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Abstract

During mobile brain/body imaging (MoBI) experiments, electroencephalography and
motion capture systems are used in concert to record high temporal resolution neural
activity and movement kinematics while participants perform demanding perceptual
and cognitive tasks in a naturalistic environment. A typical MoBI setup involves
positioning multi-channel electrode caps based on anatomical fiducials as well as ex-
perimenter and participant intuition regarding the scalp midpoint location (i.e., Cz).
Researchers often use the “template” electrode locations provided by the manufac-
turer, however, the “actual” electrode locations can vary based on each participant's
head morphology. Accounting for differences in head morphologies could provide
more accurate clinical diagnostic information when using MoBI to identify neuro-
logical deficits in patients with motor, sensory, or cognitive impairments. Here, we
asked whether the existing motion capture system used in a MoBI setup could be eas-
ily adapted to improve spatial localization of electrodes across participants without
requiring additional or specialized equipment that might impede clinical adoption.
Using standard electrode configurations, infrared markers were placed on a subset of
electrodes and anatomical fiducials, and the remaining electrode locations were esti-
mated using spherical or ellipsoid models. We identified differences in event-related
potentials between “template” and “actual” electrode locations during a Go/No-Go
task (p < 9.8e-5) and an object-manipulation task (p < 9.8e-5). Thus, the motion
capture system already used in MoBI experiments can be effectively deployed to
accurately register and quantify the neural activity. Improving the spatial localiza-
tion without needing specialized hardware or additional setup time to the workflow

has important real-world implications for translating MoBI to clinical environments.
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MAZUREK ET AL.

1 | INTRODUCTION
Mobile brain/body imaging (MoBI) experiments involve
recording neural activity from an electroencephalography
(EEG) system and movement kinematics from a motion
capture system (Makeig et al., 2009). Such experiments
allow for identifying changes in neural activity as addi-
tional motor processes (e.g., walking) are added to the
existing experimental paradigm (De Sanctis et al., 2012,
2014; Gramann et al., 2011; Jungnickel & Gramann, 2016;
Malcolm et al., 2015, 2018, 2019; Parada & Rossi, 2020).
Neural source localization requires accurately identifying
the scalp locations of EEG electrodes. Source localiza-
tion techniques are useful for solving the inverse problem
in order to predict the loci of neural activity in the brain
that resulted in the recorded activity on the scalp (Grech
et al., 2008; Scherg & Von Cramon, 1986). One approach
is to assume that every participant has a similar head con-
figuration and use a template to estimate where in the brain
neural activity likely originated. Determining the spatial
location of the electrodes relative to anatomical fiducials
on the head can provide more accurate source localization
results to compare task-related responses during MoBI ex-
periments across participants (Shirazi & Huang, 2019b).
Recent studies have demonstrated that MoBI has the po-
tential to provide vital information to clinicians to understand
the changes in neural mechanisms in different patient cohorts
(e.g., multiple sclerosis, Alzheimer's disease, or Parkinson's
disease). One potential limitation to applying MoBI to dif-
ferent clinical populations is ensuring the electrode spatial
positions are consistent across participants. Taking into
account differences in patients' head morphologies could
provide more accurate diagnostic information when for cli-
nicians using MoBI. There is a need to have an approach to
accurately spatially localize electrodes for each patient, how-
ever, the ease of use for such an approach should not add
significant time or resources to the clinical workflow. There
are several electrode localizing systems and techniques that
have been developed to solve this problem (Chen et al., 2019;
Clausner et al., 2017; Cline et al., 2018; Song et al., 2018;
Taberna, Marino, et al., 2019). Polhemus (Polhemus LTD)
has a system that requires using a wand and pressing down
on the tops of each electrode to register the spatial loca-
tion (Gevins et al., 1990). Another novel system uses a 3-D
scanner to reconstruct the electrode locations (Homolle &
Oostenveld, 2019). Toolboxes have been developed to pro-
cess and localize the 3-D output from these systems (Taberna,
Guarnieri, et al., 2019; Taberna, Marino, et al., 2019). There
are several other methods for spatially localizing the EEG
electrodes using virtual reality systems (Cline et al., 2018),
augmented reality systems (Song et al., 2018), photogram-
metry (Clausner et al., 2017), and time of flight camera sys-
tems (Chen et al., 2019), however, each of these approaches
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requires an additional hardware system that could impede the
translation of MoBI to clinical use.

Taking advantage of the existing motion capture system
already used in MoBI experiments to localize EEG elec-
trodes could provide an approach for clinical use that would
not involve needing an additional hardware system. Previous
studies have demonstrated that motion capture systems are
capable of spatially localizing EEG electrodes by placing
infrared (IR) markers on the top of each electrode (Reis
& Lochmann, 2015; Shirazi & Huang, 2019b). Reis and
Lochmann demonstrated that EEG electrodes were spatially
localized with comparable accuracy to using CT imaging
(Reis & Lochmann, 2015). Their system did require a cus-
tom-modified electrode cap (Brain Products GmbH) to pre-
vent artifacts from the overlapping markers and cables (Reis
et al., 2014). Being able to use the existing motion capture
system with standard electrode caps and IR markers that are
already used for a typical MoBI experiment could provide an
approach that is easy to when translating to clinical use.

In the work presented here, we wanted to determine if a
subset of IR markers could be used to estimate the electrode
spatial locations. Using as few as eight IR motion tracking
markers, we estimated the remaining markers as healthy
participants performed a MoBI experiment. As a sub-anal-
ysis to the study, we wanted to compare the sensitivity of
the event-related potentials (ERPs) based on the identified
electrode errors similar to other studies (Akalin Acar &
Makeig, 2013; Beltrachini et al., 2011; Dalal et al., 2014; He
& Musha, 1989; Shirazi & Huang, 2019a, 2019b). Previous
MoBI studies have compared the timing and amplitude of
specific ERP components between healthy individuals and
patient cohorts to identify changes in neural activity related
to cognitive-motor impairments (De Sanctis et al., 2020;
Malcolm et al., 2015, 2018). Spatial variability of elec-
trode locations could affect the signal-to-noise of the ERP
components when performing such group average analyses.
Determining how electrode spatial locations errors affected
the ERPs in the MoBI experiments proposed here could help
determine whether clinicians should even localize each pa-
tients’ electrode positions or rely on consistently placing the
electrodes to then use the template locations provided by the
manufacturer.

2 | MATERIALS AND METHODS

2.1 | Human subjects

10 participants aged 2072 (four female) participated in the
study. Five performed a MoBI go/no-go task similar to De
Sanctis and colleagues (De Sanctis et al., 2014) and five per-
formed an object-manipulation task similar to Mazurek and
colleagues (Mazurek et al., 2020). All participants had normal
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or corrected-to-normal vision, and reported no history of
psychiatric, neurological, or musculoskeletal disorders. The
Institutional Review Board of the University of Rochester
approved the experimental procedures, and all participants
provided their written informed consent. All procedures were
compliant with the principles laid out in the Declaration of
Helsinki for the responsible conduct of research.

2.2 | Experimental setup—Capturing the
EEG electrodes locations using motion capture

A motion capture system (Optitrack Inc.) was used to record
the EEG electrode locations from either a 64- or 128-elec-
trode configuration, industry standard electrode cap without
any modifications (BioSemi Inc.). The 64-electrode con-
figuration is in the traditional 10-20 layout (Jasper, 1958;
Sharbrough et al., 1991), the 128-electrode configuration has
electrode positions radially equidistant from electrode Cz.
Electrode caps were placed on each participant's head relative
to the anatomical fiducials as described by the manufacturer
specifications (BioSemi Inc.). Participants then provided
feedback about where they thought the “top” of their head
was to help confirm placement of electrode Cz. Using the
64-electrode configuration, participants performed a MoBI
Go/No-Go task in which a 16 camera motion capture system
was used in a ~75 m> space (Prime 41 cameras; Optitrack
Inc.). Using the 128-electrode configuration, participants
performed an object-manipulation task in which a 13 camera
motion capture system was used in a ~7.5 m? electrically iso-
lated booth (Prime 13W cameras; Optitrack Inc.). Electrode
locations were recorded from IR markers placed on specific
electrodes. Markers were also placed on three anatomical
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landmarks (Nasion [Nz], left preauricular [LPA], and right
preauricular [RPA]) which were used to align the electrode
locations for each participant (Figure 1a). For both the 64-
and 128-electrode configurations, infrared reflective markers
were placed on the top of the following electrodes or at the fol-
lowing fiducial locations (Figure 1b,c): Cz, Oz, FPz, T7, TS,
Nz, LPA, and RPA (Sharbrough et al., 1991). Markers used
were 6.4 mm diameter M3 reflective markers (part number
MKRO064M3; Optitrack Inc.) on a 15 mm X 5 mm M3 marker
base (part number MB15WO05HM3; Optitrack Inc.), and the
exposure level in the Motive software was set to 250 ps for
all cameras and the measurement error after calibration was
<0.5 mm. The offset from the center of the M3 marker to the
bottom of the marker base was 10 mm and the height of the
electrode was measured to be 11 mm, so an offset of 21 mm
was corrected relative to the measured local coordinate space
(defined in Section 2.3). IR marker locations were recorded
using the native Motive Software (Optitrack Inc.) and using
lab streaming layer (LSL; Kothe, 2014) to synchronize with
the experimental data. Marker locations were then imported
to Matlab (Mathworks Inc.) for subsequent analysis.

2.3 | Analysis—Defining the local coordinate
space for the EEG electrode locations

The EEG electrode locations were determined from the IR
markers using the following procedure. The coordinate axis
was defined such that the x direction pointed to the right ear,
the y direction pointed toward the nose, and the z direction
pointed towards the top of the head (Figure 1). The electrode
locations were pre-processed to align to this coordinate space
using markers placed on the fiducial (LPA, RPA, Nz) as a

(c)
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Schematic of the local coordinate space for spatially localizing the electrodes. (a) The coordinate axis is defined such that thex-

axis points to the right ear (aligned with electrode T8), they-axis points to the nose (aligned with FPz), and thez-axis points to the top of the head

(aligned with electrode Cz). The origin was initially defined by the midpoint between the fiducial markers LPA and RPA and the intersection

with the Nasion (Nz). This origin was then translated along thez-axis to the average of the z-components of the FPz, Oz, T7, and T8 markers. (b)

Top view of the 64-electrode configuration (10-20 layout) with the electrodes that had IR markers highlighted in orange. (c) Same as B for the

128-electrode configuration. LPA, left preauricular; RPA, right preauricular
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@ Template Location
@ Actual Location
' Virtual Location

RPA 0
Nz
FIGURE 2 Schematic of how the virtual electrode locations

were estimated from the actual electrode locations to better compare
with the template locations. The template locations (orange) assume
that the T7/T8 electrodes are parallel with LPA/RPA, and the Cz is
aligned with the z-axis. Fixing the anatomical fiducials (LPA, RPA,
and Nz), the other electrodes were rotated to align Cz with the z-axis
and to make the vector between T7 and T8 parallel with the vector
defined by LPA and RPA. Template electrode locations are depicted
in orange, actual electrode locations are depicted in purple, and the
virtual electrodes are depicted in purple with an orange dashed outline.
Coordinate axes the same as Figure la. LPA, left preauricular; Nz,
Nasion; RPA, right preauricular

reference. First, we translated all the rigid body markers to
use the midpoint of the LPA and RPA markers as the new ori-
gin. Next, we rotated all the markers such that the Nz marker
was aligned with the y-axis with coordinates (0, Ynusions 0)-
Markers were then rotated about the y-axis to align the LPA
and RPA markers with the x-axis. Fiducial markers were
placed assuming the vectors from the origin to LPA (or RPA)
and the origin to the Nz were orthogonal. We performed a
small correctional rotation to the LPA and RPA marker lo-
cations (median rotation of 2.1 degrees [25th and 75th per-
centiles: 1.2° and 3.9°, respectively]) to ensure the vectors
were orthogonal (and thus ensure the coordinate axes were
orthogonal). Finally, to align with the coordinate space of the
template electrode locations provided by the manufacturer,
we shifted the z-component of the origin from the midpoint
of the LPA and RPA fiducials to the midpoint of the T7, TS,
Oz, and FPz markers to estimate the z-position centered in
the middle of the head. We made this assumption to more ac-
curately compare between the actual electrode locations and
the template locations. These resulting local coordinate axes
were then equivalent to the template electrode coordinate
space relative to the anatomical fiducials.

2.4 | Analysis—Estimating electrode
locations using a spherical or ellipsoid
head model

Once the local coordinate space was established for each
participant, we then created spherical and ellipsoid models
of the head to estimate the remaining electrodes and com-
pare against the template electrode locations. To create these
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models, we needed to rotate the actual electrode locations to
“virtual” electrode locations that allowed for estimating the
radii of the head and were more consistent with the template
electrode locations relative to the LPA, RPA, and Nz fidu-
cials (schematic shown in Figure 2). Fixing the fiducial loca-
tions, we first rotated the actual electrode coordinates such
that the vector between T7 and T8 and LPA and RPA were
parallel. Next, we rotated all the electrode markers about the
x-axis to align the Cz marker with the z-axis. After perform-
ing these two rotations, the resulting electrode locations were
defined as the “virtual” electrode locations and used to define
the radii of the head. For the spherical model, the distance
between the origin and the “virtual” Cz marker was used as
the estimated head radius (7). The azimuth (¢) and inclina-
tion (0) angles were obtained from the manufacturer specifi-
cations (BioSemi Inc.). The cartesian coordinates were then
computed using the following equations:

x=r-sinf-cosy,
y=r-sind-sing,

z=r-cosf.

For the ellipsoid model, we estimated the three radii for
each axis and the same azimuth and inclination angles were
used as in the spherical model. The distance from the origin
to the “virtual” T8 marker was used as the radius in the x
dimension (r,); the distance from the origin to the “virtual”
FPz marker was used as the radius in the y dimension (r_‘,);
the distance from the origin to the “virtual” Cz marker was
used as the radius in the z dimension (r,). These radii were
used to estimate the remaining electrode locations using the
following equations:

x=r,-sinf-cose,
y=r,-sinf-sing,

z=r,-cosf.

2.5 | Behavioral task—Go/No-Go task

Participants performed a Go/No-Go MoBI task similar to
De Sanctis et al. (2014) during which 64 electrodes were
recorded in a standard 10-20 configuration (Jasper, 1958;
Sharbrough et al., 1991). Participants are presented with im-
ages taken from the International Affective Picture System
(IAPS) database (Lang et al., 1997). The IAPS database con-
tains images of varied emotional valence, however, for this
study we collapsed trials of all emotional valences. Images
were presented every 1,000 ms during which the image is
displayed for 60 ms. Participants were instructed to press a
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button if the presented image was different from the preced-
ing image (“Go” Trial) or to withhold pressing the button if
the presented image was the same as the preceding image
(“No-Go” Trial). Participants performed blocks of 240 tri-
als in which 209 were Go Trials and 31 were No-Go Trials
(87% vs. 13%). No-Go trials were randomly distributed in
each block. Blocks of trials were performed either sitting or
walking on a treadmill. An experimental session consisted of
16 blocks: one training block at the beginning, seven sitting
blocks, seven walking blocks, and one task-free block (walk-
ing on the treadmill without a task). The order of sitting and
walking blocks was pseudorandomized; no more than three
consecutive walking blocks occurred to prevent tiring the
participants.

2.6 |
task

Behavioral task—OQObject-manipulation

Participants performed an object-manipulation task similar to
Mazurek et al. (2020) during which 128 electrodes were re-
corded using a standard configuration with electrodes radially
equidistant from electrode Cz. Participants were instructed
either with visual or auditory stimuli about what object pair
to contact. Stimuli lasted for 300 ms and instructed the par-
ticipant to (a) use a hammer to hit a peg; (b) put a cookie in
a cookie jar; or (c) use a drill to tighten a screw. Participants
held a large home button for 2,000 to 2,500 ms before re-
ceiving the instruction. Instruction delivery was defined as
when the stimuli were delivered and logged in Presentation.
Movement onset was defined as when participants released
the home button which triggered a Transistor—transistor logic
(TTL) pulse logged by Presentation. Object contact was de-
fined as when participants picked up the target object and
opened a magnetic switch embedded in each object. Objects
were placed in three locations 15 cm radially from the home
button. Participants performed blocks of 12 trials that were
presented pseudorandomly (three objects, two sensory stim-
uli) with objects at each location. Each experiment involved
participants using their left hand and right hand in separate
blocks of trials.

For both the Go/No-Go task and the object-manipulation
task, stimulus triggers from Presentation (Neurobehavioral
Systems Inc.), behavioral responses from the buttons and
switches, motion tracking data, and EEG data were time-syn-
chronized using LSL. Motion capture data were recorded
using custom software written to rebroadcast the data from
the Motive software to the LSL labrecorder. EEG Data
were recorded from available LSL streaming plugins for the
BioSemi system. Behavioral event markers were recorded
using built-in the LSL functionality in the Presentation
software. All behavioral, EEG, and motion kinematic data
analyses were performed using custom MATLAB scripts

(MathWorks) and/or functions from EEGLAB (Delorme &
Makeig, 2004).

2.7 | Analysis—Comparing ERPs between
actual and template electrode locations

Electroencephalography data were recorded using a BioSemi
Active Two System (BioSemi Inc.) using either 64 or 128
electrode configurations. Neural activity was digitized at
2,048 Hz, re-referenced to the common average, down-
sampled to 512 Hz, and bandpass filtered using a zero-phase
Chebyshev Type II filter (1-55 Hz). Next, “bad” channels
were detected based on kurtosis, probability, and spectrum of
the recorded data, setting the threshold to 10% of the normal-
ized measure value, as well as covariance, with the thresh-
old set to + 3 SDs. These “bad” channels were removed and
interpolated based on neighboring channels. Independent
component analysis was used to remove artifacts (e.g., eye-
blinks, muscle activity, ground noise, etc.) using the ICLabel
algorithm (Pion-Tonachini et al., 2019). ICs labeled at arti-
facts were removed and the remaining ICs were back pro-
jected to the sensor space.

The resulting neural activity was then split into temporal
epochs beginning 200 ms before and extending until 800 ms
after stimulus onset for each trial. Epochs were baselined to
zero the amplitude from —100 to 0 ms relative to stimulus
onset. Epochs with a maximum voltage greater than +75 uV
or exceeded 10 standard deviations in terms of kurtosis and
probability were excluded from further analysis. For the Go/
No-Go task, ERPs were measured by averaging epochs for
the four experimental conditions: Go Trials (sitting), No-Go
Trials (sitting), Go Trials (walking), No-Go Trials (walking).
For the object-manipulation task, ERPs were measured by
averaging epochs for the three experimental conditions: in-
struction sensory modality (visual/auditory), target object
(drill, hammer, cookie), and object location (left, center,
right). For this study, only ERPs for the Go Trials (sitting)
for the Go/No-Go task and all visually instructed trials for
the object-manipulation task were used to demonstrate dif-
ferences in ERPs based on how electrodes were spatially lo-
calized. Comparison with ERPs during other conditions was
beyond the scope of this study.

Event-related potentials were measured at the actual
location of the eight IR markers and then spatially inter-
polated to the template location (defined by the manufac-
turer). ERPs were spatially interpolated using the scattered
Interpolant function in Matlab (Mathworks Inc.) based on
the estimated ellipsoid model of the head. ERPs from the ac-
tual and template locations were then statistically compared
using a paired-sample ¢ test (function ¢ test) in Matlab at
each time point of the trial and Bonferroni corrected for the
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number of time points (1 s trial, 512 Hz, Bonferroni corrected
a = 0.05/512~9.8e-5).

2.8 | Statistical analyses

All statistical analyses were performed using Matlab
(Mathworks, Inc.). The distances between electrode loca-
tions estimated using spherical or ellipsoid template models
and the actual electrode locations from the IR markers were
compared using a Wilcoxon signed-rank test (p < .05). The
ERPs were compared using a paired-sample ¢ test and the
significance level was Bonferroni corrected for the number
of time stamps compared (0.05/512x9.8e-5).

3 | RESULTS

Using the motion capture system already integrated in a
MoBI experiment, we recorded the spatial locations from
five electrodes (Cz, Fpz, Oz, T7, and T8) and three fidu-
cial locations (LPA, RPA, and Nz) to estimate the remain-
ing electrode positions. For each participant, we estimated
“virtual” electrode locations that aligned Cz on the z-axis
and T7 and T8 along the x-axis in order to estimate the radii
of the head. We compared the distance between the actual
and virtual electrode locations for the five electrodes where
IR markers were placed to determine how far off the ac-
tual electrode placement was from aligning these axes. For
the 64-electrode configuration, the median distance be-
tween the actual and virtual electrodes was 14.9 mm (25th
and 75th percentiles: 10.4 and 21.7 mm, respectively). For

64-Electrode Config.uration
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the 128-electrode configuration, the median distance was
10.7 mm (4.3 and 16.7 mm).

After determining the virtual electrode locations, spheri-
cal and ellipsoid models of each participant's head were esti-
mated based on the head radii. As a measure of goodness of
fit, Figure 3 depicts a scatter plot comparing the Euclidean
distances between the virtual electrode locations and the
spherical model estimates and the ellipsoidal model esti-
mates. For the 64-electrode configuration, distances for the
ellipsoid model (6.4 [4.0 12.3] mm, median [25th, 75th per-
centile]) were closer to the virtual marker locations compared
to the spherical model (9.9 [4.6 18.3] mm], Wilcoxon sign-
rank test, p = 2.5e—4). Similarly for the 128-electrode config-
uration, ellipsoid model distances (10.2 [5.0 13.4] mm) were
less than the spherical model distances (14.3 [8.8 17.8] mm,
p = l.4e-4).

We next wanted to determine how much the neural ac-
tivity changed after adjusting for electrode location errors
between the actual IR measured electrodes and the tem-
plate locations, similar to previous studies (Akalin Acar &
Makeig, 2013; Beltrachini et al., 2011; Dalal et al., 2014;
He & Musha, 1989; Shirazi & Huang, 2019a, 2019b). As a
sub-analysis, we looked at the ERPs from the 64 channel re-
cordings collected during the MoBI Go/No-go task and the
ERPs from the 128 channel recordings during the object-ma-
nipulation task to determine whether the neural responses
differed at the actual versus the template electrode locations.
We used the virtual electrode locations (Figure 2) to spatially
interpolate the ERPs from the actual locations as an estimate
of the template-interpolated ERPs. In Figure 4, we plotted
ERPs from Go Trials (sitting) for the five electrodes where
we also placed the IR markers (Cz, FPz, Oz, T7, and T8). For

128-Electrode Configuration
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FIGURE 3 Comparisons of the distances from the electrode locations estimated from the spherical or ellipsoid models to the template

locations for the electrodes on which IR markers were placed. Datapoints are shown for the (a) 64-electrode configuration or (b) 128-electrode

configuration. Each datapoint represents the Euclidean distance from the template location and the ellipsoid estimate (x-axis) or the spherical

estimate (y-axis). Dashed line represents the unity line (y = x). Data points above the unity line indicate the spherical distance is greater than

ellipsoid distance (and vice versa). For both configurations, the ellipsoid distance was less than the spherical distance (Wilcoxon signed-rank tests)
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FIGURE 4 Event-related potentials Go Trials (sitting) during

a Go/No-Go task. The five electrodes locations were depicted by
averaging across participants based on where the marker was (“actual”
location in red) and interpolated to the virtual electrode location using
an ellipsoid model of each participant (“templateinterpolated” in blue).
A black line at time 0 indicates the stimulus onset. Thick black lines
correspond to when the actual and template-interpolated ERPs were
significantly different (stest, Bonferroni corrected for the number of
time stamps,a = 0.05/512x9.8e-5). Shaded regions indicate + 25Ds
from the mean. ERP, event-related potential

each marker, red traces correspond to ERPs using the actual
electrode locations and blue traces correspond to ERPs after
using an ellipsoid model to estimate the recorded EEG from
each participant at the template location (interpolated). For
each of the electrodes, significant differences were detected
between the actual and interpolated ERPs (two-sided paired ¢
test, p < 9.8e-5, Bonferroni corrected for the 512 timesteps).
Similarly for the object-manipulation task, the ERPs were
compared between where the electrodes were placed and
where they should have been based on the virtual electrode

locations. Figure 5 depicts the ERPs aligned on visual in-
struction onset for the five electrodes on which IR markers
were placed. Again, each of the electrodes had significant
differences between the ERP at the actual location versus
the virtual electrode location (p < 9.8e-5). Thus, shifts in
electrode placement have an effect on how the ERPs are pre-
sented. Depending on the analyses being performed during
a MoBI experiment, these differences in electrode location
could attenuate or amplify findings and affect interpretation
of the results which is important for clinical use.

4 | DISCUSSION

Here, we demonstrate an approach for using MoBI technolo-
gies to estimate the spatial locations of EEG electrodes using
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FIGURE 5 Comparing ERPs between actual and template-
interpolated locations from the object manipulation task using 128
electrodes. Conventions same as Figure 4. ERP, event-related potential



MAZUREK ET AL.

only eight IR markers (five EEG electrodes and three ana-
tomical fiducials). As a motion capture system is already a
key component of a MoBI experiment, using it to spatially
localize the electrodes does not require additional hardware
and adds minimal time to the experiment. Consistent place-
ment of the EEG cap is crucial for identifying neural changes
in a clinical MoBI experiments. In the experiments described
here, we used a subset of IR markers to improve the spatial
localization of the electrodes in a manner that would be quick
to accomplish for clinical MoBI applications. Other studies
have demonstrated that electrode could be accurately local-
ized using motion capture systems (Reis & Lochmann, 2015;
Shirazi & Huang, 2019b). In the experiments conducted here,
we spatially localized the electrodes using only a subset of
markers to correct for any errors/variability in the initial
electrode placement without needing specialized electrode
caps or placing markers on every electrode. For MoBI ex-
periments involving patients with motor impairments, neuro-
logical disorders, or cognitive deficits, relying on participant
identification of the “top” of the head as feedback could re-
sult in much greater variability in electrode placement even
if the initial placement was accurate relative to anatomical
fiducials. Using a subset of IR markers allowed us to cor-
rect for these differences relative to the template electrode
positions and did not add a significant amount of time to the
experimental workflow. Such an approach is advantageous
for having a consistent, reproducible method for placing EEG
electrodes for participants of all abilities that would be useful
for clinical MoBI applications.

The proposed approach is not without its limitations.
Placing IR markers on every electrode would provide a
more complete characterization about the spatial locations.
However, this can become time consuming as the number of
electrodes increases, and artifacts can be introduced as more
cables interfere with detecting the electrode positions or as
the density of electrodes approaches the motion capture sys-
tem's measurement error. We reduced the amount of time by
only recording five EEG electrode locations and estimating
the remaining based on the 10/20 azimuth and elevation co-
ordinates. This approach provides a fairly accurate estimate
when using an ellipsoid model of the head, however, even
this is not a fully accurate representation of the head mor-
phology. Using other localization systems such as virtual
reality, augmented reality, or time of flight camera systems
(Chen et al., 2019; Clausner et al., 2017; Cline et al., 2018;
Song et al., 2018; Taberna, et al., 2019) or putting IR mark-
ers on all the electrodes could overcome the small inaccu-
racies in our approach (Reis & Lochmann, 2015; Shirazi &
Huang, 2019b). Several studies have analyzed how errors
in electrode locations affect neural source estimations from
EEG (Akalin Acar & Makeig, 2013; Beltrachini et al., 2011;
Dalal et al., 2014; He & Musha, 1989; Shirazi & Huang,
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2019a, 2019b), thus to incorporate any of these systems for
adoption into clinical applications would need to take into
account the trade-off of improved neural localization errors
with added time to the clinical workflow.

Another approach that could be taken to improve the
consistency of cap placement across participants is to use
the motion capture system to align the EEG cap to the fi-
ducials in real-time based on the small subset of IR mark-
ers used. By visualizing the electrode locations during cap
placement using the motion capture system, information
about the angles between the fiducials and where the top
of the cap should be could be corrected in real-time. Such
an approach could improve the reproducibility and consis-
tency in which electrode caps are placed across participants
and provide a more quantitative measure of how each cap
is placed, however, would also need to be developed to not
add significant time to the workflow for clinical MoBI appli-
cations. Consistent electrode placement and localization will
be vital when performing source localization to estimate the
origin(s) of the observed neural activity during future clinical
and non-clinical MoBI experiments. As more MoBI studies
are conducted which recruit patients of with different motor,
sensory, or cognitive impairments (De Sanctis et al., 2020;
Malcolm et al., 2015), having an automated approach to ei-
ther correct for differences in electrode placement post hoc
or improve the consistency of how the electrodes are placed
in real-time will improve the reliability of comparing neural
responses across participants.
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