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bstract

Medically refractory epilepsy accounts for more than 30% of the epilepsy population. Scalp EEG electrodes have limited ability to localize
eizure onset from deep structures and implantation of subdural electrodes with long term monitoring provides additional information. Apart
rom clinical application, this patient population provides a unique opportunity for acquiring electrocorticography data in research paradigms. We

resent a method for rapid localization of electrodes using lateral and anterior–posterior X-rays. Skull landmarks and proportions are used for
o-registration with the standardized Talairach coordinate system. This MATLAB-based “Location on Cortex” (LOC) package facilitates rapid
isualization of clinical and experimental data in a user-friendly manner.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Medically refractory epilepsy affects more than 30% of the
pilepsy population (Kwan and Brodie, 2000). One significant
linical challenge is the accurate localization of seizure onset.
calp EEG electrodes are limited in their ability to localize
eizure onset from deep structures, and implantation of sub-
ural electrodes with long term monitoring provides additional
eizure localization information (Lesser et al., 1991). In addi-
ion to the clinical application of subdural electrodes, long term
lectrocorticographic monitoring provides a unique opportunity
or acquiring data in research paradigms. In order to accurately
nterpret the seizure onset and to interpret electrocorticography

ata for research paradigms, the three-dimensional location of
he electrodes must be known. Although intra-operative pho-
ographs of subdural grids provide locations for electrodes on
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xposed cortex (see supplemental figure), they do not provide
nformation for electrodes passed beyond the limits of the cranial
xposure. These electrodes may be located with post-operative
T or MRI (Kovalev et al., 2005; Wellmer et al., 2002), but this
rocess requires sophisticated image acquisition preoperatively
nd postoperatively and these image studies are often unavail-
ble. Post-operative X-rays, however, are ubiquitous and readily
ccessible. The method and the associated package presented
ere address the need for a fast, reliable co-localization tech-
ique to locate and standardize radio-opaque electrodes from
nterior–posterior (AP, also called ‘coronal’) and lateral X-rays.

This MATLAB (The MathWorks, Inc.) based “Location on
ortex” (LOC) package uses skull landmarks and proportions

or co-registration with the standardized Talairach coordinate
ystem. The Talairach coordinate system defines the origin as
he anterior commisure (AC) and the anterior–posterior (y) axis

s the line connecting the anterior and posterior commisures
AC/PC line). The x axis is perpendicular to the y axis in the
xial plane, and the z axis is normal to the x–y plane(Talairach
nd Tournoux, 1988).

mailto:kjmiller@u.washington.edu
dx.doi.org/10.1016/j.jneumeth.2007.01.019


3 scien

a
t
(
A
a
t
c
a
t
t
f
t
i
a
p

a

m
t
i
c
t
a
b
T
H
y
t
r
t

F
(
s
t
t
t
i
(
t
s
o

04 K.J. Miller et al. / Journal of Neuro

Skull landmarks visible on the lateral X-ray may be used to
pproximate the Talairach axes. The line segment drawn from
he glabella to the inion (GI line) is parallel to the AC/PC line
Fox et al., 1985; Friston et al., 1989). The y axis is defined as the
C/PC line. The x axis is the direction of left–right symmetry
nd the z axis is perpendicular to the GI line, and thus normal
o the x–y plane. The origin is defined in the x direction as the
enter of the skull on AP X-rays. In the z direction, it is defined
s 21% along the perpendicular line segment corresponding to
he maximum distance between the GI line and the inner table of
he superior surface of the skull. In the y direction, the distance
rom the posterior inner table of the skull to the anterior inner
able along the y axis is normalized to 173 mm, and the origin
s taken at 115 mm anterior to the midpoint of this line. The y

xis is positive anterior to the origin, the x axis is positive on the
atient’s right, and the z axis is positive superior to the origin.

To interpret the location of subdural electrodes for clinical
nalysis and inter-patient comparison, the patient’s brain is nor-

2

a

ig. 1. (A) The anterior commisure–posterior commisure (AC–PC) line (2–3) define
GI) line (1–4) is parallel to AC–PC line and the glabella (1 and 8) and inion (4 and
ame patient. The y axis (6–7, teal) is positioned parallel and superior to the GI line (5–
he GI line to the skull’s inner table (perpendicular line, blue). The distance between p
emplate dimensions. (C) The y–z origin, the estimated position of the AC, is defined
ables. (D) A vertical line segment is drawn that perpendicularly bisects a user-define
s defined as the intersection of this line segment with the y–z origin defined on the
11) is scaled to the template brain. (E) Points that do not fall on the cortex after iden
he surface of cortex by switching to spherical coordinates, with the center of mass o
urface template (14) for this solid angle (dark blue line) defines the replacement loc
f the references to colour in this figure legend, the reader is referred to the web vers
ce Methods  162 (2007) 303–308

alized to standard dimensions. By making the assumption that
he inner table of the skull matches the brain surface, the max-
mum x, y, and z coordinates of the inner table of the skull
an be normalized to a template brain volume. Furthermore,
he position of any radio-opaque objects within this volume can
lso be normalized to the template brain. The AFNI template
rain is routinely used in imaging research and is available in
alairach coordinates (Brett et al., 2002; Collins et al., 1994;
olmes et al., 1998; http://afni.nimh.nih.gov/). Its maximum x,

, and z dimensions are 138 mm, 173 mm, and 116 mm, respec-
ively. Normalization to this template brain allows clinicians and
esearchers to interpret electrocorticographic data with reference
o this standardized brain atlas.
. Methods

This technique was implemented on patients enrolled in
n electrocortigraphic research study at the University of

s the Talairach y axis, shown in yellow on a patient MRI. The glabella–inion
5) are therefore used to approximate the AC–PC line. (B) X-ray image of the
8, red), 21% along the length of the longest perpendicular line segment joining
osterior and anterior inner tables of the skull (6–7) along the y axis is scaled to
115 mm anterior of the midpoint (9) of the line segment between the two skull
d line segment joining two symmetric structures (10 and 12). The x, y, z origin
lateral projection. The maximal biparietal distance measured on the AP X-ray
tification using the AP and lateral X-rays (e.g. 13 and 15) may be projected to
f the surface template (shown in light blue) as the origin (16). The point on the
ation, which is converted to standard Talairach coordinates. (For interpretation
ion of the article.)

http://afni.nimh.nih.gov/
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ashington Regional Epilepsy Center. As part of standard
linical practice, subdural platinum electrode arrays with 1 cm
enter-to-center separation were implanted for seizure localiza-
ion (AdTech, Racine, WI). Digital skull X-rays were obtained
or clinical purposes to localize the subdural electrodes. These
-rays were stored and analyzed as part of a pre-approved

esearch protocol supervised by the University of Washington
nstitutional Review Board.

The X-ray images were converted to JPEG or BMP for-
at and used with the Location on Cortex (LOC) package

or MATLAB, freely downloadable from the EEGLAB site
Swartz Center for Computational Neuroscience, 2006, see
ttp://sccn.ucsd.edu/eeglab/plugins.html).

The orthogonal axes in Talairach space were calculated using
kull landmarks. The user identifies the glabella and inion, and
he inner table of the skull. Complementary bilateral structures
n the AP X-ray (for example, the mandibular condyles) are
sed to define the x origin.

Using the inner table of the skull to approximate the dimen-
ions of the surface of the brain, the axes are linearly scaled
o match the MNI template brain in Talairach coordinates.
his is done by resizing the width of the brain to 138 mm,

he anterior–posterior length of the brain to 173 mm and the

ositive z axis to a length of 75 mm.Radio-opaque electrodes
resent on the patient’s skull X-rays are co-registered to the
emplate brain surface. Interpolation to a cortical shell template

ay be used to simplify this process (Lancaster et al., 1999),

t

w
s

ig. 2. (A–D) Localization of strip electrodes calculated from lateral (E) and AP (F)
n a patient with bitemporal electrode strips. The patient was shown pictures of faces
dentified. Bilateral changes were observed in the electrodes shown with black dots (
nd (28, −48 and −16), (38, −47 and −21), (47, −44 and −24) on the right). These
Kanwisher et al., 1997).
science Methods 162 (2007) 303–308 305

acilitating the localization of positions off of the cortical
urface by telescoping. A convex shell template is generated
rom the model brain by radially smearing each point, both
n the polar direction and the azimuthal direction (see Fig. 1E
here the shell is shown in cross section). Cortical surface

ocations in regions of low curvature from the lateral perspective
equire localization only the lateral X-ray, since a given y and z
oordinate uniquely determine an x coordinate on the surface of
he template shell (Fox et al., 1985). In regions of high curvature
e.g. orbitofrontal, occipital, and subtemporal locations), small
hanges in y and z position produce large changes in the
stimated x coordinate. In these cases, the user must also define
ach electrode location on the AP X-ray to calculate the set of x-
oordinates.

By our assumption that the inner table of the skull matches
he brain surface, the coordinate triplets may not be precisely on
he surface of the template brain. By representing these locations
sing polar coordinates, they may be radially telescoped to the
urface of the convex hemispheric template with the same solid
ngle. This is illustrated in cross-section in Fig. 1, inset (E).

The LOC package includes graphical rendering functions to
resent the electrode locations on the surface of the AFNI tem-
late brain. Unrestricted three-dimensional rotation is possible

o visualize the electrode locations.

An interleaved face and house picture presentation paradigm
as used in conjunction with the LOC package to identify

ubtemporal face processing areas (Fig. 2). An interleaved

X-rays. (A) The functional localization of fusiform gyrus face recognition area
or houses, and areas showing a selective N170 response for face stimuli were

located at (−41, −27, −22) (−37, −35, −23) (−30, −43 and −17) on the left
locations correspond with previously published data for the fusiform face area

http://sccn.ucsd.edu/eeglab/plugins.html
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Fig. 3. Gaussian interpolated maps for hand (A and C) and tongue (B and D) changes associated with a movement task in a single patient (A and B) and cohort
average (C and D). Yellow and red surface colors indicate power increases in the 76–100 Hz frequency band during this task. Blue dots indicate electrode locations
and white dots highlight electrodes with a statistically significant response after Bonferroni correction (p � 0.01). All highlighted motor electrodes are located within
the primary motor area, Brodmann area 4 (Fox and Uecker, 2005). (A) The highlighted electrode coordinates for the hand movement task are (−47, −25 and 57),
(−44, −14 and 56), and (−42, −3 and 55). (B) The highlighted electrode coordinates for the tongue movement task are (−60, −3 and 30), (−57, −13 and 40), (−53,
8 and 38). Published coordinates of the activation area center-of-mass based on fMRI data are (−36 ± 3, −22 ± 4 and 58 ± 3) for hand and (−52 ± 3, −5 ± 3, and
29 ± 6) for tongue (Alkadhi et al., 2002). Thus, the observed activation areas in these patients flank the center-of-mass area reported from fMRI data. Insets C and D
illustrate the results of hand and tongue area mapping averaged across a large cohort ((C) hand, n = 17 and (D) tongue, n = 14) and projected to the left hemisphere for
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ll patients. The mean electrode positions were y = − 15 ± 11 mm, z = 52 ± 11 m
he white cross represents the mean position and variance along each axis.

ovement and rest task where subjects performed 3 s blocks
f hand or tongue movement followed by 3 s of rest was used
ith the LOC package to identify hand and tongue rolandic cor-

ex. Maps of the cross-correlation strength of power changes
between movement and rest) at each electrode in a cortical
nsemble are shown in Fig. 3.

To assess the precision of resulting locations and inter-user
eproducibility of this method, two of the authors independently
alculated the subdural electrode positions using the LOC pack-
ge.

. Results

This technique was used on 17 patients enrolled in an elec-
rocortigraphic research study at the University of Washington
egional Epilepsy Center. We present the results for 4 patients as
demonstration of the technique. Figs. 1–3 demonstrate how the
OC program may be used to localize electrodes and visualize
lectrocorticographic data.

To examine how reproducible the calculation of electrode
ositions was with this method, two of the authors independently
alculated positions in four subjects. For two subjects, the lat-
ral X-ray was used to calculate the location of a 64-electrode
rid array. The mean distance between calculated positions was

.3 mm (S.D.: 2.1 mm) for the first subject and 1.2 mm (S.D.:
.7 mm) for the second subject. Two other subjects had a total of
6 electrodes each in frontal, sub-temporal, and occipital sites.
lectrode locations were calculated from a combination of the

l
t
t

r hand movement, and y = − 9 ± 11 mm, z = 31 ± 18 mm for tongue movement.

ateral and AP X-rays. The mean distance between calculated
ositions was 3.5 mm for the third subject (S.D.: 2.5 mm) and
.6 mm (S.D.: 2.4 mm) for the fourth subject. The diameter of
ach electrode was 4 mm. These results suggest that the method
s highly reproducible, with a standard error smaller than the
idth of each electrode.
The plotting functions of the LOC package may be used to

resent electrode locations and render electrocorticographic data
nto the template brain surface. For example, electrodes found
o be significant for some effect may be highlighted, as shown
n Fig. 2 where face-specific and visually responsive electrode
ocations are identified. Simple enumeration of electrode num-
er for identification of relevant areas may be used to compare
lectrode locations with known functional areas in standardized
oordinates. Alternatively, superposition of weighted kernels at
ach electrode locus presents continuous spatial distributions
f electrocorticographic change with a particular task. When
he changes in cortical potential with movement are examined
oth in a single case and in a large cohort, spatial normalization
ightly localizes these changes to coordinates in sensorimotor
ortex (Fig. 3).

. Discussion
This Location on Cortex (LOC) package facilitates the rapid
ocalization of subdural electrode arrays onto a standardized
emplate brain volume. Once familiar with the procedure,
he average time to localize a 64-contact grid using lateral
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-ray only, or a 20 contact subtemporal strip array using AP
nd lateral X-ray is 5–10 min. Co-registration of electrode
ocations by individual calculation takes an hour or more for a
4-contact grid using a lateral X-ray. Calculation of Talaraich
xes using both AP and lateral X-rays may take considerably
onger, and 3D telescopic interpolation is not feasible by
and.

The major limitations of this technique are the quality of the
kull X-rays and the assumptions made based on these X-rays.
ifferences in X-ray technique may affect the differential mag-
ification of electrodes and skull landmarks. Also, the electrode
ocation calculations assumes the X-rays are directly lateral and
P (i.e., without rotation). Deviations from this assumption
ay be corrected by rotating all measurements appropriately

f the axis and magnitude of rotation is known. Furthermore, the
ngle of the AP X-ray may affect the amount of superposition
f subtemporal electrodes, creating challenges for identifying
ndividual electrodes.

Scaling of the patient’s X-ray to match the template brain is
imited to the three cardinal directions without oblique correc-
ion. This linear transformation limits the accuracy of electrode
ocalization, but the functional results in our patients agree
ell with known cortical organization, as demonstrated in
igs. 1 and 2.s

Cross-subject variability and postoperative brain shift
lso limit the accuracy of this technique. The inner table
f the skull is used as a surrogate for the cortical surface
n calculations; this does not take into account the possible
hift in brain shape after implantation of subdural electrode
rrays that may result in the electrode locations being mapped
o subcortical locations on the template brain. Telescopic
rojection onto the surface of the template brain is required
o reduce this error. Co-registration onto a template may
ltimately be limited by cross-subject cortical variability, such
s regional differences in cortical cytoarchitecture (Rajkowska
nd Goldman-Rakic, 1995), or functional variability in, for
xample, the location of language cortex (Ojemann et al.,
989).

If specialized pre-operative MRI imaging sequences are
vailable, the patient’s own brain can be used for the volumetric
emplate using brain extraction algorithms (Dale et al., 1999;
ovalev et al., 2005). This requires normalization of the brain
olume to Talairach dimensions. A custom shell can be gen-
rated from this, and cortical locations calculated accordingly.
hese cortical locations plotted on this particular brain will be
isplayed as biologically precise cortical phenomena, with asso-
iated Talairach coordinates to compare with known functional
reas.

. Conclusion

The Location on Cortex (LOC) package implements a
apid and reliable method of estimating the coordinates of

adio-opaque markers such as subdural electrocorticography
lectrodes. The open source LOC package can also be used
o visualize clinical and experimental data in a quantitative
ashion with reference to a standardized brain template. This

O

science Methods 162 (2007) 303–308 307

ool can be readily implemented in clinical research settings in
hich invasive electrophysiology is recorded during the treat-
ent of patients with medically refractory seizures or other brain

athologies.
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