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Abstract
Purpose Existingmethods for sorting, labeling, registering,
and across-subject localization of electrodes in intracranial
encephalography (iEEG)may involve laborious work requir-
ing manual inspection of radiological images.
Methods We describe a new open-source software package,
the interactive electrode localization utility which presents a
full pipeline for the registration, localization, and labeling of
iEEG electrodes from CT and MR images. In addition, we
describe a method to automatically sort and label electrodes
from subdural grids of known geometry.
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Results We validated our software against manual inspec-
tion methods in twelve subjects undergoing iEEG for med-
ically intractable epilepsy. Our algorithm for sorting and
labeling performed correct identification on 96% of the elec-
trodes.
Conclusions The sorting and labeling methods we describe
offer nearly perfect performance and the software package
we have distributed may simplify the process of registering,
sorting, labeling, and localizing subdural iEEG grid elec-
trodes by manual inspection.
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Introduction

Intracranial electroencephalography (iEEG) is routinely used
prior to resective surgery in patients with medically refrac-
tory epilepsy to precisely localize epileptogenic and eloquent
cortical areas [1–3]. Because of considerable advantages
in spatial and temporal resolution compared to noninvasive
modalities, in recent years iEEGhas additionally beenwidely
used to study cognitive processes and intrinsic brain activity
[4–8].

In iEEG it is crucial to precisely identify the electrode
locations with respect to the individual’s neuroanatomi-
cal structures. Numerous methods have been proposed to
coregister electrode locations to the individual subject’s
anatomy or to a standardized coordinate space such as MNI
coordinates, utilizing techniques such as intraoperative pho-
tography, postoperative MRI, and postoperative CT scans to
identify electrode locations [9–11].

After ascertaining the electrode locations, it is necessary
to identify towhich array the electrode belongs, and to then to
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Fig. 1 a–d Possible
orientations for the expansion of
a working set with additional
electrodes. The working set
predicts the presence of a Pn
near a reference point P0 and
additional working set
electrodes P1, P2, P3. e The
actual measured position of the
real candidate electrode Px must
be within a certain distance and
a certain angle of the position of
the predicted electrode Pn,
relative to the reference point P0

match the electrode locations with the names assigned in the
raw data files. We refer to these tasks as sorting and labeling
of the electrodes, respectively.

Sorting and labeling of intracranial electrodes is nontrivial
and has not been widely addressed by previous work. Using
existing methods, the sorting and labeling procedures are
typically done by manual inspection, which can be laborious
and time-consuming. While the process can sometimes be
expedited with use of appropriate tools such as 3D visualiza-
tions and renderings [12–14], further gains could be realized
by automation. Although many studies have been published
for localization of electrodes, to the best of our knowledge,
no prior work has described an automatedmethod to perform
automated sorting and labeling.

In the current manuscript, we introduce a new standalone
software package performing automated electrode sorting
and labeling of subdural grid arrays: the intracranial elec-
trode localization utility (IELU). In addition to sorting and
labeling, IELU provides a complete pipeline for electrode
localization, incorporating existing key algorithms from
electrode localization, image registration, and anatomical
ROI identification using FreeSurfer anatomical parcellations
[15–18].

Materials and methods

Description of electrode sorting and labeling algorithm

The algorithm takes as input a set of candidate electrode
positions in an isotropic coordinate space, and attempts
to identify the most likely position of an N ×M grid.
The grid dimensions N and M are known in advance. The
algorithm attempts to iteratively construct a working set
of electrodes comprising the target grid. There are three
steps: (1) triangle identification, (2) grid expansion, (3) grid
selection.

1. Triangle identification
In triangle identification, we identify triplets of candidate

electrodes which form a right or nearly right angle. More
specifically, we search for triangles containing an angle of
|90− ε| degrees. All such triangles are computed and sorted
by anglemeasure; triangleswith angles closest to right angles
are ordered first, and are examined in order.

2. Grid expansion
We here introduce the concept of a working set. Thework-

ing set is defined as an unbounded, growing 2-dimensional
Cartesian plane, with some integral positions in the plane
marked by candidate electrodes. Initially, a working set is
comprised of the three electrodes in the next candidate trian-
gle. All candidate electrodes in theworking setmark a unique
integral-valued point in the plane; thus each electrode has a
3-dimensional position in the brain, and if additionally in
a working set has a 2-dimensional position specific to that
working set. The working set represents a search space for
the true grid electrodes, however not all electrodes in the
working set are true grid electrodes. Electrodes can be added
to a working set, but never removed.

We iterate through the electrodes already in the work-
ing set, called reference points, searching for candidates to
extend the grid. This iteration can be done in any order, as
long as every reference point is examined in sequence; in
our implementation the iteration is done in a random order.
Candidate electrodes are added to the working set, if their
location is sufficiently close to the expected location of a
new electrode in the working set plane (see Fig. 1a–d).

A sufficiently close match is defined as follows. The 3-
dimensional euclidean distance d1 between the candidate
electrode and the reference point in the working set must
be approximately c, the average distance between all orthog-
onally adjacent electrode pairs in the working set. Addition-
ally, the candidate electrode must form approximately a right
angle θwith other electrodes in the working set. For parame-
ters δ and ρ, we formalize the following two conditions:
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I. Distance condition c (1 − δ) < d1 < c (1 + δ)

II. Angle condition
(

π

2 − θ
)

< ρ

Iteration of the working set repeats continuously, start-
ing again from the beginning reference point, and continues
exhaustively until nomore candidate electrodes can be added
to the working set from any reference point in the working
set.

3. Grid selection
The working set may contain gaps or missing electrodes.

Intuitively, we select the grid which overlays the working set
with the fewest gaps. More formally, we examine every pos-
sibleN byM rectangle in the 2-dimensional working set. Let
the number of electrodes (excluding gaps) contained within
this N byM rectangle be η. The rectangle which maximizes
η is selected as the final configuration if η ≥ NMτ for 0
< τ ≤ 1. If no rectangle satisfies this condition, all elec-
trodes in the working set are returned to the set of candidate
electrodes and we return to step 2, grid expansion, and pro-
ceed with the next candidate triangle.

Algorithm parameters and properties

The algorithm described here has three favorable properties.
Firstly, as described above, our algorithm is robust to small
numbers of missing electrodes caused by noise, minor image
defects, etc. Second, because the algorithm only considers
local geometric constraints, it is extremely robust to recog-
nizing complex grid curvature, even in cases where the grid
is sharply folded (see Fig. 4). Finally, the algorithm runs
quickly, taking no more than a minute or two to complete.

In our implementation, we use δ = 0.45, ρ = 2π/9, and
τ = 0.85 as default values. To exclude candidate triangles,
we use the default value ε = 15 degrees. The default parame-
ter valueswere selected using aMonte-Carlo hyperparameter
sensitivity analysis examining these four parameters. The
true electrode configurations were determined manually a
priori, and the objective function was defined as the propor-
tion of electrode pairs that were grouped into the same grid in
the test configuration, compared to the true configuration. In
the first step, a local maximum of the four-dimensional para-
meter space was estimated using a Monte-Carlo simulation.
In the second step, the parameters were tuned individually
using the local maximum from the first step as a starting
point, while the other parameters were held constant (see
Fig. 5). The local maxima from the first and second steps
were averaged together to determine the default parameter
values.

Software details

We here describe the details of the pipeline of our software
package IELU, and accompanying technical information.

The pipeline consists of four main steps. First, the presur-
gical structural MRI is registered with a postsurgical CT and
candidate electrodes are extracted. Second, the subdural elec-
trodes are sorted and labeled with the algorithm described
above. Third, if depth electrodes are present, they are inter-
actively identified and labeled. Finally, subdural electrodes
are snapped to the cortical surface to account for the defor-
mation of the CT image. After each step, the user is given the
opportunity to interactively examine and modify the results
of previous steps.

Registration and extraction of candidate electrode positions

Thefirst step in IELU’s pipeline is the registration of a presur-
gical structural MRI with a postimplantation CT. To perform
the initial rigid-body alignment, we use amutual information
maximization algorithm. We use mri_robust_register, a tool
bundled with FreeSurfer, to perform this registration [15].

Candidate electrode positions are extracted nearly as
described by Taimouri et al. [17]. First, the CT is thresholded
to removemedium intensity structures such as the skull. Sub-
sequently, to remove noise, suprathreshold voxels are eroded
using a spherical kernel of radius one. The candidate elec-
trode positions are the centers of mass of any remaining
clusters. Candidate electrodes falling outside a dilated brain-
mask are regarded as noise and removed.

Interactive visualization and adjustment

Following extraction of candidate electrode positions, the
sorting and labeling algorithm described above is performed.
After the sorting procedure, IELU displays the sorted elec-
trodes to the user and provides a point-and-click interface to
make corrections if necessary.

The sorting procedure is a greedy algorithm; it returns
the first identified configuration which matches the known
geometric constraints. Use of greedy algorithms confers the
benefit of speed; instead of inspecting all possible elec-
trode configurations (which is NP-hard) we simply select
the first sufficiently close configuration we encounter. There-
fore sometimes the algorithm produces configurations with
minor errors. Using IELU’s interactive interface, such con-
figurations are easy for the user to detect and correct (see
Fig. 4).

Labeling

After sorting by the algorithm described above, the user may
associate the sorted electrodes with channel names contained
in the raw data files.

Following interactive correction of any errors in the ini-
tial sorting, the sorting and labeling algorithm is repeated
for labeling. During labeling, the input set of candidate
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Fig. 2 The main features of IELU’s GUI are shown. a Two interac-
tive 3D visualizations, in the MRI space with a glass cortical surface,
and in the CT space with no surface. Implanted depth electrodes are
also shown. b At the bottom of the GUI, the user can manage the cur-
rent data, interact with the visualization, alter node assignments and

configure program settings settings. c A python shell is also provided,
exposing the program’s internals for short scripting. d The local elec-
trode geometry can be adjusted in a separate window. e IELU has many
configuration options available

electrodes constrained to the true set of electrodes, and the
parameter τ is set to 1.0; that is, 100% of the predicted elec-
trodes must be accounted for.

The channel names are then assigned according to the
electrodes’ positions in the resultant grid. Naming conven-
tions commonly use integer values to describe grid position;
for example, the channel at position (7, 8) in grid G might
be called G78 in a concatenating naming convention, or G56
in a serial convention. Several naming conventions are sup-
ported.

The labeling algorithm does not disambiguate rotations
and reflections. The user can rotate or reflect the assigned
label names from the GUI.

Snapping electrodes to the cortical surface

Accurately registering electrode positions to a preoperative
MRI scan is hindered by brain shift following implantation.
More specifically, the craniotomy necessary for implantation
of subdural electrodes causes swelling of fluids in the dura,
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Table 1 Typical execution times of IELU pipeline steps

Step Description Time (min) Notes

Registration CT image registered to the structural MRI
using mutual information algorithm in
FreeSurfer

∼4–12 Execution time varies depending on CT
quality and registration parameters

Localization Morphological filtering; electrodes
identified from suprathreshold clusters

1–2 Execution time varies depending on
number of suprathreshold clusters and
CT size

Noise removal Electrodes far from brain mask are
removed

<1

Sorting Electrodes organized into likely grid
configurations matching user-specified
geometry

1–3 Execution time varies depending on
number of grids implanted and amount
of image noise

Interactive adjustment User reviews and makes corrections to
electrode positions, sorting assignments

∼5–10 Varies considerably depending on
complexity of implantation
configuration and CT quality

Labeling Electrodes associated with channel names.
User corrects for rotation or reflection

1

Snapping Electrodes projected to smoothed pial
surface and adjusted based on potential
energy of invisible springs

2–3 Execution time varies depending on
annealing parameters

Total ∼15–30

Fig. 3 Comparison of 3D visualizations produced by IELU and electrode implantation schematics for one subject. a The electrode configurations
output by IELU are shown following execution of the full pipeline alongside b the surgical schematic

introducing a nonlinear deformation in the shape of the cor-
tical surface not present in the preoperative structural MRI
[19]. We utilize a snapping technique described in previous
literature which accounts for some of the brain shift [16]. The
full details of this algorithmare omitted from thismanuscript;
however, a brief summary follows.

Electrode positions extracted from the CT and registered
to theMRIare initially located in the subcortical parenchyma.
First, electrodes are projected onto the nearest vertex. Imag-
inary “springs” are then positioned between electrodes. The
potential energy of the springs—i.e., the energy necessary to
lengthen or compress the spring away from its equilibrium

distance—is summed together in a global cost function. The
global cost function isminimized using an optimization algo-
rithm such as simulated annealing [20]. The final electrodes
locations are approximately equidistant, and electrode loca-
tions deviate as little as possible from initial estimates.

Implementation details

IELU is written in python and uses other tools written in
python. For interactive 3D visualization, IELU uses Mayavi
[21]. For interactive 2D plotting, IELU uses chaco and mat-
plotlib [22]. The GUI is written using the Qt toolkit and
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Table 2 Sorting results for twelve subjects with subdural grids

Subject Grid 1 accuracy Grid 2 accuracy Grid 3 accuracy Grid 4 accuracy Total accuracy

Subject 1 8 × 6 8 × 2 8 × 2 79/80 (99%)

48/48 16/16 15/16

Subject 2 8 × 8 61/64 (95%)

61/64

Subject 3 8 × 8 8 × 4 94/96 (98%)

62/64 32/32

Subject 4 8 × 8 8 × 4 92/96 (96%)

63/64 29/32

Subject 5 8 × 8 60/64 (94%)

60/64

Subject 6 8 × 8 4 × 4 78/80 (98%)

62/64 16/16

Subject 7 12 × 8 8 × 2 8 × 2 128/128 (100%)

96/96 16/16 16/16

Subject 8 8 × 4 8 × 2 8 × 2 64/64 (100%)

32/32 16/16 16/16

Subject 9 8 × 8 8 × 2 8 × 2 95/96 (99%)

64/64 16/16 15/16

Subject 10 8 × 4 8 × 2 8 × 2 64/64 (100%)

32/32 16/16 16/16

Subject 11 8 × 6 8 × 2 8 × 2 79/80 (99%)

47/48 16/16 16/16

Subject 12 8 × 2 8 × 2 8 × 2 8 × 2 31/64 (48%)

16/16 15/16 0/16 0/16

925/976 (95%)

Results compare overlap between automatically sorted grids using novel sorting and labeling algorithm and true grids determined by manual
inspection

traitsui framework. Additionally, IELU depends on MNE-
python [23], nibabel, PySurfer, and PyMCubes.

IELU is built on top of the FreeSurfer [24] image process-
ing suite. Therefore, IELUworks only on unix-like platforms
which FreeSurfer supports such as Linux and OS X.

IELU is distributed as free software under the GPLv3
license. The source code can be accessed at https://github.
com/aestrivex/ielu. Extensive documentation, including
installation instructions, can be accessed at https://github.
com/aestrivex/ielu/wiki.

To simplify installation, we suggest that users use a pre-
compiled scientific python distribution such as Anaconda
(https://www.continuum.io/downloads). Dependencies can
then be installed with a few simple commands.

Validation

Subjects

Twelve participants with pharmacologically intractable
epilepsy participated in the study. Informed consent was

obtained from all individual participants included in the
study. The studywas approved by theMassachusetts General
Hospital IRB. Subjects were implanted with a combination
of subdural grid arrays and depth arrays. Preoperative imag-
ing consisted of MRI of the head including a T1 MPRAGE
with 1.0 mm3 isotropic voxels. Postimplantation CT scans
were also acquired, with variable acquisition parameters.

Procedure

To validate our sorting algorithm, we calculated the intersec-
tion between the sorted electrodes using our algorithm and
the true set of sorted electrodes, identified manually by an
experienced technician.

Results

Electrode localization and visualization

Twelve subjects’ datawere processedwith the IELUpipeline.
For each subject, the electrodes are visualized as spheres
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Fig. 4 Results of the sorting and labeling algorithm are shown for
six of twelve subjects with subdural grids implanted. The algorithm is
robust to identifying correct electrode configurations even when grids
are substantially folded (e.g., across the cortex). a–f Correctly sorted
electrodes are displayed by grid color in blue, purple, and pink. Incor-

rectly sorted electrodes are displayed in red. True electrodes that were
not identified correctly by the sorting algorithm are displayed in light
gray. Additional candidate electrode locations correctly identified as
noise are not shown

located inside a transparent glass brain. Electrodes are sorted
into grids and strips according to color. Following sorting and
labeling, the user is given the opportunity to change the sort-
ing assignments, and to add, remove, or relocate electrodes
using a simple point-and-click interface.

Figure 2 shows the full GUI, with 3D visualizations of
one subject’s finalized electrode positions displayed along
the glass brain, in addition to many other features.

Execution time

Themost expensive step in the pipeline to localize electrodes
is the registration between theCT and structuralMRI images.
This step usually completes within ten minutes, although
it depends on the size of the CT image. The full pipeline,
including interactive visualization and adjustments, usually
takes no more than 30 minutes to run to completion.

Table 1 describes a typical pipeline along with the esti-
mated execution time of each step.

Sorting and labeling

Weevaluated the correctness of our sorting and labeling algo-
rithm by comparing the sorting and labeling results of our
algorithm with the true sorting and labeling results, which

were determined manually by a technician. As some of the
CT images were highly anisotropic, we linearly transformed
the candidate electrodes to an isotropic coordinate space
before sorting (Fig. 3).

The sorting results are described fully in Table 2, and
depicted partially in Fig. 4. 94.8% of the true electrodes were
accurately identified by our algorithm. Miscategorized elec-
trodes usually occurred when noise was mistaken for a true
electrode, causing an electrode to appear far from the true
electrode position (Fig. 5).

Another type ofmiscategorization occurredwhen the soft-
ware failed to locate an entire grid. This occurred in only one
of twelve subjects, who was implanted with a particularly
complex pattern of 8 × 2 overlapping grids. The algorithm
failed to isolate two of the 8 × 2 grids, and only 48% of the
electrodes from this subject were identified correctly. The
error was corrected by manually indicating the true elec-
trode positions of the missing grid in IELU’s point-and-click
interface, which takes an experienced user less than five
minutes. Figure 6adepicts the true electrodepositions follow-
ing correction in IELU, and Fig. 6b depicts the automatically
generated grid configuration for this subject.

Following manual correction of miscategorized elec-
trodes, automated labeling was performed. 100% of the
electrodes were labeled correctly across all subjects.
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Fig. 5 Sensitivity analyses
showing local maxima within a
range for four hyperparameters
of the sorting and labeling
algorithm. One parameter was
varied, while the others were
held constant. The objective
function is defined as the
proportion of correct electrode
pairs in the test electrode
configuration as compared to the
true configuration. Standard
error windows are shown in
light blue

Fig. 6 a True grid configuration of one subject with overlapping grids.
Each color represents a distinct grid. b Results of sorting and labeling
algorithm for the same subject. Correctly sorted electrodes are shown
in blue and purple. True electrodes that were not identified correctly

by the sorting algorithm are displayed in light gray. The improperly
omitted electrodes, belonging to two grids which were not identified,
are shown in red

Discussion

Here, we describe IELU, a standalone interactive software
pipeline for the localization, sorting, labeling, and anatomical
identification of electrodes from intracranial EEG data.

We introduce in IELU an algorithm for the automated
sorting and labeling of subdural-type electrodes. In currently
established methods, the process of localizing and labeling
subdural electrodes can be a laborious manual procedure.
Our sorting and labeling algorithm may help to obviate this
labor.

We evaluated the correctness of the sorting and labeling
algorithmby applying it to twelve subjectswith subdural grid
electrodes. 94.8% of the electrodes were identified correctly,
relative to the true electrodes found by manual inspection.

Our algorithm therefore does not offer perfect per-
formance. Consequently, our software package IELU is
designed to provide an interactive, rather than fully auto-
mated pipeline. Our design philosophy is that some problems
are easy for the computer, while other problems are difficult
for the computer to solve (in reasonable time) but very easy
for the user. We therefore designed IELU with customized
tools to diagnose and fix common sources of error quickly
and easily. Futureworkmight instead seek to develop approx-
imation algorithms to perform perfect sorting and labeling in
a reasonable time.

Our software has several limitations. IELU cannot be used
when CT images are unavailable, such as when resection
occurs immediately following implantation. Furthermore
IELUdepends on reasonably goodqualityCT images; the use
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of poor quality CT acquisitions with high slice thickness, low
resolution, or high anisotropy, often results in large amounts
of registration error.A further limitation is that our automated
sorting and labeling algorithm only operates on electrodes
from subdural grids, although other electrode types such as
N × 1 subdural strips, depth leads, and deep brain leads, can
be manually sorted and labeled in IELU. Development of
additional algorithms for automated sorting and labeling of
other electrode types is a possible direction of future work.

However, in spite of these limitations, IELU offers a
unique integrated user experience, to simplify the anatomical
identification and co-registration of intracranial EEG elec-
trodes.
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