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a b s t r a c t

Brain surface electrocorticographic (ECoG) recordings can investigate human brain electrophysiology at
the cortical surface with exceptionally high signal to noise ratio and spatio-temporal resolution. To be
able to use the high spatial resolution of ECoG for accurate brain function mapping and neurophysiology
studies, the exact location of the ECoG electrodes on the brain surface should be known. Several issues
complicate robust localization: surgical photographs of the electrode array made after implantation are
often incomplete because the grids may be moved underneath the skull, beyond the exposed area. Com-
puted tomography (CT) scans made after implantation will clearly localize electrodes, but the effects of
surgical intervention may cause the exposed brain to move away from the skull and assume an unpre-
dictable shape (the so-called brain shift). First, we present a method based on a preoperative magnetic
resonance imaging (MRI) coregistered with a post-implantation CT scan to localize the electrodes and
T
RI

that automatically corrects for the brain shift by projecting the electrodes to the surface of the cortex.
The calculated electrode positions are visualized on the individual subjects brain surface rendering. Sec-
ond, the method was validated by comparison with surgical photographs, finding a median difference
between photographic and calculated electrode centers-of-mass of only 2.6 mm, across 6 subjects. Third,
to illustrate its utility we demonstrate how functional MRI and ECoG findings in the same subject may

simp
be directly compared in a
the craniotomy.

. Introduction

One of the latest additions to the cognitive neuroscience toolbox
s electrocorticography (ECoG), where detailed information about
he regional and functional organization of the brain is obtained
rom patients who are implanted with cortical electrodes for diag-
ostic purposes. Human ECoG is unique in the detail of electrical
ignal properties (e.g. spatial (Cooper et al., 1965) and temporal
Miller et al., 2009) resolution), and is growingly applied to cogni-
ive paradigms in the service of cognitive neuroscience. Although
atients, typically suffering from epilepsy, exhibit abnormal activ-
ty in some brain regions, most of the electrodes cover healthy brain
issue, allowing for extrapolation of findings in cognitive experi-

ents to the normal population.

∗ Corresponding author at: Department of Neurology and Neurosurgery, Heidel-
erglaan 100, G03.124, 3584 CX, Utrecht, The Netherlands. Tel.: +31 88 7556863;
ax: +31 30 2542100.

E-mail address: n.ramsey@umcutrecht.nl (N.F. Ramsey).

165-0270/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2009.10.005
le motor movement experiment even when electrodes are not visible in

© 2009 Elsevier B.V. All rights reserved.

ECoG recordings measure the electrical potential from the brain
surface, using exposed metal electrodes. ECoG recordings are used
to functionally identify different brain areas such as motor (Crone
et al., 1998a,b; Miller et al., 2007a; Pfurtscheller et al., 2003), lan-
guage (Crone et al., 2001a,b; Sinai et al., 2005), auditory (Edwards
et al., 2005), and visual cortex (Yoshor et al., 2007), or, for example,
to study spontaneous neuronal activity (Nir et al., 2008) and neu-
rophysiology (Canolty et al., 2006). The analyses of ECoG electrode
signals are done on individual patients and above all are highly
specific to the brain tissue from which signal is sampled (Ball et
al., 2009). Electrodes are typically 2.3 mm in diameter and mea-
sure virtually no signal from immediately adjacent neural tissue. A
major problem faced in ECoG research is to identify exactly where
these electrodes are located. Rough estimations are, given the size
of electrodes, insufficient for application of ECoG to neuroscientific
questions regarding the regional and functional organization of the

brain.

Several issues complicate accurate localization of these elec-
trodes. First, matching photographs made of the grid after
implantation to an MRI scan (Wellmer et al., 2002), are not
sufficient, since neurosurgeons try to minimize the size of the cran-

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:n.ramsey@umcutrecht.nl
dx.doi.org/10.1016/j.jneumeth.2009.10.005
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otomy and will usually slide electrodes under the skull, away from
he exposed area. Second, computed tomography (CT) scans, made
fter implantation, can localize electrode positions (Noordmans et
l., 2001), but the shape of the brain surface is generally changed
y the surgical procedure. Leakage of CSF after opening of the dura,
he thickness of the implanted material, and the general reaction
o surgical intervention, may all cause the exposed brain to move
way from the skull and assume an unpredictable shape. This brain
hift may cause a significant mismatch that can be more than
cm between the CT scan and a magnetic resonance image (MRI)

can obtained preoperatively (Dalal et al., 2008; Hill et al., 2000).
hird, post-implantation structural MRI scans would offer a solu-
ion to this problem (Schulze-Bonhage et al., 2002; Studholme et
l., 2001), but the clinical safety guidelines of many institutions
rohibit post-implant MRI scans for the risk of electrode induction
eating (Bhavaraju et al., 2002).

Apart from the few studies using post-implant MRI scans,
ll papers on ECoG that we are aware of use either a match
f MRI rendering to photos, hence ignoring the electrodes posi-
ioned under the skull and out of view of a camera, or ignore
he shift after matching CT to MRI. Several studies projected elec-
rode locations to a standardized brain in Talairach coordinates
sing a method based upon X-rays (Miller et al., 2007b), but this
ethod suffers from the fact that identified electrode locations

annot be linked to subject-specific gyral anatomy, which can
ary greatly from person to person. Dalal et al. (2008) approached
he problem using operative photos to visually localize the ECoG
lectrodes on a reconstructed cortex from a preoperative MRI,
nd combined this with X-rays to include electrodes not visible
n the craniotomy. Their manual registration procedure, how-
ver, takes quite long, even with experience, and it has not
een established whether their method is reproducible across
xperimenters, or whether it might also work to localize sub-
emporal or interhemispheric electrodes (where no part of the
rray is revealed by the craniotomy, making extrapolation less reli-

ble).

Here we present a new method that uses a preoperative
RI coregistered with a post-implantation CT scan to localize

he electrodes, and then automatically corrects for the brain
hift by projecting the electrodes to the surface of the cor-

ig. 1. Projection method. (A) One slice of the CT scan. (B and C) Thresholded CT (yellow)
hifted beneath the pre-implantation surface. (D) Schematic representation of the project
he cortical surface in the direction of the norm of the grid (blue lines), resulting in locatio
ositions (red), cortical surface (white) and projected electrodes (green). (G) Rendering o
ce Methods 185 (2010) 293–298

tex. It consists of a MATLAB (The Mathworks, Inc., Natick, MA,
USA) based package used in combination with SPM5 software
(http://www.fil.ion.ucl.ac.uk/spm/). To validate the accuracy of the
projection, the auto-registered electrode locations are compared
with operative photographs in six patients. For one additional
patient we illustrate the usefulness of this method, by showing
that electrodes outside the craniotomy can now be included in, for
instance, investigation of the relationship between fMRI activation
and ECoG.

2. Materials and methods

2.1. Patients

Seven patients were implanted with platinum electrodes
(AdTech, Racine, WI, USA) for epilepsy monitoring. Electrodes had
a diameter of 2.3 mm exposed (4.0 mm overall) and an inter-
electrode distance of 1 cm center-to-center. All patients gave
written informed consent, and the study was approved by the
ethical committee of the University Medical Centre Utrecht, in
accordance with the Declaration of Helsinki 2004.

2.2. Technique

Before implantation, structural MRI scans were made on a
1.5 T (patients 2, 3, 6 and 7) or 3 T (patients 1 and 4–5) scanner
(Philips Achieva, Best, The Netherlands). Voxel size for the patients
were 0.6 mm × 0.6 mm × 0.6 mm, 0.9 mm × 0.9 mm × 1.2 mm or
1 mm × 1 mm × 1 mm (see supplement for details). One day after
surgical ECoG electrode array placement, a high resolution 3D CT
scan was made to locate the electrodes (Philips Tomoscan SR7000,
voxel size 0.5 mm × 0.5 mm × 1 mm).

First the CT was coregistered and re-sliced to the MRI coordi-
nate frame, using a normalized mutual information routine in the
SPM5 analysis environment (Fig. 1A–C) (Wells et al., 1996). Mutual

information based coregistration has been developed to coregister
images from multiple modalities and previous studies have shown
that mutual information performs well for the coregistration of CT
and MR images (Hill et al., 2001; Maes et al., 1997; Studholme
et al., 1996; West et al., 1999) Approximate locations of desired

with detected electrodes (red) overlaid on an MRI, the brain shift, with electrodes
ion method. Electrodes are located under the cortical surface (red), are projected to
ns on the cortical surface (green). (E and F) Example for patient 1, original electrode
f the cortex with projected electrodes.

http://www.fil.ion.ucl.ac.uk/spm/
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lectrodes were identified manually on the CT by selecting high
ntensity clusters. Then these clusters were automatically masked
y way of thresholding (watershed) and the center of mass of each
luster was assumed to be the location of an electrode. Each elec-
rode was projected from the location found on the CT to the cortical
urface of the coregistered MRI scan (Fig. 1D) using the following
rocedure: the MRI was segmented into grey and white matter
ompartments using unified segmentation in SPM5 (Ashburner
nd Friston, 2005). These compartments were combined into one
mage, and the resulting volume was then smoothed and thresh-
lded (see supplemental material Table S1), yielding a smoothed
ortical surface to which shifted electrodes could be automatically
rojected (Fig. 1E and F). Each electrode was then projected to the
oint on the surface in the direction of the local norm vector of the
lectrode grid (Fig. 1D). The local norm vector was the vector per-
endicular to the plane defined by a principal component analysis
f a matrix A, where matrix A contains the coordinates on the elec-
rode and its nearest neighbors. For grids consisting of two rows,
he electrode of interest and its three nearest neighbors were used
o calculate the local norm vector. For grids consisting of single
ows it is impossible to calculate a unique norm vector and these
re projected to the closest point on the cortical surface.
.3. Validation

To estimate the accuracy of the projection method, the projected
lectrodes were visualized on a 3D rendering of the cortical surface
Figs. 1D and 2C), and compared to photos taken during implanta-

ig. 2. Validation of the projection method. In a reference intra-operative photo (B) bloo
MRI) with projected electrodes (C) sulci were identified (white) and matched to the sulc
o obtain a good match between sulci. In blue the initial mismatch, and mismatch after lin
ositions between electrodes (red) and sulci (white) on the rendering. The same procedur
n the operative photo with electrodes (A). After registering all photos into common sp
lectrodes from the operative photo (yellow) (H). Within a grid, spacing between electrod
ce Methods 185 (2010) 293–298 295

tion (preoperative photo) and explantation (postoperative photo)
of the electrodes for patients 1–6 (no postoperative photos were
available for patient number six, and for this patient only the pre-
operative photo was used for verification of the projection). We
used MATLAB and Adobe Photoshop (Adobe Systems, Inc., San Jose,
CA, USA) to match the photo to the rendering with computed elec-
trode locations. While on the rendering of the brain the sulci were
clearly visible, on the operative photos only blood vessels were
clearly visible as landmarks of cortical anatomy. Therefore a ref-
erence photo of the brain without electrodes (taken immediately
before implantation, Fig. 2B) was used on which both blood ves-
sels and sulci could be marked (Fig. 2D and E respectively). Sulci
on the rendering of the brain with the projected electrodes were
matched to sulci on the reference photo (Fig. 2F and H) and blood
vessels on the pre- and postoperative photos were matched to
blood vessels on the reference photo (Fig. 2A and G). Fig. 2F shows
how affine and non-affine transformations were used to visually
match these photos and that relative positions between sulci and
electrode locations were preserved. With affine transformations
(rotations, translations and resizing) the rendering and photo with
electrodes were roughly matched to sulci and vasculature of the
reference photo. After only affine transformations, mainly edges
were not accurately registered to the reference photo as shown in

the bottom panel in Fig. 2F. Warping (in Adobe Photoshop CS3)
was subsequently applied only at the edges of the rendering or
photo to accurately coregister these to the reference photo (blind
to the electrode locations which were repositioned together with
the warping). Supplementary Fig. S1 shows the matched photos for

d vessels (cyan, in D) and sulci (pink, in E) were marked. On the rendered surface
i on the photo (pink) (F). Both linear and non-linear transformations were required
ear transformation is marked. Note that these transformations do not affect relative
e was performed to match blood vessels on the reference photo (D) to blood vessels
ace, the rendering of the brain was visualized with projected electrodes (red) and
es was 1 cm.
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Fig. 3. Validation results. Box-plots of the distance between projected electrodes
and electrodes on the operative photo with all subjects included and for each subject
96 D. Hermes et al. / Journal of Neur

ll subjects. Electrodes on these matched pictures were overlaid
nd center-to-center distances between electrodes on operative
hotos and projected electrodes were calculated (Fig. 2I). On each
icture a reference pair of adjacent electrodes (with a known
enter-to-center distance of 1 cm) was used to determine the
cale.

.4. Application example

To illustrate the usefulness of this method, fMRI with ECoG
esults of a motor task were overlaid in patient 7. In the motor task
he patient moved the thumb during four (fMRI) or five (ECoG) 30 s
locks of movement (thumb flexion/extension at the rate of 2 Hz)
lternated with five or six 30 s blocks of rest respectively.

Before surgery fMRI scans were acquired on a 3 T scan-
er with a 3D PRESTO scan (Neggers et al., 2008; Ramsey
t al., 1998). In one run 340 volumes were acquired with
he following parameters: TR/TE 22.5/32.4 ms, flip angle 10◦,
OV = 256 mm × 224 mm × 160 mm, acquisition voxel size 4 mm
sotropic. Using SPM5 functional images were realigned and
oregistered with the anatomical image. A general linear model,
ncluding a regressor for motor activation (block design) and
ealignment parameters to control for movement artifacts, was
stimated. The regression coefficient map for the motor task was
onverted to a statistical map with t-values for assessment of
he regions involved in thumb movement, results are reported at
> 3.11 (p < 0.001, uncorrected).

The same task was performed by the patient during ECoG
ecordings. ECoG data were acquired with a 128 channel record-
ng system (SD-128, Micromed, Treviso, Italy) with a sampling
ate of 512 Hz, and were band-pass filtered (0.15–134.4 Hz). Sig-
als were re-referenced to the common average of all intracranial
lectrodes and two second epochs were extracted from move-
ent and rest blocks (respectively 70 and 85 epochs). For each

f these epochs, the power spectral density was calculated every
Hz by Welch’s method (Welch, 1967) with 250 ms windows, over-

ap of 125 ms and a Hamming window to attenuate edge effects.
fter normalizing (by element-wise division) the power spectra
f each epoch with respect to the mean power over all epochs
t each frequency, the log of the normalized power was aver-
ged from 75 to 95 Hz. A t-test was performed on the average
og normalized power for each electrode over movement ver-
us rest epochs to assess which electrodes showed significant
ncreases in power during movement. Results are reported at
< 0.05, Bonferroni corrected for multiple comparisons over elec-

rodes.

. Results

.1. Technique

Electrodes were projected to the surface of the brain in the direc-
ion orthogonal to the local surface of the shifted cortex (Fig. 1).
upplemental Fig. S2 shows for one subject that a lateral projection
ould have led to substantially different results. For each patient,

he projection procedure, including up to 128 electrodes, took less
han 2 h (including preprocessing of MR and CT scans, for any of
hree users).

.2. Validation
Distances between electrodes on the photo and the projection
re shown in Fig. 3 for patients 1–6 (postoperative photos for
atients 1–5, preoperative for patient 6, supplemental Fig. S1). The
edian distance between the projected electrodes and electrodes
individually. Circles indicate the median distance, thick bars 50% of the distribution,
thin bars indicate the maximum and minimum distance, outliers are indicated by
diamonds (points larger than q3 + 1.5(q3 − q1) or smaller than q1 − 1.5(q3 − q1) with
q1 and q3 the 25th and 75th percentile respectively).

on the photo was 2.6 mm (less than 3.4 mm for 75% of the elec-
trodes, less than 5.6 mm for all electrodes). The same results were
obtained when preoperative photos were used (median distance to
preoperative photo = 2.4 mm, range 0–6.8 mm) and the distance of
the projected electrodes to electrodes on the pre- and postopera-
tive photo did not differ (nonparametric Wilcoxon rank sum test,
p = 0.92).

3.3. Application example

Fig. 4A shows the craniotomy of patient 7 where only 19 out
of 104 ECoG electrodes were visible. Electrodes that showed sig-
nificant power differences (p < 0.05 Bonferroni corrected) in high
frequencies (75–95 Hz) during thumb movement compared to rest
were located outside the craniotomy on the pre- and postcen-
tral gyri (Fig. 4B). All electrodes were located in or near areas
that showed significant differences in BOLD activation (t(325) > 3.11,
p < 0.001 uncorrected) during the same motor task.

4. Discussion

The identification of the exact location of the electrodes is an
important issue in ECoG research. This study first presents a method
to localize ECoG electrodes on an individual, preoperative MRI scan.
The MRI was coregistered with a CT scan made after implantation
of the ECoG electrodes. The CT was then used to localize the ECoG
electrodes and these electrodes were automatically projected on
the cortical surface of the MRI. Second, to validate the method, a
comparison between projected electrode locations and operative
photos in six patients showed that this method localized electrodes
to a 2.6 mm median accuracy, a value that is in the order of the
electrode diameter (2.3 mm). Third, to illustrate the utility of the
method we show a match between fMRI and ECoG data from a
motor task for one patient with electrodes on the sensorimotor
areas outside the craniotomy.

Electrodes were projected to the surface of the brain, correcting
for a brain shift that can be on the order of 1 cm or more (Dalal
et al., 2008; Hill et al., 2000). To enable an automatic procedure,
it was assumed that electrodes have to be projected orthogonal to
the local surface of the shifted cortex and that this transformation
would be a good approximation of the brain shift. Other corrections
for the brain shift, such as a simple lateral projection, would have
led to substantially different results. An orthogonal projection is
a simple transformation that proves to be robust and the valida-

tion with photos shows that its results are reliable across subjects.
Similar precision to this study was reported by Dalal et al. (2008)
who presented a semi-automated method in which X-rays and
operative photos are used to visually localize electrodes on a pre-
operative MRI. Visually matching electrode positions are, however,
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Fig. 4. Illustration of the technique in practice. (A) Craniotomy indicated on the rendering of the cortical surface with electrode positions and photo. (B) Rendering of the
cortical surface with in red fMRI regions that were significantly activated by left thumb movement compared to rest (t(325) > 3.11, p < 0.001 uncorrected). In cyan: electrodes
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ith significant increases in power in the high frequency bands (75–95 Hz) during m
or two electrodes that showed a significant difference, power spectra averaged o
ontamination) peak is visible. (For interpretation of the references to colour in this

uch more time consuming and depend heavily on the expertise
f the experimenter. Our method is, with respect to matching pro-
edure is independent of human expertise and most importantly,
t does not rely on photos and therefore yields reliable results in
lectrodes positioned under the skull away from the opening.

A critical step in our study is the accuracy of the coregistra-
ion of CT and MRI scans. For coregistration of CT and MRI scans

utual information was applied, because many previous studies
ave shown that it yields very accurate matching results (Hill et al.,
001; Maes et al., 1997; Studholme et al., 1996; West et al., 1999),
ee also Pluim et al. (2003) for a survey of these studies. Although
or the purpose of the present study a high resolution MRI scan was
btained for high detail of surface rendering, lower resolution MRI
cans (which may be the standard in many clinical settings) can be
xpected to yield the same results in terms of accuracy of matching
see also West et al., 1999). The fact that mutual information based
oregistration uses all voxels in the images and it does not assume
specific functional relationship between tissue intensities across
odalities ensures a reliable global match between two images of

ifferent modalities (Roche et al., 2000).
The accuracy of the projection method was validated using
hotos of the brain taken during implantation and explantation
f the grids. Operative photos can be used as a gold standard of
lectrode positions, but others have reported that there can be a
ifference in electrode positions between pre- and postoperative
hotos (Wellmer et al., 2002). Electrodes can be shifted during
ent compared to rest (p < 0.05 Bonferroni corrected for total number of electrodes).
ovement (cyan) and rest (black) epochs are shown. At 50 Hz a line noise (ambient
e legend, the reader is referred to the web version of the article.)

closure of the dura after implantation as well as during opening
before explantation. However, the distance between the projected
electrodes and electrodes on pre- or postoperative photos did not
differ.

To illustrate a potential benefit of the method, an example is
shown where the relationship between fMRI and ECoG may be
investigated even if electrodes are outside the craniotomy. In such
cases, photographs would be of no use for invisible electrodes,
limiting investigation to visible cortex. Given our estimate of pro-
jection accuracy based on the present study, and the reasonable
assumption that the correction method yields equal results for vis-
ible and non-visible electrodes, the example illustrates an added
value of the technique.

There are several other advantages in using this technique, one
of which is that it is fully automated. It is readily implemented, since
it only requires MATLAB and SPM5. As long as the surface of a vol-
ume can be estimated, electrodes can be projected in the direction
of the norm vector of the grid to the closest point on the surface.
When one hemisphere is removed from the MRI, interhemispheric
electrodes can be localized and the same can be done for subtempo-
ral electrodes after segmentation and removal of the cerebellum.

Coregistration with other medical images such as angiograms is
also possible, allowing one to see whether an electrode is located
on a blood vessel. When projecting the electrodes to an individual
MRI scan, the electrode coordinates are specific for the subjects’
brain volume, and when normalizing this to MNI or Talairach space,
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oordinates in these standard spaces can easily be extracted. Only
high resolution pre-implantation MRI and a high resolution post-

mplantation CT scan are required and the software is available
pon request from the authors.

In conclusion, this method enables localization of ECoG elec-
rodes on individually rendered cortical surfaces. It enables rapid
nd accurate localization of ECoG measures to brain anatomy. ECoG
easures can now be seamlessly integrated with findings from

ther experimental modalities, such as fMRI, constituting a power-
ul tool for exploration of neural physiology in humans.
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