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Summary: Curvilinear reformatting of 3D MR imaging
data sets was used to visualize the position of subdural
strip and grid electrodes relative to the underlying cerebral
cortex in patients with epilepsy who were undergoing inva-
sive electroencephalographic recordings. The contour of
the cortical surface was delineated interactively, and topo-
graphical relationships among surface gyration, cortical
lesions, and subdural electrodes were investigated by using
serial convex planes parallel to the cortical surface. Elec-
trode contacts could be marked and their positions pro-
jected to underlying areas at different depths. This method
is apt for routine purposes and allows electrode positions
to be displayed with respect to cortical and subcortical
regions of interest.

In the presurgical evaluation of patients with focal
epilepsy, invasive electroencephalographic (EEG) re-
cordings have remained necessary for subgroups of
patients in whom surface electrodes do not identify
the seizure-onset zone with sufficient certainty or
precision (1–3). For this purpose, either subdural
multicontact electrodes or intracerebral depth elec-
trodes can be used, depending on the topography of
the area to be recorded. Subdural electrodes are
placed by means of burr holes (strip electrodes) or by
craniotomy (grid electrodes) (4). Grid electrodes of-
fer the additional opportunity for mapping eloquent
areas of the cortex in patients in whom a resection in
that vicinity is taken into consideration.

For a proper interpretation of EEG recordings of
the irritative zone and seizure-onset zone, and of data
obtained with functional mapping by using electrical
cortical stimulation, knowledge concerning the posi-
tion of intracranial electrodes relative to the cortical
surface is essential. So far, the position of subdural
electrodes has been estimated from postimplantation
skull radiographs and planar 2D MR imaging sec-
tions. Recently, improvements with 3D reconstruc-
tions of 3D MR imaging and spiral CT data and with

intraoperative digital photography of the cortical sur-
face and grid have been reported (5, 6). Whereas the
former method requires the acquisition of two 3D
data sets and considerable time for image fusion, the
latter method can be applied only to patients in whom
craniotomy is performed to place electrodes over the
lateral cerebral convexity.

We describe the application of curvilinear refor-
matting of single 3D MR imaging data sets for quick
visualization of subdural strip and grid electrodes in
relation to underlying cortical gyration and cortical or
subcortical lesions.

Technique and Patients

MR Imaging Data Acquisition
The 3D MR imaging data sets were acquired by using a mag-

netization-prepared rapid acquisition gradient-echo sequence
(9.7/4/1 [TR/TE/excitations]; flip angle, 12°) with a 1.5-T unit
(Magnetom Vision; Siemens, Erlangen, Germany). The following
parameters were used to obtain isotropic voxels of 1 mm2:
matrix, 256 � 256; sections, 160–180; field of view, 256 mm; 3D
slab thickness, 160–180 mm. Data sets were transferred in
digital imaging and communications in medicine (DICOM)
format to a G3 Power Macintosh workstation and further
processed by using Brainsight software (Rogue Research,
Montreal, Quebec, Canada).

Curvilinear Reformatting
The method of curvilinear multiplanar reformatting of 3D

MR imaging data sets is described in detail elsewhere (7). In
brief, the surface contour of the hemispheric convexities, in-
cluding the subdural electrodes, was delineated interactively at
10–15 positions placed on the top of the cortical gyri or in the
center of electrode contacts on coronal or axial planar sections.
Then, curved surfaces 1 mm thick were automatically gener-
ated at different depths that included the central position of the
electrodes, superficial gyri and sulci, and, in some patients,
lesions in greater depth. A series of four to 10 surfaces of
progressive depths were displayed from the same angle of view
either simultaneously (in as many as six windows) or in a peel
mode, allowing a rapid switch between surfaces at several
depths (Brainsight; Rogue Research). Electrodes of particular
interest were marked interactively; this procedure allowed their
positions to be projected into underlying surfaces of greater
depth and the topographical relationship of individual grid or
strip positions to the cortical surface and to lesions to be
established. Distances between points of interest (eg, between
the planned resection border and anterior tip of the temporal
lobe) could be displayed interactively.
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Patients
MR imaging data sets from 27 patients (18 male, nine

female; mean age, 30.0 years; age range, 15–60 years) with
epilepsy in whom subdural strips and/or grid electrodes were
implanted from July 1999 to November 2000 at the University
of Freiburg Epilepsy Unit were used for curvilinear 3D refor-
matting. Strip and grid electrodes consisted of four to 64
stainless steel contacts with interelectrode distances of 10–15
mm embedded in silastic (Ad-Tech, Racine, WI). Subdural
strip electrodes were placed over the lateral convexity, inter-
hemispherically, or below the basal surface of the frontal or
temporal lobe by means of burr holes. For grid placement,
craniotomy with opening of the dura was performed over the
area to be recorded. Electrode wires were tunneled subcuta-
neously for a distance of 2–3 cm to prevent infections (8). No
complications occurred during implantation, EEG monitoring,
or explantation.

Results

The time required for acquisition of 3D MR imag-
ing data sets was 8–10 minutes, depending on head
size and number of section partitions. Delineation of
the cerebral surface lasted for another 10–15 min-
utes. An additional 1–15 minutes was required for
marking specific electrodes. The automatic genera-
tion of curved surfaces involved 2–5 minutes of data
processing.

In each patient evaluated, all electrode contacts

could be visualized, and the spatial relationship to
anatomic and abnormal structures could be depicted.
For the interpretation of EEG data, the identification
of the positions of individual electrode contacts often
remained difficult when planar MR imaging sections
were used alone. Because of the convexity of the
cortical surface and the overlying subdural electrodes,
planar MR images often displayed only few contacts.
Thus, it was necessary to sequentially examine series
of MR imaging sections, and even then it was only
possible to get a rough overall impression of the
relation between the positions of different strip elec-
trodes and the underlying cortex. In contrast, curvi-
linear reformatting of 3D MR imaging data sets dis-
played the relationship between subdural electrodes
and cortical landmarks (eg, the sylvian fissure or cen-
tral sulcus) on a single image (Fig 1). Severe bending
of electrodes was particularly prominent when they
were placed infratemporally or over the temporal or
frontal pole. In these patients, it sometimes was im-
possible to follow the course of a single strip electrode
on planar MR imaging sections and to identify the

FIG 1. Positions of subdural strip electrodes in a 16-year-old
male adolescent with pharmacorefractory focal epilepsy result-
ing from tuberous sclerosis. Invasive recordings were necessary
to identify the electrophysiologically leading tuber of three tubers
shown on MR images. Recordings showed a seizure-onset zone
over the right temporal tuber with rapid spread to the frontal
cortex; surgical excision of the temporal tuber based on the
recordings rendered the patient seizure free.

A, Schematic displays the planned implantation of subdural
strip electrodes. R indicates right.

B, Lateral curvilinear reformation shows the cortical surface
with four overlying subdural strip electrodes consisting of six
electrode contacts each (green). Whereas planar MR imaging
sections (not shown) were difficult to interpret because of the
underlying convexity of the cortical surface, the curvilinear ref-
ormation clearly depicts the spatial relationships between elec-
trodes and the sylvian fissure and cortical gyrus.

FIG 2. Curvilinear reformations show relative position of sub-
dural electrode contacts to a cortical dysplasia located deep in
the left frontal lobe. In this 23-year-old man with pharmacore-
sistant focal epilepsy with hypermotor and right tonic seizures
from his first year of life, an 8 � 8 subdural grid electrode was
implanted over the left frontal cortex for identification of the
seizure-onset zone and mapping of language and motor cortex.
As mapping of the speech area using electrical stimulation
showed a wide extension of the language area, which corre-
sponded to extended activated areas at functional MR imaging
during language tasks, the relative position to an underlying
suspected cortical dysplasia was crucial for the possibility of
removing the lesion without language deficit. Identification of the
electrode contacts overlying the dysplasia was based on the
results of curvilinear reformatting of 3D MR imaging data. They
were found to be part of both the seizure-onset zone and lan-
guage area. Because of the possible risk of aphasia with a
resection of the seizure-onset zone, surgery was deferred in this
patient.

A, Projection of grid positions to the underlying cortical dys-
plasia at a depth of 20 mm.

B, Selected grid positions are indicated by green markers, and
the dysplastic cortex showing blurred gray matter–white matter
junction is indicated by a green arrow.
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individual position of an electrode contact with re-
spect to the underlying cortex. Again, curvilinear re-
formatting of 3D MR imaging data sets allowed the
individual contacts and their position to be displayed,
thus rendering possible a tailored resection of the
epileptogenic zone.

Aside from displaying the positions of electrodes
with regard to the surface contour, it might be impor-
tant to clarify their relation to lesions in the depth of
the brain. Planar MR imaging with a fixed orientation
of sections was often insufficient to display electrode
contacts in relation to deep lesions. Even when the
orientation of sections was freely selected from 3D
MR imaging data sets, the identification of individual
electrode contacts and their projection to an under-
lying lesion remained cumbersome and, to some de-
gree, uncertain. The use of curvilinear reformatting
allowed individual electrode positions to be displayed
with regard to the underlying lesion, even when situ-
ated deeply (Figs 2 and 3). This was particularly
important for patients in whom eloquent cortical ar-
eas were close to the epileptogenic zone to be re-
sected, by allowing for an exact delineation of the
surgical resection, taking into consideration the re-
sults of cortical mapping and EEG recordings.

Discussion
Curvilinear multiplanar reformatting of 3D MR im-

aging data sets has been shown to be superior to con-
ventional planar MR imaging sections in the identifica-

tion of cortical dysplasias (7). The present investigation
shows its usefulness in displaying the topographical
relation among subdurally placed electrodes, cortical
superficial and deep lesions, and landmarks of the
underlying cerebral cortex (9).

Conventional skull radiographs are often used to
show the positions of implanted subdural electrodes.
However, they do not display the structure of the
underlying brain, and the number of different views is
restricted. Thus, they provide only gross information
about the position and orientation of subdural elec-
trodes and their wiring.

Direct inference of electrode positions from con-
ventional 2D MR imaging sections is often difficult
and does not give a good overview of the position of
strip and grid electrodes, because only a small frac-
tion of electrode contacts can be visualized on single-
plane images. Thus, the subsequent inspection of
many sections is necessary to obtain a global impres-
sion of the strip or grid electrode positions. Cortical
landmarks often are difficult to identify simulta-
neously with the electrodes. Problems especially oc-
cur in areas where electrodes are heavily bent along
the convexity of the underlying cortical surface.

The fusion of MR imaging and CT data sets and
subsequent 3D reconstructions as described by Winkler
et al (5) and similar methods described by other authors
(10, 11) can, in principle, yield all necessary data for a
realistic modeling of electrode positions. However, it
requires the subsequent acquisition of two data sets,
and data processing is time consuming.

FIG 3. Curvilinear reformations show
electrode positions of a 64-contact sub-
dural grid and a parasagittally placed six-
contact-strip electrode. Subdural record-
ings were performed in this 12-year-old
patient with an extended cortical dyspla-
sia including the right supramarginal gyrus
to delineate the borders of the irritative
zone and seizure-onset zone and for func-
tional mapping of the sensory and motor
strip. On planar MR imaging sections (not
shown), the spatial relationship between
electrode positions and the central sulcus
could not be depicted clearly, and the rela-
tionship between the subdural strip elec-
trode and the grid electrode remained un-
certain. Curvilinear reformatting provided
exact information about the relative posi-
tions of strip and grid electrodes, as well as
the spatial relationship of grid electrode po-
sitions and the central sulcus, sylvian fis-
sure, and dysplastic cortex. This was used
to plan functional mapping of the somato-
sensory and somatomotor cortex by elec-
trical stimulation and to plan the resection,
which rendered the patient seizure free
without persistent neurologic deficits.

A, At a depth of 1 mm, the relative po-
sitions of strip and grid electrodes are dis-
played. Green markers indicate the elec-
trode contacts overlying the postcentral
gyrus and the sylvian fissure.

B, At a depth of 10 mm, the relative position of the anatomically marked electrodes (green) and cortical gyration is shown.
C, At a depth of 22 mm, thickening of the cortex along the supramarginal gyrus (c1) and around the superior temporal sulcus (c2) is

prominent. Again, the relative position of the dysplastic areas to the anatomically marked electrode contacts (green) is shown.
D, Markers display the results of electrocorticographical mapping of the motor (red) and sensory (blue) strip.
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Compared with these methods, curvilinear refor-
matting can be used with the acquisition of a single
3D MR imaging data set, and it is much quicker to
apply (ie, within 30 minutes vs at least half a day with
the method by Winkler et al). Thus, it can be used
for routine purposes. Curvilinear reformatting allows
cortical surface and electrode positions to be dis-
played simultaneously and, thus, provides important
information of sufficient spatial resolution to be used
for cortical mapping and for planning of surgery. It
gives a better overview of the relative positions of
electrodes and landmarks of the neocortex than do
planar MR imaging sections. Furthermore, it is ide-
ally suited for establishing the relative positions with
regard to lesions below the surface, in particular cor-
tical dysplasias, by allowing the cortical anatomy at its
surface and at different depths below to be visualized.
Finally, curvilinear reformatting enables neurosur-
geons to view the surface from a similar angle of view,
as they do during removal of cortical tissue or subpial
transections.

Intraoperative photography (6) is another method
proposed recently for localizing electrode positions in
relation to the underlying cortex. It can be applied
quickly and provides exact localizing information
about the position of individual electrode contacts of
subdural grids relative to the underlying cortex. In-
traoperative photography has a high spatial resolu-
tion and offers the advantage that cortical veins also
can be taken into consideration as landmarks by the
neurosurgeon. With our method, cortical veins can-
not be visualized without application of contrast en-
hancement during acquisition of 3D MR imaging
data sets. The use of photography is, however, re-
stricted to patients in whom craniotomy is performed
for electrode placement (ie, mainly grid electrodes)
and to patients with electrodes placed over the lateral
convexity of the brain. In contrast, curvilinear refor-
matting of 3D MR imaging data sets also allows the
display of grid electrodes placed on the basal surface
of the cortex interhemispherically and subdural strip
electrodes placed by means of burr holes (in which
deviations between planned and real positions of im-
planted electrodes are greatest because they are
placed without view of the cortical surface).

Conclusion
Curvilinear reformatting of T1-weighted 3D MR

imaging data sets acquired after implantation of sub-

dural strip and grid electrodes can be performed with
few hardware requirements and within a time frame
that allows its routine use. It provides a quick over-
view of the position of subdural electrodes with respect
to cortical landmarks, even if electrodes are bent and
difficult to visualize on conventional orthogonal sec-
tions. In addition, the relationship of electrodes to cor-
tical lesions can be shown, and projections of electrode
positions to lesions situated deep in the neocortex can
be displayed. The method does not require image
fusion and, thus, circumvents possible localization er-
rors associated with the acquisition and fusion of
several 3D MR imaging data sets (12).
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