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21Electrophysiological recordings from subdural electrocorticography (ECoG) electrodes implanted temporarily
22during deep brain stimulation (DBS) surgeries offer a unique opportunity to record cortical activity for research
23purposes. The optimal utilization of this important research method relies on accurate and robust localization of
24ECoG electrodes, and intraoperative fluoroscopy is often the only imaging modality available to visualize elec-
25trode locations. However, the localization of a three-dimensional electrode position using a two-dimensional
26fluoroscopic image is problematic due to the lost dimension orthogonal to the fluoroscopic image, a parallax dis-
27tortion implicit to fluoroscopy, and variability of visible skull contour among fluoroscopic images. Here, we pres-
28ent a method to project electrodes visible on the fluoroscopic image onto a reconstructed cortical surface by
29leveraging numerous common landmarks to translate, rotate, and scale coregistered computed tomography
30(CT) and magnetic resonance imaging (MRI) reconstructed surfaces in order to recreate the coordinate frame-
31work in which the fluoroscopic image was acquired, while accounting for parallax distortion. Validation of this
32approach demonstrated high precision with an average total Euclidian distance between three independent
33reviewers of 1.65 ± 0.68 mm across 8 patients and 82 electrodes. Spatial accuracy was confirmed by correspon-
34dence between recorded neural activity over sensorimotor cortex during handmovement. This semi-automated
35interface reliably estimates the location of temporarily implanted subdural ECoG electrodes visible on intraoper-
36ative fluoroscopy to a cortical surface.

37 © 2015 Published by Elsevier Inc.
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42 Introduction

43 Subdural electrocorticography (ECoG) electrodes are useful clinical
44 tools for functional mapping and seizure monitoring that can also pro-
45 vide detailed temporal and spatial information valuable for cognitive
46 neuroscience research. Recent studies have employed the temporary
47 implantation of subdural ECoG electrodes during deep brain stimulation
48 (DBS) electrode implantation surgeries in order to simultaneously re-
49 cord cortical ECoG and subcortical single unit and local field potential
50 (LFP) activity in the intraoperative setting. Initial findings using this
51 technique suggest that patients with movement disorders, including
52 Parkinson's disease (PD) (de Hemptinne et al., 2013, 2015; Crowell
53 et al., 2012; Whitmer et al., 2012) and essential tremor (ET) (Air et al.,
54 2012), have abnormal oscillatory activity recordedwithin the structures

55in the sensorimotor network. However, the lack of a reliable method for
56localizing the ECoG electrodes on the cortical surface in the absence of
57intraoperative computed tomography (CT) scanning is a limitation for
58the expansion of this important research opportunity. The accurate
59localization of these electrodes is essential for relating the recorded
60ECoG signals to the anatomical structures responsible for generating
61them.
62Effective methods for the localization of subdural ECoG electrodes
63have been developed for clinical and research use in patients withmed-
64ically refractory epilepsy. One common method uses post-operative CT
65to visualize implanted electrode locations that are then coregistered to
66their corresponding locations in pre-operative magnetic resonance im-
67aging (MRI) space (Azarion et al., 2014; Hermes et al., 2010; Tao et al.,
682009; Ken et al., 2007;Wang et al., 2013). Three-dimensional stereotac-
69tic coordinates for each electrode can then be determined on an individ-
70ual reconstructed MRI. Other methods verify the electrode locations
71visually on the exposed brain surface with either surgical photographs
72or a neuro-navigational system and additionally leverages known elec-
73trode spacing to calculate the locations of non-exposed electrodes
74(Dalal et al., 2008; Yang et al., 2012). However, since the subdural
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75 ECoG electrodes used during DBS surgeries are only implanted tempo-
76 rarily and are not visible within the cranial opening, intraoperative
77 imaging represents the only opportunity to visualize the implanted sub-
78 dural electrodes. Upper extremity somatosensory evoked potential
79 phase reversal mapping can also be used to functionally localize ECoG
80 electrodes to the upper extremity representation of the somatosensory
81 cortex in the post-central gyrus, but cannot localize electrodes to non-
82 somatosensory areas of cortex. Of the options for intraoperative imag-
83 ing, fluoroscopy is most often used during DBS surgeries to verify the
84 final DBS lead position in relation to the stereotactic arc center, since in-
85 traoperative CT is not readily available in many DBS programs.
86 Determining the three-dimensional locations of subdural electrodes
87 from a two-dimensional fluoroscopy image, however, is problematic
88 due to a lack of depth information in the dimension orthogonal to the
89 image orientation. It is possible to regain this dimension by overlaying
90 and aligning the 2-D fluoroscopic image and corresponding 3-D anato-
91 my to recreate the coordinate framework under which the fluoroscopic
92 image was acquired. Many previous cortical electrode localization
93 methods performed this coregistration by assuming that the fluoro-
94 scopic image was acquired at a perfectly lateral view (Rowland et al.,
95 2014;Q3 Miller et al., 2007a, 2007b). This assumption may imprecisely
96 fixe rotation along all coordinate axes, limiting the ability to accurately
97 localize cortical electrodes to a particular gyrus. One method that does
98 account for rotation in two of the three coordinate axes utilizes post-
99 operative fluoroscopic images in multiple orientations (Miller et al.,
100 2010), although typically this is cumbersome in the intraoperative set-
101 ting. These methods also either rely on manual placement of the recon-
102 structed MRI within the inner skull contour (Rowland et al., 2014) or
103 approximate alignment using the anterior–posterior commissure (AC-
104 PC) and inioglabellar line (Q4 Miller et al., 2007a, 2007b, 2010), which
105 can introduce error to the resulting electrode locations. All previous
106 methods additionally do not account for the distortion introduced by
107 the parallax effect implicit in fluoroscopic images, which unrealistically
108 magnifies objects closer to the X-ray source.
109 We developed a semi-automated method to localize subdural elec-
110 trodes on a three-dimensional reconstructed brain using intraoperative
111 fluoroscopy obtained during DBS electrode implantation. This method
112 aligns coregistered pre-operative CT and post-operative MRI surfaces
113 with an intraoperative fluoroscopic image in a manner that recreates
114 the coordinate framework of the fluoroscopic image and simulates the
115 parallax distortion to provide accurate and reliable electrode location
116 estimations on the cortical surface. The reproducibility of this method
117 was validated using multiple independent reviewers, and the accuracy
118 of these estimations were confirmed using observed functional cortical
119 activity.

120 Materials and methods

121 Patients

122 Eight patients undergoing DBS electrode implantation for the treat-
123 ment of movement disorders were included in this study (7 male, 1 fe-
124 male, 64.4± 1.9 years,mean±SE). Patient diagnoses included PD (n=
125 5) and ET (n = 3). DBS electrode targets were either the subthalamic
126 nucleus (STN; n = 4) or the internal globus pallidus (GPi; n = 1) for
127 patients with PD, and the ventral intermediate (Vim) nucleus of the
128 thalamus (n = 3) for patients with ET. Six patients underwent bilateral
129 implantation, and two patients underwent unilateral implantation.
130 Patients additionally had standard subdural ECoG electrodes im-
131 planted to record cortical activity for research purposes and provided
132 informed consent for this research, which was approved by the Univer-
133 sity of Pittsburgh Institutional Review Board (#13110420). Subdural
134 ECoG electrodes were either six or eight linear contact strips of 4 mm-
135 diameter platinum-iridium contacts with a 2.3 mm-diameter exposed
136 contact area and 1 cm center-to-center electrode spacing (AdTech, Ra-
137 cine, WI, USA). In one patient, a higher density electrode array (28

138contacts, 2 mm diameter, 4 mm spacing; AdTech, Racine, WI, USA)
139was implanted along with a standard 8-contact electrode. Six patients
140had the subdural ECoG electrodes implanted on the right hemisphere,
141and two patients were implanted on the left. In all 8 patients, a total of
1429 electrode strips over 8 hemispheres and 82 contacts were used in
143this analysis.

144Electrode placement

145Subdural ECoG electrodes were placed through the burr hole after
146opening the dura, but before guide tube insertion. The electrodes were
147aimed posteriorly to direct the distal end of the strip electrode over sen-
148sorimotor cortex, often in close approximation to the hand knob, as
149viewed on a cortical reconstruction in the surgical planning software
150(BrainLab). In one patient, an additional strip electrode was directed
151frontally towards the dorsolateral prefrontal cortex. Following guide
152tube insertion, fibrin glue was used to temporarily seal the burr hole.
153Once the DBS electrode was implanted, a lateral fluoroscopy image
154was acquired to confirm correct placement of the DBS electrode in the
155vertical (z-axis) and anterior–posterior (y-axis) axes. The fluoroscopic
156image captured the locations of the implanted subdural ECoG electrodes
157and at least two pin tips of the stereotactic frame. Upon confirming the
158placement of the DBS electrode, the subdural ECoG electrode was
159removed, and the DBS electrode was locked into place. Following the
160procedure, a post-operative MRI was obtained for additional confirma-
161tion of DBS electrode position.

162Imaging data acquisition

163Standard, clinically indicated imaging for DBS surgeries was used
164and included (1) a pre-operative stereotactic CT obtained after place-
165ment of the Leksell frame, (2) an intraoperative lateral fluoroscopic
166image (512 × 512 pixels, General Electric, OEC 9900), and (3) a post-
167operative MRI (1.5 T, Siemens Allegra). Pre-operative stereotactic CT
168images were acquired in contiguous axial slices with 1.5 mm thickness
169(General Electric, 9800). Both the pre-operative CT and intraoperative
170fluoroscopy were acquired with the stereotactic frame in place. MRI
171scans were high-resolution T1-weighted volumetric fast spoiled gradi-
172ent echo (FSPGR) images (slice thickness = 1.5 mm, repetition
173time = 33.33 ms, echo time = 6 ms, flip angle = 35°), our standard
174post-operative protocol.

175Image processing

176All raw images were converted from the DICOM format of the scan-
177ner to NIfTI (Neuroimaging Informatics Technology Initiative) format-
178ting and resliced with the Freesurfer image analysis suite (Dale et al.,
1791999). After conversion, the pre-operative CT was coregistered to the
180post-operative MRI using the normalized mutual information approach
181and then resliced in the Statistical Parameter Mapping (SPM) package
182(SPM12, http://www.fil.ion.ucl.ac.uk/). The accuracy of the registration
183was then visually verified for each patient.
184Using a custom graphical user interface (Supplementary Fig. 1)
185within MATLAB software (The MathWorks Inc., Natick, MA, USA), DBS
186electrode tract locations on the post-operative MRI were visualized
187slice by slice as a localized reduction in signal intensity (Fig. 1A). The
188tracts were marked along their entire length on every other axial slice
189(2 mm spacing). The developed interface allows users to visualize
190NIfTI images in either the coronal, sagittal, or axial sections and selects
191desired landmarks. Using this interface, the tips of the four pins on the
192stereotactic frame that secure the frame to the patient's head were
193marked on the pre-operative CT slice images (Fig. 1B). A high-
194resolution reconstructed three-dimensional cortical surface model was
195created for each patient from post-operative MRI images using the
196Freesurfer suite (Dale et al., 1999). This surface was imported into
197MATLAB with the Freesurfer toolbox as a triangulated rendering for
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