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In this article, we introduce img_pipe , our open source python package for
preprocessing of imaging data for use in intracranial eleaicorticography (ECoG) and
intracranial stereo-EEG analyses. The process of electredlocalization, labeling, and
warping for use in ECoG currently varies widely across labatories, and it is usually
performed with custom, lab-specic code. This python package aims to provide a
standardized interface for these procedures, as well as coelto plot and display results
on 3D cortical surface meshes. It gives the user an easy intirce to create anatomically
labeled electrodes that can also be warped to an atlas brainstarting with only a
preoperative T1 MRI scan and a postoperative CT scan. We desibe the full capabilities
of our imaging pipeline and present a step-by-step protocofor users.

Keywords: intracranial recordings, electrode localizati
coregistration, subdural electrodes, open science
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INTRODUCTION

High-density electrocorticography (ECoG) is an invasivehnd where recordings are obtained
directly from the surface of the brain in patients with medigaintractable epilepsy. This
approach provides millimeter spatial and millisecond tempoesialution neurophysiological data
from awake, behaving humans, which complements the inforomatibtained from noninvasive
approaches such as, fMRI, EEG, and MEGidng, 201p Preprocessing of ECoG data typically
relies on aligning a preoperative MRI scan to a postoperative C @cpostoperative MRI, then
electrodes are localized either manually or in a semi-auatieah fashioni{ovalev et al., 2005; Miller
et al., 2007; Dalal et al., 2008; Hermes et al., 2010; Oaedteat/al., 2011; Dykstra et al., 2012;
Yang et al., 2012; Groppe et al., 2016; LaPlante et al.).2Df@ée electrodes are localized in the
MR, they are assigned anatomical labels, and then potentiahped to a common MNI atlas
space for comparisons across subjects. While many labs thiarpeECoG research have their
own methods for performing these steps, to our knowledge tlesists no software package that
incorporates all steps of image processing necessary for Eleoteoele localization and warping
from startto nish.

Here, we present a protocol to perform all of these steps, fromsuigface reconstruction to
CT coregistration, electrode identi cation and anatorni¢abeling, and warping to a common
atlas space. We take advantage of tools provided in the nipywaddtpackage (https://github.
com/nipy/nipy/), dural surface reconstruction from iell.gPlante et al., 20),63D plotting in
mayavi (http://mayavi.sourceforge.neé@amachandran, 20)land extend on functions available
in the MATLAB-based CTMR packagéiérmes et al., 20)0This protocol has been used to
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localize and label electrodes in our previously published work.
(Dichter et al., 2016; Hamilton et al., 2016; Leonard et all62
Moses et al., 2016; Muller et al., 2016b; Tang et al.,)201an

e ort to promote open and a ordable access to these tools, alp.
requirements to run the pipeline (aside from physical hardyare
are freely available for download at no cost to the user. Weeho
that this software will facilitate more e cient work ows whin
ECoG research labs and will aid in reproducibility acrossliss. 3.
4.

MATERIALS AND METHODS

Subjects

Here, we present electrode localizations from human subject
undergoing surgical treatment for intractable epilepsy.jSctis
were implanted with high-density subdural intracranialatede -
grids (AdTech 256 channels, 4 mm center-to-center spacimy an
1.17 mm diameter), subdural electrode strips (1 cm spacingﬁ-
and/or depth electrodes (5 mm spacing) as part of their clinical
evaluation for epilepsy surgery. This study was carried out
in accordance with the recommendations of the University of
California, San Francisco Institutional Review Board wititten /-
informed consent from all subjects. All subjects gave emitt
informed consent in accordance with the Declaration of eds

gcc compiler (for Apple, can be downloaded through Apple
Developer Command Line tools in XCode) o2C compiler
(available for Windows at http://aka.ms/vcpython27)
Anaconda Python 2.7 or 35 (we recommend
Anaconda python for ease of installation https://www.
continuum.io/downloads). Python 3.6 is not currently
supported.

conda installer (included with Anaconda python instdba
Freesurfer (https://surfer.nmr.mgh.harvard.edu/fgivi
DownloadAndlinstall). Be sure to register and copy the
license.txt le to the appropriate directory. If the user is
running Windows, they will have to run Freesurfer through a
virtual machine running Linux (see https://surfer.nmr.mgh.
harvard.edu/fswiki/Installation/FreeSurferVirtualbge).

For warping depth electrodes, libboosEC libraries (v1.41)
(http://lwww.boost.org/users/history/version_1_41 tl).
Optional: If using an NVIDIA graphics card, some
computations can be sped up by downloading and installing
the CUDA libraries (we have found that CUDA v5.5 works
with Freesurfer)

For converting dicom to niftii, either use SPM12 or use
dcm2nii binary (https://lwww.nitrc.org/plugins/mwiki/inde
php/dcm2nii:MainPage).

This protocol was approved by the University of California, Samter installing the software above, the img_pipe module is

Francisco Institutional Review Board. installed by running the following commands at the terminale
also suggest installing packages in a conda environmenttio av

Example Data con icts with any other installed software.

We include sample data for use with this pipeline so that the=or Python 2.7, using conda located in your Python 2.7

user may follow along with each of these steps and checkstallation directory:

their results. Sample data is available at https://doi.@d¢281/

zen0do.996813 and includes an AC-PC aligned T1 MRI scaf, git clone https://github.com/changlabucsf/

CT scan, and all intermediate and nal les from the executio ~ img_pipe

of img_pipe. This subject's data is shownFigure 1A Other $ conda env create -f img_pipe/environment
gures include data from this subject and others to illusea _py27.yml

wide variety of scenarios that could be encountered whengusi $ source activate img_pipe_py2

our software. We suggest that users who wish to follow alon§ ipython

download this data set, then copy the les from the acpc and
CT directories to a new Freesurfer subject directory. Therus

import img_pipe

can then start from the prep_recon() step. The montage anffof Python 3.5, using conda located in your Python 3.5
electrode device details are speci ed in the dataset README |Estallation directory:

and accompanying montage le. $

Operating System Requirements

1. Computer running Linux or Mac OS X. (Windows users
should run this code on a virtual machine running Linux—
plotting code will work natively on Windows, but freesurfer $
will not.) $

. Processor speed: at least 2 GHz

. RAM: 8 GB or higher recommended

. Graphics card (optional): 3D graphics card and accelerat
OpenGL drivers

git clone https://github.com/
changlabucsf/img_pipe

$ conda env create -f img_pipe/environment

_by35.yml

$ source activate img_pipe_py3

ipython
from img_pipe import img_pipe

JESULTS AND STEPWISE PROCEDURES
Overview of the Image Preprocessing and

Electrode Localization Pipeline

Installation and Third-Party Software
Requirements

This paper describes how to use theg_pipe
which will allow the user to take a T1 structural MRI scan

package,

In order to use the software described in this paper, the uskr wiand a CT scan with intracranial electrodes from the same

need to install the following third-party software packages:

patient, identify electrodes for visualization on the piatfage,
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A Subject (Native) space cvs_avg35_inMNI152 atlas
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Subject (Native) space

FIGURE 1 | (A) The nal results of the imaging pipeline aréA) anatomically labeled surface electrodes in the subjectsative space (left) and in nonlinearly warped
atlas space (right) andB) anatomically labeled depth electrodes in subject (left) ahatlas (right) space(C,D) show segmented, labeled MRI volumes from freesurfer in
the native (C) and atlas (D) space, with one example electrode in the hippocampus identd in red.

automatically label electrodes with anatomical labelo@tiog  anatomical locations. Results of this procedure are shown in

to the Desikan-Killany atlas Oesikan et al., 20Q6and/or  Figure 1
Destrieux atlas Kischl et al., 2004 and nonlinearly warp The full process is described Figure 2, which shows a ow
electrodes onto a common atlas brain while preserving theichart of each step in this protocol.
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( T1 alignment to AC-PC )

v

In Python, import the module
import img_pipe

v

Initialize the patient
patient = img_pipe.freeCoG(subj_dir = ¢/path/to/subj’,
subj=‘LH1’, hem=‘1h’)

v

Set up directories and files for recon-all
patient.prep_recon()

Co-register CT to T1 scan ‘l’
patient.reg_img() Run freesurfer recon-all
‘l’ patient.get_recon()
Identify electrodes on \1/
. Coregistered CT Quality check pial surface
patient.mark_electrodes() patient.check_pial(
Interpolate grid corners if necessary Create surface meshes
patient.interp_grid() patient.convert_fsmesh2mlab()
Project electrodes to mesh surface Create subcortical meshes
patient.project_electrodes() patient.get_subcort()

v

Create electrode montage file
patient.make_elecs_all()

v

Anatomical labeling of electrodes
patient.label_elecs()

v

Quality check anatomy Edit mislabeled electrodes
patient.plot_recon_anatomy() patient.edit_elecs_all()

v

( patient.warp_all() )

[ Plot electrodes on brain J

FIGURE 2 | Flow chart schematic of imaging pipeline and use of the clasBng_pipe.freeCoG for electrode localization, anatomicadienti cation, and warping.

Setting up the Directory Structure and $ source $FREESURFER_HOME/
Paths SetUpFreeSurfer.sh
Set up the paths. If using the bash shell, editbashrc, $ export SUBJECTS_DIR=/path/to/
/.bash_profile to add the following lines: freesurfer/subjects
$ export
$ export FREESURFER_HOME=/path/to/ DYLD_FALLBACK_LIBRARY_PATH#usr/
freesurfer lib:3DYLD_LIBRARY_PATH
Frontiers in Neuroinformatics | www.frontiersin.org 4 October 2017 | Volume 11 | Article 62
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FIGURE 3 | (A) Unaligned T1 scan. From left to right: axial view shows vecil crosshair unaligned with longitudinal ssure, which carbe corrected by adjusting yaw.
Next, another axial view depicts unequal size in eyes, whiaten be corrected by adjusting roll. Coronal view shows vextal crosshair unaligned with longitudinal
ssure, which can also be corrected by adjusting roll. Lastlythe sagittal view shows that the horizontal crosshair is rtaaligned with the anterior commissure (AC) and
posterior commissure (PC), which can be xed by adjusting pith. (B) Reoriented, ACPC aligned T1 scan with corrections in yaw, th and pitch. From left to right:
axial view shows crosshairs aligned with longitudinal sser. Another axial view shows equal sized eyes. Next, coronalew shows vertical crosshair aligned with
longitudinal ssure. Finally, sagittal view shows the antér commissure (AC) and posterior commissure (PC) alignechdhe horizontal axis. The origin (0, 0, 0) is set to
the anterior commissure.

For example FREESURFER_HOME might be In this directory, create the directories acpc and CT:
/Applications/freesurfer/ or /usr/local . .
[freesurfer ; SUBJECTS_DIRIs a directory of the user's $ mkdir $SUBJECTS_DIR/test_subj/acpe
choosing but is often /usr/local/freesurfer/ $ mkdir $SUBJECTS_DIR/test_subj/CT

ject Applicati f f -~ . .
232}32 or /Applications/freesurfer/ Place the niftii format T1 scan in the acpc directory, and the

niftii format CT scan in the CT directory. The T1 scan should

After adding these lines to /.bashrc  or /bash_ be named T1_orig.nii and the CT scan should be named
profile  and saving the le, be sure to run: CT.nii.

$ source ~/.bash_profile

Alignment of T1 Scan to AC-PC Axis

in the terminal. This will run these commands to set the|t is recommended that the user align T1 scans to the anterior
appropriate environmental variables for use by img_pipe an@dommissure-posterior commissure axis before processing in
Freesurfer. Freesurfer. This will provide better initial conditions foatéer
Running img_pipe requires a good quality, high resolutionwarping steps, and will result in the creation of meshes in a
(preferably 1mm isotropic) pre-operative T1 structural standard orientation. While some programs are able to perform
scan and a post-operative CT scan for the patient, botlhis alignment automatically (e.g., the Automatic Registrat

in nifti format. For specic requirements regarding T1 Toolbox, available as a linux command line tool: https:/
pulse sequences that work best, consult the Freesurf@ivw.nitrc.org/projects/art), here we describe how to perfor
beginners guide (https://surfer.nmr.mgh.harvard.edwifs/  this process manually. Note: it is also possible to perform
FreeSurferBeginnersGuide). In general, a Siemens MPRAGHs alignment on the nal surfaces and electrode les using
or GE SPGR sequence with excellent gray/white matteFreesurfer's talairach.xfm le—see Section Other Noteshtiw
contrast will work well. to do this.

After downloading and installing the packages described | . .
above, create a new subject directory with the patient ID Alignment of the T1 scan to the anterior commissure-
(for this paper, we will use the example ‘test subj) in POSterior commissure axis is performed in Freeview

the freesurfer subjects directory (for example /ustlocal/ (Figured. Open Freeview and load the unaligned T1
freesurfer/subjects/test_subj). In a terminal, run: scan in the Volumes tab. To aid in axis alignment, change the

. . cursor style “long” in Preferences Cursor style “Long.” The
$ mkdir $SUBJECTS_DIR/test_subj color may also be changed if desired.
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To adjust the rotation and translation of the image, seleml§

. Transform Volume. Adjust the roll (with Y (P-A)) and yaw
(with Z (I-S)) as necessary to make sure the head is aligned.
Check the axial view to make sure the eyes show equally in
the same slice (sdégure 3Avs.Figure 3B second panel for
unaligned and aligned examples). Make sure the midsagittal
line is vertical in the axial view (sdggure 3A vs.Figure 3B

rst and third panels) and in the coronal view. Choose Sample
method “Cubic”.

Select the anterior commissure and adjust the pitch of the
head so that it is in line with the posterior commissure on the
horizontal axis Figures 3A,B last panel).

Finally, move to the (0, 0, 0) RAS coordinate (not TkReg RAS,
just RAS). In the Transform Volume tool, translate the image
until the cursor is at the anterior commissure.

Once the brain is in a good orientation, click “Save Reg...”
and save the transformation matrix in the acpc directory
as T1 reorient.Ita. Then, click “Save as...” and save the
reoriented T1 le as T1.nii in the acpc directory (e.g.
/usr/locall/freesurfer/subjects/test_subj/acpc).

Overview of the Class FreeCoG

The img_pipe.py python module centers around the use of the
class freeCoG, which is rst initialized to contain inforian
about a speci c patient's data and has a number of methods
that can be called to perform image coregistration, pial stefa
extraction, electrode anatomical labeling, and warping of
electrodes into common space.

The freeCoG class contains the following attributes thatsh

be speci ed during initialization:

subj: [string] the name of the subject ID. In this
protocol, we will usetest_subj as the subject ID.
hem: [string] , Ih, rh, or stereo . The
hemisphere of implantation (can also be stereo for
bilateral coverage)

zero_indexed_electrodes: [boolean,

default DTrue] , if False, will use one-indexed
numbering for electrodes. This is important to note
if your montage starts with electrode channel 1 vs.
electrode channel 0 (since zero-indexing is the python
default).

The following should be speci ed during initialization if mo
already in the user's path. By default they will be set to theeval
in the environmental variables de ned previously.

subj_dir: [string] . specify the location of the
freesurfer $SUBJECTS_DIR

fs_dir [string] . the directory containing the
Freesurfer executables, e.g., '/Applications/freesurfer'

The class freeCoG also contains the following methods:
prep_recon()

= This method sets up the directory structure before
running the Freesurfer pipeline.

get_recon()

= This method starts the Freesurfer recon-all pipeline,
which takes a T1 scan and performs automatic
extraction of the pial surface.

convert_fsmesh2mlab()

= This method converts the Freesurfer pial surfaces
to triangle-mesh format for use/visualization in
MATLAB and python.

reg_img()
= This method registers the CT to the T1 MRI.
get_surface_warp()

= This method performs the sulcal-based cortical
surface warping for surface electrode warping to MNI
atlas space.

get_subcort()

= This method performs automatic parcellation of the
subcortical structures (from freesurfer's atlas-based
parcellation), and saves them to triangle-mesh.mat
les for use in MATLAB or python.

get_cvsWarp()

= This method performs a combined surface-based,
volumetric, and elastic warping of single subject
brains to an atlas space for accurate warping of depth
electrodes into common space.

apply_cvsWarp()

= This method applies the resulting warp from
get_cvsWarp() to the electrode coordinates.

checkDepthWarps()

= This method produces a PDF of each depth electrode
in the subject's native space and in the common atlas
space for error checking of warps.

label_elecs()

= This method automatically labels electrodes based on
the freesurfer atlas parcellation.

plot_recon_anatomy()

= This method plots the anatomically labeled electrodes
on a surface reconstruction.

warp_all()

= This method is a wrapper method for warping the
electrodes and creating pdfs for quality checking.

plot_brain()

= This method is a wrapper function for plotting the
surface reconstruction and electrodes.
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Running Surface Reconstructions in

img_pipe

Pial surface meshes are created in freesurfer, but fresurf
code is called from within img_pipe for ease of use. First we
must initialize the patient object, after which we may cak th
appropriate methods to execute surface reconstructions.

Initializing the Patient in img_pipe
After AC-PC alignment as described above, start an ipython
session and initialize the patient object. (Note: this praceay
be started in a Unix “screen” or “tmux” session if running on a
remote server to avoid processes stopping after logout).

M

import img_pipe

» subj D test_subj
» hem D rh
» patient D img_pipe.freeCoG(subj D subj,

hem D hem)

Creating Pial Surface Reconstructions in Freesurfer
Next, prepare the directory structure for running Freesuidgr
running the following command in an ipython session:

» patient.prep_recon()

This will create the directorieslecs, mri
and will copy the acpc-aligned1.nii
convert it to Freesurfer mgz format.

, andmri/orig
to mri/orig and

Next, run the following step, which will call freesurfer'som-
all script.

» patient.get_recon()

This will create the directoriesbem, label, mri,

scripts, src, stats, surf, tmp, touch , and
trash and will run through the entire Freesurfer pipeline,
which will produce a skull-stripped MRI, left and right
hemisphere pial surfaces (as well as white matter and in ated
surfaces), and anatomical labels for the surface and MRI les.
More information on this process is provided in the Freesurfer
documentation (https://surfer.nmr.mgh.harvard.edu/fkiyand

is not discussed here.

The Freesurfer pial surfaces will be in the surf directory
(surf/lh.pial for left hemispheresurf/rh.pial for
right hemisphere), and the skull-stripped MRI will be in
mri/brain.mgz

Pause point:Check the pial surfaces in freeviewidure 4)

Figure 4B shows good correspondence between the pial
surface (yellow) and the underlying MRFigure 4C shows
how this surface appears in the 3D view. Given a high quality
T1 scan with minimal motion, the user should be able to
extract a good quality pial surface that looks relatively sthoo
(without spiky artifacts) and that follows the underlying
anatomy.

Note for those running code on a clusterThe user may
change the call to recon-all in get_recon() to use a queue
submission procedure of choice. For example, the call to
recon-all can be specied in a "‘qsub' command to send the
command to an SGE cluster computing system.

Converting Freesurfer Meshes to Triangle/Vertex
Meshes for Use in MATLAB/Python

The Ih.pial and rh.pial surfaces in freesurfer contain
the data for plotting a triangle/vertex mesh, which can be
used later in any 3D program (for example mayavi in python,
Blender, Unity, or MATLAB).

To convert the freesurfer format to arrays of vertex cooedas

(in surface RAS) and triangle indices, call the following
method. By default, this will create the pial surfaces fohbot
the left and right hemisphere.

» patient.convert_fsmesh2mlab()

This method can also be called with the optional
keyword argument, which can also convditwhite,

rh.white, Ih.inflated , and rh.inflated to
triangle/vertex les.
» patient.convert_fsmesh2mlab(mesh_name D

inflated )

The surface meshes created will be available as the mat les
lyour/Freesurfer/subjects_dir/test_subj/
Meshes/lh_pial_trivert.mat and /your/Free
surfer/subjects_dir/test_subj/ Meshes/

rh_pial_trivert.mat , can now be plotted with the
following command, which plots the pial meshes of both
hemispheres:

» patient.plot_brain()

Creation of Subcortical Meshes

In addition to the cortical pial surface meshes, the user can
create surface meshes for the subcortical structuresiigent
in freesurfer. These surface meshes are created using a script

to assure that there is good correspondence between the pialcreated by Anderson M. Winkler (http://brainder.org), which

surface and the gray/CSF boundary. To check the pial surfaces

callpatient.check_pial() , which will open a Freeview
window with the MRI and pial surface loaded. Scroll through

the slices and check whether the pial surface accurately

corresponds to the MRIFigure 4A shows an example of a
poor correspondence in the temporal lobe due to anatomical
lesion — this pial surface would need to be corrected using
edits to the white matter surface (https://surfer.nmr.mgh.
harvard.edu/fswiki/FsTutorial/WhiteMatterEdits_fréew).

takes freesurfer labels (e.qg., the voxels labeled as hipjposam
Figure 5A), and creates a 3D triangle mesh from these labels
(Figure 5B). This method will create meshes for all subcortical
structures labeled in Freesurfdfigure 5C), including the left

and right nucleus accumbens, amygdala, brain stem, caudate
nucleus, ventricles (lateral, inferior lateral, third,dafourth),
globus pallidus, hippocampus, putamen, thalamus, and ventral
diencephalon.

» patient.get_subcort()
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FIGURE 4 | Pial surfaces identi ed by freesurfer during get_recon() arused to create a triangle-vertex mesh(A) Example of an incorrect pial surface outline
generated by freesurfer—these must be corrected by manuallediting the white matter mask in freeview (see https://suef.nmr.mgh.harvard.edu/fswiki/FsTutorial/
WhiteMatterEdits_freeview for details\B) Example of correctly outlined pial surface outlinglC) The 3D mesh generated from the pial surface fron(B).

The meshes will be stored in the subjects directory withirthe T1 MRI. We use the normalized mutual information cost
Meshes/subcortical/. These meshes can also now be viewfediction (Ashburner and Friston, 1997to perform this cross-

with the following commands: modal registration in nipy.
>>>  subcort_roi D patient.roi » patient.reg_img()
(name D your_subcgrtlcalll_rm ) . The user may also choose to specify the CT and MRI
>>> patient.plot_brain(rois D[subcort_roi]) : L .
scans to align explicitly, using keyword arguments,
To show these ROIs in conjunction with the pial surface, they though this is not necessary if the directory structure is
can be plotted simultaneously, while controlling color and set up as described. The CT scan is assumed to be in the
opacity. CT directory, and the MRI scan is assumed to be in the
>>>  subcort_roi D patient.roi (name D mri directory.
your_subcortical_roi , color D(1.0, 0.0, » patient.reg_img(source DCT.nii
0.0)) target Dorig.mgz )
>>> i i i i
Ih ;i);\l_rm o acEi)t patllje(r)\t.sr)m (name D Check the coregistration of the CT and MRI in freeview
oo P atien:[ Igt briin(rois' Dipial_roi (Figure 6A). One way to do this is to load the CT on top
subcport roij? - piat_rol, of the MRI in the Volumes tab, then decrease the opacity of
= the CT to inspect the alignment of the bones in the skull. We
] ) recommend using the "heat' colormap for the CT and grayscale
Co-registration of CT and MRI Scans for the MRI. Check sagittal, coronal, and axial views to ensure

In order to identify electrodes on the pial surface, we must thatthe bones of the skull are aligned properly in both images.
transform the posteroperative CT scan into the same space asWhen plotting the maximum intensity projection of the CT
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FIGURE 5 | Subcortical mesh generation.(A) Subcortical meshes are generated from parcellating the agemgz le, which assigns a numeric value to each region of
interest. Labels of interest are extracted from the aseg voime, and a marching cubes algorithm is run to generate a surfa mesh. In this case, the volume label for
the hippocampus (yellow, number valued 17) is shown in yellow.(B) The resulting 3D hippocampal mesh after marching cubes, shen with a bisecting coronal slice
of the medial temporal lobe.(C) Subcortical meshes on the template brain, cvs_avg35_inMNBR. 23 subcortical meshes in the left and right hemisphere cadical
meshes are shown. Subcortical meshes are colored to match th FreeSurferColorLUT (look up table).

(Figure 6B), the user should also verify that the grids and strips  manually align the CT for an initial placement, then rerun
are in roughly the right place. the coregistration to get a precise alignment between CT
Note: It is common that when the CT is aligned to the pre-op and MRI). This can be done in freeview, SPM, or other
MRI, lateral grids may appear as though they are underneath neuroimaging programs.

the brain's surface. This is common because the placement

of these grids results in a deformation of the brain surface

(Hermes et al., 20)0We solve this by later projecting these Manual Identi cation of Electrodes

electrodes to the pial surface. While other methods have been developed to automatically
Quality check step:If the CT alignment fails, the user determine the 3D spatial location of electrodes in a CT scan
may need to change the initial alignment of the CT scan(LaPlante et al., 20),6in practice it is often di cult to fully
Often, poor registrations can be traced back to poor initialautomate the process given the limited resolution of mosiciin
conditions [T1 is not aligned to the AC-PC, or the CT scan'sCT scans, especially for high-density grids with4 mm spacing
original position is at a very di erent orientation from the often employed in our researchChang, 2015; Muller et al.,
desired registered outpuF{gure 6Q]. The user may need to 2016a,h Here we describe the process for manually identifying
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rotated to be in rough alignment with the T1 scan, and then rexgistered in img_pipe.

FIGURE 6 | (A) Transverse view in Freeview of a CT and an MRI that have been-tegistered- the electrodes are the orange points in the lehemisphere. Note how
the skull in both the CT and MRI are aligned after registratio (B) An intensity projection view,(C) CT and T1 scan in original native space before alignment. TheT
shown here (in “heat” colormap) was unable to be aligned to #n T1 scan (grayscale image) because of poor initial conditis. To align, the CT was translated and

electrodes that will later be automatically labeled acicmydo
their nearest anatomical location (based on Freesurfessatl
segmentation). This step also ensures that electrode ntinthbe
will match the clinical or research montage for ease of fatur
analysis.

Electrode Identi cation on the Co-registered CT Scan
Electrodes will be identied in the postoperative, co-
registered CT scan using an electrode picker GUI
(Figure 7). The coordinates obtained can be used to
plot the electrodes on the meshed-igure 7A, top
right). To start the electrode identi cation process, call
patient.mark_electrodes() . This will launch an
interactive python GUI that will overlay the registered CT
scan on top of the skull-stripped MRI. Instructions for use are

detailed below. The user can also press "h' (for help) while in

the GUI for a list of possible commands.

Click to navigate the crosshairs to electrode 1 of a device
(a strip, depth, or grid). Numbering for depths and strips is
usually distal to proximal. Intraoperative photos can be useful
to verify the numbering of grids. It can also be useful to view
the CT intensity projection map (bottom right subplot in the
GUI, shown inFigures 7A,B to get a sense of the arrangement
of the electrodes.

Add a new device by pressing the "n' key. This will prompt
the user to enter the device name in the python console (this
may be behind the gure window). If marking corners of
a high density grid, this could be called "hd_grid_corners'.
If marking a hippocampal depth, this could be called
“hippocampal_depth'. Another good heuristic is to use the
labels from a provided clinical electrode montage.

Ensure that the crosshairs are in the center of the electrode
artifact in the coronal, axial and sagittal viewsp: When
clicking on an electrode, the user can quickly identify the
correct placement in all views by clicking on an electrode in,
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FIGURE 7 | Example of identi cation of electrode coordinates using eletrode picker. (A) Demonstrates the process of picking the coordinate for the rast posterior
inferior grid corner. On the left, the GUI is shown with the ettrode selected. The pial surface, rCT, and skull strippe®IRI are displayed. The upper left shows the
electrode selected in the sagittal view. The upper right shas the coronal view. The bottom left shows an axial view. TheWwer right displays the intensity projection
map of the CT, which is useful for visualizing the entire grido save the coordinate, press “n” to name a new device. Withhe center of the electrode artifact localized
by the crosshairs in the axial, sagittal, and coronal viewgress “e” to add a point. The coordinates are automatically aved to the “elecs” folder. The location of these
points in 3D can be viewed by launching a separate 3D viewer bgressing “3.” This plot can be seen in the right panel. If the cordinates appear buried in the Mesh
due to post-operative brain shift, additional steps can bedken to project the electrode to the surface, shown irFigure 8. (B) Example of identi cation of an electrode
that is part of a subtemporal strip. The strip can be seen in t rCT.nii intensity projection map in the lower right panel he coordinate is recorded from the center of
the electrode artifact, seen in sagittal, coronal, and axiaviews. This coordinate can then be visualized on the 3D swate mesh, seen in the right panel, by typing “3.”

for example, the coronal view, then zooming in to the CT scan
(on a Mac, using the scroll wheel), which will re-center the
other image views with the marked electrode in the center.
Click "e' to add an electrode at the crosshair position. The
user should now see a colored circle in all views (sagittal,
axial, and coronal) for this electrode, and a legend showlieg
device name will appear in the maximum intensity projection
plot. Electrodes will automatically be saved to the variable
“elecmatrix'in a le in the elecs directory, which will be nach
according to the device name given by the user. Add multiple

slice 15 slices, so it may be useful to scroll through this plot
as well.

The outline of the pial surface is plotted in yellow for refecen
Toggle this on and o using the "t' key.

It can be helpful to plot elecmatrix on the 3D brain to check
the placement of the grids and depths. To inspect a 3D
visualization of the currently identi ed electrodes, prebe
number “3' key. Simply close the 3D window to continue
marking electrodes.

The pial surface is created from a preoperative MRI, and

electrodes to the same device by pressing “e' for each. To star postoperative brain shift can cause strips and grids in rCT.nii
adding to a new device, simply press 'n' to initialize a new to appear buried within the pial surface. This shift is most
device and enter the name into the python console and start noticeable in lateral grids, and can be corrected using a mean
the process as before. normal projection, described below. For some strips thistshif
While marking electrodes, the user can zoom in and out onthe is less pronounced and can be corrected manually during
plot using the mouse scroll wheel or trackpad scroll, pan with the electrode identi cation process in the electrode picker o
the arrow keys, and move through single slices using the “page Freeview. Withlh.pial or rh.pial displayed on top of
up” and “page down” keys. They can also simply click on any rCT, pick a coordinate near the electrode that places it on the
of the views to move to that location in the CT and MRI. surface of the brain. Plotting elecmatrix on the brain dgin
To change the plot view of the maximum intensity projection, this manual projection can ensure the coordinate is on the
choose 's' for sagittal (the default), ‘¢’ for coronal,'doraxial. surface and looks appropriate with respect to the rest of the
The maximum intensity projection is calculated for the curte device.
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FIGURE 8 | (A) The grid's corner electrodes are manually located. We intgplate the locations of the rest of the grid electrodes usinghese corner coordinates, giving
us the electrode grid shown in red. The green arrows are the fo normal vectors calculated from the corners, and the blaclarrow is the mean of those normal vectors
and will act as our projection direction(B) Projection of the interpolated grid (red) to the convex hudif the pial surface (blue) using the mean normal vector (blac
arrow). The nal projected electrode grid is shown in blue(C) Axial and(D) coronal views of the co-registered CT overlaid on the T1 MRIt®wing the location of the

electrodes prior to surface projection.

Grid Interpolation for High-Density ECoG Grids

Projection of Subdural Surface Electrodes to the Pial

When using high-density{ D4 mm center-to-center spacing) Surface

grids, the resolution of the CT scan may prohibit easy
identi cation of individual electrodes in the scan. Thug t
circumvent this issue, we use the locations of the cornetiseof
grid and interpolate between them in evenly spaced intervals
depending on the grid dimensions.

To use grid interpolation, rst identify the coordinates dii¢
electrode grid's four corners, in channel order (for example
in a 16 x 16, 256-channel grid, corner 1 is electrode 1, corner
2 is electrode 16, corner 3 is electrode 241, and electrogle 4 i

channel 256). Name this l&d_grid_corners.mat and
place in the elecs directory.
In img_pipe , call the following:
patient.interp_grid(nrows D 16, ncols
D 16, grid_basename D hd_grid )
This will create the le hd_grid_orig.mat in

elecs/individual_elecs
to the surface in the next step.

, which will then be projected

To project the electrodes to the pial surface, we use the four
corner electrodesHigure 8A) of the grid to obtain a set of
four vectors that outline the grid. Using these outline st

we can obtain a set of four normal vectors, one corresponding
to each cornerKigure 8B). We then take the mean of these
vectors to obtain a mean normal vector, which will be the
projection direction for the unprojected interpolated elemie
grid. Using this mean normal vector, we then project every
electrode in the interpolated grid outwards to the smoothed
dural surface of the pial meshFigures 8C,D. Note that,
when projecting an orbitofrontal grid, the dural surface of
the cortical mesh without temporal lobe is used to ensure
projection to the bottom surface of the orbitofrontal cortex
patient.project_electrodes(elecfile_prefix

D hd_grid )

To project a grid on the orbitofrontal cortex, use:
patient.project_electrodes(elecfile_
prefix D OFC_grid , surf_type D OFQ
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Creation of the Elecs_all.mat File

To visualize these electrodes on the brain, use plog For surface electrodes, labeling is performed by nding the
brain method: closest surface vertex (according to Euclidean distance) an
determining the Freesurfer label of that point from the

>>> grid_elecs D patient.get_elecs annotation le associated with the atlas of interest. For

(elecflle__preflx . D hd_grid [ elec_matnx ] depth electrodes, the label is assigned according to thd voxe
>>> patient.plot_brain(elecs Dgrid_ label in th lated vol
elecs) abel in the parcellated volumeagarc Caseg.mgz or

aparc.a2009s Caseg.mgz ).

Pause Point: Quality Checking Anatomical Labeling

The elecs_all.mat le combines the individual device  ajity checking the anatomical labeling is done using the
coordinates to represent the electrod_es in the _recordlng methodplot_recon_anatomy().

montage orderelecs_all.mat contains elecmatrix .

and eleclabels . elecmatrix contains the x, y, z  » patient.plot_recon_anatomy()

coordinates of each device, combined in the appropriate e aytomatic labeling will sometimes mislabel electrodes
montage order.eleclabels contains device descriptors .t jie on the border between two areas. For example
porresponding to these.devices, shortened QeviceID(e)g.Ql in Figure 9A an electrode on superior temporal gyrus

in column 1, Iong device ID (e.g. _L2566r|dEIectrode1)_|n (label: superiortemporal) is labeled pars triangularis (label
column 2, and device type (€.g. grid) in column 3. The possible 5 syriangularis), and an electrode on the caudal middle

values for “device type” should be “grid, “strip’ or “"de/@hort frontal gyrus is labeled pars opercularis.
and long device ID names should be unique. For an example To correct  an anatomical label use  the

of what th'S_W'" look like, segable 1 .. edit_elecs_all() method. The arguments include
After creating the.mat les for each electrode Idev_lce N |label names as keys and lists of electrode numbers as values,
patient.mark_electrodes(), initialize “elecs_all. matchiing and the pre x of the electrode le. For example, to correct the

patient. make_elecs_all(), which will prompt the user for the 4 misjabeled electrodes Figure 9, the user would perform
information mentioned above, and automatically create the

R the following:
elecs_all.mat' le.
revision_dict D
Automated Anatomical Labeling of {Czﬁgg{r‘ﬁgﬁgﬁgﬁ; '[2?'[?]7'4]}
Electrodes patient.edit_elecs_all(revision_dict,
To automatically label the electrodes, call the elecfile_prefix D elecs_all )
label_elecs() method:
» patient.label_elecs(elecfile_prefix Warping Surface and Depth Electrodes to a
Delecs_all , atlas_surf D desikan- Common Atlas
killiany , atlas_depth D destrieux ) To warp electrodes from the native space to a common

atlas space, caflatient.warp_all(elecfile_prefix
. Iy D elecs_all ), which will by default warp the subject
le that will match labels from the Desikan-Killiany atlas brain to thecvs_avg35_inMNI152  brain, and generate the

(DeS|kan_et al., _2(_)()6)rthe De_stneux atlasischl et a_I., 2004 warped coordinates for both surface and depth electrodes in
The Desikan-Killiany atlas is a coarser parcellation that we

- elecs_all.mat. Options passed into this method may be chafhged i

generally use for surface labeling, whereas the more complex .
. . . e user wishes to warp a subset of electrodes, such as ofdgesu

Destrieux atlas is used for labeling depth electrodes.

or only depth electrodes, or if they wish to use a di erent temelat
brain.

This will add a fourth column to theelecs_all.mat

TABLE 1 | Example structure of the anatomy variable in elecs_all.mat

The surface warps are generated by projecting the pial
surfaces of the subject and template brains into a spherical

Shortened Long device ID Device type Anatomical coordinate space, and aligning the surfaces in that spaces— thi
device ID location is shown inFigures 10A-D Depth warping is performed using a

combination of volumetric and surface warpingdstelnicu et al.,

Gl L256GridElectrodel  grid superiortemporal 5009 We have found that surface warping the strip and grids
G2 L256GridElectrode2  grid superiortemporal - yagylts in more accurate placement of the warped electrodes on
i S the same gyri as in the native space, whereas for depth elestrod
G256 L256GridElectrode256  grid rostralmiddlefrontal a volumetric and surface warping is necessary.

AD1 LAmygdalaDepthl depth Left-hippocampus Note that warping depth electrodes takes signi cantly longer
AD2 LAmygdalaDepth2 depth Left-hippocampus than Warping surface electrodes.

AD3 LAmygdalaDepth3 depth Left-amygdala

AD4 LAmygdalaDepth4 depth Left-amygdala Pause Point: Quality Checking Warps

AD5 LAmygdalaDepth5 depth Left-amygdala patient.warp_all() will have generated PDFs in the
AD6 LAmygdalaDepth6 depth Left-amygdala subjectselecs directory (_recon_anatomy.pdf and
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A Mislabeled electrodes B Corrected electrode labels

FIGURE 9 | Surface electrodes are labeled by Freesurfer using the Désin-Killiany atlas—each color represents a different anainical region. Electrodes are labeled
using the anatomical label of the nearest vertex in the braimesh. (A) Anatomical labeling of surface electrodes with errors idened as yellow circles. (B) Corrected
anatomical labeling.

FIGURE 10 | Surface warping procedure.(A) Electrodes on native brain. Gyri are colored according to atomical designation by Freesurfer. An example electrode
localized to the native STG can be seen circled. Electrodesra warped from the subject's native brain to the cvs_avg35nMNI152 average brain in spherical surface
space. The native |lh.sphere is shown if{B), with the location of the same STG electrode marked in red. lsphere is shown with curvature and anatomical color
coding. Warping occurs when the native Ih.sphere is warpeda match the lh.sphere for the cvs_avg35_inMNI152 average bia, shown in(C). The same STG
electrode is now shown in red on the average brain. Finallyhé localization in spherical space is used to localize the edtrode on the pial surface of the
cvs_avg35_inMNI152 average brain, shown i{D).

_warped_recon_anatomy.pdf ) of the electrodes to its warped location in the template braifrigures 11A,B
and their warps. To check the warp interactively, shows an accurate warp, anbigures 11C,D shows an

use patient.plot_recon_anatomy_compare_ inaccurate warp. If an electrode's warped location is
warped(template D cvs_avg35 inMNI152 inaccurate, either remove the electrode from the warped
elecfile_prefix D TDT_ elecs all ). electrode coordinate matrix, or manually choose the logatio

in the template brain.
Pause Point: Quality Checking Depth Electrode

Warping Plotting Electrodes and Activity on the Pial
patient.check_depth_warps() will generate a pdf in theSurface
subjects elecs directory, depthWarpsQC.pdf comparing an patient.plot_recon_anatomy() plots anatomically

electrode's original location in the subject brain compared labeled electrodes on the brain.
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Native (accurate labeling)

cvs_avg35_inMNI152, accurate warp

Y.

Native (inaccurate labeling)

cvs_avg35_inMNI152, inaccurate warp

% o

FIGURE 11 | Examples of accurate depth warp(A,B) and inaccurate depth warp(C,D). Colors correspond to anatomical label, and the red circle rarks electrode in
single subject brain(A,B) and the location it is warped to in the CVS brair{C,D). The electrode of interest in(A) retains its anatomical label, left hippocampus, when
warped to the CVS brain in(B). However, the electrode of interest in(C) is incorrectly warped from right hippocampus in the single gbject brain to cerebellar cortex in
the CVS brain(D).

D
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4

! .l
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Warped electrodes can be plotted on a template brain by>> pial = patient.roi( pial , color=

calling patient.plot_recon_anatomy(elecfile_ (0.6,0.3,0.6), opacity=0.1, representation

prefix D warped_elecs_file , template D =wireframe , gaussian=True)

your_template ). s> hiop = . . . _

To plot electrode activity on the brain's surface, use hipp patler_lt.r0|_( Hipp -, color

) (0.5,0.1,0.8), opacity = 1.0,

the method plot_brain() . The wuser can control S L

representation= surface , gaussian=True)

the opacity of the brain mesh, wireframe/surface
representation, electrode colors, and colormap. Fop>> elecs = patient.get_elecs()
example: [ elecmatrix ]
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FIGURE 12 | Examples using the plot_brain() function(A) Gaussian representation of electrode weights on a superidemporal gyrus ROI, red-blue color map(B)
simulated electrode weights on precentral and postcentraROls represented as colored spheres, colored using a red-ppte color map.

>>> patient.plot_brain(rois=[pial,hipp], >>> patient.make_roi_mesh( precentral
elecs=elecs, weights=np.random.uniform label_list=[ precentral )
(0,1,(elecs.shape[0])))
>>> patient.make_roi_mesh( postcentral ,
label_list=[ postcentral D

The following code will allow the user to show activity on

the superior temporal gyrus as interpolated gaussian blohs_ precentral_roi = patient.roi

(Figure 12A: ( Ih_precentral ,
>>> elecmatrix D patient.get_elecs(roi D color=(0.3,0.6,0.8), opacity=1.0,
superiortemporal ) elecmatrix ] representation= wireframe
>>> pial D patient.roi( Ih_pial gaussian=False)
color D(0.8,0.8,0.8), opacity DO0.2,
representation D wireframe >>> postcentral_roi = patient.roi
gaussian DFalse) ( Ih_postcentral ,
>>> patient.make_roi_mesh color=(0.5,0.8,0.5), opacity=1.0,
( superiortemporal , representation= wireframe
label_list D[ superiortemporal ) gaussian=False)
>>>  stg_roi D patient.roi
( In_superiortemporal , >>> pial = patient.roi( Ih_pial
color D(0.3,0.6,0.8), opacity D1.0, (0.8,0.8,0.8),1.0, surface ,False)
representation D surface ,
gaussian DTrue) >>> #calculate distances from two random
>>> patient.plot_brain(rois D electrodes coordinates.
[pial,stg_roi], elecs Delecmatrix,
weights Dnp.random.uniform(-1,0, >>> distancel = np.array
elecmatrix.shape[0]), showfig DTrue, (map(np.linalg.norm, elecmatrix-np.tile
screenshot DTrue, cmap D RdBu) (elecmatrix[30,:], (67,1))))

Here's another example, plotting regions of interest (ROIs), ..

; - distance2 = np.array
for the pre- and postcentral gyri as well as electrode activity

(map(np.linalg.norm, elecmatrix-np.

(Figure 128 tile(elecmatrix[20,], (67,1))))

>>> #get all coordinates of elecs in
precentral+postcentral >>> patient.plot_brain

>>> elecmatrix = np.concatenate (rois=[pial,sub_roi,sub_roi2],
([patient.get_elecs(roi= elecs=elecmatrix,
postcentral )[ elecmatrix ], weights=scipy.stats.zscore
patient.get_elecs(roi = precentral ) (distancel + distance2),
[ elecmatrix  ]],axis=0) showfig=True,

>>> #get meshes of precentral, screenshot=True,
postcentral gyri, and pial surface cmap=RdPu)
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Other Notes Installation Issues
Itis possible to launch speci ¢ sub-methodsiofg_pipe in  Most installation issues can be avoided by following the
separate python sessions. For example, the user may wishiistructions above and using the conda environment to ilista
launchpatient.get_recon() 1 day, then open another the required packages. Using the conda environment avoids
python session later fquatient.mark_electrodes() . potential version conicts (for example VTK 6.3.0 is required
To do this, simply reinitialize the patient according to when using Python 2.7, but VTK 7.0.0 is required for Python
instructions in section Initializing the Patientin img_pipand  3.5. In addition, pyqt version 4 is required rather than the sho
then continue with the next step. recent version 5). Be sure that environmental variablessate
If the user prefers not to AC-PC orient the images to startfor FREESURFER_HOMIEBEJ SUBJECTS_DIR and that paths
(and assuming that this does not aect the quality of theare set appropriately. Note that Freesurfer does not currentty r
warping step), it is possible to reorient the nal surface andon Windows, so for users running Windows we suggest running
electrode.mat les using Freesurfer's talairach.xfm ldyieth  a Linux virtual machine with VirtualBox or other virtualizian
will put them into a common orientation. To do this, the user software.
could perform the following step on the native space electsode If issues are encountered when importing img_pipe despite
and surface: following the conda environment instructions, the user should
attempt the import outside the img_pipe directory. Check
that the version imported is located in a directory such as
/anaconda/lib/python2.7/site-packages/

patient.apply_xfm
(xfm_dir D mri/transforms ,
xfm_file D talairach.xfm ,

source_file  Delecs/TDT_elecs_all.mat , 'Mmg_pipe
target_file D elecs/
TDT _elecs_all_2tal.mat , AC-PC Alignment Issues
fle_type Delecs ) The user may nd that aligning scans in Freeview causes part of
patient.apply_xfm the volume to be cut o, especially where the image itself must be
(xfm_dir D mriftransforms , translated over a large distance (more than a centimetewoj.t
xfm file D talairach.xfm , We have found that this issue is most common with Freeview
source file D Meshes/ v1.0, and does not occur with Freeview v2.0.
rh_pial_trivert.mat ,
target_file D Meshes/ Issues with Freesurfer Reconstruction
rh_pial_trivert_2tal.mat : If the freesurfer reconstruction fails or is of poor qualithere
file_type  Dsurf ) are a number of potential reasons. The most common in our
patient.apply_xfm experience are (1) poor image contrast due to scanner parasneter
(xfm_dir D mriftransforms : or due to subject motion, (2) poor image resolution (greatert
xfm_file D talairach.xfm , 1 1 1mm voxel size), and (3) images with GAD contrast
source_file D Meshes/ used in clinical procedures. In all of these cases, the basteof
Ih_pial_trivert.mat ; action is to obtain a better scan or see if one is alreadyaail
target_file D Meshes/ Suggestions for scanning parameters are available on ffeesu
Ih_pial_trivert_2tal.mat , website. However, if no other scans are available, it is ysuall
file_type  Dsurf ) better to use a high resolution scan with GAD contrast than a
low resolution scan without contrast. The surface recorton
DISCUSSION AND CONCLUSION will likely include some defects where the blood vesselsfaere

with good gray/white matter boundary detection, but thefages

Here we have described a full pipeline for obtaining high qyalit are usually acceptable, if mediocre. For subjects with lasjens

3D surface renderings, labeled, localized electrodes,atlad- Of tumors, manual segmentation may be necessary and is not
warped electrodes from an input T1 and CT scan. This procesescribed here.

has been optimized from start to nish to allow the user to éasi

create the needed les for later functional analyses. Oumgoe  Problems with CT to MRI Coregistration

relies on completely free, easily downloadable, open soaote.t For appropriate CT to MRI coregistration, the user should
We also provide plotting tools so that users may easily plogelect the highest resolution T1 and CT scans, both without
localized electrodes in either the native subject space @rped  contrast. The initial conditions of these two scans may also

subject space. in uence whether good coregistration is achieved. As mamgid
. previously, if the coregistration step fails, the CT and the
Common Problems/Troubleshooting T1 scan should rst be roughly aligned (this can be done

In previous sections we described some pause points for quality Freeview, SPM, or other neuroimaging programs), and
checking in between each of the steps in this protocol. Howevethen coregistration re-attempted. Other parameters that can
for convenience we also provide here some potential pitfails th be adjusted in the coregistration method are the smoothing
users may encounter while running this pipeline. parameter, interpolation method, and tolerance parameters fo
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function minimization. These parameters are described ia th Other Problems

docstring forimg_pipe.reg_img . Other problems may be encountered if the user incorrectly snte

) o the hemisphere of implantation (patient.hem must be set to “Ih”
Problems with Manual Electrode Localization or “rh” if surface grids are used, otherwise if a stereo EE@ cas
At times, relatively poor resolution of a CT scan may make ityith no grids, “stereo” will su ce).
di cult to localize individual electrodes as they tend touslinto While this software provides an easy way to perform electrode

one another. In this case, the user may opt to identify the rstiocalization, it is not without the common caveats inherent
and last electrodes in a depth electrode, for example, andriyie o a|| surface ECoG research. In particular, deformation of
interpolate between them. This is not currently implementedine prain surface results in a nonlinear warping of the bsin'
directly in img_pipe, but can be performed in python with grface Hermes et al., 2010; Dykstra et al., 2)Mhich means
minimal e ort. that even with perfect co-registration of a post-operative CT
Other issues with identifying electrodes can be aided by, 5 pre-operative MR, the localization of electrodes must be
using the 3D viewer [press "3' while ipatient.mark_ veri ed independently with intraoperative photos when possibl

electrodes() mode]. This can help the user to determine anq |ocalization should be reconciled with recorded fuontil
whether they are correctly identifying a strip electrodeving properties.

around the temporal lobe, or whether they have correctlylketbe
two depth electrodes that cross one another. Future Work
In future work, we hope to incorporate automated identi catio

Problems with Electrode P_rOJeCt'On o ] of surface electrodes to the pipeline. We have found that oairre
One common problem with electrode projection is that 5igrithms work well for low-density gridsL&Plante et al.,

electrodes will be projected to the wrong hemisphere. In thi%om, but often fail for grids with 4mm or less pitch. The

case, the problem is that the hemisphere of implantation was gl re modes of automated electrode localization packafiea
incorrectly when initializing the patient. ~_ result in labor-intensive correction procedures (e.g,. oging
Another potential problem can occur when projecting ¢5)se positives, reordering electrodes so they are in theecor

electrodes to the bottom surface of the brain (for exampleg,niage order). We have found this error correction to bensdo
subtemporal electrodes), since the surface may be concayg, manual electrode identi cation by an experienced user,
and electrodes may appear to be “o " of the brain. In thiSy, 5 here we present only manual methods, although ideally
case, we suggest using the smoothed dural surface rather thgye 1| pipeline would be automated. It is possible that with
the convex hull for projection. In addition, we provide the j,5vements in electrode detection algorithms, couplechwit

option of projecting to an orbitofrontal ROI (with the option higher resolution CT scans, a fully automated solution wdid
elecfile_prefix D OFC_grid , see section Projection of possible.

Subdural Surface Electrodes to the Pial Surface), which can Despite these limitations, our software is free, exiblesyea

circumvent problems where the temporal lobe interferes with §, se and we hope will provide a way for ECoG labs to create

normal projection. automatically labeled and warped electrodes for ease ofefutu

Problems with Electrode Labeling analysis.

Poor electrode labeling is usually a result of poor image tuali

and thus poor segmentation of the T1 scan by freesurfer. kgt b AUTHOR CONTRIBUTIONS

to quality check the results of the pipeline at each step, so that .

the freesurfer labeled segmentation (aseg.mgz) nicelyvelibe LH: DC, ML, and EC conceived of the work; LH,
anatomy of the T1. If this is not the case, you may need to staPC: and ML performed analysis; LH and DC wrote
over with a new T1 scan with better gray/white matter cortras "€ @nalysis  code; all authors contributed to drafting
or if this is not possible, manually correct any labels thatave @1d Tevising the article and approved of the nal
classi ed incorrectly. version.

Problems with Electrode Warping FUNDING

Electrode warping issues may be encountered when using

electrodes that have been projected to the convex hull. Thishis work was supported by grants from the NIH (F32
is because, prior to warping, electrodes must be snapped @C014192-01 Ruth L. Kirschstein postdoctoral fellowship, to LH
their nearest surface vertex. Sometimes the closest surfaeend DP2-OD00862 and R01-DC012379 to EC). This work was
vertex ends up moving the electrode to the incorrect gyruslso funded by the Defense Advanced Research Projects Agency
(for example, an STG electrode might end up above théDARPA) under Cooperative Agreement Number W911NF-14-
Sylvian Fissure). If this occurs, the best course of actioB-0043, issued by the Army Research O ce contracting o ce in
is to create a temporary le with the electrode coordinatessupport of DARPAS SUBNETS program. The views, opinions,
manually correcting the electrode location to the closesand/or ndings expressed are those of the author(s) and should
surface vertex on the correct gyrus. Then, perform the warpot be interpreted as representing the o cial views or policies
using this input le (change elecle_pre x to the temporary of the Department of Defense or the U.S. Government. EC
name). is a New York Stem Cell Foundation-Robertson Investigator.
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