the registration was visually
checked and, if necessary, manually adjusted. Fig. 1D shows an exam-
ple of this registration for a single patient.

Manual selection of electrode coordinates

Electrode coordinates were obtained in the patient's native ana-
tomical space by visual inspection in the Freesurfer environment
using tkmedit. Nearly all electrodes from an individual patient can
be visualized in a 2D image by computing the maximum intensity
projection of the CT volume in the plane approximately perpendicular
to the long axis of the electrode arrays (usually sagittal for subdural
arrays as shown in Figs. 1C and 3A, and usually coronal or horizontal
for stereotactically-placed depth arrays). Doing so significantly re-
duces the time it takes to manually localize each electrode in three di-
mensions and transcribe its coordinate (either native Freesurfer RAS
or MNI space). After locating each electrode in the 2D image, the
final electrode coordinates were obtained by traversing slices in the
3rd dimension (through the plane in Fig. 1C) and selecting the ap-
proximate center of the hyper intensity created by each electrode.
Each electrode's coordinate (in native RAS space) was then manually
transcribed. This procedure yielded an initial estimate of a subdural
electrode's coordinate on the cortical surface or a depth electrode's
position within the volume.

Volumetric reslicing for visualization of depth-electrode arrays

In order to visualize all electrodes from a signal depth array, new
slices from the 3D MRI volume were computed which aligned the
new slices with long axis of each array. In general, stereotactic
depth arrays are placed orthogonal or near-orthogonal to the sagittal
plane; thus, reslicing was performed to yield peri-coronal or peri-
horizontal images. The peri-coronal or peri-horizontal plane for
each new slice was defined by the most-superficial and deepest con-
tacts. A simple linear equation is used to determine the reslicing
plane, and a weighted average of the intensities adjacent voxels is
used to generate the final slice image. The following equations were
used to determine a peri-coronal slice.

m ¼ e1y−eny
e1x−enx

b ¼ e1y−me1x

y ¼ mxþ b

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki


Fig. 1. Intraoperative photographs, MRI-CT coregistration, and maximal-intensity projection. (A) Reflected dura, exposed pial surface and overlaid electrode array (B) from a typical
craniotomy. (C) The sagittal maximal-intensity projection of the postoperative CT scan, showing most of the electrode sites in a single view. (D) Illustration of the accuracy of the
coregistration between the preoperative MRI and the postoperative CT. The left panels show sagittal (top) and coronal (bottom) views of a single subject's (patient 5) MRI; the right
panels show the same orientations for the postoperative CT. Electrode sites can be seen as bright spots in the coronal CT section. The yellow trace outlines the pial surface in both the
MRI and CT.
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Is x; zð Þ ¼ f rac yð Þ � Iv x; f loor yð Þ; zð Þ þ 1−f rac yð Þ½ � � Iv x; ceil yð Þ; zð Þ

In these equations, the slope, m, and intercept, b, are computed
using the most medial, e1, and most lateral electrodes, en, where x is
the right-left axis, y is the anterior posterior axis, and z is the superi-
or–inferior axis. The pixel intensities of the final slice, Is, are computed
as the weighted average of adjacent voxel intensities, Iv, along the
new slice plane. Results using such volumetric reslicing are shown
in Fig. 2.

Construction of pial and dural surfaces

3D rendering of each patient's cortical surface was performed in
the Freesurfer environment using high-resolution T1-weighted MRI.
No corrections were made for potential B-field distortions. Talairach
registrations (using the Freesurfer talairach volume as a movable
template) and white and gray matter surfaces were inspected and
manually corrected if necessary. After a satisfactory pial surface was
obtained, a smoothed pial surface (effectively a dural surface,
Fig. 3B) was computed for both hemispheres using the morphological
closing algorithm built into Freesurfer (Schaer et al., 2008).

“Snapping” surface electrode coordinates to the cortical surface

Due to brain deformation known to be caused by the implant pro-
cedure (Hill et al., 1998), initial electrode coordinates obtained from
CT scans (coregistered with preoperative MRI) appear buried within
the parenchyma instead of on the cortical surface when overlaid
onto the cortical reconstruction (left panels of Fig. 3B). Our method
accounts for this deformation automatically in two steps: (1) pulling
the initial coordinate estimates to the dural surface via an energy-
minimization algorithm and (2) projecting the coordinates from the
dural surface to the closest vertex on the pial surface (lower-right
panel of Fig. 3B).

The electrode coordinates are initially pulled to the dural surface
using a constrained energy-minimization algorithm. The algorithm
must fulfill the constraint that all electrodes lie on the dural surface,
while minimizing the displacement between the original and current
electrode locations, as well as the deformation in the spatial configu-
ration of the electrodes. The energy function is therefore composed of
a displacement term as well as a deformation term and is defined as,

XN

i¼1

∥ei−ei0∥
2 þ

XN

i¼1

XN

j¼iþ1

aij dij−dij0
� �2

with the constraint,

∀i; ∥ei−si∥ ¼ 0

where N is the number of electrodes, eiis the location of electrode i, ei0
are the original coordinates for electrode i, dij is the distance between
electrodes i and j, dij0 is the original distance between that same pair
of electrodes, αijis a parameter which takes values 1 or 0 determining



Fig. 2. Slice views of five arrays of depth electrodes after reslicing the 3D MRI volume to the long axis of each array. The middle panel shows the entry point for each array overlaid
on the reconstructed cortical surface; the inset in each panel shows this patient's reconstructed cortical surface along with peri-coronally oriented planes to indicate the slice view.

3566 A.R. Dykstra et al. / NeuroImage 59 (2012) 3563–3570
whether the pair of electrodes i and j contribute to the energy func-
tion, and siis the location on the dural surface closest to electrode i.

Intuitively, the energy algorithm places a series of “springs” be-
tween each electrode and its original position (displacement springs),
as well as springs between the electrodes themselves (deformation
springs). The energy in each spring increases if the electrodes are
pulled apart or pushed together further than their equilibrium dis-
tance (0 for displacement springs, αij for deformation springs).

Ideally, the pairs of electrodes which define adjacent contacts on
a grid or strip of electrodes would be included in the deformation
term of the energy function (αij=1), while distant pairs of elec-
trodes would not exert an influence on the energy minimization
(αij=0). This would result in a mesh-like structure of springs
which prevents individual electrodes from greatly deviating from
the initial spatial configuration, but allows for “bending” or
Fig. 3. Outline of electrode localization and intersubject mapping procedure. (A) The preoper
maximal-intensity projection of the CT volume in the sagittal dimension, which shows all th
cedure, some electrodes initially appear as though buried in the gray matter. To correct for t
dural surface) and subsequently back to the pial surface. (C) 2D registration with the Freesu
surface and aligned with that of the Freesurfer average. (D) Projection of each electrode co
“flexing” of the silastic grids and strips (Fig. 4A). To automatically
determine the pairs of electrodes included in the energy function,
the 5 nearest neighbors for each electrode are computed, and
placed into quantized bins with 0.2 mm resolution. After this is
completed for all electrodes within a given patient, the bin with
the largest count is taken as the “fundamental” distance between
contacts. Hypothetical springs are placed between any two elec-
trodes i and j falling within 1.25× of the fundamental distance
(i.e. αijis set to 1 for the pair of electrodes i and j). At most, each
electrode may have 5 connections . Any electrode which still does
not have any connections is connected to its nearest neighbor as
well as any other contact lying with 1.25× the distance to its near-
est neighbor. This guarantees that all electrodes have at least one
connection, and allows for strips that may have electrode spacings
larger than the fundamental distance. Note that this algorithm
ative MRI is coregistered with the postoperative CT volume. The lower panel shows the
e electrodes in a sagittal plane. (B) Due to the parenchymal shift from the implant pro-
his, each electrode coordinate is projected first to a smoothed pial surface (effectively a
rfer average brain. An inflated spherical surface is computed from the individual's pial
ordinate from the individual's pial surface to that of the Freesurfer average.

image of Fig.�2
image of Fig.�3


Fig. 4. Illustration of the energy-minimization procedure used to project the electrode coordinates onto the cortical surface. (A) Dural surface showing each electrode's path from its
initial volumetric location estimate to its final location on the dural surface. (B) The top panel shows the value of the energy function across successive iterations of the algorithm.
Note how the function approaches a stable value as the number of iterations increases. The bottom panel shows the value of the constraint function.
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also takes into account the possibility of multiple arrays with differ-
ent electrode spacings.

The optimization was performed in MATLAB using the fmincon
algorithm in the optimization toolbox. The optimization was set
to terminate when the total constraint function was less than
0.01*N, the change in the energy function was less than 0.03, or
the change in e was less than 0.1. The total number of iterations
was limited to 50.

After the electrodes are pulled to the dural surface, they are pro-
jected to the closest vertex (in Euclidean distance) on the pial surface.
This second projection is necessary for functional mapping within an
individual as well as accurate projection to the Freesurfer average
brain (see Section Surface-based coregistration with Freesurfer
average brain).
Validation

Validation of our localization procedure was carried out in two of
five patients through visual inspection of intraoperative photographs
and comparison with estimated electrode locations in reference to
the reconstructed cortical surface. For electrodes which were visible
in intraoperative photographs, local anatomical landmarks including
prominent sulci and gyri were used to estimate, manually, an electro-
de's actual position on the reconstructed surface. Subsequently, for
each electrode, the Euclidean distance between the location estimat-
ed by the MR-CT procedure and that determined by visual inspection
of the photographs was computed. We used this distance as a mea-
sure of error.
Surface-based coregistration with Freesurfer average brain

For each patient, we computed a 2D spherical rendering of the pial
surface and coregistered it with the average spherical surface provid-
ed in Freesurfer. Electrode (excluding depth electrodes) coordinates
from an individual were then transformed to the individual's regis-
tered spherical surface using a one-to-one look-up table, projected
onto the spherical Freesurfer average surface by nearest-neighbor
transformation. Finally, these coordinates were overlaid onto the
template pial surface by one-to-one look-up table (Fig. 3D). Given
that this registration method is known to yield better alignment of
structural as well as functional brain areas across subjects (Fischl et
al., 1999b) and the fact that subdural electrodes most often rest on
or near gyral crowns, projecting electrode coordinates from an indivi-
dual's pial surface onto a template brain by spherical means could
prove useful for group studies.
Results

Individual localization

Fig. 3B shows the results of our projection method for an individ-
ual subject implanted with four 2×8 and one 1×8 strip arrays. As can
be seen in the upper and lower left-hand panels of Fig. 3B, several
electrodes are either invisible or outside the brain as defined by the
smoothed pial surface. After the snapping procedure outlined in sec-
tion 2.5 was performed (Fig. 4), the electrodes now appear on the
smoothed pial surface (upper right-hand panel of Fig. 3B), and were
finally snapped to the original pial surface by nearest-neighbor map-
ping (lower-right hand panel of Fig. 3B).

Cross-subject registration

Unlike more established brain-mapping modalities such as fMRI,
the ability to cross-register functional intracranial recordings across
various individuals has proven difficult. The accurate localization of
electrodes within individuals could allow for cognitive generaliza-
tions if those locations could be compared across subjects.

Figs. 3C and D show the surface-based coregistration of a single
subject with the Freesurfer average surface (Fischl et al., 1999b).
The 2D spherical surface of the individual subject is shown in the
lower panel of Fig. 3C (Fischl et al., 1999a). Gyri and sulci are indicat-
ed by green and red, respectively. This surface has been coregistered
with the Freesurfer average surface, shown in the upper panel of
Fig. 3C using the procedure described in Fischl et al., 1999b. Each elec-
trode coordinate was projected from the individual's pial surface
(lower-right panel of Fig. 3B) to the same individual's spherical sur-
face by a one-to-one mapping of the vertex. Electrode coordinates
were then projected onto the Freesurfer average brain by nearest-
neighbor mapping defined by Euclidean distance in the 2D spherical
space. Electrodes from an individual subject after having been pro-
jected onto the Freesurfer average are shown in Fig. 3D. Fig. 5
shows the results of the spherical registration procedure collapsed
across all five subjects in the study after each subject's cortical surface
was aligned with that of the Freesurfer average. While electrodes
from different patients rarely overlap, this mapping allows direct
comparison across subjects.

Note that this procedure does not apply to electrodes on penetrat-
ing depth arrays.

Validation

Estimates of the error in the electrode-localization procedure
were obtained in 2 of the 5 subjects in the study by manual inspection

image of Fig.�4


Fig. 5. Electrode coordinates collapsed across all four patients mapped onto the Freesurfer average brain. Each black dot represents an electrode from one of the four patients.
(A) Lateral view of the left hemisphere. (B) Inferior view of the left hemisphere.
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of electrodes visible in intraoperative photographs (Figs. 1A and B).
An electrode's true location on the cortical surface was estimated
with reference to major anatomical landmarks (e.g. gyri/sulci and/or
vascular features). The estimated difference between the true elec-
trode locations and those obtained by our localization procedure
was 2.52 mm and 3.00 mm in patient 3 and patient 5, respectively.
Interquartile ranges as well as minimum and maximum errors are
given in Table 2.

Brain deformation due to implant

Assuming the level of accuracy established by our validation, our
method allows for the quantitative measurement of the amount of
deformation of the parenchyma due to the implantation of chronic
subdural electrodes by quantifying the distance between initial esti-
mates of an electrode's location and that after our automated “snap-
ping” procedure. Fig. 6 shows the distributions of electrode
displacements for each of the five patients in our study, as well as
the collated distribution from all five patients. The median displace-
ment of the pial surface across all five patients was 3.04 mm, but dis-
placements could be as large as 1.38 cm.

Example of method's utility

To illustrate application of the localization method, Fig. 7 shows
the spatiotemporal voltage pattern of a single interictal discharge in
patient 5 from 100 ms before to 1000 ms after the peak of the dis-
charge. As can be seen from this figure, the discharge initiates at
around 70 ms along the superior aspect of the inferior frontal gyrus
and subsequently spreads dorsally and ventrally to include the poste-
rior middle frontal gyrus, anterior inferior frontal gyrus, and possibly
anteroventral temporal areas. The initial spike was followed by a
broader slow wave that initiated at approximately 200 ms and con-
tinued throughout the remainder of the times shown in the figure.
Note that in this case, a relatively small error in electrode localization
would lead to mislocalization of the source of the interictal discharge,
possibly placing it in the middle vs. inferior frontal gyrus and possibly
leading to a resection of the wrong tissue by the neurosurgeon. The
same concerns of anatomical precision extend to studies of normal
cognitive function, albeit with lesser clinical consequence for the
Table 2
Validation results. All numbers in mm.

Patient Median Lower quartile Upper quartile Min Max

P3 2.52 1.27 3.66 0.05 5.56
P5 3.00 2.04 4.01 0.52 8.16
implanted individual. Our method has recently been used to compare
low-frequency (b0.1 Hz) resting-state fMRI networks with cortico-
cortical evoked potentials elicited by single-pulse stimulation with
intracranial EEG electrodes (Keller et al., 2011). Without the localiza-
tion accuracy our method provides, functional-anatomical correla-
tions between BOLD activity and iEEG could not have been
established.

Discussion

The localization of intracranial electrodes is a critical issue in elec-
trocorticography for clinical as well as scientific purposes. We have
demonstrated a method for accurately aligning a postoperative CT
scan with preoperative MRI for the purpose of individualized localiza-
tion of semi-chronic intracranial electrodes. The method coregisters
preoperative MRI with postoperative CT using a combination of an
automatic mutual information-based procedure (Wells et al., 1996)
and visual inspection. After this alignment, electrode coordinates
were obtained manually using Freesurfer and projected onto the
pial surface using a combination of an energy-minimization function
and nearest-neighbor mapping. Our method affords patient-specific
localization accuracy with estimated error on the order of half a cen-
timeter or less, comparable with previously-demonstrated methods
using either a similar CT-MRI method (Hermes et al., 2010) or a
method utilizing X-rays and intraoperative photographs (Dalal et al.,
2008).

The main advantages of our method include (i) the same initial
coregistration procedure operates on either subdural electrodes or
depth electrodes accessing the mesial temporal-lobe structures
(Fig. 2), (ii) it minimizes assumptions about the parenchymal shift
(Hill et al., 1998; Hill et al., 2000; Hastreiter et al., 2004; Miyagi et
al., 2007; Dalal et al., 2008; Hermes et al., 2010) introduced by the im-
plant by using an optimization procedure to project the electrodes to
the smoothed pial surface, (iii) it provides a procedure for cortical-
surface-based intersubject mapping (Fig. 5), (iv)—as mentioned by
others (Hermes et al., 2010)—it can accurately localize electrodes po-
sitioned anywhere in the volume, rather than solely those in the vi-
cinity of the craniotomy or away from highly convex areas such as
the ventral temporal lobes, and (v) the method relies on very little
commercial software (with the exception being MATLAB). With re-
spect to (ii), our method provides a particular advantage over local-
norm-based projection (Hermes et al., 2010) in that it applies equally
well to different electrode configurations (e.g., 8×8 vs. 1×8) because
it does not rely on the computation of a normal vector for which there
may be no unique solution, e.g. in the case of 1×N array.

Our method is useful for basic scientific as well as clinical purposes.
Knowledge of electrode location is critical for the interpretation of

image of Fig.�5


Fig. 6. Histograms of distances between initial and final (i.e. after “snapping) estimates of electrode locations yielding a measure of intracranial pressure-induced parenchyma
deformation due to electrode implantation. Each of the first five panels shows the distance histograms from single patients; the right-most panel shows the distance histogram
across all five patients.
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cognitive experiments and allows clinicians to extraoperatively visual-
ize ictal and interictal activity at anatomically correct locations, possibly
mitigating risk to the patient by reducing the need for intraoperative
mapping. The surface-based intersubject mapping procedure is espe-
cially useful for group studies. It has been shown previously that 2D
spherical alignment of individual brains provides far greater localization
accuracy of both structural and functional neuroanatomical features
when compared with volumetric-based alignment methods (Fischl et
al., 1999b). This is especially likely to be the case for subdural electrode
studies given that each electrode rests on or near the crownof a gyrus. A
surface-based procedure is also likely to yield better overlap between
electrocorticography findings and those from non-invasive methods
such as functional MRI, scalp EEG, and magnetoencephalography.

Both the MRI-CT coregistration and the pial-surface projection are
likely to introduce some localization error. The pial-surface projection
error occurs due to some electrodes positioning between adjacent gyri
over the intervening sulcus. However, in order to perform intersubject
surface-based registration, the error introduced by the pial-surface pro-
jection is unavoidable; thus,most of the correctable error is likely due to
subtle inaccuracies in theMRI-CT registration. In ourmethod, this regis-
tration was semi-automated, using a mutual information-based algo-
rithm shown previously to provide good alignment of within-subject
multimodal images (Wells et al., 1996). This procedure is rendered
more difficult, however, by the deformation of the skull caused by the
craniotomy, and manual adjustments were often required. In our
Fig. 7. Spatiotemporal voltage map of an interictal discharge from patient 5. Color intensity
near the border of the middle and inferior frontal gyri at approximately 70 ms into the epoc
and continuing until the start of the slow wave 230 ms.
experience, scans yielding high-resolution isotropic or near-isotropic
voxels provided the best initial coregistration estimate with the preop-
erative MR volume. In principle, it should be possible to use only the
hemisphere opposite the craniotomy in computing theMRI-CT registra-
tion. This is likely to yield better automatic registration estimates but
would require manual editing of the CT volume in order to mask the
hemisphere with the craniotomy-induced deformations.

One limitation of our method is the time it takes to manually local-
ize each electrode in the coregistered CT volume. Automation of the
electrode localization would significantly reduce the time spent dur-
ing this step. A possible automation algorithm would use the dural
surface as an inclusive volumetric mask for the CT volume after the
MRI and CT have been coregistered. This would prevent the extrane-
ous metal (e.g. wires and connectors) often included within the CT's
field of view from generating false alarms during automatic electrode
detection. A similar procedure has previously been described for cor-
egistering preoperative and postoperative MR images (Kovalev et al.,
2005). However, such an automation procedure would only be useful
as a first pass electrode localization, and manual validation would
likely still be required.
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