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Electrophysiological recordings from subdural electrocorticography (ECoG) electrodes implanted temporarily
during deep brain stimulation (DBS) surgeries offer a unique opportunity to record cortical activity for research
purposes. The optimal utilization of this important research method relies on accurate and robust localization of
ECoG electrodes, and intraoperative fluoroscopy is often the only imaging modality available to visualize elec-
trode locations. However, the localization of a three-dimensional electrode position using a two-dimensional
fluoroscopic image is problematic due to the lost dimension orthogonal to the fluoroscopic image, a parallax dis-
tortion implicit to fluoroscopy, and variability of visible skull contour among fluoroscopic images. Here, we pres-
ent a method to project electrodes visible on the fluoroscopic image onto a reconstructed cortical surface by
leveraging numerous common landmarks to translate, rotate, and scale coregistered computed tomography
(CT) and magnetic resonance imaging (MRI) reconstructed surfaces in order to recreate the coordinate frame-
work in which the fluoroscopic image was acquired, while accounting for parallax distortion. Validation of this
approach demonstrated high precision with an average total Euclidian distance between three independent
reviewers of 1.65 ± 0.68 mm across 8 patients and 82 electrodes. Spatial accuracy was confirmed by correspon-
dence between recorded neural activity over sensorimotor cortex during handmovement. This semi-automated
interface reliably estimates the location of temporarily implanted subdural ECoG electrodes visible on intraoper-
ative fluoroscopy to a cortical surface.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Subdural electrocorticography (ECoG) electrodes are useful clinical
tools for functional mapping and seizure monitoring that can also pro-
vide detailed temporal and spatial information valuable for cognitive
neuroscience research. Recent studies have employed the temporary
implantation of subdural ECoG electrodes during deep brain stimulation
(DBS) electrode implantation surgeries in order to simultaneously re-
cord cortical ECoG and subcortical single unit and local field potential
(LFP) activity in the intraoperative setting. Initial findings using this
technique suggest that patients with movement disorders, including
Parkinson's disease (PD) (de Hemptinne et al., 2013, 2015; Crowell
et al., 2012; Whitmer et al., 2012) and essential tremor (ET) (Air et al.,
2012), have abnormal oscillatory activity recordedwithin the structures
ogical Surgery, University of
0, Pittsburgh, PA 15213, USA.

dson).
in the sensorimotor network. However, the lack of a reliable method for
localizing the ECoG electrodes on the cortical surface in the absence of
intraoperative computed tomography (CT) scanning is a limitation for
the expansion of this important research opportunity. The accurate
localization of these electrodes is essential for relating the recorded
ECoG signals to the anatomical structures responsible for generating
them.

Effective methods for the localization of subdural ECoG electrodes
have been developed for clinical and research use in patients withmed-
ically refractory epilepsy. One common method uses post-operative CT
to visualize implanted electrode locations that are then coregistered to
their corresponding locations in pre-operative magnetic resonance im-
aging (MRI) space (Azarion et al., 2014; Hermes et al., 2010; Tao et al.,
2009; Ken et al., 2007;Wang et al., 2013). Three-dimensional stereotac-
tic coordinates for each electrode can then be determined on an individ-
ual reconstructed MRI. Other methods verify the electrode locations
visually on the exposed brain surface with either surgical photographs
or a neuro-navigational system and additionally leverages known elec-
trode spacing to calculate the locations of non-exposed electrodes
(Dalal et al., 2008; Yang et al., 2012). However, since the subdural

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2015.10.076&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2015.10.076
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ECoG electrodes used during DBS surgeries are only implanted tempo-
rarily and are not visible within the cranial opening, intraoperative
imaging represents the only opportunity to visualize the implanted sub-
dural electrodes. Upper extremity somatosensory evoked potential
phase reversal mapping can also be used to functionally localize ECoG
electrodes to the upper extremity representation of the somatosensory
cortex in the post-central gyrus, but cannot localize electrodes to non-
somatosensory areas of cortex. Of the options for intraoperative imag-
ing, fluoroscopy is most often used during DBS surgeries to verify the
final DBS lead position in relation to the stereotactic arc center, since in-
traoperative CT is not readily available in many DBS programs.

Determining the three-dimensional locations of subdural electrodes
from a two-dimensional fluoroscopy image, however, is problematic
due to a lack of depth information in the dimension orthogonal to the
image orientation. It is possible to regain this dimension by overlaying
and aligning the 2-D fluoroscopic image and corresponding 3-D anato-
my to recreate the coordinate framework under which the fluoroscopic
image was acquired. Many previous cortical electrode localization
methods performed this coregistration by assuming that the fluoro-
scopic image was acquired at a perfectly lateral view (Rowland et al.,
2014; Miller et al., 2007b). This assumption may imprecisely fixe rota-
tion along all coordinate axes, limiting the ability to accurately localize
cortical electrodes to a particular gyrus. One method that does account
for rotation in two of the three coordinate axes utilizes post-operative
fluoroscopic images in multiple orientations (Miller et al., 2010), al-
though typically this is cumbersome in the intraoperative setting.
Thesemethods also either rely onmanual placement of the reconstruct-
edMRI within the inner skull contour (Rowland et al., 2014) or approx-
imate alignment using the anterior–posterior commissure (AC-PC) and
inioglabellar line (Miller et al., 2007b, 2010), which can introduce error
to the resulting electrode locations. All previous methods additionally
do not account for the distortion introduced by the parallax effect im-
plicit in fluoroscopic images, which unrealistically magnifies objects
closer to the X-ray source.

We developed a semi-automated method to localize subdural elec-
trodes on a three-dimensional reconstructed brain using intraoperative
fluoroscopy obtained during DBS electrode implantation. This method
aligns coregistered pre-operative CT and post-operative MRI surfaces
with an intraoperative fluoroscopic image in a manner that recreates
the coordinate framework of the fluoroscopic image and simulates the
parallax distortion to provide accurate and reliable electrode location
estimations on the cortical surface. The reproducibility of this method
was validated using multiple independent reviewers, and the accuracy
of these estimations were confirmed using observed functional cortical
activity.

Materials and methods

Patients

Eight patients undergoing DBS electrode implantation for the treat-
ment of movement disorders were included in this study (7 male, 1 fe-
male, 64.4± 1.9 years,mean±SE). Patient diagnoses included PD (n=
5) and ET (n = 3). DBS electrode targets were either the subthalamic
nucleus (STN; n=4) or the internal globus pallidus (GPi; n=1) for pa-
tients with PD, and the ventral intermediate (Vim) nucleus of the thal-
amus (n = 3) for patients with ET. Six patients underwent bilateral
implantation, and two patients underwent unilateral implantation.

Patients additionally had standard subdural ECoG electrodes im-
planted to record cortical activity for research purposes and provided
informed consent for this research, which was approved by the Univer-
sity of Pittsburgh Institutional Review Board (#13110420). Subdural
ECoG electrodes were either six or eight linear contact strips of 4 mm-
diameter platinum-iridium contacts with a 2.3 mm-diameter exposed
contact area and 1 cm center-to-center electrode spacing (AdTech, Ra-
cine, WI, USA). In one patient, a higher density electrode array (28
contacts, 2 mm diameter, 4 mm spacing; AdTech, Racine, WI, USA)
was implanted along with a standard 8-contact electrode. Six patients
had the subdural ECoG electrodes implanted on the right hemisphere,
and two patients were implanted on the left. In all 8 patients, a total of
9 electrode strips over 8 hemispheres and 82 contacts were used in
this analysis.

Electrode placement

Subdural ECoG electrodes were placed through the burr hole after
opening the dura, but before guide tube insertion. The electrodes were
aimed posteriorly to direct the distal end of the strip electrode over sen-
sorimotor cortex, often in close approximation to the hand knob, as
viewed on a cortical reconstruction in the surgical planning software
(BrainLab). In one patient, an additional strip electrode was directed
frontally towards the dorsolateral prefrontal cortex. Following guide
tube insertion, fibrin glue was used to temporarily seal the burr hole.
Once the DBS electrode was implanted, a lateral fluoroscopy image
was acquired to confirm correct placement of the DBS electrode in the
vertical (z-axis) and anterior–posterior (y-axis) axes. The fluoroscopic
image captured the locations of the implanted subdural ECoG electrodes
and at least two pin tips of the stereotactic frame. Upon confirming the
placement of the DBS electrode, the subdural ECoG electrode was
removed, and the DBS electrode was locked into place. Following the
procedure, a post-operative MRI was obtained for additional confirma-
tion of DBS electrode position.

Imaging data acquisition

Standard, clinically indicated imaging for DBS surgeries was used
and included (1) a pre-operative stereotactic CT obtained after place-
ment of the Leksell frame, (2) an intraoperative lateral fluoroscopic
image (512 × 512 pixels, General Electric, OEC 9900), and (3) a post-
operative MRI (1.5 T, Siemens Allegra). Pre-operative stereotactic CT
images were acquired in contiguous axial slices with 1.5 mm thickness
(General Electric, 9800). Both the pre-operative CT and intraoperative
fluoroscopy were acquired with the stereotactic frame in place. MRI
scans were high-resolution T1-weighted volumetric fast spoiled gradi-
ent echo (FSPGR) images (slice thickness = 1.5 mm, repetition
time = 33.33 ms, echo time = 6 ms, flip angle = 35°), our standard
post-operative protocol.

Image processing

All raw images were converted from the DICOM format of the scan-
ner to NIfTI (Neuroimaging Informatics Technology Initiative) format-
ting and resliced with the Freesurfer image analysis suite (Dale et al.,
1999). After conversion, the pre-operative CT was coregistered to the
post-operative MRI using the normalized mutual information approach
and then resliced in the Statistical Parameter Mapping (SPM) package
(SPM12, http://www.fil.ion.ucl.ac.uk/). The accuracy of the registration
was then visually verified for each patient.

Using a custom graphical user interface (Supplementary Fig. 1)
within MATLAB software (The MathWorks Inc., Natick, MA, USA), DBS
electrode tract locations on the post-operative MRI were visualized
slice by slice as a localized reduction in signal intensity (Fig. 1A). The
tracts were marked along their entire length on every other axial slice
(2 mm spacing). The developed interface allows users to visualize
NIfTI images in either the coronal, sagittal, or axial sections and selects
desired landmarks. Using this interface, the tips of the four pins on the
stereotactic frame that secure the frame to the patient's head were
marked on the pre-operative CT slice images (Fig. 1B). A high-
resolution reconstructed three-dimensional cortical surface model was
created for each patient from post-operative MRI images using the
Freesurfer suite (Dale et al., 1999). This surface was imported into
MATLAB with the Freesurfer toolbox as a triangulated rendering for

http://www.fil.ion.ucl.ac.uk/


Fig. 1.Registration Landmark Localization. Localization of DBS electrode tracts on post-op-
erative MRI (A) and stereotactic frame pins on pre-operative CT (B). These landmarks as-
sist with registration to the intraoperative fluoroscopic image. Red arrows designate
electrode locations and pin tips.
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three-dimensional visualization and manipulation (Fig. 2B). A render-
ing of the cortical surface without any sulcal deflections or cortical
hull was then calculated through Gaussian smoothing of the outer
graymatter surface (Hermes et al., 2010). The coregistered and resliced
CT images were imported into the Osirix software (Rosset et al., 2004)
and rendered into a three-dimensional surface. Intensity threshold
and smoothing parameters were adjusted to only display the skull and
stereotactic frame. This surface was subsequently exported as a
Wavefront object to be visualized in MATLAB as a tessellated surface
(Fig. 2A).
Fig. 2. Fluoroscopic image registration. (A) Reconstructed 3-D cortical surface from the post-
(B) Reconstructed 3-D skull surfacewith attached stereotactic frame calculated from a pre-opera
with registration. (C) 3-D CT and MRI surfaces coregistered using normalized mutual informat
frame pins, DBS electrode tracts, skull contour, and subdural ECoG electrodes. (E) Coregistered
for alignment. (F) CT and MRI (not visible) surfaces after being aligned laterally and scaled to m
Alignment of CT and MRI with fluoroscopic image

Coregistered cortex, cortical hull, and skull surfaces were
imported into a custom graphical user interface in MATLAB along
with themarked DBS electrode path(s) and stereotactic frame pin lo-
cations (Fig. 2C). Points defining each DBS electrode path were con-
nected to form a continuous line, and the four pin tip locations were
displayed as crosses for ease of visualization. The two-dimensional
fluoroscopic image (Fig. 2D) was then placed in the background di-
rectly behind the surfaces (Fig. 2E). Using the camera toolbox in
MATLAB, the skull surface was translated in the lateral plane and
scaled to match the skull contour visible in the fluoroscopic image
(Fig. 2F). The parallax effect of x-ray imaging was accounted for
using the perspective projection setting in the MATLAB camera tool-
box, which renders images with foreshortening relative to the dis-
tance from source to target. This source distance parameter was
initially set to half of the distance between the emitter and detector,
assuming the patient's head is roughly positioned at the midpoint of
the C-arm. Subsequently, the source distance, translation, and rota-
tion of the CT and MRI surfaces were adjusted in all three coordinate
axes to optimize the alignment of landmarks, which included the
inner and outer skull contour, DBS electrode path(s), and pin tips,
to match the visible landmarks on the fluoroscopic image (Fig. 3A).
To assist with alignment, the transparency of overlaid cortical and
skull surfaces and the visibility of marked landmarks were adjusted.
Alignment was performed with fluoroscopic images that had unilat-
eral or bilateral DBS electrode implantation, 2–4 visible stereotactic
frame pins, and partially obscured skull outlines anteriorly or
posteriorly.
operative MRI with DBS electrode tracts are marked as red (left) and blue (right) paths.
tive CT. Stereotactic framepin tips are labeled as red (left) and blue (right) crosses to assist
ion coregistration. (D) Clinical intraoperative fluoroscopic image with visible stereotactic
CT andMRI (not visible) surfaces overlaid in front of the fluoroscopic image in preparation
atch the general outline of fluoroscopic image.



Fig. 3. Electrode localization on cortex. (A) Coregistered CT and MRI surfaces with fluoroscopic image from translational and rotational manipulations of the CT and MRI surfaces to align
themarked landmarks of the DBS electrode paths and stereotactic frame pins. (B) Electrode positionsmarked on thefluoroscopic image. (C) Intersection points of the line created orthog-
onal to the electrode positions with the smoothed cortical hull. (D) Electrode locations projected and visualized on a reconstructed cortical surface.
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Localization of subdural electrodes

Once the MRI and CT surfaces were registered to the fluoroscopic
image, the subdural ECoG electrodes were localized to the MRI surface
from the fluoroscopic image. Electrode positions on the fluoroscopic
image were manually indicated by the user (Fig. 3B), whereupon a
line corresponding to the user's line of sight to the electrode location
was drawn through the 3-D brain coordinate space. The 3-D electrode
contact location was registered to the intersection point of this line
with the cortical hull of the designated hemisphere (Fig. 3C). The corti-
cal hull was used instead of the cortical surface because it more accu-
rately approximates how strip electrodes lie on the cortical surface
and additionally minimizes errors caused by intersections that occur
within deep cortical sulci. Electrode positions were then visualized on
the reconstructed cortical surface (Fig. 3D).
Validation

Utility of this method relies upon precise and accurate determina-
tion of the three-dimensional coordinates of the implanted subdural
ECoG electrodes on the cortical surface. Since alignment of the MRI
and CT with the fluoroscopic image offers a potential source of variabil-
ity between users, three independent reviewers used this method to
localize electrodes, and average inter-rater variation per electrode
from the mean electrode location was computed for each coordinate
axis and as a total Euclidean distance. Reviewers were trained lab per-
sonnel with imaging experience, who were given an introductory tuto-
rial about the technique, and who were blinded to each other's results.

Localization accuracy was evaluated by comparing the observation
of established movement-related oscillatory changes to the anatomical
electrode locations. All patients held a grip force transducer in each
hand and performed an externally cued hand squeeze task during the
surgical procedure. During the task, patients were instructed to provide
a strong contralateral hand squeeze, a motor response expected to pro-
duce a typical cortical activation in the gamma frequency range.

Activation weights in the high frequency band (70–110 Hz) were
calculated from the recordings of trials with correct responses only, by
comparing spectral power during movement (1 s beginning at
movement onset) and baseline (1 second prior to instructional cue)
epochs on a trial-by-trial basis, as previously described (Miller et al.,
2007a). Electrodes with significant (p b 0.01) high frequency activation
(HFA) determined by a one-tailed t-test of the activation weights were
labeled as HFA-responsive. The locations of those contacts were com-
pared to the cortical anatomical regions defined by the Freesurfer
atlas. One patient additionally underwent somatosensory evoked po-
tential phase reversal during the procedure, and the location of the cen-
tral sulcus defined by phase reversal was compared to the electrode
placement (Cedzich et al., 1996).

Results

This technique localized cortical ECoG electrodes temporarily
implanted during DBS surgery using routine clinical imaging. We
assessed the degree to which independent reviewers could localize cor-
tical electrode contacts to a specific location. In total, each reviewer
localized 82 electrode contacts from 9 electrode strips across 8 patients.
Average distance from reviewer mean location for all electrodes was
1.25 ± 0.73 mm (mean ± SD) in the medial–lateral direction (x-axis),
0.68 ± 0.39 mm in the anterior–posterior direction (y-axis), 0.62 ±
0.29 mm in the superior–inferior direction (z-axis), and 1.65 ±
0.68 mm total Euclidian distance. Histograms depicting both the devia-
tions for each electrode in the x, y, z direction (A) and the magnitude of
the total deviation (B) are shown in Fig. 4. Electrodes were localized on
both the frontal and parietal cortices using only lateral fluoroscopic
images. These results suggest that the localization is highly reproducible
among different users.

To verify the accuracy of the localization,we examined cortical activ-
ity recorded during an externally cued hand squeeze task for high fre-
quency activation during movement onset. Individual electrodes were
classified as HFA-responsive when they exhibited significant activation
during amovement epoch compared to a baseline epoch. HFA activation
weights for all trials from all patients, bipolar electrode pairs and task
epochs, as well as a pivot table for categorical indexing of data are avail-
able as Data in Brief (Randazzo et al., accompanying submission). The
locations of HFA-responsive (red; n = 23) and non-responsive (blue;
n = 59) electrodes were subsequently transformed and projected
onto a standardized brain surface from the Montreal Neurological



Fig. 4. Inter-rater reliability calculations. Histogramdepicting themean difference per electrode from themean location of the reviewers in themedial–lateral direction (x-axis), anterior–
posterior (y-axis), and superior–inferior (z-axis) directions (A) and total distance from the mean location (B).
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Institute (MNI; Fig. 5A) (Saad and Reynolds, 2012). HFA-responsive
electrodes were exclusively clustered on the pre- and post-central gyri
as defined by the Freesurfer brain atlas. Accordingly, most non-
responsive electrodes (n = 51) were localized to either cortical areas
not known to exhibit high frequency activity during movement, or
appeared to be located directly over a sulcus. Somatosensory evoked
phase reversal for one subject with a high-density 28-contact strip elec-
trode indicated the central sulcus to be between electrode pairs that the
localization method also placed over the post-central gyrus, a cortical
region that additionally exhibited HFA during movement (Fig. 5B).
Discussion

Recording cortical activity with subdural electrodes during DBS sur-
gery offers a unique opportunity to gain valuable insight into the elec-
trophysiology of movement disorders and other conditions treated
with DBS. Initial electrocorticography (ECoG) studies involving patients
with Parkinson's disease and essential tremor have demonstrated the
utility of this technique with findings that may improve DBS therapy
by supporting the development of adaptive, closed-loop DBS devices
(de Hemptinne et al., 2015). This evidence builds upon numerous
non-invasive neuroimaging studies using electroencephalography
(EEG) (Weiss et al., 2015) and magnetoencephalography (MEG)
(Heinrichs-Graham et al., 2013; Cao et al., 2015; Airaksinen et al.,
2011; OldeDubbelink et al., 2013) that investigated the underlying neu-
rophysiology of these disorders. These non-invasivemodalities, howev-
er, lack the high signal-to-noise ratio (SNR) that ECoG affords. In
Fig. 5.Mapping of functional results. (A) Standardized cortical surfacewith all localized electrod
(n=23), and non-responsive electrodes are shown in blue (n=59). HFA electrodes are cluste
other areas of cortex. Non-responsive electrodes that did map to the pre- and post-central gyri
displaying localized electrodeswith HFA duringmovementmapped onto the cortex. HFA is exp
with the contralateral hand. Electrodes included in phase reversal results (blue circles) are see
addition, ECoG has improved spatial resolution as compared to EEG
and is able to be used in the intraoperative setting, unlike MEG.

Prior ECoG studies have been limited to studying cortical activity
from a broadly identified areas within the sensorimotor cortex due to
the lack of an accurate and robustmethod for localizing temporarily im-
planted subdural electrodes without intraoperative CT (Air et al., 2012;
Whitmer et al., 2012; Crowell et al., 2012; de Hemptinne et al., 2013,
2015). Many methods for localizing chronic subdural electrodes exist
(Azarion et al., 2014; Hermes et al., 2010; Sebastiano et al., 2006;
Wang et al., 2013; Yang et al., 2012); however, most rely on post-
operative imaging to visualize the electrodes in situ. Since cortical elec-
trodes implanted during DBS surgeries are removed prior to closure,
intraoperative imaging must be used to locate the electrodes. Although
intraoperative CT is ideal for verifying the locations of cortical electrodes,
this modality is not used routinely during DBS cases at many institu-
tions, unlike fluoroscopy which is readily available. A challenge with
using a 2-D fluoroscopic image to determine the three-dimensional
coordinates of an electrode on the cortical surface is extrapolating the
additional dimension. Since fluoroscopic images are most commonly
not acquired from a perfectly lateral perspective, extrapolation involves
constraining multiple degrees of freedom in translation, rotation, and
scale. Fluoroscopy also introduces an intrinsic distortion as a result of
the parallax effect, which magnifies objects as a function of distance
from the emitter.

This study describes a novelmethod for localizing cortical electrodes
on a 3-D reconstructed cortical surface from a 2-D intraoperative fluoro-
scopic image that (1) leverages common landmarks present in clinical
fluoroscopic images acquired during DBS surgeries, (2) includes
esmapped. High frequency activated (HFA) electrodes duringmovement are shown in red
red on the pre- and post-central gyri while most non-responsive electrodes are mapped to
are located directly over the central sulcus (green line). (B) An individual cortical surface
ressed as the t-statistic of activationweights across all Go trials where the subject squeezed
n to be bridging the central sulcus (green).
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translational, rotational, and scaling manipulations in all coordinate
axes, (3) accounts for the parallax distortion, and (4) does not signifi-
cantly depend on the extent to which the skull contour is visible in
the fluoroscopic image. The procedure involves labeling the registration
landmarks including the DBS electrode paths and stereotactic frame
pins, coregistration and reconstruction of the pre-operative CT and
post-operative MRI, and rotational and translational alignment of the
CT and MRI to the fluoroscopic image using the marked landmarks
and skull contour. We found that three landmarks were sufficient to re-
liably constrain the degrees of freedom necessary to align the CT and
MRI to the fluoroscopic image. Therefore, accurate estimations of elec-
trode location can be performed with only a single DBS electrode,
with only two visible stereotactic frame pins, or with only a portion of
the skull visible. The required imaging procedures required to execute
the localization are regularly performed in clinical practice, exposing
the patient to no additional risk, radiation, or procedures. The localizer
software package and user manual will be maintained and available
for download from our laboratory website (http://www.neurosurgery.
pitt.edu/research/brain-modulation-lab).

We have demonstrated that this method can be used with a variety
of fluoroscopic images that include a range of visible electrodes, stereo-
tactic frame pins, and skull contour. In terms of precision, independent
reviewers were able to localize all electrodes within a three-
dimensional vector distance of less than 2 mm. This inter-rater mea-
surement error would generally not prevent reliable gyral localization.
Other publishedmethods that employ fluoroscopy have reported larger
error measurements compared to intraoperative CT (x-axis: 6.0 ±
0.8 mm; y-axis: 3.3 ± 0.5 mm; z-axis: 4.0 ± 0.5 mm) (Rowland et al.,
2014). The accuracy of this method was demonstrated by data showing
that electrodes containingHFA in response tomovementwere localized
to the sensorimotor cortex, while most non-responsive electrodes were
localized to other regions. HFA is a known focal and somatotopically
specific response observed in the contralateral sensorimotor cortex dur-
ing movement onset (Crone et al., 1998, 2006; Miller et al., 2007a;
Muthukumaraswamy, 2010; Pfurtscheller et al., 2003). The fact that
some non-responsive electrodes were located in the peri-rolandic area
likely indicates that the strip electrode missed the primary hand
motor area in these cases or that a contactwasdirectly over a prominent
vein that impeded cortical recordings. Results from somatosensory
evoked phase reversal, which is commonly used to localize electrode
contacts to primary somatosensory cortex, exactly matched the resul-
tant electrode placement using our localization method, in the one pa-
tient in which it was employed. These validations indicate that this
method is robust enough to enable subdural ECoG electrodes to be lo-
calized in other cortical areas in which they may be placed that do not
have such focal physiological biomarkers. Nonetheless, regardless of
the computational approach, the technique of mapping a two-
dimensional image into three-dimensional space involves some subjec-
tive measurement and is therefore the end result must be thought of as
an estimation of the true electrode location.

Limitations

Potential users of this method should note that greater variability in
electrode location estimations are likely to occur when only one elec-
trode has been implanted,when the lateralfluoroscopic image is less or-
thogonal to the anterior–posterior course of the strip electrode, and
when less of the inner and outer tables of the skull are visible onfluoros-
copy. It may be possible to develop a completely automated method
with an algorithm that can optimize the alignment of the CT and MRI
surface landmarkswith the corresponding landmarks visible in thefluo-
roscopic image. Optimization is necessary, since the imperfect
coregistration of the CT and MRI and parallax distortion introduces an
implicit error and the number of relevant landmarks exceeds the un-
known rotational and translational dimensions. The alignment is fur-
ther complicated due to the fact that some landmarks, such as the
visible skull contour, lack reproducible discrete points that can be visu-
alized on all three image types. Another potential improvement to the
current method is the addition of an anterior–posterior (AP) fluoro-
scopic image obtained along with the standard lateral fluoroscopy. Al-
though an AP image is challenging to acquire in the intraoperative
setting, due to the required position of the C-arm in relation to the ste-
reotactic frame and patient, this orientation can be useful in determin-
ing the rotation of the cortex along the sagittal plane. Another
limitation of our method is the approximation of the parallax effect,
which restricts the accuracy of the localization. This potential error
could be further reducedwithmore exactmeasurements of the position
of the patient's head between fluoroscopy emitter and detector.

Conclusion

In order to facilitate further investigation of normal and abnormal
cortical activity in patients undergoing DBS surgery, we have produced
a semi-automatic interface that enables users to localize subdural elec-
trodes implanted temporarily during surgery onto a 3-D cortical surface
using intraoperative fluoroscopy and routine clinical imaging. This plat-
form enables expanded studies of the neurophysiology of disorders
treated by DBS.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.10.076.
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