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Brain-Computer Interfaces (BCls) have the potential to positively impact the lives of many people with
sensorimotor disabilities due to neurological conditions, such as spinal cord injury and stroke. Through
BCls, individuals are able to interact with their surroundings and perform simple daily tasks
independently, which once proved difficult or impossible without assistance. However, most BCls are
restricted to research settings due to cost, extensive setup, or need for researchers to monitor and
modify the system. Many factors, such as difficulty of use and cost, prevent current BCls from being
integrated into regular daily use for health applications outside the lab or hospital. One direction of
research hoping to push BCl out of the research setting focuses on enabling co-adaptation between the
BCl and the user to increase BCl longevity and encourage better performance over time. This
dissertation work focuses on investigating two performance related neural signals at the cortical level,
namely error-related potentials and attention, and developing a co-adaptive BCl using these

performance related signals to estimate subject performance during BCl use.

We reveal the topography of cortical error-related potentials during a continuous control one-
dimensional BCI task where subjects utilize motor imagery and rest to control the vertical velocity of a

cursor to reach and dwell within a target. In this investigation, we found increased local activity in



various cortical areas, including the somatosensory, motor, premotor, and parietal areas. We also
investigate the effects of Default Mode Network (DMN) disruption on reaction time and on cortical
activity and connectivity in a modified Stroop Task. In this work, we find that subject reaction time
following auditory disruption of the DMN tends to be shorter than without disruption, and we find that
connectivity between regions within the DMN tends to decrease with both auditory disruption and
direct cortical stimulation disruption of the DMN. Lastly, we build and test a co-adaptive BCI using both
error-related potentials and DMN activity to create “confidence scores” which estimate BClI
performance. Our novel “confidence score” based co-adaptation was able to improve overall BCI
performance across subjects and led to better performance than with no decoder adaptation. Using the
same data, we use simulation to study the feasibility of applying transfer learning to allow first time

users to attempt BCI control without training.

Our findings not only contribute to a greater understanding of the presentation of two performance
related signals at the cortical level and their roles in task contexts, but also contribute to the growing
field of co-adaptive BCls. Future BCls may benefit from this co-adaptive design which relies on non-
control neural signals already being recorded during BCI operation. Understanding various signals
related to our internal performance monitoring system and how to utilize them to estimate BCI
performance in a co-adaptive BCl system will enable future systems to adapt automatically over time
without manual intervention from researchers. This should improve BCI longevity and use and bring

these systems one step closer to being useful in at-home settings for potential users.
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1.2 List of figures

Figure 1. Task structure and epoch conditions. (a) Subjects modulated cursor velocity in a one-
dimensional center-out BCl task using imagined hand or tongue movement (Table 1) in order to reach
and dwell within a target. Cursor was re-centered prior to each trial and was not displayed during the
inter-trial interval (ITl) and cue period. Trials were randomized to have the target located above or
below the start position, near or far, and small or large. Trials were organized into four blocks, each
containing eight randomized trials. (b) Within trials, data was binned into epochs based on four
movement conditions: cursor moved up correctly (I, light blue), moved up erroneously (ll, yellow),
moved down correctly (lll, navy blue), or moved down erroneously (IV, orange). .........ccccecevvererereeennn 33
Figure 2. HBP throughout one trial. In this parietal channel in one subject (shown in black), we see a
decrease in HBP as the cursor moves correctly towards the target and increase when the cursor is no
longer moving as intended. The highlighted light red sections shows example error windows, where
their t = 0 time points are defined by 400 ms of continuous movement away from the target. The
darker red areas represent example error epochs. Likewise, the highlighted light blue sections show
example correct windows, and the dark blue sections show example correct epochs, as detailed in
Y=l ot o] 1 SO 36
Figure 3. Time series of mean HBP during motor imagery in the decoder error and correct
conditions in the parietal lobe (BA40, highlighted in the brain inset). In these conditions, the
subjects were attempting to move the cursor towards the target through eliciting motor imagery. In
the erroneous condition, the BClI mistakenly decoded the subject’s intention as wanting to move
downwards with rest. Error onset begins at time t = 0 ms for the Condition IV plot. Statistical analyses
were performed using the time window of t = 100-500 ms (i.e. the statistical analysis window), as
indicated by the window on the figure. Shaded region shows standard error of the mean. Dashed gray
liNE rEPreSENES DASEUINE. .....cocuiiiiicecceece ettt e e s b e e be e be e s taeeabe e teesbeesabeenbeenteesanas 41
Figure 4. Time series of mean HBP during rest in the decoder error and correct conditions in the
parietal lobe (BA40, highlighted in the brain inset). In these conditions, the subjects were attempting
to move the cursor towards the target through rest. In the erroneous condition, the BCl mistakenly
decoded the subject’s intention as wanting to move upwards with motor imagery. Error onset begins at
time t = 0 ms for the Condition Il plot. Statistical analyses were performed using the time window of t =
100-500 ms, as indicated by the window on the figure. Shaded region shows standard error of the
mean. Dashed gray line represents baseline. ..........c.cooiiriiiiiiie e 42
Figure 5. Increased HBP in multiple cortical areas during motor imagery error. The brain in the
center shows the spatial range for each Brodmann Area available in our subject population, with each
area labeled by their corresponding number. Each plot shows the average response within the specified
Brodmann Area during erroneous decoding (red) and during correct decoding (blue), 100 ms to 500 ms
after error onset (indicated by the vertical dashed liN€). ........cccveciiriiii i 43
Figure 6. Increased HBP in multiple cortical areas during rest error. The brain in the center shows
the spatial range for each Brodmann Area available in our subject population, with each area labeled
by their corresponding number. Each plot shows the average response within the specified Brodmann
Area during erroneous decoding (red) and during correct decoding (blue), 100 ms to 500 ms after error
onset (indicated by the vertical dashed LINE). ........cccooiiiicii e 44
Figure 7. HBP during correct and erroneous BCl decoder performance per individual subject.
Difference in high gamma power during correct and error epochs 100-500 ms after error onset for each
subject. Top row shows power of Condition IV - Condition I, bottom row shows power of Condition Il -
Condition Ill. Heat maps were scaled to visualize the most robust effects. .......c..cccocvveviiviicciencn e, 47
Figure 8. HBP during correct and erroneous BCl decoder performance. (a) Electrode coverage by
subjects in the left (n=3), separated by color (Subject 1 in blue, Subject 2 in purple, Subject 3 in pink).
(b) Difference in high gamma power during correct and error epochs 100-500 ms after error onset. Left
shows power of Condition IV - Condition I, right shows power of Condition Il - Condition IIl. Heat maps
were scaled to visualize the most robust €ffeCES.........ccceviiiiiiiic e 49



Figure 9. Increased HBP in multiple cortical areas during motor imagery error (parietal). Each plot
shows the average response of a single electrode (from one subject, each) within Brodmann Area 40
during erroneous decoding (red) and during correct decoding (blu€). ........ccceevvviieiiirieieiieceeee e, 50
Figure 10. Differences in high gamma activation between errors committed in the naturalistic vs
in-task contexts. Mean high gamma power (normalized to baseline) from two subjects were plotted on
a standard MNI brain. A third subject was analyzed with electrode coverage on the right hemisphere
(results not shown). Error-related potentials were computed for in-task errors, spontaneous errors, and
also compared to a spontaneous CoONtrol CONAITION. .......ccccciiiiiiii et 59
Figure 11. Natural error and in-task error. Natural error is made spontaneously outside of the
controlled task setting. In-task error occurs while performing a controlled task administered by the
ST ol T OO PUSTTRRT 59
Figure 12. Task trial examples. Subjects respond with either a left or right arrow key press when the
stimulus shown is congruent or incongruent, respectively. Individual trials (word presentations) are
separated by inter-stimulus intervals ranging from 1 to 10 seconds in length...........c..ccccooiiiiiinnn, 65
Figure 13. Task Structure. Subjects first complete a Primer Block to get acquainted with the task. The
Primer Block is then followed by n number of blocks, with each block containing a balanced number of
congruent and incongruent trials. Trial disruption type (no disruption, audio disruption, DMN
stimulation, control stimulation) is randomized within each block. ..........ccccccoiiiii 66
Figure 14. Cortical coverage of all subjects separated by color. Electrodes outlined in yellow
represent channels within Brodmann Areas associated with the Default Mode Network. Subjects by
color: 3ada8b (magenta), 031ad1 (medium blue), 822e26 (red), a1355e (cyan), d715cc (navy). ............ 74
Figure 15. Effect of disruption on reaction time in subject 031ad1. (Left) Subject reaction time
increasing over increasing inter-stimulus interval length. (Right) Subject reaction time decreasing over
increasing inter-stimulus interval LeNgh. ... e 75
Figure 16. Reaction time by ISI length. Subject reaction times for trials with varying preceding ISI
lengths, excluding reaction times greater than or equal to two times the standard deviation of reaction
time for the iNdiVIdUAL SUDJECT. ........oouiiiieee e sttt st 76
Figure 17. Reaction Time by disruption type. Subject reaction times for trials with different
disruption conditions, excluding reaction times greater than or equal to two times the standard
deviation of reaction time for the individual SUDJECE. .........coccoriiiiiii e 76
Figure 18. Stimulation template subtraction for artifact removal. (Left) Stimulation artifacts in the
raw signal are much greater than the underlying ECoG and are present for the entire train duration of
150 ms. (Right) The template subtraction method allows individual pulses to be subtracted from the
raw signal, resulting in the recovered signal which is on the scale of the raw signal without stimulation
L = Vot OSSPSR 77
Figure 19. Spectral power across all bands of interest pre- and post-stimulation artifact removal.
Stimulation delivered at t=0 leads to large, wide-band increases in power for approximately 500 ms.
Dark horizontal bands around 60, 120, and 180 Hz reveal notch filtering effects of line noise and
PAIMMIONICS. ..ottt et b et s bt e a e bt e a e et e s bt e bt sh e e st e sbeeae e bt satenbesbeenbesneenbens 78
Figure 20. Observed motor cortex (highlighted yellow electrode) beta desynchronization and
gamma synchronization clusters to reaction time (Subject 031ad1, channel 51). Each color
waveform represents the band power of a single epoch centered around trial start (tied to word
presentation). The thick black line represents average within band normalized power. The vertical
dashed line indicates approximately where beta desynchronization and gamma synchronization begin.

Figure 21. High gamma response to the audio beep presented at t=-1 in a single example
electrode. High gamma power in channel 35 (highlighted) in subject 3ada8b exhibits the sharp increase
in high gamma power that we expect from an area involved in auditory processing. The white channels
displayed in the brain on the left were classified as DMN channels. ..........cccccovviieiiiiieiicieciececee e, 80
Figure 22. Mean response spectrograms for one channel in subject 822e26. Spectrograms for the
different disruption conditions calculated for channel 64 (BA40, circled black in figure), including



direct cortical stimulation to the Default Mode Network (purple) and to the control location (yellow).
White electrodes indicate electrodes which were defined as within a DMN Brodmann Area through our
MNI projection method. Vertical lines at t=-1, t=0, and after t=0 represent the time of initially planned
disruption, the time of word presentation, and the mean reaction time for that condition, respectively.
Note that although we initially planned to deliver cortical stimulation at t=-1, cortical stimulation was
actUAlly delivered @t £=0. .......ccuiiiieiece e ettt e et e et e e te e s tbesbe e be e teesabeeabeenes 81
Figure 23. Example coherence between two DMN Brodmann Areas in a single trial. The coherence
between Brodmann Areas within the Default Mode Network often changed greatly around 20 Hz. This
individual example from subject 3ada8b, using channels 25 (BA40) and 63 (BA21) in a single trial, we
see a large increase in coherence after approximately 20 Hz. This behavior holds for many trials
DEtWEEN ALl OUF SUDJFECES. . .oeiiieeieece ettt st st sttt et n et bt s be st e b et enee e e 85
Figure 24. Difference in coherence between trials with no disruption and trials following audio
disruption. Each difference value is printed in each cell, where each cell color corresponds to the
significance of the difference as measured by the p-value (FDR corrected for multiple comparisons).
Cells with white backgrounds indicate no statistical significance. Blank cells represent comparisons that
were not performed either because there were no electrodes within a given Brodmann Area (BA) or the
information would be redundant. ............c.oiiiiiiieieiece e e e 87
Figure 25. Change in coherence from cortical stimulation. (a) Difference in coherence between trials
with no disruption and trials with DMN stimulation. (b) Difference in coherence between trials with no
disruption and trials with stimulation to the control area. Each difference value is printed in each cell,
where each cell color corresponds to the significance of the difference as measured by the p-value
(FDR corrected for multiple comparisons). Cells with white backgrounds indicate no statistical
significance. Blank cells represent comparisons that were not performed either because there were no
electrodes within a given Brodmann Area (BA) or the information would be redundant. ........................ 88
Figure 26. Difference in Modulation Index between no disruption and audio disruption in subject
822e26. Values displayed in each cell are the mean difference in Modulation Index. Cell color indicates
p-value, where significant p-values are colored according to the color bar to the right. Insignificant
differences are Not highliGhted. ............ooiiiiiii e st sene s 90
Figure 27. Difference in Modulation Index between no disruption and DMN disruption in subject
822e26. Values displayed in each cell are the mean difference in Modulation Index. Cell color indicates
p-value, where significant p-values are colored according to the color bar to the right. Insignificant
differences are Not highlighted. ..o e 91
Figure 28. Model Validation Example. Initial model performance was evaluated by observing the
learning curve (left) and the Receiver-Operating Characteristic curve (right). These example plots are
for the motor imagery classifier for subject 1€8b34, sesSioN 3. ......cccccvveievieriieceeere e 105
Figure 29. Experimental Paradigm. (A) The 1-D BCI task is run multiple times within each session,
with decoder adaptation being applied between runs for subjects in Group 2 (adaptation). (B) Each run
contains multiple trials that are separated by short rest periods lasting 1-2 seconds. For each trial, the
subject attempts to move the cursor to collide with a target randomly placed on the left or the right.
The trial will end once the cursor hits the target or once 20 seconds have passed, whichever comes
first. (C) In each trial, the subject imagines moving their left or right hand to move the cursor one step
closer to the target. The cursor moves one step every 2 seconds. Cursor movement direction is
determined through a decoder which uses the data collected during motor imagery............cccoccvervrnneen. 106
Figure 30. BCI Control and Performance Feedback in a Single Movement. The cursor moves one step
left or right every 2 seconds. Cursor movements continue until the cursor hits the target or the trial
times out (see Figure 29). Note, the waveforms in this figure were drawn as examples and do not
represent actual data. (A) The colors of the channels correspond with the example waveforms in (B)
and in (C). (B) Data from channels C3 and C4 are used to measure motor imagery and are fed into the
decoder to determine cursor movement direction. The cursor moves in the determined direction 2000
ms after the motor imagery phase begun. (C) Data from all frontal channels available and Cz are used
to capture any error-related potentials that may rise when the cursor moves in the direction away from



the target position. Data from this feedback phase are not used in live control of the BCl, but are used
in decoder adaptation DEIWEEN FUNS. ........ooiiiii ettt e e et e enaesabeesre s 107
Figure 31. ErrP Template Projection in a Single Channel. (Left) Individual 600 ms epochs were
compared against the templates generated for the error and correct conditions. For each epoch in
every channel, we calculated how similar the waveform was to the error template and to the correct
template. Example data pairs for channel Cz are shown to the (right). Note that data from all frontal
channels and Cz were used as features in the error classifier. .........cccoovveiiiiiereniccee e 108
Figure 32. Example of Parietal Beta in a BClI Run. Spectral density in the beta band in Pz was
calculated for all motor imagery epochs used to execute movement in the BCl task. Epochs are
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Figure 33. Confidence Score Normalization. (Left) Using just error classifier output, and no attention
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Figure 34. Event-related Desynchronization with motor imagery. In one subject, spectral density
around the upper limits of the beta band (13-30 Hz) decreases during motor imagery (MI) as compared
to during rest. The left shows this change in power due to Event-related Desynchronization (ERD) in
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Figure 35. Average Spectral Response to Error and Correct in One Subject. From the motor
screening task, we create features based on either delta and theta spectral power, or on how well
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3. Introduction

This introduction provides an overview of the key concepts and work in the field which are

fundamental to this dissertation work.

3.1 Motivation

Over the past five decades, the concept of controlling devices and interacting with your surroundings
through just brain signals has developed from science fiction to reality. Since Fetz first developed a
Brain-Computer Interface, where a monkey was able to control a meter with their brain activity to

deliver rewards (Fetz, 1969), these systems have become more robust and commercially available.

Brain-Computer Interfaces (BCls) have the potential to positively impact the lives of many people with
sensorimotor disabilities due to neurological conditions, such as spinal cord injury and stroke. Through
BCls, individuals are able to interact with their surroundings and perform simple daily tasks

independently, which once proved difficult or impossible without assistance.

However, most BCls are restricted to research settings due to cost, extensive setup, or need for
researchers to monitor and modify the system. For instance, one individual enrolled in a BrainGate
clinical trial has demonstrated the ability to control a robotic arm well enough to perform simple daily
tasks such as bringing a bottle to her mouth to drink coffee through a straw (Hochberg et al., 2012),
but the BCl usage was restricted to the highly-controlled lab setting. In addition, it took many months
of training with the implanted recording device, with the assistance of an entire research team, for the

user to ultimately achieve stable control of the robotic arm.

Many factors, such as difficulty of use and cost, prevent current BCls from being integrated into regular
daily use for health applications outside the lab or hospital. One major barrier preventing these
systems from having a greater impact is the lack of individualized adaptation of the BCI to the user.
Such individualized adaptation would allow for the BCI to continue to work well with the user over

time.



Through investigating methods regarding individualized adaptation, we could increase BCI longevity by
allowing the decoder to compensate for changes in either the recording hardware or the neural
activity. This co-adaptation should also lead to decreased learning time, which can increase user
motivation when first adopting the BCI. Of particular interest are neural signals related to performance
that are collected alongside the control signal used. These performance related signals provide
information which can be used as automatic feedback to the BCl decoder. Automatic feedback
eliminates the need for a researcher to manually adjust the system for a user over time. The presence
of these performance related signals is task-agnostic, meaning the use of these signals as feedback can
be generalized to multiple tasks, and is not restricted to specific, well-controlled, experimental
settings. In particular, we investigate the presence of cortical error-related potentials and the effects

of disrupting the Default Mode Network (DMN) on subject attention and response timing.

When performing tasks, we constantly monitor our own performance and consciously take note of
unexpected actions and responses. Error-related potentials are elicited when there is a mismatch
between expected sensory feedback and actual feedback (Holroyd and Coles, 2002). These signals exist
in various contexts and already serve as a powerful feedback mechanism in adjusting our own behavior.
If we implement this feedback system with the BCI decoder, then we could also enable the BCl to learn

and improve over time, similar to how we learn naturally.

Activity in the Default Mode Network (DMN) has been shown to increase during mind wandering and
decrease with task engagement (Mittner et al., 2014). Some research suggests reward signals, and
potentially other performance-monitoring signals, are modulated by attention (Diez et al., 2015; Lakey
et al., 2011; Ordikhani-Seyedlar et al., 2014). If we are able to monitor DMN activity, we can provide
weights to the error-related potentials we detect and use in our co-adaptive system. If we transiently
disrupt DMN activity during BCl usage, we may be able to keep users focused and improve BClI

performance.

While we have the unique opportunity to study these cortical potentials through electrocorticography
(ECoG), the vast majority of individuals who would benefit from the co-adaptive BCl we are proposing

would find a non-invasive system more accessible. In recent years, the number of consumer-grade



electroencephalography (EEG) products has greatly increased. These systems are orders of magnitude
less expensive than their research-grade counterparts (hundreds versus tens of thousands of dollars)
and often require less extensive setup. Such EEG systems are more easily adoptable for use in at-home

settings.

Our ultimate goal is to increase the efficacy and accessibility of such systems through improving their
function while reducing the need for researcher intervention, allowing for lower-cost systems to work
effectively in at-home settings. Specifically, we are interested in creating a BCl which automatically

updates and adapts to the individual user, using only data already present in their brain signals.

In this dissertation work, we focus on investigating two types of non-control, performance-related
neural signals present during BCl use. We then develop a co-adaptive BCl which utilizes these two
performance monitoring signals to adapt to the user over time without explicit task information. In this
introduction, we provide an overview of two such signals - error-related potentials and Default Mode

Network activity - and of BCl decoder adaptation.

3.2 Recording neural signals

In investigating error-related potentials and Default Mode Network activity, and in BCl development,
we record neural signals either invasively or non-invasively using ECoG or EEG, respectively. Although
ECoG (also referred to as intracranial EEG) electrodes rest on the surface of the brain and EEG
electrodes rest on the scalp, they both record the same basic phenomenon. Although significantly
attenuated and dispersed in EEG, Local Field Potentials (LFPs) are generated by transmembrane
current in neurons and are measured through both recording methods (Buzsaki et al., 2012;

Lopes da Silva, 2013). Although these currents primarily emerge from synaptic activity, contributions
from calcium ion spikes and action potentials, among other events, impact extracellular current
(Buzsaki et al., 2012). In terms of measuring LFPs, the cytoarchitecture of cortex and source synchrony

have the most significant effect on the signals recorded through ECoG and EEG.

Of particular interest throughout this dissertation work are the strengths of oscillations in different

frequency bands. In EEG, we are limited to recording reliably from lower frequency bands due to the



exponential decrease in power inherent in LFPs in combination with signal attenuation from traveling
out to the scalp (Buzsaki et al., 2012). However, in ECoG we have access to and primarily focus on high
frequency power, which is more spatially localized and indicative of local neuronal population activity

than low frequency oscillations (Buzsaki et al., 2012; Miller et al., 2010).
3.2.1 Error-related potentials

Error-related potentials (ErrPs) are event-locked, electrophysiological responses generated during task
rule violations. They are changes in voltage we see when mistakes are made, whether we make those
mistakes ourselves or observe others making mistakes. The vast majority of our understanding to date
of the ErrP originates from EEG studies (Ferrez and del R Millan, 2008; Iturrate et al., 2013; Kreilinger
et al., 2016; Spiiler and Niethammer, 2015; Zhang et al., 2015). However, there has also been work
done to investigate ErrPs at the cortical level using ECoG (Bechtereva et al., 2005; Milekovic et al.,
2012, 2013). Investigations at these scales have provided insight into the possible physiology behind the

generation of these signals.

Error-related potentials are generally separated into two categories, each of which are believed to
have their own distinct pathways. These categories have various names in the literature, but will be
referred to in this dissertation as high-level and low-level error (Krigolson and Holroyd, 2007; Milekovic
et al., 2012; Spiiler and Niethammer, 2015). High-level error, also known as outcome or target error,
occurs when the individual/observer fails to achieve the goal of a task; this type of error is not
immediately correctable. Low-level error, also known as execution error, occurs when the
individual/observer makes a mistake in their control in the process of achieving a goal; this type of
error is immediately correctable and does not necessarily prevent the person from achieving the task
goal. For example, a reactionary turn of the steering wheel to adjust for an unseen bump in the road
would be considered a low-level error, whereas failing to reach your destination would be considered a

high-level error.



3.2.1.1 Physiology of error-related potentials

A well-studied high-level error is the error-related negativity (ERN) (Gehring et al., 1993), also known
as error negativity (Ne) (Falkenstein et al., 1991), which is often localized to the medial-frontal cortex
(Krigolson and Holroyd, 2007; Wessel, 2012) and is believed to be essential to reinforcement learning
(Nieuwenhuis et al., 2004). The reinforcement learning (RL) theory of the ERN suggests the error
signals are generated in the basal ganglia and propagate to the cortex through the anterior cingulate
cortex (ACC) (Frank et al., 2005; Nieuwenhuis et al., 2004). Specifically, it is believed the basal ganglia
monitor performance in real-time and predict whether the current action will result in a success or a
failure. The basal ganglia relay to the midbrain whether a prediction was correct or not once it
receives feedback from the cortex. If the prediction was not correct (error occurred), then the
midbrain decreases phasic dopaminergic neuron activity, decreasing the amount of dopamine sent to
the ACC, which lessens the inhibition of the apical dendrites of the motor neurons there, leading to
measurable ERN (Nieuwenhuis et al., 2004). Involvement of the ACC in cortical error-related potentials
has been suggested in EEG (Krigolson and Holroyd, 2007; O’Connell et al., 2007) and confirmed through
ECoG (Bechtereva et al., 2005). Low-level error, however, is believed to evoke activity primarily in the

posterior parietal cortex.

Unlike in the RL theory of the ERN, the generation of the low-level error is not dependent on trial/task
outcome. Rather, work by (Chavarriaga and Millan, 2010; Ferrez and del R Millan, 2008; Kim and
Kirchner, 2013; Krigolson and Holroyd, 2007; Spiiler and Niethammer, 2015; Volker et al., 2018) suggest
low-level error, presented as a positive deflection detected in the parietal cortex (Pe; error positivity),
is produced when there is a conflict between the sensory feedback estimated by the internal forward
model and the actual received feedback (Holroyd and Coles, 2002; Nieuwenhuis et al., 2004; Wolpert

et al., 1998).

The vast majority of the neurophysiological studies on error detection have relied on scalp-based
measurements. EEG studies have typically reported on high-level and low-level errors as a function of
event-locked voltage responses in the time domain, or as changes in theta (4-7 Hz) frequency band

power (Cavanagh and Frank, 2014; Zhang et al., 2015). One previous ECoG study by Milekovic and



colleagues demonstrated the presence of ErrPs across multiple cortical regions in a continuous, overt-
movement task in human ECoG (Milekovic et al., 2012, 2013). The researchers observed low-level and
high-level ErrPs, described as execution and outcome errors, respectively, in the motor,

somatosensory, parietal, temporal, and pre-frontal areas.

In Chapter 5, we utilize ECoG to investigate whether errors induced during a motor-imagery BCI task
also result in ErrPs. We focus exclusively on high gamma (70-100 Hz) activity, where this high
frequency broadband power (HBP) is thought to best reflect local activity (Manning et al., 2009; Miller
et al., 2009a; Ray et al., 2008) and is reliably recorded through ECoG. We were particularly interested
in examining local response activity for error-processing across the surface of the human brain. Much
attention has been given to the anterior cingulate cortex and other frontal areas, but in Chapter 5 we

examine all cortical areas available in our subjects.

3.2.2 The Default Mode Network and attention

The Default Mode Network (DMN) is a network of brain regions shown to have increased activity during
rest and decreased activity during attention-demanding task engagement (Shulman et al., 1997;
Raichle et al., 2001; Raichle, 2015). This task-negative network consists of the medial and lateral
parietal, medial prefrontal, and medial and lateral temporal cortices bilaterally and symmetrically in
humans (Raichle, 2015). The DMN is also shown to have increased activity during self-referential mental
activity, such as reflection and self-reference in emotional processing (Raichle, 2015). However, for
the purposes of this dissertation, we are most interested in the DMN’s role in mind-wandering and rest
during task execution as a measure of attention, as it may modulate task performance (Diez et al.,

2015; Lakey et al., 2011; Ordikhani-Seyedlar et al., 2014).

Blood oxygen levels in this network have been studied extensively in functional Magnetic Resonance
Imaging (fMRI) (Raichle, 2015), but previous work in the lab by Miller et al. (2009b) confirmed these
fMRI findings were indeed related to local neuronal activity through measuring the electrical activity
directly via ECoG. Further work by Ossandon et al. (2011) has shown that DMN activity is measurable in

ECoG in various Brodmann Areas, including the posterior cingulate cortex (PCC, BA31), ventrolateral



prefrontal cortex (VLPC, BA45/47), medial prefrontal cortex (MPFC, BA32/10), temporal parietal
junction (TPJ, BA40), lateral temporal cortex (LTC, BA21), and middle frontal gyrus (MFG, BA9). In
both ECoG studies, high gamma band (ranging from 60-200 Hz) activity was used to measure local

activity.

The Default Mode Network has also received some interest in the EEG community. Work by Knyazev et
al. (2011) demonstrates that estimates of DMN activity are measurable in the alpha band of a specific
independent component in non-invasive EEG, using a voltage source estimation technique (sLORETA)
coupled with Independent Component Analysis (ICA). Earlier work by Jann et al. (2010) suggests
increases in DMN activity can be detected in EEG through simultaneous increases in alpha band activity

in occipital electrodes and increases in beta band amplitude in parietal channels.

3.3 Disrupting cortical activity through direct cortical stimulation

In Chapter 6, we utilize direct cortical stimulation to disrupt Default Mode Network activity.
Intraoperative cortical stimulation is a standard procedure performed in the subjects in our ECoG
studies (Formaggio et al., 2013), as they are patients undergoing clinical seizure monitoring at the
hospital. The stimulation delivered in the Chapter 6 investigation was not intraoperative, but instead

took place after subjects were back on anti-epileptic drugs during their week of clinical monitoring.

Although stimulation is commonly used for functional mapping in ECoG, stimulation parameters may be
changed to create transient disruptions in local activity, also known as virtual lesions. The term
“virtual lesion” comes from Transcranial Magnetic Stimulation (TMS) literature, where it has been
applied non-invasively to study function since 1999 (Pascual-Leone et al., 1999, 2000; Siebner et al.,
2009). TMS affects neuronal populations in superficial cortex, similar to in ECoG. The TMS literature
suggests that the underlying cause of these virtual lesions is either, or a combination of, (1) GABAergic
inhibition resulting from synchronized high frequency bursts of discharge from neuronal populations

(Siebner et al., 2009) or (2) the addition of “noise” to the local network activity.



3.4 Brain-Computer Interfaces (BCls)

Brain-Computer Interfaces (BCls) consist of three major components: (1) the neural signals of the BClI
user, (2) the decoder which is responsible for processing the neural signals to affect control, and (3)

the end effector (e.g., robotic arm) which performs some action.

Neural signals can be recorded either invasively or non-invasively using a variety of recording methods.
Invasive recording methods, such as penetrating electrodes and surface electrodes (ECoG), provide
greater signal quality and spatial specificity but require surgery and are less common in humans due to
the risks associated with implantation (Normann and Fernandez, 2016; Parvizi and Kastner, 2018). Non-
invasive recording methods, such as electroencephalography (EEG) and magnetoencephalography
(MEG), are commonly employed for BCl investigations as they allow for data collection with minimal
risk. However, due to attenuation as the signals travels through the skull and the scalp,
computationally heavy source localization techniques are often applied to estimate where signals of

interest originate in the cortex (Lopes da Silva, 2013).

Once the neural signal is acquired, specific features of the signal are extracted using one or more
signal processing techniques. In EEG and ECoG, signals are often filtered into frequency bands of
interest prior to calculating signal power. In the case of motor imagery BCl, event-related
desynchronization or synchronization (ERD/ERS) due to the imagination of movement is often measured
by changes in spectral power in the alpha/mu (8-12 Hz), beta (13-30 Hz), or high gamma (70-200 Hz)
band in electrodes over the primary motor cortex (Jeon et al., 2011; Miller et al., 2010). While changes
in spectral power may be observed in centrally located channels C3 and C4 in EEG, techniques such as
Common Spatial Pattern (CSP) filtering may be applied to extract spatial features that may better
reflect the ERD/ERS (Ang et al., 2008; Fukunaga, 1990; Ramoser et al., 2000; Xygonakis et al., 2018).
Similar to in motor imagery BCI, EEG signals recorded in Steady-State Visually Evoked Potential (SSVEP)
BCl are filtered into the frequency bands of interest and the power of the filtered signals are used to

inform control (Ku$ et al., 2013). Signal features may also be extracted primarily in the time domain,



as is the case in P300 BCls which rely on time-locked positive deflections in voltage signal based on the

response to oddball stimuli (Donchin et al., 2000; Farwell and Donchin, 1988).

Lastly, once signal features have been extracted, they are used for end effector control. The features
are either mapped to influence control, such as with cursor velocity (Wolpaw and McFarland, 2004), or

are fed into a classifier to output one of two or more distinct outcomes.

3.4.1 Classification of BCI features

Classifiers used as BCl decoders are often simple machine learning models which learn to differentiate
between data belonging to one of two, or one of many, classes. Common models used in BCI
classification include Linear Discriminant Analysis (LDA), Support Vector Machines (SVM), and variants

of these two models (Lotte et al., 2007, 2018).

Recent advances in processing power and efficiency have led to a boom in machine learning
applications in the past decade. Many fields have greatly benefited from the power of computationally
heavy machine learning methods, such as computer vision with deep convolutional neural networks
(Krizhevsky et al., 2012). In the BCI field, we typically use simple thresholding methods or basic
machine learning techniques such as Linear Discriminant Analysis (LDA), Support Vector Machines
(SVM), or Filter Bank Common Spatial Pattern (FBCSP) to classify pre-selected signal features with the
decoder (Ang et al., 2008; Lotte et al., 2007). However, there has also been interest in applying
convolutional neural networks to raw EEG data without preselecting features (Schirrmeister et al.,
2017). Through testing different network architectures, Schirrmeister et al. (2017) were able to
demonstrate classification performance in their deep convolutional neural network using raw EEG that

was comparable to classification performance of FBCSP using pre-selected features.

Although deep convolutional networks show promise for classifying raw EEG, we utilize shallow
Multilayer Perceptron models for signal classification using preprocessed signal features, as described

in Chapter 7, due to the relatively low computational power and time required to run.



3.5 BCI adaptation

BCls rely on closed-loop feedback (typically visual) to inform the user of their control and overall
performance. This feedback is hypothesized to be key to the BCI learning process and performance
improvement (Green and Kalaska, 2011), similar to how sensory feedback is needed for typical motor
skill learning (Newell, 1991). BCl decoders have traditionally been static, in the sense that initial
parameters in the algorithm would be set and only changed by manual updates performed by the BClI
technician. Recently, however, there has been a push to develop dynamic feedback systems that
automatically update over time (DiGiovanna et al., 2009; Merel et al., 2015; Orsborn et al., 2014;
Pohlmeyer et al., 2014). This adaptation of the decoder overtime as the user learns to control or

perfect control of a BCl is called co-adaptation.

One example of such a co-adaptive BCl is the closed-loop decoder adaptation (CLDA) algorithm
developed by Orsborn et al. (2014). CLDA uses knowledge of actuator position and velocity, in addition
to knowledge of task goals, to update decoder weights. This algorithm yielded increased BCl
performance relative to the standard static model in a group of macaque monkeys (Orsborn et al.,
2014). Other work by (Faller et al., 2014; Myrden and Chau, 2016) have also demonstrated BCl co-
adaptation using task metrics in humans. However, these and other co-adaptive BCls (Margaux et al.,
2012; Mondini et al., 2016; Rozado et al., 2015) rely on knowledge of behavioral data as recorded in

the task paradigm or from external sensors, limiting co-adaptation to the research setting.

To circumvent this limitation, there has also been work done on developing unsupervised co-adaptive
BCls using neural signals indicative of performance. For example, error-related potentials in a Steady-
State Visually Evoked Potential (SSVEP) BCI task (Spuler et al., 2012a) and short-term psychological
state changes in motor imagery, mental arithmetic, music imagery, and word generation BCI tasks
(Myrden and Chau, 2016) have been used to enable co-adaptation based on neural estimates of
performance. In this dissertation, we build upon this work by creating a novel co-adaptation method
using “confidence scores” generated from both error-related potentials and Default Mode Network

activity, as further described in Chapter 7.



4. Common methods

Throughout the following chapters, neural signals are recorded during task performance by research
subjects who have consented to participate in our studies. In this chapter, we briefly summarize

common methods used in the following chapters.

4.1 Institutional approval

Prior to data collection for any experiment, subjects provided written informed consent to participate
in the relevant study in accordance with the University of Washington Institutional Review Board. All
subject data were de-identified in compliance with the Health Insurance Portability and Accountability
Act (HIPAA). Subjects for the ECoG studies were intractable epilepsy patients at either Harborview
Medical Center or Seattle Children’s Hospital, and subjects for the EEG study were healthy individuals

associated with the University of Washington.

4.2 Task presentation

In all tasks detailed in this dissertation work, subjects observe stimuli on a screen and are instructed to
perform certain actions based on the stimuli presented. While the subjects perform the task, their
neural signals are recorded using either ECoG (Chapters 5 and 6) or EEG (Chapters 7 and 8).
Simultaneously, behavioral data relevant to the task, such as key press value and speed, are recorded.
All tasks in this dissertation work followed a trial based format, where subjects performed the

instructed actions within trials of predetermined length and had rest periods between each trial.

4.3 Neural recording

For the ECoG subjects, experimental neural signals were recorded alongside their clinical recordings
without disrupting their clinical monitoring. This was achieved by recording a duplicate of the neural
signals through our recording equipment, either with g.USBamps (GugerTec, Graz, Austria) or the

Tucker Davis Technologies (TDT) (Alachua, FL) recording system at our own sampling rate of choice



(often 1200 Hz). The recording hardware would interface with the BCI2000 software suite (Schalk et
al., 2004) or with TDT OpenEx and MATLAB to record the signals to our system. The ECoG electrodes
would vary in shape and size, with electrode grids providing the most coverage. Grids consisted of 8x8
platinum electrodes of 4 mm diameter (2.3 mm exposed) embedded in Silastic, with 10 mm inter-
electrode distance (Ad-Tech). Electrode strips consisted of 1x12, 1x8, 1x6, or 1x4 electrodes of the
same size and spacing as the grid electrodes. Placement of the electrodes would vary by subject

depending on their clinical needs.

For the EEG subjects, neural signals were recorded using the Neuroelectrics Enobio 8 channel cap
(using dry electrodes) through the Neuroelectrics NIC2 recording software and custom Python code
written to control the stimuli displayed on the screen and communicate with NIC2 using Lab Streaming

Layer.

4.4 Cortical reconstructions for ECoG

Voltage recordings from the cortex do not inherently contain information regarding their spatial
location on the cortex. To have a better understanding of where the electrodes are located than just
by observing clinical montage sheets, we perform cortical reconstruction of each subject’s brain and
localize the electrodes based on the subject’s pre-operative MRl and post-operative CT scans. In more
detail, we reconstruct the surface using recon-all in FreeSurfer (Fischl, 2012) while simultaneously
acquiring electrode location via the CT which has been co-registered to the MRI using SPM8 (Wellcome
Trust Centre for Neuroimaging, University College London). Electrode locations are hand labeled using
the electrode editor in Biolmage Suite (Papademetris et al., 2006). Once the surface reconstruction is
complete, grid and strip electrodes are projected down to the nearest pial surface. After obtaining the
estimated locations of each individual electrode on the individual’s cortical surface, we transform the
electrode coordinates to Talairach or MNI space to estimate Brodmann Area labels for each electrode.
This allows us to gain a better understanding of which functional area each electrode may be located

and is relevant for grouping and isolating channels of interest in Chapters 5 and 6.



5. Error-related potentials in a cortical BCI

Error-related potentials have been investigated extensively in EEG (Cavanagh and Frank, 2014;
Chavarriaga and Millan, 2010; Ferrez and del R Millan, 2008; Iturrate et al., 2013; Spuler and
Niethammer, 2015; Zhang et al., 2015) and in ECoG (Bechtereva et al., 2005; Milekovic et al., 2012,
2013). However, the studies that employ BCI to study error typically do so with discrete-control
systems. Continuous control BCI for error analysis has been performed with non-invasive EEG, but not
with ECoG. In this chapter, we investigate error-related potentials in a one-dimensional center-out BCI
task in ECoG to study the involvement of local activity during continuous control. At the end of the
chapter, we also discuss a short-term collaborative project where we investigated error-related
potentials in a naturalistic, task-free setting. Exploring error-related potentials at the cortical level
during continuous control BCI will allow us to better understand cortical error presentation in the

context of continuous control systems such as with neuroprostheses and co-adaptive BCls.

This investigation on error-related potentials in ECoG BCI has been accepted for publication and
reviewed in Frontiers Neuroscience - Neuroprosthetics as “Cortical topography of error-related high-
frequency potentials during erroneous control in a continuous control Brain-Computer Interface”
(Wilson et al., 2019). Note that Jeremiah Wander, alumnus of the lab, designed the task and collected
the data prior to my joining the lab. The unique analysis approach in this chapter was conceived and
performed by me. In the following chapters, | designed the tasks and collected the data in addition to

analyzing and reporting the data/results.
5.1 Abstract

Brain-Computer Interfaces (BCls) benefit greatly from performance feedback, but current systems lack
automatic, task-independent feedback. Cortical responses elicited from user error have the potential
to serve as state-based feedback to BCI decoders. To gain a better understanding of local error
potentials, we investigated responsive cortical power underlying error-related potentials (ErrPs) from

the human cortex during a one-dimensional center-out BCl task, tracking the topography of high



gamma (70-100 Hz) band power (HBP) specific to BCI error. We measured electrocorticography (ECoG)
in three human subjects during dynamic, continuous control over BCI cursor velocity. Subjects used
motor imagery and rest to move the cursor towards and subsequently dwell within a target region. We
then identified and labeled epochs where the BCI decoder incorrectly moved the cursor in the direction
opposite of the subject’s expectations (i.e., BCl error). We found increased HBP in various cortical
areas 100-500 ms following BCI error with respect to epochs of correct, intended control. Significant
responses were noted in primary somatosensory, motor, premotor, and parietal areas and generally
regardless of whether the subject was using motor imagery or rest to move the cursor towards the
target. Parts of somatosensory, temporal, and parietal areas exclusively had increased HBP when
subjects were using motor imagery. In contrast, only part of the parietal cortex near the angular gyrus
exclusively had an increase in HBP during rest. This investigation is, to our knowledge, the first to
explore cortical field changes in the context of continuous control in ECoG BCI. We present
topographical changes in HBP characteristic specific to the generation of error. By focusing on
continuous control, instead of on discrete control for simple selection, we investigate a more
naturalistic setting and provide high ecological validity for characterizing error potentials. Such
potentials could be considered as design elements for co-adaptive BCls in the future as task-

independent feedback to the decoder, allowing for more robust and individualized BCls.

5.2 Introduction

Everyone makes mistakes and can learn from them. But the neurophysiological mechanisms behind how
we recognize and use these mistakes to learn is still not completely understood. Prior studies have
focused on the error-related potential (ErrP), an event-locked electrophysiological response generated
during task rule violations. The vast majority of our understanding to date of the ErrP originates from
electroencephalography (EEG) studies (Ferrez and Millan, 2008; Iturrate et al., 2013; Kreilinger et al.,
2016; Spuler and Niethammer, 2015; Zhang et al., 2015). The typical coverage and high temporal
resolution of EEG, relative to fMRI, allow for the identification of wide-spread voltage changes in
response to error. However, because EEG is non-invasive, electrical signals from the cortex attenuate

and diffuse as they travel up through the skull, leading to lower signal-to-noise ratio (SNR) and



challenges in source localization (Jatoi et al., 2014; Olson et al., 2016). To circumvent some of these
limitations, we investigate error-related potentials in a one-dimensional brain-computer interface (BCl)

task using subdural electrocorticography (ECoG) in human subjects.

BCls represent a particularly useful opportunity to characterize error-related brain responses. BCls rely
on closed-loop (typically) visual feedback to inform the user of their control and on-going performance.
This feedback is hypothesized to be key to the BCI learning process and performance improvement
(Green and Kalaska, 2011), analogous to the utility of somatosensory feedback during the acquisition of
new motor skills (Newell, 1991). BCI decoders have traditionally been static, in the sense that initial
parameters in the algorithm would be set and only changed by manual updates performed by the BCI
technician. Recently, however, there has been a push to develop dynamic feedback systems that
automatically update over time based on pre-task parameters (DiGiovanna et al., 2009; Merel et al.,
2015; Orsborn et al., 2014; Pohlmeyer et al., 2014). However, most efforts so far rely on knowledge of
the task and of actuator kinematics, thus limiting BCl co-adaptation to the research setting and do not
allow for automatic updating based on signals generated by the user. A co-adaptive BCl may improve
the user experience by promoting faster mastery of the BCl and by allowing longer term use through

accounting for changes in the brain due to plasticity.

Our motivation in this report was to gain a better understanding of the electrophysiological signatures
of error potentials in BCl and whether this will serve to better inform unsupervised co-adaptive BCls.
Specifically, relying on ErrPs as a feedback source to inform adaptive BCl decoders, rather than on

specific task data, will allow for BCI use in less constrained environments.

Previous work suggests there are different types of error-related potentials which manifest in different
contexts (Milekovic et al., 2012; Spuiler and Niethammer, 2015). Such potentials are generally
categorized into two classes, high-level error and low-level error (Krigolson and Holroyd, 2007).
Krigolson and Holroyd distinguish the two on temporal disparities. Specifically, low-level errors are
those immediately correctable in control, and high-level errors as not immediately correctable, which
prevent the achievement of a desired goal (Krigolson and Holroyd, 2007). For example, a reactionary

turn of the steering wheel to adjust for an unseen bump in the road would be considered low-level



error, and failing to reach your destination would be considered high-level error. High-level error, also
called outcome error, is thought to be represented by the error-related negativity (ERN), which is often
localized to the medial-frontal cortex (Krigolson and Holroyd, 2007; Wessel, 2012) and is believed to be
essential to reinforcement learning (Nieuwenhuis et al., 2004). The reinforcement learning theory of
the ERN suggests the error signals are generated in the basal ganglia and propagate to the cortex
through the anterior cingulate cortex (ACC). Localization of the cortical error-related potentials to the
ACC has been suggested in EEG (Krigolson and Holroyd, 2007; O’Connell et al., 2007) and confirmed

through ECoG (Bechtereva et al., 2005).

Low-level error, known as target error (Krigolson and Holroyd, 2007; Krigolson et al., 2008) or
execution error (Milekovic et al., 2012, 2013), is believed to be represented by positive deflections
originating from the posterior parietal cortex (PPC) following commitment of a behaviorally-defined
error (Krigolson and Holroyd, 2007; Krigolson et al., 2008; Ladouceur et al., 2007). Although the exact
role of this positive activity over PPC is not completely agreed upon, the extent literature converges on
a general hypothesis that the PPC is involved with action conflict monitoring, including movement
correction (Falkenstein et al., 2000; Krigolson and Holroyd, 2007; Nieuwenhuis et al., 2001; Van Veen

and Carter, 2002).

Various EEG studies have identified and investigated ErrPs in the form of ERN (lannaccone et al., 2015;
Krigolson et al., 2008; Ladouceur et al., 2007; Nieuwenhuis et al., 2001; Ullsperger and von Cramon,
2006), Pe (Ladouceur et al., 2007; Navarro-Cebrian et al., 2016; Nieuwenhuis et al., 2001), P300
(Krigolson et al., 2008; MacLean et al., 2015), and other signals (Chavarriaga and Millan, 2010; Ferrez

and Millan, 2008; Kim and Kirchner, 2013; Krigolson and Holroyd, 2007; Spuler and Niethammer, 2015).

Here we aimed to expand upon our understanding of ErrPs by bridging EEG efforts and characterizing
time-frequency responses through ECoG, cross-referencing evoked power effects to the common
cortical-localized sites of evoked response ErrPs. We focus on low-level error and its presentation in
the parietal cortex, as clinical requirements of electrode placement often constrain consistent frontal

coverage. In addition, low-level error is ultimately more relevant in influencing real-time BCl control



on a finer time scale than high-level error, which can only be used to provide feedback on longer time-

scales (e.g., once per trial).

A previous ECoG study by Milekovic and colleagues demonstrated the presence of ErrPs across multiple
cortical regions in a continuous, overt-movement task in human ECoG (Milekovic et al., 2012, 2013).
The researchers observed low-level and high-level ErrPs, described as execution and outcome errors,
respectively, in the motor, somatosensory, parietal, temporal, and pre-frontal areas. Here, we utilize
ECoG to investigate whether errors induced during a motor-imagery BCI task would also result in the
typical ErrP profile. We focused exclusively on high gamma (70-100 Hz) activity. High frequency
broadband power (HBP) is thought to best reflect local activity (Manning et al., 2009; Miller et al.,
2009a; Ray et al., 2008) and is reliably recorded through ECoG. We are particularly interested in
examining local response activity for error-processing across the surface of the human brain. Rather
than examining errors resultant from (1) failed trial outcomes, (2) induced error, or (3) unexpected
stimuli beyond the user’s control, we took a novel approach by examining naturally occurring errors in

the BCI decoder’s performance in a continuous control one-dimensional center-out task.

We hypothesize significant HBP changes in error-related detection cortex. This is built on literature and
computational models describing ErrPs as a mismatch between sensory expectation from an efference
copy and from actual sensory input (in this case, visual) (Holroyd and Coles, 2002; Nieuwenhuis et al.,
2004). This mismatch can be thought of as the sensory discrepancy described in Miall and Wolpert’s
forward model, which is the difference between actual sensory feedback and expected sensory
feedback from an efference copy (Miall and Wolpert, 1996). By gaining a better understanding of the
contribution of HBP to ErrPs, we eventually hope to enable unsupervised reinforcement learning in the

BCI decoder allowing for robust co-adaptation and improvement of BCl usability.

5.3 Methods

5.3.1 Participants

Three patients with medically intractable epilepsy (mean age 19.67 yrs, 1 male), undergoing clinical

seizure monitoring at either Harborview Medical Center or Seattle Children’s Hospital, consented and



volunteered to participate in research in accordance with the University of Washington Institutional

Review Board (see Table 1 for demographics).
5.3.2 Data recording and electrode localization

The electrocorticogram was acquired from subdural macro-scale grid electrodes (Ad-Tech 8x8
platinum, 10mm contact spacing). Cortical potentials were recorded at 1200 Hz using g.USBamps
(GugerTec, Graz, Austria) through the BCI2000 software suite (Schalk et al., 2004). Pre-operative T1
MRI scans were co-registered with post-operative CT scans (SPM8) to allow for individualized electrode
localization through BiolmageSuite software imaging package (Papademetris et al., 2006) in accordance
with previously published reports (Casimo et al., 2016). Each subjects’ electrodes were then
normalized to the 1 mm MNI 251 brain coordinate system (Evans et al., 1993) using Freesurfer’s
ReconAll for multi-subject analysis (Fischl, 2012) and a secondary transform through FSL FLIRT (part of
the FMRIB Software Library - FSL, www.fmrib.ox.ac.uk/fsl) algorithms. Center value MNI coordinates
for each electrode were transformed to Talairach space using the MNI anatomical labeling atlas, and
Brodmann Area (BA) labels were estimated using the Talairach Daemon Client (Talairach and Tournoux,

1988).
5.3.3 BClI task

Subjects were instructed to control the vertical velocity of a cursor in a one-dimensional center-out BCI
task, to reach and dwell within a trial target for one second using motor imagery (Figure 1a). Although
trial success was determined by whether the cursor dwelled within the target for one second, our
investigation focused on correct and erroneous movements made towards or away from the target
(specific details provided below). The control electrode was selected through a prior motor screening
task, which was used to identify the channel exhibiting the strongest HBP response to a cued imagined
movement task of the contralateral hand or tongue (depending on electrode coverage) as previously
described (Wander, 2015; Table 1). Consequently the control electrode was always localized to the

primary motor cortex.



(a) (b) Moved in correct direction?
o Rest (ITI) Cue Feedback Dwell Yes No
5] ‘ (T {
s ’ | T ¥
Q.
: 5 4 -
o PN \
3 T T
2 2 9
2 =
£ 1 sec 2 sec < 6sec 1sec =
S Condition |
=
o -
£ ? ‘ T
v 5| |W|le| |
2 S ¥
S < ®
i -5 - - a =N =\
5 @YD
= 13 -
: ?
Randomized Block Randomized Block Randomized Block Randomized Block . | \
ondition IV
of Eight Trials of Eight Trials of Eight Trials of Eight Trials Condition Il Carniifion

Figure 1. Task structure and epoch conditions. (a) Subjects modulated cursor velocity in a one-dimensional
center-out BCI task using imagined hand or tongue movement (Table 1) in order to reach and dwell within a target.
Cursor was re-centered prior to each trial and was not displayed during the inter-trial interval (ITl) and cue period.
Trials were randomized to have the target located above or below the start position, near or far, and small or
large. Trials were organized into four blocks, each containing eight randomized trials. (b) Within trials, data was
binned into epochs based on four movement conditions: cursor moved up correctly (I, light blue), moved up
erroneously (Il, yellow), moved down correctly (lll, navy blue), or moved down erroneously (IV, orange).

Each BCI run consisted of four blocks of eight randomly ordered trials. Targets were placed either
above or below the starting center point, either large or small (35% or 20% of screen height,
respectively) and placed either near or far from the starting center point (20% or 16% of screen height,
respectively). This resulted in eight unique trial configurations per block. Each trial was structured to
include a one second rest period where neither the cursor nor target were displayed (inter-trial
interval; ITI), followed by a two second cue period where the target was visible, followed by a
feedback period of up to six seconds where subjects would attempt to reach and dwell within the trial
target for one second. Each trial would terminate either when dwell time was reached or the trial

timed out, whichever came first.

For the purposes of these analyses, we grouped trial configurations to only distinguish between trials
where the target was placed above or below the starting point, reflecting differences in behavioral

task demands.



To drive the cursor up, subjects were required to increase HBP in their control electrode using motor
imagery. HBP was estimated using BCI2000’s auto-regressive filter on the preceding 500 ms of data.
HBP was normalized to 6 seconds of pre-trial data using the BCI2000 built-in normalizer, and were
linearly mapped to cursor velocity as described in (Wolpaw and McFarland, 2004). To drive the cursor

down, they were instructed to rest. The cursor velocity was updated every 40 ms.
5.3.4 Offline analysis for error-related potentials

All signal processing and statistical analyses were conducted in MATLAB (MathWorks, Natick, MA)
computing environment. For each subject, we performed common average referencing to account for
common noise across all channels in the grid. We then removed 60 Hz noise and isolated the high
gamma frequency band activity (HG, 70-100 Hz) using 4™ order Butterworth filters (non-causal), and
estimated the amplitude envelope of the sighals using a Hilbert transform. Power was calculated by
taking the absolute square of the analytical amplitude across the full time series. Then the power for
each trial was normalized with respect to the preceding inter-trial interval (baseline) by calculating
the z-score specifically for HBP. The full normalized power time series was smoothed using a sliding
Gaussian window with a window width of 40 samples to match the update rate of the task ran in

BCI2000.

5.3.4.1 Error and correct window extraction

We were specifically interested in the topography of the responsive HBP during periods of BCl error. To
accomplish this, we first grouped subject’s electrodes by identified Brodmann Areas. Second, we
defined decoder error as a mismatch between the decoder assessment of HBP and the subject’s goal-
directed intention. This was defined operationally as when the slope of the cursor movement (at any
junction across the 6000 ms duration of a trial) was in the direction opposite of the target position for
a continuous period of 400 ms. This definition allowed for the identification of improper decoding
under the assumption that subjects intend to move the cursor towards a target during trial feedback
(for clarification, see Figure 1b). We reasoned 400 ms duration is sufficient time for the subjects to

realize error during real-time continuous feedback (Gerson et al., 2005). We then identified the



beginning of this period as t = 0 in error identification. Likewise, correct performance windows were
extracted where the cursor movement was in the direction towards the target for a 400 ms period,
with t = 0 at the start of this period. We then extracted error and correct epochs from these error and

correct windows, respectively.

To prevent overlap between epochs, we extracted only one epoch per window, where we defined
windows of 1000 ms starting from 200 ms prior to our t = 0 time points to 800 ms after, based on
previously published reports investigating error-related potentials in an overt-movement ECoG task
(Milekovic et al., 2012). Figure 2 shows data of one full length trial from an example electrode with
example windows and example epochs. Note that there are often multiple error and/or correct epochs

within any given trial, based on our pre-defined states described below.
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Figure 2. HBP throughout one trial. In this parietal channel in one subject (shown in black), we see a decrease in
HBP as the cursor moves correctly towards the target and increase when the cursor is no longer moving as
intended. The highlighted light red sections shows example error windows, where their t = 0 time points are
defined by 400 ms of continuous movement away from the target. The darker red areas represent example error
epochs. Likewise, the highlighted light blue sections show example correct windows, and the dark blue sections
show example correct epochs, as detailed in Section 2.4.

From these defined windows, we classify epochs into the four conditions presented in Figure 1b.
Specifically, error epochs were classified as when the cursor moves incorrectly upwards when located
above a target (Condition Il) and when the cursor moves incorrectly downwards when located below a
target (Condition IV). Finally, correct epochs were defined as when the cursor moves correctly upwards
when located below a target (Condition |) and when the cursor moves correctly downwards when

located above a target (Condition III).

5.3.4.2 Statistical analysis epochs from windows

To contrast HBP behavior across the cortical sampling space during real-time continuous error

detection, we generated statistical analysis epochs from error and correct windows. These epochs were

36



defined as the samples from t = 100-500 ms in their respective 1000 ms windows (where t =0
corresponds to the start of 400 ms consecutive movement in one direction, as described above).
Previous ErrP work by (Milekovic et al., 2012) observed that the window from 100-800 ms after error
onset engendered ECoG, error-related components during an overt motor control task. We used the
length and range of t = 100-500 ms after error onset to characterize responsive HBP behavior based on
(1) a relatively short, continuous trial period (6000 ms) and (2) previous EEG observations of typical
higher-order processing time of visual cues ranging from 150-500 ms, depending on the cortical area

being examined (Gerson et al., 2005).
5.3.5 Statistical analysis

At the group analysis level, we conducted a two-way ANOVA by extracting mean HBP from our defined
statistical analysis epochs and estimating main effects of trial type (whether the target was located
above or below the center starting position, requiring motor imagery or rest, respectively) and
performance (whether the epoch was a correct epoch (Conditions | and Ill) or an error epoch

(Conditions Il and 1V)) on HBP for each Brodmann Area available.

We utilized post hoc two-sample t-tests (FDR corrected) to identify significant interactions of correct
and erroneous decoder behavior epochs by subject action type (active motor imagery or rest). We
present our findings through exploring error-related potentials as changes in HBP across cortical areas.
That is, our post hoc approach compares (1) HBP of all error epochs and (2) HBP of all correct epochs
from all channels falling within each Brodmann Area of interest. Finally, at the individual level, we

utilized these two-sample t-tests.

5.4 Results

5.4.1 Task performance

As common with motor imagery controlled BCls, the users experienced difficulty in achieving high task
performance without an extensive calibration period (Blankertz et al., 2007, 2008a, 2010; Wolpaw and

McFarland, 2004). The low overall trial success of the subjects (average trial success 30.67%, Table 1)



may be due to the difficulty of the task requirement to dwell within the target, and the limited
amount of time we had with each subject for training (Table 1). Overall, all three subjects had greater
trial success when the target was below the cursor starting position (average trial success 37.93%,

Table 1). The effects of task performance on error potentials is discussed in the discussion section.

Successful Successful overall # of # of # of # of
. Control # of R Down X Up Up Down Down
D Sex Age Hemisphere " Up Trials - Trial
Channel Trials Trials Per error correct error correct
Per Run Success
Run epochs epochs epochs epochs
S1 F 11 Left Hand 49 20.8% 40.0% 30.6% 6 40 39 13
S2 M 13 Left Tongue 141 28.6% 39.4% 34.0% 31 59 43 32
S3 F 35 Left Hand 62 20.0% 34.4% 27.4% 21 27 17 22

Table 1. Subject information and task performance separated by trial type.

5.4.2 Effect of trial type and performance on group HBP responses

To determine the HBP response topography of error performance (whether the cursor moved accurately
towards or away from the target) we conducted a two-way ANOVA on HBP across BA regions. Results
from all available BA regions are presented in Table 2. Here we focus on specific BA regions of interest
related to ErrPs. Table 3 denotes the number of contributing electrodes from each subject within each

BA investigated.



Brodmann Subjects

Area Included ANOVA results (interaction) ANOVA results (trial type) ANOVA results (performance)
1 Subjects 1,3 F(1, 649) = 1.65, p = 0.1999  F(1, 649) = 2.44, p = 0.1187  F(1, 649) = 2.31, p = 0.1288
2 All F(L, 103()7)1;1i‘69’ p= F(1, 1037) = 2.59, p = 0.1078 | F(1, 1037) = 2.3, p = 0.1296
3 All F(1,912) = 3.97, p = 0.0466  F(1, 912) = 3.76, p = 0.0529  F(1, 912) = 5.92, p = 0.0152
4 All F(1, 999) = 8.46, p = 0.0037  F(1, 999) = 4.49, p = 0.0343  F(1, 999) = 2.49, p = 0.115
5 Subjects 1,3 F(1, 573) = 2.48, p = 0.1157 F(1, 573) = 3, p = 0.0836 F(1, 573) = 9.61, p = 0.002
6 All F(1, 4258) = 0.08, p = 0.775 = F(1, 4258) = 14.01, p = 0.0002 F(1, 4258) = 1.93, p = 0.1648
7 Subjects 1, 3 F(1, 845) = 2.73, p = 0.0987  F(1, 845) = 0.28, p = 0.5981  F(1, 845) = 3.42, p = 0.0649
9 Subjects 2, 3 F(1, 413) = 0.24, p = 0.6209  F(1,413) = 3.01, p = 0.0833  F(1, 413) = 3.92, p = 0.0485
21 Subjects 2, 3 F(L, 22406)7;12'12' P= F(1, 2246) = 0.26,p = 0.6104 F(1, 2246) = 2.54, p = 0.1112
22 Subjects 2, 3 F(L, 2093)3;32‘76’ p= F(1, 2099) = 2.86, p = 0.0909 F(1, 2099) = 18.69, p = 0
37 Subject 2 F(1, 656) = 1.62, p = 0.203 F(1, 656) = 0.82, p = 0.3642  F(1, 656) = 1.82, p = 0.1777
39 Subjects 2, 3 F(1, 335) = 0.76, p = 0.3845  F(1,335) = 1.31, p = 0.2509  F(1, 335) = 0.04, p = 0.8385
40 All e 4913)0:32'09' p= F(1, 4918) = 4.48, p = 0.0342 F(1, 4918) = 7.21, p = 0.0073
42 Subjects 2, 3 F(1, 500) = 0.08, p = 0.7749  F(1, 500) = 0.01, p = 0.9105  F(1, 500) = 0.66, p = 0.4158
43 Subject 2 F(1, 161) = 9.45, p = 0.0025  F(1, 161) = 9.41, p = 0.0025  F(1, 161) = 7.59, p = 0.0065
44 Subject 3 F(1, 257) = 1.53, p = 0.2176 = F(1, 257) = 0.09, p = 0.7683 F(1, 257) = 0.0967
45 Subject 3 F(1, 170) = 0, p = 0.9737 F(1, 170) = 0.23, p = 0.6301  F(1, 170) = 3.78, p = 0.0536

Table 2. Resultant p-values for the two-way ANOVA estimating the main effects of trial type (whether the target
was located above or below the center starting position, requiring motor imagery or rest, respectively) and
performance (whether the epoch was a correct epoch (Conditions | and Ill) or an error epoch (Conditions Il and 1V))
on HBP for each Brodmann Area available. Values below alpha of 0.05 are highlighted in green.

A significant main effect of trial type was observed in BA4 (primary motor cortex - F(1, 999) = 4.49, p =
0.0343), BA6 (premotor cortex - F(1, 4258) = 14.01, p = 0.0002), BA40 (inferior parietal lobule - F(1,
4918) = 7.21, p = 0.0073), and BA43 (F(1, 161) = 7.59, p = 0.0065). A significant main effect of
performance was observed in BA3 (primary somatosensory cortex, F(1, 912) = 5.92, p = 0.00152), BA40
(F(1, 4918) = 4.48, p = 0.0342), and BA4 ( F(1, 999) = 4.49, p = 0.0343). Importantly, we noted a
statistically significant interaction between the trial type, control requirement and performance in
primary somatosensory cortex (BA3; F(1, 912) = 3.97, p = 0.0466), in primary motor cortex (BA4; F(1,
999) = 8.46, p = 0.0037) as well in the inferior parietal cortex (BA40; F(1, 4918) = 6.09, p = 0.0136). For

all ANOVA results, please refer to Table 2.



Brodmann Area 1 2 3 4 5 6 7 9 21 22 37 39 40 42 43 44 45

Subject 1 4 3 5 5 5 16 6 0 0 0 0 0 16 0 0 0 0

Subject 2 0 4 1 1 0 10 0 2 11 8 4 1 14 2 1 0 0

Subject 3 3 1 3 4 1 12 3 1 5 9 0 2 12 2 0 3 2

Number of Electrodes

Total 7 8 9 10 6 38 9 3 16 17 4 3 42 4 1 3 2

Table 3. Number of electrodes per Brodmann Area.

5.4.3 Error-related HBP time series by Brodmann Areas

To illustrate our overall HBP response profiles, we plotted the mean time-series for all four epoch
conditions generated by averaging the responses of all constituent electrodes from all subjects for
significant BA regions. Figure 3 shows the mean time-series during the correct and error windows used
to extract our Condition | and IV epochs in all electrodes placed over the inferior parietal lobule
(BA40). We observed increased HBP after error onset at t = 0 ms (red) when the decoder failed to
recognize the subject’s motor imagery as intent to move the cursor upwards towards the target
(Condition 1V). Contrarily, we did not see a general increase in HBP when the decoder was correctly
decoding the subject’s motor imagery (Condition I). During rest, we did not see a change in HBP
relative to error onset (Figure 4). We generated similar plots for all available BAs during both motor
imagery and during rest. Note, that t = 0 ms is a window-unique classification based on our behavioral
mismatch between cursor trajectory and decoder output. Our t = 0 is not a phase-resetting, evoked
boundary event in the classic sense of evoked potentials. Importantly, because there were typically
multiple error and correct epochs within any given trial, t < 0 reflects behaviorally heterogeneous

conditions.
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Figure 3. Time series of mean HBP during motor imagery in the decoder error and correct conditions in the
parietal lobe (BA40, highlighted in the brain inset). In these conditions, the subjects were attempting to move
the cursor towards the target through eliciting motor imagery. In the erroneous condition, the BCI mistakenly
decoded the subject’s intention as wanting to move downwards with rest. Error onset begins at time t = 0 ms for
the Condition IV plot. Statistical analyses were performed using the time window of t = 100-500 ms (i.e. the

(Correct Epoch)

statistical analysis window), as indicated by the window on the figure. Shaded region shows standard error of the

mean. Dashed gray line represents baseline.
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Figure 4. Time series of mean HBP during rest in the decoder error and correct conditions in the parietal lobe
(BA40, highlighted in the brain inset). In these conditions, the subjects were attempting to move the cursor
towards the target through rest. In the erroneous condition, the BCl mistakenly decoded the subject’s intention as
wanting to move upwards with motor imagery. Error onset begins at time t = 0 ms for the Condition Il plot.
Statistical analyses were performed using the time window of t = 100-500 ms, as indicated by the window on the
figure. Shaded region shows standard error of the mean. Dashed gray line represents baseline.

Collectively, this approach provides a useful description of the overall responsive cortical regions
generating ErrPs. We next used post hoc tests to determine the specific nature of HBP activity as a
function of error and correct condition type. We contrasted two different populations for a given
action type, motor imagery or rest for significantly responsive regions: (1) the mean value for each
error epoch 100-500 ms following error onset from all electrodes within the specified BA, and (2) the
mean value for each epoch during correct decoder performance 100-500 ms following the start of
recognized correct performance, from all electrodes within the specified BA. We applied a one-sided t-

test to test the specific hypothesis that HBP is greater in error than in correct epochs.

When comparing average responses following error onset (100-500 ms) during motor imagery (Condition
IV - Condition 1), we found motor, somatosensory, temporal, and parietal areas as having greater HBP
in error epochs than in correct epochs (Figure 5). Specifically, HBP in Condition IV (motor imagery
error) were significantly greater than in Condition | (motor imagery correct) in BAs 4 and 40 (one-sided
student t-test, FDR-adjusted p < 0.05). During rest error (Condition Il - Condition Ill), BA4 was

statistically significant (Figure 6).
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Figure 5. Increased HBP in multiple cortical areas during motor imagery error. The brain in the center shows
the spatial range for each Brodmann Area available in our subject population, with each area labeled by their
corresponding number. Each plot shows the average response within the specified Brodmann Area during erroneous

decoding (red) and during correct decoding (blue), 100 ms to 500 ms after error onset (indicated by the vertical
dashed line).
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Figure 6. Increased HBP in multiple cortical areas during rest error. The brain in the center shows the spatial
range for each Brodmann Area available in our subject population, with each area labeled by their corresponding
number. Each plot shows the average response within the specified Brodmann Area during erroneous decoding
(red) and during correct decoding (blue), 100 ms to 500 ms after error onset (indicated by the vertical dashed
line).

5.4.4 Low frequency error-related potentials by Brodmann Areas

In addition to investigating increases in HBP in error epochs as compared to correct epochs, we also
observed increases in spectral power in lower frequency bands in these same conditions. Although
lower frequency activity is not as localized as high gamma activity, some lower frequency bands have
played an important role in ErrP investigations in EEG work (Atchley et al., 2017; Glazer et al., 2018;

Trujillo and Allen, 2007).

Like with HBP, we compared the band power between 100-500 ms after error onset and correct
performance using one-sided student t-tests (alpha = 0.05) and correcting for multiple comparisons
using FDR-adjusted p-values. For the delta band (< 4 Hz), we observed significantly greater power in

error epochs compared to correct epochs, regardless of movement direction, posterior to the



temporoparietal junction (BA39). For the theta band (4-8 Hz), we observed significantly greater power
in error epochs compared to correct epochs, regardless of movement direction, in Brodmann Area 9
(frontal) and in the temporal lobe (BAs 21, 22, and 37). For the alpha band (8-13 Hz), we observed
significantly greater power in error epochs compared to correct epochs, regardless of movement
direction, posterior to the temporoparietal junction (BA39) and in the temporal lobe (BAs 21 and 22).
Lastly, for the beta band (13-30 Hz), we observed significantly greater power in error epochs compared
to correct epochs, regardless of movement direction, only in the temporal lobe (BA21). For a full table

of t-test results for all available Brodmann Areas and bands, see Table 4.
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Table 4. Resultant p-values for testing if band power in error epochs (100-500 ms after error onset) was greater
than band power in correct epochs using a one-sided paired student t-test (p-values FDR-adjusted for multiple
comparisons, alpha = 0.05) across all subjects. Values below alpha of 0.05 are highlighted in green.

5.4.5 Error-related potentials in individual subjects

Beyond region of interest event-related error analysis, we also explored individual electrode response
topography for each subject. Contributions from each electrode are presented in Figure 7 as the
difference in mean HBP 100-500 ms following error onset in erroneous and correct decoding, during
motor imagery. To visualize this topography, we used a Gaussian spatial smoothing kernel across

electrodes allowing for the visualization of cortical-response ‘heat maps’ at the individual level. Warm



colors indicate a positive difference where HBP during error is greater than HBP during correct

decoding.
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Figure 7. HBP during correct and erroneous BCl decoder performance per individual subject. Difference in high
gamma power during correct and error epochs 100-500 ms after error onset for each subject. Top row shows power
of Condition IV - Condition I, bottom row shows power of Condition Il - Condition Ill. Heat maps were scaled to
visualize the most robust effects.

As seen in Figures 7 and 8a, electrode coverage per subject varies thus yielding variable number of
electrodes per Brodmann Area (Table 3). Similar to the group-wide analysis, we also determined
significance of BAs within individual subjects by comparing the respective error and correct epochs
applying one-sided student t-tests (alpha = 0.05) and correcting for multiple comparisons using FDR-

adjusted p-values.

For Subject 1 (11 years old), the majority of electrodes present within the following areas had
statistically significant greater HBP during error than during correct in the motor imagery case
(Condition IV - Condition I): BAs 1, 3, 5-7, and 40 (one-sided student t-test, FDR-adjusted p < 0.05).
Brodmann Areas 2 and 4 had a few significant electrodes. There was at least one significant electrode
for all observable areas in this subject during motor imagery. During rest (Condition Il - Condition Ill),
the number of significant electrodes per respective area was lower than during motor imagery, except
for in BA4. Like during motor imagery, there was always at least one electrode per area that was

significant.
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For Subject 2 (13 years old), 50% or more of electrodes present within the following areas had
statistically significant greater HBP during error than during correct in the motor imagery case: BAs 2-
4,9, 21, 37, 40, and 42 (one-sided student t-test, FDR-adjusted p < 0.05). Brodmann Area 6 had one
significant electrode, BA22 had three significant electrodes, and BAs 39 and 43 did not have any.
During rest, the number of significant electrodes per respective area was typically lower than during
motor imagery. Some areas, which had most of their electrodes significant during motor imagery, do

not have any significant differences during rest (BAs 3-4, 9, 42).

For Subject 3 (35 years old), 50% or more of electrodes present within the following areas had
statistically significant greater HBP during error than during correct in the motor imagery case: BAs 4
and 5 (one-sided student t-test, FDR-adjusted p < 0.05). Brodmann Areas 1, 6, 21, and 40 had at least
one significant electrode each, and areas 2, 3, 7, 9, 22, 39, 42, 44, and 45 had no significant
differences. During rest, the number of significant electrodes per respective area was typically higher
than during motor imagery. With the exception of BA7, all the areas which had no significant

electrodes during motor imagery had at least one significant electrode during rest.

5.4.6 Group analysis: Cortical topography of error-related HBP responses

Using the data from each electrode of all subjects (Figure 8), we generated cortical heat maps to
observe the overall activity of the group. Figure 8 serves to show the contributions by electrodes
instead of presenting the mean response of any given Brodmann Area. As seen when we project each
subject’s electrodes onto the MNI brain, each subject has different coverage and therefore contributes

a different number of electrodes to each area of interest.
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Figure 8. HBP during correct and erroneous BCI decoder performance. (a) Electrode coverage by subjects in the
left (n=3), separated by color (Subject 1 in blue, Subject 2 in purple, Subject 3 in pink). (b) Difference in high
gamma power during correct and error epochs 100-500 ms after error onset. Left shows power of Condition IV -
Condition I, right shows power of Condition Il - Condition Ill. Heat maps were scaled to visualize the most robust
effects.

The areas with the most common coverage were BA40 (part of the parietal cortex) and BAé (posterior-
most part of the frontal cortex), with 42 and 38 total electrodes per area, respectively. Areas 2-4 also

had common coverage but had 10 electrodes or less per area.

We zoom-in to a portion of the parietal lobe in Figure 9 to show examples of individual electrode
contributions from all subjects in BA40, one of the few areas with multiple electrodes from each

subject.
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Figure 9. Increased HBP in multiple cortical areas during motor imagery error (parietal). Each plot shows the
average response of a single electrode (from one subject, each) within Brodmann Area 40 during erroneous
decoding (red) and during correct decoding (blue).

5.5 Discussion

We present the brain topography of HBP changes associated with error processing in the context of
visual feedback, closed-loop, motor-imagery BCI. Our novel approach to extracting epochs of
behaviorally defined error within a free-running BCI context is likely to be more reflective of
naturalistic error processing, provides high ecological validity and is specifically relevant to
contemporary co-adaptive BCI design. That is, our post hoc identification of error epochs, based on
violations of intention, circumvent limitations of artificially-induced error events which do not take
subject intention into account. To this end, our results are in agreement with a previous study

investigating error-related potentials in ECoG in an overt movement task (Milekovic et al., 2012).

Our BCI task involved using both active motor imagery and rest to control the vertical velocity of a

cursor to reach and dwell within a target. We investigated the involvement of different Brodmann



Areas and individual electrodes across subjects for these two different control paradigms when the

decoder incorrectly decodes the subject’s intention and moves the cursor away from the target.
5.5.1 Interpreting effects of trial type and performance on HBP

The interaction of trial control requirement (whether the subject needed to bring the cursor up to a
target placed above the center starting position using motor imagery) and performance (whether the
cursor moved correctly towards or erroneously away from the target) had a statistically significant
interaction on HBP in Brodmann Areas 3, 4, 40, and 43. In other words, the difference in HBP between
correct performance and erroneous performance were affected by whether motor imagery or rest was
required as the initial action to reach the target in the trial. The specificity of this significant
interaction was clarified by post hoc t-test results for the motor imagery conditions and the rest

conditions.

Importantly, we noted a statistically significant effect of trial control requirement on HBP in the
primary motor cortex (BA4) and premotor cortex (BA6), providing internal validity for our statistical
approach. Specifically, the control electrode, located in primary motor cortex, moved the cursor up or

down through increasing or decreasing HBP.
5.5.2 Broader response observed for motor imagery error than for rest error

Overall, more areas of the cortex exhibited significantly greater HBP during error in motor imagery
cursor control rather than in rest cursor control. BA regions which showed more significant HBP changes
in both the motor imagery and rest cases, when including all subjects, were the somatosensory (BAs 1
and 5), motor (BA4), and parietal (BA7) cortices. Areas which were exclusively significant during motor
imagery include part of somatosensory (BAs 2 and 3), temporal (BAs 21 and 37), and parietal (BA40)
cortices. The only area which was significant during rest but not motor imagery was near the angular
gyrus in the parietal lobe (BA39). Note that we did not have much frontal coverage from any of the
subjects, preventing investigation of common areas of interest associated with outcome (not
execution) error, such as the anterior cingulate cortex (Figure 8a). In Milekovic et al.’s overt

movement ECoG study (Milekovic et al., 2012, 2013), ErrPs in the motor, somatosensory, parietal,



temporal, and pre-frontal areas were observed when an execution error was induced in the subject’s

joystick control.

ErrPs in the motor and somatosensory areas are not unexpected considering they are directly involved
in the control and immediate feedback associated with the control. Involvement of other areas may not
be as obvious. Previous work has suggested that the parietal lobe is involved with low-level error
processing, which cursor control error can be considered (Krigolson and Holroyd, 2007). Although not
traditionally explored for error analyses, as there is typically a focus on the anterior cingulate cortex
and other frontal areas, previous fMRI work suggests the temporal lobe is also involved in error

processing (Stevens et al., 2009).

5.5.3 Corrective movement

The extent literature also suggests the parietal lobe may be involved in the execution of corrective
movements in response to error or low-level error (Calhoun et al., 2006; Krigolson et al., 2008;
Navarro-Cebrian et al., 2016). It is of note that the temporoparietal junction (TPJ; BA40) only had
significant HBP during motor imagery error, but the more posterior and superior area of the parietal
lobe (BA7) had significant HBP during both motor imagery and rest error conditions. Krigolson et al.
suggest that low-level errors are mediated in the posterior parietal cortex (Krigolson et al., 2008),
which may be reflected by the increased HBP in BA7 for both error conditions. Interestingly, the same
group showed that a P300 response from the TPJ would immediately precede corrective movements in
response to error in an earlier study (Krigolson and Holroyd, 2007). Instead of being directly responsible
for the corrective movement, Krigolson et al. postulate that the P300 indicates the updating of an
internal model of the task at hand (Krigolson et al., 2008). Navarro-Cebrain et al. (2016) instead
suggest the Pt from the parietal lobe indicates that enough error information has been gathered to
make a decision to change motor output in order to correct for the error. In our current work, the TPJ
had significant increases in HBP during motor imagery error, but not during rest error. This may imply
that the parietal lobe elicits a greater response when the corrective action to take requires an increase

or change in motor output, in this case, increased motor imagery. Rest error may not have resulted in



increased local activity in the TPJ because the corrective action to take would be to suppress motor

imagery.
5.5.4 Low performance and error elicitation

Error-related potentials are typically investigated in settings where instances of correct performance
greatly outnumber the instances of error. However, recent work by Pezzetta et al. (2018) reverses the
correct/error ratio by inducing error events for 70% of the task. In their study, Pezzetta et al. (2018)
find that error-related potentials are still elicited even when error occurs during the majority of the
task, confirming that the performance-monitoring system engages in the presence of error and not just

in the presence of uncommon stimuli.

The subjects of this present investigation had relatively low task performance, with an average trial
success rate of 30.67% (Table 1). This low trial success rate can be partially explained by task difficulty
and / or BCI task novelty, as the targets would be placed at varying distances from the center and
would also vary in size. In particular, the success condition of having to dwell within the target made
the task more difficult than similar one dimensional cursor control tasks, such as the Right-Justified
Box task. Note that our behavioral definition of low-level error is not dependent on trial success, but
instead on successful cursor movements within each trial. Overall, subjects performed marginally
better on trials where the target was placed below the cursor starting position (Table 1). Even with this
generally poor performance, we believe our investigation to still be valid as error-related potentials

are still elicited in tasks where the majority of actions are erroneous (Pezzetta et al., 2018).
5.5.5 Impact of age on error potentials

Two of the subjects in this investigation were early adolescents of the ages 11 and 13 years old
(Subjects 1 and 2, respectively), and the other subject was 35 years old (Subject 3) (Table 1). Human
brain maturation from childhood to adulthood is characterized by changes in the structure of and
activation of various brain structures, including in the ACC in the prefrontal cortex (Adleman et al.,

2002; Casey et al., 1997), a structure essential to conflict monitoring.



Previous work by (Ladouceur et al., 2007) found that with a more developed ACC, adults (19+ years
old) and late adolescents (14-18 years old) had stronger ERN responses than early adolescents (9-13

years old), however, the Pe responses did not differ significantly between any of the groups.

Although most subjects exhibited greater HBP in more areas during motor imagery error, Subject 3 had
more electrodes with significantly greater HBP differences between error and correct in rest rather
than in motor imagery. While this does not seem to be directly related to the aforementioned
developmental changes, it is still possible that error presentation in Subject 3 differed from the

younger subjects due to processes related to cortical maturation.
5.5.6 Error presentation in the time domain

Unlike with well-established error potentials in EEG, which are often measured as particular phase-
locked negative and positive deflections in the time domain, we explored ErrPs related to specific
changes in the band-limited time-frequency domain due to the high temporal/spatial resolution
inherent to ECoG. Our use of a post hoc defined behavioral marker for detecting error-onset instead of
a controlled, elicited error in control may have also led to less distinct, non-event locked ErrP
waveforms. As discussed, analyses in the frequency domain do not provide a clean time-stamped
waveform present in multiple electrodes in or across any of the subjects. The higher spatial resolution
of ECoG, in addition to our unique epoch boundary markers were determined, contributed to the

difficulty of relying on time-domain data for ErrP identification in this study.

Regardless, we attempted to compare topographical results more directly with EEG literature by
investigating changes in the raw voltage potentials recorded per channel per subject in all conditions.
Due to the nature of our task not having an experimentally controlled induced onset of error, we did
not expect, nor did we see, as robust a response as in EEG. We only saw significantly greater voltage

amplitude during error than during correct in a few select electrodes in two subjects.
5.5.7 Implications for BCls

Although this investigation focused on identifying cortical error-related potentials post hoc, online

classification of error-related potentials have been demonstrated in a few EEG studies (Cruz et al.,



2018; lturrate et al., 2015; Zander et al., 2016). With online ErrP monitoring, future cortical BCl can
infer BCI performance without explicit task information, allowing for automatic adaptation of the
system based on estimated performance. The task-independent nature of this method could allow for
robust adaptive systems that allow for long-term use of BCl that account for changes in recorded brain

signals over time.

As this was a preliminary investigation into error-related potentials in cortical BCI, we did not employ
online classification methods. The methods presented here could be adapted to work for online
classification by continually calculating HBP via a sliding window, and setting a threshold for channels
located on particular regions of interest, such as over BA7. The baseline may be set as the data prior to
the start of the sliding window, of a length longer than the sliding window itself. Alternatively, a
machine learning model could be developed and trained to classify error and non-error signals and fed

the necessary sliding window information for continual classification.

5.6 Conclusion

In this study, we examined the cortical activity of human subjects during a one-dimensional center-out
BCI task and investigated how different areas of the cortex behaved during erroneous BCI decoding
versus during correct performance. Of all the cortical areas available for analysis, the somatosensory
(BAs 1 and 5), motor (BA4), and the parietal lobe (BA7) showed significantly greater HBP 100-500 ms
after error onset than during correct behavior, regardless of whether the subject was actively
imagining movement or resting to achieve their goal. During motor imagery, parts of the somatosensory
(BAs 2 and 3), the temporal lobe (BAs 21 and 37), and part of the parietal cortex (BA40) were
exclusively significant. During rest, only part of the parietal cortex near the angular gyrus (BA39) was
exclusively significant. Overall, more areas were involved in error processing during the motor imagery
error cases rather than during rest error, although there were differences between subjects, with one
subject having more significant electrodes during rest. The observed activity of these areas agrees with

previous work suggesting the involvement of the parietal and temporal areas in error processing.



Although our results generally agree with previous work performed with overt movement in ECoG
(Milekovic et al., 2012), our error-related potentials (ErrPs) do not present themselves as the well-
defined waveforms discussed in the EEG literature, likely due to the diffuse timing of our error events.
The presence of ErrPs in both overt- and imagined-movement controlled ECoG tasks suggests error

processing is impartial to the method of control in a task.

Our investigation is the first to explore ErrPs in the context of continuous control in a cortical BCI. As
the BCI field delves further into understanding error and reinforcement learning, it is critical that we
understand error processing at various spatial and temporal levels in a multitude of conditions. This
study contributes to the field by focusing on continuous control (instead of discrete control for simple
selection) representing a more naturalistic setting for characterizing error potentials in the brain.
Additionally, we report the first description of the responsive local high-frequency activity using high

gamma band power in a BCl, instead of more global signals such as theta band activity in EEG.

In addition to exploring error processing in the context of motor BCI, we are also interested in the
effects of different forms of feedback during continuous control, not just visual (as is typical with most
current BCls). In the future of BCls and their adoption into neuroprostheses, we will need to understand
the effect of other forms of feedback, which inform volitional control, on BCI learning. Ultimately, the
use of ErrPs as an automatic feedback signal to future BCls will allow for co-adaptation, leading to
better and longer-lasting control. Greater performance and longer ability of use will allow these co-
adaptive BCls to break out of the confines of the research setting and make their way into clinics and

home settings.

We would like to explore the long-term effects of learning on the error-related potentials, but our
limited time with research subjects renders this nearly impossible. A better understanding of ErrPs and
their usability over time is crucial for implementing co-adaptive BCI systems which rely on ErrPs for
feedback. Longer use in the experimental setting may allow for the development of robust

classification techniques which can assist in real-time error detection in the future.



5.7 Additional work exploring spontaneous error

Error-related potentials are typically investigated in the context of controlled experiments, where
investigators either present pre-determined stimuli or have subjects perform specific tasks. However,
if we are interested in using error as a feedback signal to BCl decoders in the future, where BCls may
be used outside of controlled settings, it is important to also investigate spontaneous error in a

naturalistic context.

In this project, we began to investigate errors made by subjects in both controlled, experimental
settings, and in spontaneous behavior. This work was accepted as an abstract into and presented at the
Society for Neuroscience meeting in November 2017 (Wilson et al., 2017). However, due to difficulty in

reliably labeling spontaneous error in an efficient manner, this project was discontinued.

This project was mainly a collaborative effort with Nancy Wang. Nancy and her team focused on
processing the audio, generating the speech labels, and time-syncing the clinical ECoG recordings to
the simultaneous audio and video recordings. | focused on analyzing the cortical signals in the
experimental data collected by the lab, and also on analyzing the clinical ECoG corresponding to the

spontaneous mistakes.

Objective. We investigated cortical potentials associated with both naturalistic and in-task error in the
same human subjects, providing a first look into how error-related potentials in controlled

experimental settings may differ from those during free behavior.

Approach. Utilizing long-term simultaneous ECoG, audio, and video recordings (approximately one
week of data per subject), we applied automated approaches, an extension of our previous study
(Wang et al., 2016), to detect when spontaneous errors were committed within hundreds of hours of
patient monitoring. Using these labels, we defined timestamps of verbal admission of error and
extracted large epochs of 10 second length to then further analyze. In the controlled tasks, we stored
epochs of 1 second length. The controlled task epochs are much shorter than the spontaneous (non-

task) epochs due to the fast timing of the task being performed.



Main Results. We found increased high gamma (70-100 Hz) power in the ventrolateral prefrontal
cortex in both conditions (task and spontaneous error); in addition, we found activation in Brodmann
Area 8 (BA8) only in the natural condition (Figure 10). As activation in BA8 is thought to be associated
with uncertainty estimation, this increased high gamma power implies the subjects may be more
uncertain of mistakes made in the natural context. These results suggest there may be important
differences between error-related potentials for mistakes made inside and outside of strictly controlled
experiments; further, they motivate further investigation of error and reward in spontaneous behavior,

an analysis enabled by automated algorithms for extracting features from long-term monitoring.

Significance. In everyday life, we continuously evaluate our interactions with our surroundings; we
feel, see, and hear information telling us how well we are able to perform a desired action, thus
allowing us to adjust our behavior, learn, and improve. There are multiple theories on how our brain
uses this feedback for performance monitoring (Ullsperger et al., 2014) based on knowledge gathered
through controlled, non-invasive (West and Travers, 2008) and invasive (Phillips et al., 2016)
electrophysiology studies. However, this is the first, to our knowledge, exploration of error-related
potentials in a naturalistic setting. Understanding how error-related potentials present in uncontrolled
settings could greatly improve future systems that rely on error-related potentials for optimizing BClI

function.

5.7.1 Methods

In this project, we use audio recordings in conjunction with ECoG data to investigate error-related
potentials. The data consists of three subjects monitored continuously over at least one week after
electrode array implantation; each subject had approximately 100 intracranial ECoG electrodes with
wide coverage of cortical areas (Figure 10). Importantly, each subject was asked to perform a word

and picture association task (in-task context) (Figure 11), and also monitored for the remainder of their
clinical monitoring (naturalistic context). During this naturalist context for the duration of their pre-
surgical epilepsy monitoring, they received no instructions to perform specific tasks, and they behaved

freely inside their hospital room.
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Figure 10. Differences in high gamma activation between errors committed in the naturalistic vs in-task
contexts. Mean high gamma power (normalized to baseline) from two subjects were plotted on a standard MNI
brain. A third subject was analyzed with electrode coverage on the right hemisphere (results not shown). Error-
related potentials were computed for in-task errors, spontaneous errors, and also compared to a spontaneous
control condition.

Natural Errar In-Task Error

Figure 11. Natural error and in-task error. Natural error is made spontaneously outside of the controlled task
setting. In-task error occurs while performing a controlled task administered by the researchers.

Instead of relying on manual annotations, we use speech processing and machine learning techniques to
automatically determine key points when subjects may have made spontaneous mistakes. For
naturalistic error detection, automatic speech recognition selected candidate timestamps when the

” &

subjects said error-related keywords (e.g., “oops,” “sorry,” and various expletives). All audio recorded
for the subject's hospital stay was searched for error-related keywords using keyphrase spotting as
implemented in the Sphinx toolkit (Huggins-Daines et al., 2006). These timestamps were verified by
manual annotators for accuracy; on average, we confirmed approximately 10 candidate timestamps per
day. The manual annotators also sorted the timestamps based on if the keywords were said in an error

or non-error context. The non-error (control) condition included when the error-related keywords were

used as sarcasm or expletive infixation (e.g., “Abso-f***ing-lutely”).

Once we had error timestamps for all three subjects, we extracted the ECoG data from grid electrodes

at the corresponding timestamps. We stored data from 500 ms before to 500 ms after labeled error for
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task data, and from 5000 ms before to 5000 ms after for natural data (the epochs for task data are
smaller to prevent overlap from neighboring trials). Raw voltage values were common average
referenced and notch filtered for 60 Hz noise. We then calculated power for the high gamma (70-100
Hz) frequency band and normalized to baseline. After error epochs were stored for each channel, we
collectively sorted all subject electrodes into functional Brodmann Areas. With the epochs sorted by
Brodmann Area across all subjects, we then investigated normalized high gamma power before error
onset (t=0) by functional cortical areas. Epochs were stored as either in-task error, natural error, or

natural control for analysis.

5.7.2 Results

Preliminary analysis suggests increased activation in the ventrolateral prefrontal cortex (VLPFC) and
inferior parietal cortex during error, and dissimilar activation in BA8, which is associated with
uncertainty (Volz et al., 2005). The increased activity in the VLPFC may imply involvement of cognitive
control of memory (Badre and Wagner, 2007) during error realization and verbalization. Increased
activity in BA8 may imply there is greater uncertainty during error in the natural setting than in the

controlled task setting.

5.7.3 Conclusion

In order to progress with this study, we would need to collect experimental error data from more
subjects and also improve the automated speech recognition to obtain more candidate labels. The

major limiting factor of this study was the low label count in both in-task and spontaneous recording.



6. DMN disruption and reaction timing in a modified Stroop task

6.1 Motivation

In the previous chapter, we explored the presentation of error-related potentials across the cortex in a
continuous movement one-dimensional Brain-Computer Interface as one of the performance monitoring
signals of interest. In this chapter, we investigate the other performance monitoring signal of interest

for this dissertation, attention via Default Mode Network (DMN) activity. Through testing the effects of
DMN disruption on subject performance and on cortical activity, we gain a better understanding of how

attention affects task performance, local DMN activity, and communication between DMN regions.

Preliminary work from this chapter was accepted as an abstract in and presented at the Society for
Neuroscience meeting in 2018 under the title “The effect of Default Mode Network disruption on

reaction-timing and cortical activity in a modified Stroop task” (Wilson et al., 2018).
6.2 Introduction

When engaged and focused on a task that requires processing of external stimuli (e.g., visual),
activation in particular regions of the brain decrease (Raichle et al., 2001; Shulman et al., 1997). This
network of task-negative regions is commonly referred to as the Default Mode Network (DMN) (Raichle,
2015). As the term “task-negative” implies, the DMN recruitment is negatively related to task
involvement and can subsequently be used as an estimated measure of attention via increased
activation due to mind-wandering (Scheibner et al., 2017). This measure of attention through neural
signals is of particular interest for Brain-Computer Interface (BCI) development, as decreased attention
has been linked to worsening BCI performance in various studies (Diez et al., 2015; Lakey et al., 2011;
Ordikhani-Seyedlar et al., 2014). To prevent this decrease in BCl performance due to reduced
attention, we propose a BCl which monitors attention and uses attention and error-based estimations

of performance to adapt the decoder in Chapter 7. In this chapter, we focus on exploring the effect of



disrupting the DMN on subject performance, as measured through reaction time, and on DMN activity at

the cortical level.

Transient suppressions of DMN activity, on the scale of milliseconds, can naturally occur through
increases in task complexity (Ossandon et al., 2011), but can we exhibit controlled suppression of DMN
activity using perceptible or below perceptual threshold stimulation? In this study, we employ
perceptible audio stimulation in the form of an audible beep and deliver sub perceptual threshold
direct cortical stimulation to the DMN and to a control area. While the audio beep does not directly
disrupt DMN activity, the automatic auditory processing of this external stimuli should engage other
brain regions (Nourski, 2017) and naturally suppress DMN activity. Conversely, direct cortical
stimulation can be used to directly disrupt normal cortical function (Haglund et al., 1994; Keles et al.,
2004; Miller et al., 2007a). Recent work by Foster and Parvizi (2017) demonstrated that direct cortical
stimulation to non-somatosensory areas can be delivered below the perceptual threshold of the
individual receiving stimulation. Through direct cortical stimulation of the DMN, we hope to observe an
effect on subject performance without the subject consciously feeling their performance being

affected.

To test the effects of DMN disruption on DMN activity and on task performance, we collected
behavioral and electrocorticography (ECoG) data from subjects performing a Stroop reaction timing
task. Through the ECoG data, we were able to use spectral power as a measure of DMN activity.
Specifically, local activity at various DMN sites was measured via high gamma band power (Miller et al.,
2007b). In addition to spectral power, we also investigated changes in functional connectivity between
DMN areas using coherence and Phase-Amplitude Coupling, where functional connectivity is defined as
how similar frequency, phase, and/or amplitude is for correlated activity between multiple brain
regions (Bowyer, 2016). Coherence is a common measure for determining how significantly correlated
signal from different areas are and may imply communication between areas (Bowyer, 2016). Phase-
Amplitude Coupling examines how statistically dependent high frequency amplitude is to the low
frequency phase and, like coherence, may imply communication between areas (Canolty and Knight,

2010; Canolty et al., 2006; Florin and Baillet, 2015; Jensen and Colgin, 2007). By introducing DMN



disruption in the experiment, we investigate if disruption lessons communication between the various

sub-regions within the DMN.

In terms of studying the Default Mode Network and attention, the work presented in this chapter is
novel in that it explores the effect of DMN disruption not only on behavior and local DMN activity, but

also on communication within the DMN as measured through coherence and Phase-Amplitude Coupling.

6.3 Methods

6.3.1 Participants

Patients with medically intractable epilepsy (n = 5), undergoing clinical seizure monitoring at
Harborview Medical Center consented and volunteered to participate in research in accordance with

the University of Washington Institutional Review Board.
6.3.2 Data recording and electrode localization

The electrocorticogram (ECoG) for each subject was recorded through subdural macro-scale grid
electrodes (Ad-Tech 8x8 platinum, 10mm contact spacing) and electrode strips of varying size and
varying placement. Cortical potentials were recorded at 1525.88 Hz or at 12.207 kHz using the Tucker-
Davis Technologies (TDT) recording system (Alachua, FL), depending on if cortical stimulation was
delivered or not. The higher sampling rate was used for the subject who received cortical stimulation
as part of the task. Pre-operative T1 MRI scans were co-registered with post-operative CT scans (SPM8)
to allow for individualized electrode localization through BiolmageSuite software imaging package
(Papademetris et al., 2006). These localized electrode coordinates were also transformed to fit the
Montreal Neurological Institute (MNI) standard brain space to allow for Brodmann Area identification

and comparison across multiple subjects.
6.3.3 Default Mode Area identification

For analysis purposes, we labelled individual channels as recording from Default Mode Network (DMN)

areas if their MNI coordinates fall within designated Brodmann Areas, as defined by the MNI brain atlas.



Specifically, channels labelled as falling in Brodmann Areas 9, 10, 21, 31, 32, 40, 45, and 47 were
identified as DMN channels (Table 5). Although most electrodes were located laterally across subjects,
some electrodes were located medially, leading to DMN coverage along the medial parietal wall, the

lateral temporal regions, and temporal frontal regions.

BA Number Anatomical Location Sources

9 Dorsolateral prefrontal cortex (Fink et al., 1999)

10 Anterior prefrontal cortex (Rogers et al., 1999)
21 Middle temporal gyrus (Vorobyev et al., 2004)
31 Posterior cingulate gyrus (Fiddick et al., 2005)
32 Anterior cingulate gyrus (Goel et al., 1998)

40 Inferior parietal lobule (Hirsch et al., 2001)
45 Inferior prefrontal cortex (Gold et al., 2005)

47 Orbitofrontal cortex (Vollm et al., 2006)

Table 5. Brodmann Areas in the Default Mode Network summary table.

Because this method relies on having the MNI coordinates of the subjects’ electrodes calculated, we
did not have the information necessary to identify channels as being in the DMN through this method
during data collection. For the stimulation subject, we identified the DMN stimulation and control

stimulation electrodes anatomically.
6.3.4 Task design

Subjects performed a modified Stroop Task, where they were instructed to press the left arrow key
when presented congruent stimuli (i.e., word color matched meaning of the word), and the right arrow
key when presented incongruent stimuli (i.e., mismatch between the word color and the meaning of
the word) as fast as they can (Figure 12). For example, seeing the word “green” written in green text
warrants a left arrow key press (congruent), and seeing the word “red” written in blue text warrants a
right arrow key press (incongruent). The word stayed displayed on the screen for two seconds, or until
the subject responded if they responded within two seconds. After two seconds, the screen would

remain blank until the subject responded with a key press.
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Figure 12. Task trial examples. Subjects respond with either a left or right arrow key press when the stimulus
shown is congruent or incongruent, respectively. Individual trials (word presentations) are separated by inter-
stimulus intervals ranging from 1 to 10 seconds in length.

The task begins with a primer block to allow subjects to learn the task. In the primer block, subjects
respond to congruent and incongruent stimuli with Inter-stimulus Intervals (ISI) ranging randomly and
uniformly from 2-4 seconds. During ISls, a fixation dot is displayed in the center of the screen. The
primer is followed by randomized blocks containing standard trials with no disruption prior to word
presentation, trials with an audio beep presented one second prior to word presentation, trials with
cortical stimulation delivered to the DMN at the time of word presentation, trials with cortical
stimulation delivered to a control area at the time of word presentation, or any combination of the
above. For all blocks, stimuli (words) are presented following ISls of varying length until 20 trials have
been completed, where 50% of these trials have congruent stimuli. The task then moves onto the next

randomly selected block (Figure 13).

There is a 1 second delay between audio stimulus onset and word stimulus presentation to allow for the
subject to reorient their attention (Dastjerdi et al., 2011). We initially planned to introduce the same
delay with the cortical stimulation but forgot to account for a built-in delay in the code which the
stimulation circuit was based off of. As a result, cortical stimulation was delivered at the time of trial
start when the word was presented. The stimulation was designed to be below the perceptual
threshold, so subjects should not be aware of when the cortical stimulation is occurring within the

block (see Stimulation Parameters).



This task was developed with Psychtoolbox-3 (Brainard, 1997; Kleiner et al., 2007) in MATLAB 2016a

and interfaced with the TDT OpenEx suite.

20 trials 20 trials 20 trials 20 trials

Block 2 Block n

Key
@ Mo disruption
o)) Audio beep

Cortical stimulation (to DMN ar to contraol)

Figure 13. Task Structure. Subjects first complete a Primer Block to get acquainted with the task. The Primer
Block is then followed by n number of blocks, with each block containing a balanced number of congruent and
incongruent trials. Trial disruption type (no disruption, audio disruption, DMN stimulation, control stimulation) is
randomized within each block.

6.3.5 Stimulation parameters

We determined stimulation parameters based on previous work performed in the lab for eliciting
sensations (Collins et al., 2017; Cronin et al., 2016) and on published accounts utilizing transcranial

magnetic stimulation (TMS) (Siebner et al., 2009; Sliwinska et al., 2014).

Stimulation of non-sensory areas can be perceived by subjects given high enough pulse amplitude and
frequency (Pascual-Leone et al., 2000). However, our broad goal here was to disrupt non-sensory
cortical network function (i.e., of the Default Mode Network). Consequently, we aimed to present sub-
threshold stimulation. To this end, we delivered repeated single 1 mA biphasic pulses of 200 ps phase
widths at 200 Hz for 150 ms, similar to short pulse duration virtual lesions in TMS (Siebner et al., 2009;
Sliwinska et al., 2014). The exact parameters were determined prior to starting the task by tailoring

stimulation for each subject based on subjective perception.

Traditionally, stimulation through cortical electrodes for clinical mapping is performed in a bipolar
fashion using two neighboring electrodes, spaced 6-10 mm apart, over the target area (Formaggio et
al., 2013). Due to the setup of the TDT recording system, we could not simultaneously record and

stimulate within any given electrode. Stimulation electrodes must directly interface with the



stimulator, meaning they are not connected to the recording setup. As a result, we selected two
adjacent electrodes anatomically located in the DMN for DMN stimulation, and two adjacent frontal

electrodes not believed to be in DMN for control stimulation.
6.3.6 Spectral analysis

6.3.6.1 Pre-processing

Prior to analyzing the ECoG data, we removed DC offset between channels and eliminated channels
containing at least one voltage value with an absolute value greater than or equal to three times the
average standard deviation of voltage of all channels. Common Average Referencing (CAR) was
performed by grid or by strip for all subjects except for 822e26. We did not perform CAR for 822e26 to
prevent the spread of residual stimulation artifacts from channels near the stimulation sites.
Stimulation artifact removal is detailed in the following section. In addition, to reduce computational
load, we downsampled the ECoG data from the stimulation subject by a factor of 10, reducing the
sampling rate from 12.207 kHz to 1220.7 Hz. Next, we removed 60 Hz noise by applying non-causal 4%

order Butterworth notch filters centered around 60 Hz, and its harmonics at 120 Hz and at 180 Hz.

6.3.6.2 Stimulation artifact removal

To recover the underlying ECoG data during delivery of high amplitude direct electrical stimulation, we
used the cortical stimulation artifact removal package in MATLAB, made available online by colleagues
Caldwell et al. (2019). Implementation of this package requires our data be organized into two sets of
epochs: (1) epochs centered around stimulation to the DMN electrodes, and (2) epochs centered around
stimulation to the control electrodes. Each set is then fed separately into the template_subtract
function to return two sets of processed signals with the stimulation artifacts removed. The function
parameters shown in Table 6 were set for the epochs used in the template_subtract function. Default
values from the example code in the package were used for most parameters with the exception of
minPts and minClustSize, which were adjusted by epoch set to ensure stimulation templates fit the raw

data well, as verified through visual inspection (Table 6).



Parameter Value for DMN stim epochs  Value for control stim
epochs
pre 0.8 0.8
post 1 1
useFixedEnd 0 0
fixedDistance 4 4
distanceMetricDbscan ‘eucl’ ‘eucl’
distanceMetricSigMatch ‘corr’ ‘corr’
recoverExp 0 0
normalize ‘preAverage’ ‘preAverage’
amntPreAverage 3 3
minDuration 0.5 0.5
bracketRange [-6:6] [-6:6]
threshVoltageCut 75 75
threshDiffCut 75 75
expThreshVoltageCut 95 95
expThreshDiffCut 95 95
onsetThreshold 1.5 1.5
minPts 5 5
minClustSize 15 10
outlierThresh n/a 0.95

Table 6. Stimulation artifact removal function parameters. Values which were not manually entered but were
instead left for the function defaults are indicated by n/a.

6.3.6.3 Power calculation

Although we were primarily interested in changes in band-limited high gamma (HG) power behavior

during task performance, we also investigated changes in lower frequency bands, as they are often the

focus in the extent EEG literature (Aoki et al., 2015; Chen et al., 2008; Imperatori et al., 2016;

Knyazev et al., 2011). To circumvent the issue of 1/f2 power law inherent to the power spectrum, we

used the flat band-limited power calculation method detailed in Ramot et al. (2012). This method

accounts for the power loss by scaling the power calculations per band at logarithmically spaced

subranges.

Instead of bandpass filtering for each frequency band and calculating power by taking the absolute

value of the Hilbert transform, we divided each band into subranges of exponentially growing width

and calculated power within each subrange. For each subrange, we calculated power by squaring the

absolute value of the Hilbert transform, smoothing with a 50 ms sliding window, and then normalizing

by dividing by within-band baseline power, which was estimated by taking the mean value of all power



in this subrange 500 to 0 ms prior to all trial starts (when the word was presented). The final power of

the whole frequency band was calculated by taking the mean of all the scaled subrange power.

We calculated flat band-limited power using 6 subranges each for alpha (8-13 Hz), beta (15-30 Hz),

gamma (32-70 Hz), and high gamma (72-200 Hz).

6.3.6.4 Epoch definition

After we calculated power in each band of interest, we extracted epochs of 4 second lengths,
specifically from 2 seconds before each word presentation (trial start) to 2 seconds after. These epochs
were of sufficient length to capture a period prior to potential DMN disruption at t = -1 seconds and to
capture data up to and after reaction time for most trials. These epochs were organized by disruption

type (no disruption, audio beep, DMN stimulation, or control stimulation) and by channel.

We then generated average response spectrograms for each channel for each disruption condition using

short-time Fourier transform (400 point symmetric Hamming window, 300 overlapped samples).

6.3.7 Coherence

Coherence is a measure of how synchronous the frequency and amplitude content of two oscillating
brain signals are, and is used to quantify synchronicity between spatially separated recording channels
(Bowyer, 2016). The magnitude-squared coherence between Brodmann Areas was estimated using the
mscohere function in MATLAB. Coherence during each trial was measured between two channels using
the preprocessed voltage values from t=0-500 ms, where t=0 is the start of the trial where the Stroop
stimulus is presented. The electrode pairing from two different Brodmann Areas, defined as belonging

to the DMN (BAs 9, 10, 21, 31, 32, 40, 45, 47), remained consistent throughout our analysis.

The output of the magnitude-squared coherence function detailed coherence values for varying
frequencies. Through visual inspection of the coherence across all bands, we observed a fairly large

and consistent change in coherence around 20 Hz. In our analysis, we take the mean of the coherence



values below 20 Hz, and take the mean of the coherence values above 20 Hz, to return two values for

coherence in each channel pair for each trial.
6.3.8 Phase-Amplitude Coupling

Phase-Amplitude Coupling (PAC) is a measure of how well the amplitude of the signal within a
particular frequency range is modulated by the phase of the signal within another frequency range
(Tort et al., 2010). The strength of PAC within and between DMN channels were calculated following
the methods detailed in Tort et al. (2010). We calculated the Modulation Index for the normalized
amplitude of signal bandpass filtered from 70-200 Hz (high gamma) and the phase of the signal
bandpass filtered either from 7-12 Hz (alpha) or from 13-30 Hz (beta), where the signal was the
preprocessed voltage data in each DMN channel 0-500 ms after word presentation (t=0). This resulted

in one Modulation Index value per trial per channel combination.
6.3.9 Statistics

6.3.9.1 Behavior

To investigate the effect of the various disruption types and inter-stimulus interval (ISI) length on
reaction time, we fit Linear Mixed Effects (LME) models to our reaction times and conducted ANOVAs
on these models. LME models were employed on the reaction time (RT) data directly to control for the

random effect introduced by individual subjects.

We performed two LME model fittings and ANOVAs. For both models, ISI lengths were split into the
following categories: short (<3 seconds), medium (3<7 seconds), and long (>7 seconds). For the first
model and consequent ANOVA, we limited the disruption types to just “no disruption” and “audio

disruption”, as the stimulation disruption types were only present in one out of all five subjects.

RT~DisruptionType + ISILength + (1|Subject) (1)
For the second model and ANOVA, we focused on investigating the effects of cortical stimulation by
limiting the RT data to just subject 822e26, who was the only subject to receive cortical stimulation

during data collection.



RT ~DisruptionType + ISILength (2)
To further investigate effects observed from these ANOVAs, we followed up with unpaired, two-sample

t-tests comparing the RTs of the conditions of interest.

6.3.9.2 Power changes

As with our behavioral data, we wanted to control for the random effect introduced by including

multiple subject’s data in our comparison of change in power due to the varying disruption types.

To investigate whether audio disruption had an effect on mean power in DMN channels prior to RT, we
initially fit a Linear Mixed Effects model to the mean power within each band from t=0-500 ms in each

epoch for all subjects together.

Mean Power ~ DisruptionType + (1|Subject) + (1|FrequencyBand) + (1|Channel)  (3)
We then ran an ANOVA on this model to see if there was a significant main effect from disruption type.
We then followed up with unpaired t-tests to better understand the specific effects. Specific pairing is

discussed in the results.

To investigate whether cortical stimulation, as well as audio disruption, had an effect on mean power
in DMN channels prior to RT, we fit a Linear Mixed Effects model to the mean power within each band
from t=0-500 ms in each epoch for subject 822e26, who was the only subject to received cortical

stimulation.

Mean Power ~ DisruptionType + (1|FrequencyBand) + (1|Channel) (4)
Like with the first model, we then ran an ANOVA on this model to see if there was a significant main
effect from disruption type. We then followed up with unpaired post hoc t-tests to better understand

the specific effects.

Lastly, to investigate whether power in DMN channels changed over different ISI lengths (short: <3

seconds, medium: 3<7 seconds, long: >7 seconds), we fit a Linear Mixed Effects model to the mean



power within each band from the final second in the ISI preceding any possible disruption (t=-2000 ms

to t=-1000 ms), for all subjects.

Mean Power ~ ISllength + (1|Subject) + (1|FrequencyBand) + (1|Channel) (5)
An ANOVA was applied to this model to see if there was a significant main effect from ISI length. We

then followed up with unpaired post hoc t-tests to better understand the specific effects.

6.3.9.3 Coherence

Prior to investigating the relation of coherence between various Brodmann Areas, we first had to
decide which electrodes we would use. Electrode pairs were selected such that only one representative
electrode from each Brodmann Area was present in each pair. Electrode pairs were determined by
cycling through all possible combinations of channel pairs between two Brodmann Areas and seeing
which pair resulted in the lowest p-value when comparing the mean coherence between conditions.
Specifically, one-sided t-tests were conducted to test if the coherence during trials with no preceding
disruption was greater than during trials that were preceded with some form of disruption (audio or
cortical stimulation). Regardless of if the difference was statistically significant or not, the pair that

resulted in the lowest p-value for that specific Brodmann Area pair was stored for further analysis.

When observing the statistical significance of the difference in coherence between conditions across all
Brodmann Areas, we accounted for multiple comparisons by applying False Discovery Rate (FDR)

correction to the p-values.

6.3.9.4 Phase-Amplitude Coupling

In addition to coherence, we investigated Phase-Amplitude Coupling as another measure for
connectivity. Specifically, for each epoch, we used the Modulation Index as a single value to represent

the Phase-Amplitude Coupling within and between the channels identified in the coherence analysis.

We calculated the Modulation Index for the alpha phase (7-12 Hz) to high gamma amplitude (70-200 Hz)
coupling and for the beta phase (13-30 Hz) to high gamma amplitude (70-200 Hz) coupling for each

individual channel - where both phase and amplitude were taken from the channel of interest - and for



each pair of channels. Prior to running Phase-Amplitude Coupling on the data from t=0 to t=500 ms for
each trial, we removed linear trends in the data using the detrend function in MATLAB, and

preprocessed as described in the pre-processing section.

Following the methods as described in Tort et al. (2010), we calculate the Modulation Indices using two
phase ranges (7-12, and 13-30 Hz) and one broad amplitude range (70-200 Hz). To account for our
relatively short time window of 500 ms, we normalize the amplitude modulation to the mean and
standard deviation of 200 surrogate signals which were generated through running phase randomization

(Gias, 2011; Prichard and Theiler, 1994) on the amplitude signal.

6.4 Results

6.4.1 DMN coverage

Subjects had varying coverage of Default Mode Network areas (Figure 14, Table 7). Between all five
subjects, there was a total of 127 DMN channels for investigation, with most DMN channels in BA21

(middle temporal area) (Table 7).
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Figure 14. Cortical coverage of all subjects separated by color. Electrodes outlined in yellow represent channels
within Brodmann Areas associated with the Default Mode Network. Subjects by color: 3ada8b (magenta), 031ad1
(medium blue), 822e26 (red), a1355e (cyan), d715cc (navy).

Number of Channels per Subject

Br‘fr’;':“" 3ada8b 031ad1 822e26  a1355e d715cc Total
9 1 0 5 5 3 14
10 0 0 7 4 3 14
21 13 0 11 10 5 39
31 0 8 0 0 0 8
32 0 0 0 4 2 6
40 8 2 9 3 3 25
45 0 0 2 4 3 9
47 2 0 4 2 4 12

Total 24 10 38 32 23 127

Count

Table 7. Default Mode Network channels per subject. Each subject had a varying amount of electrodes present
within the various Brodmann Areas constituting the Default Mode Network.

6.4.2 Reaction time and task performance
Our initial aim was to examine interactions between disruption type, ISI length, and behavioral

performance metrics.
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Overall, subjects performed well on the Stroop task with an average response accuracy of 92.07% and
with an average reaction time (RT) of 1.28 seconds (Table 8). Note that subject 822e26’s relatively low
response accuracy was due to confusion regarding the color yellow. The subject recognized text in
yellow as being in orange and thus responded with incongruent whenever a congruent yellow stimulus

was presented.

. Total
SU?JDeCt Hemisphere Age Sex Handedness iesponse Mean RT . Mean RT Number
ccuracy (congruent) (incongruent) of Trials
a1355e L 28 M R 91.6667% 2.3146 1.6260 60
031ad1 L 30 M R 95% 0.9062 1.3739 60
d715cc R 19 M R 90% 1.6530 1.0113 60
3ada8b R 31 F R 100% 0.8556 0.9633 100
822e26* R 32 F R 83.6842% 0.9467 1.1364 190

Table 8. Subject performance. Subjects with stimulation trials are noted with an asterisk (*) by their subject ID.

In subject 031ad1, there was a positive association for RT as a function of ISl (Figure 15, left), an effect

which was ameliorated when applying the audio beep disruption cue type (Figure 15, right).
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Figure 15. Effect of disruption on reaction time in subject 031ad1. (Left) Subject reaction time increasing over
increasing inter-stimulus interval length. (Right) Subject reaction time decreasing over increasing inter-stimulus
interval length.

Across subjects, reaction time was slower for trials following long ISls than for trials following medium
length ISIs. Although reaction time is generally faster for trials following shorter ISls than for trials

following longer ISls, there is a great degree of variation between subjects (Figure 16).
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Figure 16. Reaction time by ISl length. Subject reaction times for trials with varying preceding ISI lengths,
excluding reaction times greater than or equal to two times the standard deviation of reaction time for the

individual subject.

If we observe the average reaction time per condition on a subject by subject basis, we see that RT
appears to be lower with DMN disruption via audio beep as compared to RT for trials with no disruption
for subjects 031ad1, 3ada8b, a1355e, and 822e26 (Figure 17). However, the one exception was subject

d715cc, who took longer to respond when a word was presented following an audio beep.
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Figure 17. Reaction Time by disruption type. Subject reaction times for trials with different disruption
conditions, excluding reaction times greater than or equal to two times the standard deviation of reaction time for

the individual subject.

To quantify our observations, we conducted an ANOVA on a Fit Linear Mixed Effects Model fitting the

effects of disruption type and ISI length on reaction time with subject set as a random effect variable,



as described in the methods (Equation 1). When running this test using the data from all subjects, we
excluded stimulation trials to ensure the disruption types were consistent between all subjects. This
ANOVA did not return any significant main effects for either disruption type (F(1, 366) = 0.17279, p =

0.6788) or ISI length (F(2, 366) = 0.33905, p = 0.71267).

To test the effect of all disruption types, including cortical stimulation, we also conducted an ANOVA
on a Fit Linear Mixed Effects Model fit specifically to the effects of disruption type and ISI length on
reaction time for subject 822e26 (Equation 2). With a standard alpha level of 0.05, we do not see a
statistically significant main effect from disruption type (F(3, 184) = 2.3993, p = 0.069397) or ISl length

(F(2, 184) = 2.4701, p = 0.08737).

6.4.3 Stimulation artifact removal

Prior to analyzing the ECoG data from our stimulation subject, we performed stimulation artifact
removal using the artifact removal package developed by Caldwell et al. (2019). Through stimulation
template subtraction, we were able to identify and remove the large artifacts introduced by cortical
stimulation to both the DMN stimulation channel pair and to the control stimulation channel pair

(Figure 18).
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Figure 18. Stimulation template subtraction for artifact removal. (Left) Stimulation artifacts in the raw signal
are much greater than the underlying ECoG and are present for the entire train duration of 150 ms. (Right) The
template subtraction method allows individual pulses to be subtracted from the raw signal, resulting in the
recovered signal which is on the scale of the raw signal without stimulation artifact.



Pre-removal, the artifact had large effects not only on the raw voltage, but also on broad-band
spectral power, and for a longer duration than the 150 ms stimulation train delivered at t=0. Figure 19
reveals an example average time-frequency response from a single channel before and after

stimulation artifact removal.

With Stimulation Artifact Without Stimulation Artifact
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Figure 19. Spectral power across all bands of interest pre- and post-stimulation artifact removal. Stimulation
delivered at t=0 leads to large, wide-band increases in power for approximately 500 ms. Dark horizontal bands
around 60, 120, and 180 Hz reveal notch filtering effects of line noise and harmonics.

6.4.4 Verifying ECoG signal quality

While analyzing the ECoG data, we observed phenomena which are unrelated to our analysis but agree
with previous findings in ECoG literature. Specifically, we observed suppression of beta power
immediately preceding increase in high gamma power in some channels. Moreover, we observed an

increase in high gamma power in some temporal channels at the time of the audio beep sounding.

6.4.4.1 Beta desynchronization and gamma synchronization with overt movement

In good agreement with the extent literature, we observed a decrease in beta power followed by an
increase in gamma and high gamma power around the time of key press (Figure 20). The consistent
decrease in beta power near reaction time for the various epochs (each epoch indicated by a different
color in Figure 20) is indicative of beta desynchronization, also known as beta event-related
desynchronization (ERD). Likewise, the consistent increase in gamma and high gamma power during
reaction time is indicative of gamma event-related synchronization (ERS). This beta ERD followed by
gamma ERS, measured through cortical electrodes in the motor area contralateral to the limb used for

overt control, agrees with the ECoG literature regarding the dynamics of oscillatory activity in
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canonical frequency bands during movement-based tasks (Babiloni et al., 2016; Pfurtscheller et al.,

2003).
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Figure 20. Observed motor cortex (highlighted yellow electrode) beta desynchronization and gamma
synchronization clusters to reaction time (Subject 031ad1, channel 51). Each color waveform represents the
band power of a single epoch centered around trial start (tied to word presentation). The thick black line
represents average within band normalized power. The vertical dashed line indicates approximately where beta
desynchronization and gamma synchronization begin.

The literature suggests this beta desynchronization is due to underlying sensorimotor information
processing during action execution, including integrating visual observation of movement (Babiloni et
al., 2016; Gastaut and Bert, 1954). Gamma synchronization, on the other hand, may represent an
increase in local neuronal activity near the electrode (Babiloni et al., 2016). Given that the event in
this case is the subject transitioning from rest to overtly pressing a key on the keyboard with their right

hand, this beta desynchronization with gamma synchronization is not unexpected.

6.4.4.2 Recognition of audio

In multiple channels in or near the belt areas of auditory cortex, we observed a large increase in high

gamma power at the time of audio beep presentation (t=-1) (Figure 21). Areas in or near the temporal
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lobe, including but not limited to the superior-temporal gyrus and the inferior precentral gyrus, are
known to show increased high gamma activity in response to auditory stimuli reflective of a role in
auditory perception (Nakai et al., 2019). Figure 21 reveals a significant increase in high gamma power
(p = 4.3026e-17) at the time of audio disruption (t=-1 to t=0 seconds) in trials preceded with an audio
beep (red) for a single channel, located slightly superior to the superior-temporal gyrus. In the example
for a single channel shown in Figure 21, the mean high gamma response at button press seems smaller

than in no disruption trials but is not significantly smaller (p = 0.2248).

Auditory Response in Channel 35
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Figure 21. High gamma response to the audio beep presented at t=-1 in a single example electrode. High
gamma power in channel 35 (highlighted) in subject 3ada8b exhibits the sharp increase in high gamma power that
we expect from an area involved in auditory processing. The white channels displayed in the brain on the left were
classified as DMN channels.

Because parts of the temporal lobe cortex owe membership within the Default Mode Network, we see
high gamma increase in response to the audio beep in multiple DMN channels. In the following
analyses, we avoid using spectral data from channels within auditory processing areas (BA21) during

and immediately following the audio beep (t=-1 to t=0).
6.4.5 Effect of disruption on spectral power

Prior to running statistical analysis on the changes in spectral power due to DMN disruption, we visually

inspected the spectrograms representing the spectral power over time for each disruption condition.
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Example mean broad-band spectrogram responses for the four disruption conditions (no disruption,
audio beep, DMN stimulation, control stimulation) are shown in Figure 22. Mean spectrograms were
generated by creating spectrograms based on the mean response over all epochs within the given
condition. In this single example from one channel from BA40, we observed increases in power in select
higher frequency bands (approximately 80 and 160 Hz) in the control stimulation condition between

word presentation (t=0) and reaction time (approximately t=1).
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Figure 22. Mean response spectrograms for one channel in subject 822e26. Spectrograms for the different
disruption conditions calculated for channel 64 (BA40, circled black in figure), including direct cortical stimulation
to the Default Mode Network (purple) and to the control location (yellow). White electrodes indicate electrodes
which were defined as within a DMN Brodmann Area through our MNI projection method. Vertical lines at t=-1, t=0,
and after t=0 represent the time of initially planned disruption, the time of word presentation, and the mean
reaction time for that condition, respectively. Note that although we initially planned to deliver cortical
stimulation at t=-1, cortical stimulation was actually delivered at t=0.

81



Figure 22 suggests there may be a difference in low frequency power during and immediately following
audio disruption (t=-1 to t=0 seconds) in channels outside of auditory processing areas, as compared to
in no disruption trials. We examined if mean power across non-auditory DMN channels across all
subjects was greater in audio beep trials than in no disruption trials for t=-1 to t=0 using unpaired two-
sample t-tests for low frequency bands. We observed a significant increase in band power in the delta
(p = 0.0461) and theta (p = 6.2642e-10) bands immediately following audio disruption in non-auditory
DMN channels. However, we did not observe a statistically significant increase in alpha (p = 0.0891) or

in beta (p = 0.1642) power following audio disruption.

To investigate whether audio disruption had an effect on mean power in the frequency bands of
interest in DMN channels prior to RT, we initially fit a Linear Mixed Effects model fitting the effect of
disruption type to the mean power within each band from t=0-500 ms in each epoch for all subjects

together, with subject, frequency band, and channels set as random effect variables (Equation 3).

We then ran an ANOVA on this model and found disruption type (no disruption and audio disruption) to
have a statistically significant main effect (F(2, 47337) = 14.779, p = 3.8333e-07) on mean power from
t=0-500 ms across all channels. To better understand the specific effects, such as which frequency

bands exhibited this effect, we conducted post hoc tests using unpaired t-tests.

We hypothesized that disruption from the audio beep would lower mean HG power across DMN
channels. We ran a one-sided t-test testing if mean power following audio disruption was less than the
mean power following no disruption (t=0-500 ms) for each frequency band using epochs from all DMN
channels. We found that power in the alpha (p = 0.0371) and beta (p = 4.2891e-04) bands, but not in
the gamma and high gamma bands, was statistically significantly greater for no disruption trials. If we
instead tested if mean power following disruption was greater than mean power following no
disruption, we saw a statistically significant difference in gamma (p = 0.0261) and in high gamma (p =

7.9223e-06).

To investigate whether cortical stimulation, as well as audio disruption, had an effect on mean power

across DMN channels prior to button press, we fit a Linear Mixed Effects model to the effect of



disruption type on the mean power within each band from t=0-500 ms using all epochs for subject
822e26, who was the only subject to received cortical stimulation. Specific frequency bands and
channels were treated as random effect variables in this model, as detailed in the methods (Equation

4).

We then ran an ANOVA on this model and found disruption type (no disruption, audio disruption, DMN
stimulation, and control stimulation) to have a statistically significant main effect (F(4,33475) = 32.47,
p = 4.663e-27) on mean power across DMN channels in subject 822e26 from t=0-500 ms. To better

understand the specific effects, we conducted post hoc tests using unpaired t-tests.

We hypothesized that any form of disruption would lower mean HG power across DMN channels. We ran
one-sided t-tests testing if mean power across DMN channels following a particular disruption type was
less than the mean power across DMN channels following no disruption (t = 0-500 ms) for each

frequency band.

When testing for audio disruption in subject 822e26, we found the mean power across DMN channels in
trials with audio disruption to be statistically significantly less than the mean power across DMN
channels in trials without disruption in the alpha band (p = 0.0301). However, no significant decrease
was found in the higher frequency bands. When comparing DMN stimulation to no disruption, and when
comparing control stimulation to no disruption, we did not observe any significant decrease in mean
power across DMN channels from t=0-500 ms. However, if we instead tested if the mean power across
DMN channels during disruption trials was greater than the mean power across DMN channels during
trials without disruption, we found the following: mean power during audio disruption trials was
statistically significantly greater than mean power during no disruption trials in the gamma (p =
8.5113e-11) and high gamma (p = 3.1133e-19) bands. For DMN stimulation compared to no disruption,
we saw statistical significance in the alpha (p = 0.0442), beta (p = 1.0766e-08), gamma (p = 6.4034e-
10), and high gamma (p = 4.8937e-07) bands. For control stimulation compared to no disruption, we

see statistical significance in the gamma (p = 9.3680e-07) and high gamma (p = 2.9160e-26) bands.



6.4.6 Effect of ISI length on spectral power

Embedded within our experimental design, we varied ISI length from a typically short 1-2 second
duration to a long 10 seconds, as an extended period to promote varied DMN activity related to mind
wandering (Christoff et al., 2016). To investigate associations between ISI and pre-trial DMN activity,

we ran a power analysis similar to our previous spectrogram approach on DMN disruption.

We then fit a Linear Mixed Effects model to the effect of ISI length on mean power within each band
from the final second in the ISI preceding any possible disruption (t=-2000 ms to t=-1000 ms), across all
DMN channels and subjects. Subject, frequency band, and channel were set as random effect variables

in this model, as detailed in the methods (Equation 5).

We then ran an ANOVA on this model and found ISI length to have a statistically significant main effect
(F(2, 2.2724e05)=27.666, p = 9.6887e-13) on power. To better understand the specific effects, such as
in which frequency bands the effect was significant, we conducted post hoc tests using unpaired t-

tests.

We hypothesized that mean HG power would be greater across DMN channels towards the end of longer
ISIs. We ran one-sided t-tests testing if the mean power from one second of data (starting two seconds

from the end of the ISI period) was greater in a longer ISI than a shorter ISI.

When comparing mean power in short ISls to mean power in medium ISls, we saw that the mean power
across DMN channels was significantly greater in medium ISls in the alpha (p = 1.4154e-18) and beta (p
= 4.9293e-09) bands. When comparing mean power across DMN channels in short ISls to mean power
across DMN channels in long ISIs, we saw the mean power was significantly greater in long ISls in only
the alpha (p = 1.8919e-20) band. When comparing mean power in medium ISIs to the mean power in

long ISls, we also only observed statistical significance in the alpha (p = 0.0315) band.



6.4.7 Effect of disruption on connectivity

In addition to investigating the effects of disruption type on the local activity (through high gamma
power) and on lower frequency band power in individual channels, we also explored the effects of

disruption type on the connectivity of channels within the Default Mode Network.

6.4.7.1 Coherence

We estimated coherence as a measure of connectivity between electrodes across different Brodmann
Areas within the DMN from t=0 to t=500 ms. One representative channel was selected for each DMN
Brodmann Area, as described in the methods. Given the great change in coherence around 20 Hz for
many trials across all subjects (Figure 23), we divided our coherence results into mean values below 20

Hz and mean values above 20 Hz.
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Figure 23. Example coherence between two DMN Brodmann Areas in a single trial. The coherence between
Brodmann Areas within the Default Mode Network often changed greatly around 20 Hz. This individual example
from subject 3ada8b, using channels 25 (BA40) and 63 (BA21) in a single trial, we see a large increase in coherence
after approximately 20 Hz. This behavior holds for many trials between all our subjects.

When observing the effect of audio disruption on coherence for all subjects, we see that mean
coherence (both above and below 20 Hz) between all Brodmann Area channel pairs in the DMN have
statistically significantly lesser coherence in trials following audio disruption relative to trials without

disruption (Figure 24). Figure 24 shows the mean difference in coherence values in text and the
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significance of this difference in color, where significant differences have a non-white background

color.
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Figure 24. Difference in coherence between trials with no disruption and trials following audio disruption.
Each difference value is printed in each cell, where each cell color corresponds to the significance of the
difference as measured by the p-value (FDR corrected for multiple comparisons). Cells with white backgrounds
indicate no statistical significance. Blank cells represent comparisons that were not performed either because
there were no electrodes within a given Brodmann Area (BA) or the information would be redundant.
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When observing the effect of cortical stimulation on coherence for subject 822e26, we see that mean
coherence (both above and below 20 Hz) between all Brodmann Area channel pairs in the DMN have
statistically significantly lesser coherence in trials with cortical stimulation than in trials without

disruption (Figure 25).
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Figure 25. Change in coherence from cortical stimulation. (a) Difference in coherence between trials with no
disruption and trials with DMN stimulation. (b) Difference in coherence between trials with no disruption and trials
with stimulation to the control area. Each difference value is printed in each cell, where each cell color
corresponds to the significance of the difference as measured by the p-value (FDR corrected for multiple
comparisons). Cells with white backgrounds indicate no statistical significance. Blank cells represent comparisons
that were not performed either because there were no electrodes within a given Brodmann Area (BA) or the
information would be redundant.

6.4.7.2 Phase-Amplitude Coupling

In addition to coherence, we investigate Phase-Amplitude Coupling (PAC) as a measure of connectivity
between the various Brodmann Areas in the DMN for the first 500 milliseconds in trials. PAC resolves
the degree of amplitude modulation as a function of phase across two signals. We computed PAC within
each channel representing each Brodmann Area. For each subject, we estimated the Modulation Index
value (Tort et al., 2010) as a single value measure for the strength of Phase-Amplitude Coupling

between alpha phase (7-12 Hz) and high gamma amplitude (70-200 Hz) or between beta phase (13-30



Hz) and high gamma amplitude, two band-limited indexes previously reported in extend DMN literature

(Fox et al., 2018).

Alpha-HG coupling

We first investigate the change in PAC between alpha phase and high gamma amplitude due to the
introduction of DMN disruption, either through audio beep, cortical stimulation to the DMN, or cortical
stimulation to the control area. When comparing Modulation Index values from audio disruption trials
to no disruption trials (from t=0 to t=500 ms), we only saw a significant decrease in PAC in the
disruption trials for the following alpha phase high gamma amplitude pairs in subject 822e26 (unpaired
two-sample t-tests, p-values FDR corrected for multiple comparisons): BA21 phase with BA21 amplitude
(p = 0.03555), BA45 phase with BA10 amplitude (p = 0.04762), BA47 phase with BA21 amplitude (p =
0.03764), and BA47 phase with BA40 amplitude (p = 0.03917). The Modulation Index difference values
for 822e26 are displayed in Figure 26, with the significant differences highlighted in green (p < 0.05,
FDR corrected for multiple comparisons). No other subjects exhibited a significant decrease due to

audio disruption.
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Figure 26. Difference in Modulation Index between no disruption and audio disruption in subject 822e26.
Values displayed in each cell are the mean difference in Modulation Index. Cell color indicates p-value, where
significant p-values are colored according to the color bar to the right. Insignificant differences are not
highlighted.

For DMN disruption, we only saw a significant decrease in PAC in the BA40 alpha phase BA21 amplitude

pair (p = 0.03708). For control stimulation, we did not see any significant decreases.

Beta-HG coupling

We then investigated the change in PAC between beta phase and high gamma amplitude due to the
introduction of DMN disruption, either through audio beep, cortical stimulation to the DMN, or cortical
stimulation to the control area. When comparing Modulation Index from audio disruption trials to no
disruption trials (from t=0 to t=500 ms), we only saw a significant decrease in PAC in the disruption
trials (unpaired two-sample t-tests, p-values FDR corrected for multiple comparisons) for the BA40 beta
phase BA40 amplitude pair in subject 3ada8b (p = 0.02375). No other subjects exhibited a significant

decrease due to audio disruption.

For DMN disruption, we saw a significant decrease in PAC between beta phase and high gamma
amplitude from t=0 to t=500 ms in trial for subject 822e26 in the following Brodmann Area pairs: BA9

phase with BA10 amplitude (p = 0.02949), BA10 phase with BA40 amplitude (p = 0.02531), BA40 phase



with BA10 amplitude (p = 0.03094), BA40 phase with BA40 amplitude (p = 0.0452), BA40 phase with
BA47 amplitude (p = 0.02539), BA47 phase with BA40 amplitude (p = 0.0258), and BA47 phase with

BA47 amplitude (p = 0.01561) (Figure 27).
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Figure 27. Difference in Modulation Index between no disruption and DMN disruption in subject 822e26.
Values displayed in each cell are the mean difference in Modulation Index. Cell color indicates p-value, where
significant p-values are colored according to the color bar to the right. Insignificant differences are not
highlighted.

For control stimulation, we do not see any significant decreases.

6.5 Discussion

In this chapter, we have explored the effect of inter-stimulus interval length and Default Mode
Network disruption on reaction time, and the effect of disruption on reaction time, on spectral power,
and on connectivity. Here, we discuss our interpretations of these results and propose further
investigations on the effects of subconscious and perceptible DMN disruption on connectivity between

DMN areas.



6.5.1 Reaction time may be affected by disruption type and ISI length

While ISI length and disruption type did not generally have statistically significant effects on reaction
time, we did observe some effects, particularly at the level of individual subjects. Our initial
prediction was that reaction time would be shorter for trials following shorter ISI and for trials
preceded by audio disruption. Consistent with this prediction, we noted significant effect for most
subjects, an observation which is in agreement with the extent literature (Aiken and Lichtenstein,
1964). Apropos, disruption of the DMN through exogenous electrical stimulation somewhat
unexpectedly increased reaction time in our single stimulation subject, given the well-established
negative relationship between DMN activity and task performance (Ossandén et al., 2011). Stimulation
to the control site did not seem to affect reaction time (Figure 17). This implies that disruption of the
DMN through high-frequency cortical stimulation may have an effect on the subject’s ability to process

or execute the immediate demands of a goal-directed task.

It is likely, however, that such unexpected increase, as opposed to decrease, in reaction time may be
due to the timing of the stimulation delivery. With the cortical stimulation delivered at t=0, it is
possible that we were interfering with the inhibition of DMN areas which would normally occur when
the trial begins. Had the cortical stimulation been delivered at t=-1 as initially intended, the
stimulation may have instead interrupted ongoing DMN activity and lowered DMN activity leading up to

the trial start and reaction time.

It is also possible that the stimulation current spread and impaired performance through inhibiting
function of areas nearby the stimulation sites. For example, DMN stimulation was delivered to channels
31 and 32 in subject 822e26 (Figure 22). The DMN stimulation site neighbors channel 24, which is
categorized as being in BA21, an area associated with processing of text and speech (Giraud et al.,
2004; Vorobyev et al., 2004). Although this function is typically linked to BA21 of the left hemisphere,
if interrupted via cortical stimulation at t=0 when the trial begins and the word is presented, it would
not be unexpected for the subject to take longer to process the word before responding with a key
press. It is conceivable that had this stimulation been delivered at t=-1, recovery of functional

language processing may well have occurred by the time of trial start and not inhibited performance.



6.5.2 Audio disruption and cortical stimulation unexpectedly increase spectral power

Default Mode Network disruption, whether perceived through an audio beep or through sub-conscious
cortical stimulation, seemed to increase spectral power for higher frequency bands in DMN channels 0-
500 ms after trial start. We initially expected disruption to decrease spectral power in the high
frequency bands, but found that this was instead true for the lower frequency bands (alpha and beta).
Interestingly, power across DMN channels increased in the higher frequency bands with audio disruption

from t=0-500 ms.

For the audio disruption trials, increased high gamma power in DMN channels during auditory
processing may reflect perceptual processing of the audio stimulus. Although the auditory response
from a single channel demonstrated in Figure 21 shows the transient increase in high gamma power
ends by t=0, it is possible that the collective response across all DMN channels took longer to return to

baseline.

For the DMN disruption during control stimulation trials, power in DMN channels near the stimulation
sites may have had residual increases in power due to cortical stimulation even after direct cortical
stimulation (DCS) termination and stimulation artifact removal. Although stimulation only lasted for
150 ms, we see in Figure 19 that stimulation may have impacted resulting band-limited power up to

400 ms after DCS offset and across a wide frequency range.
6.5.3 DMN disruption consistently lowers coherence between DMN areas

Although local activity - implied through high gamma power - increased across the DMN channels at the
start of trials (t=0-500 ms) with disruption, the coherence between DMN Brodmann Areas decreased
significantly with any form of disruption as expected. All possible Brodmann Area pairs in our subjects
demonstrated this statistically significant decrease in coherence in frequencies below 20 Hz and in
frequencies above 20 Hz. As a measure of functional connectivity, coherence quantifies how
synchronous the phase and amplitude content is within a frequency band of interest across two sites
(Bowyer, 2016). This significant decrease in coherence for all DMN BA combinations in disruption trials

relative to no disruption trials implies that functional connectivity within the DMN is inhibited by both



perceived (audio beep) and sub-conscious (cortical stimulation to the DMN or to the control area)
disruption. Conversely, this implies that functional connectivity between DMN areas was higher during
no disruption trials, even though this time window (t=0-500 ms) occurred at the transition between rest

and task engagement.
6.5.4 Phase-Amplitude Coupling lessens between some DMN areas with disruption

Unlike with coherence, we did not see a significant change in Phase-Amplitude Coupling between all
Brodmann Area pairs with any form of DMN disruption. We observed significant change in the most BA
pairs in beta phase high gamma amplitude coupling during DMN stimulation trials in subject 822e26.
The significant decrease in BA9 beta phase and BA10 high gamma amplitude coupling due to cortical
stimulation to the DMN may have transiently impaired the subject’s ability to determine if the word
presented at trial start was congruent or incongruent, given BA9’s involvement in error processing (Fink
et al., 1999) and BA10’s involvement in conflict resolution (Rogers et al., 1999). Similarly, the decrease
in coupling between BA10 phase and BA40 amplitude may have impaired the subject’s ability to
determine if the color of the presented word in the trial and the meaning of the word itself matched,
given the right inferior parietal lobule’s (BA40) involvement in same-different discrimination (Hirsch et
al., 2001). The decrease in BA40 phase and BA10 amplitude coupling presumably would have the same
negative effect on subject processing ability. The decrease in BA40 phase and BA47 amplitude
coupling, and in BA47 phase and BA40 amplitude coupling, may have led to increased difficulty in
inhibiting key press of the incorrect key, due to the right orbitofrontal cortex’s (BA47) involvement in
behavioral inhibition (Vollm et al., 2006). Interestingly, we also observe a significant decrease in PAC
within BA40 and within BA47. Because each Brodmann Area was represented by a single channel, each
within-Brodmann Area PAC change reflect the phase and amplitude coupling in an individual channel.
While single channel changes in cross-frequency coupling through PAC have not been well studied, this
phenomenon has been used in one study to classify sleep stages with high accuracy using a single EEG
sensor (Dimitriadis et al., 2018), implying that single channel PAC can be informative but should be

considered with a degree of caution (Jensen et al., 2017).



We do not observe any significant change in beta phase high gamma amplitude coupling due to the
control stimulation. We, however, did note a significant change in one BA pair due to audio disruption
in subject 3ada8b, the PAC within BA40. Like with the decrease due to DMN stimulation in 822e26, this

decrease in PAC in BA40 may have led to difficulty in same-different discrimination for subject 3ada8b.

We observed the next highest number of significant pairs in alpha phase high gamma amplitude
coupling during audio disruption in subject 822e26. Like with the BA40 beta phase BA47 high gamma
amplitude coupling in the DMN stimulation condition, we see a significant decrease in BA40 alpha phase
BA47 high gamma amplitude coupling in the audio disruption condition in subject 822e26. Notably, this
change in PAC is significant with alpha phase only with audio disruption and is significant with beta
phase only with DMN stimulation. No other significant pairs from beta PAC also resulted in significant
alpha PAC. The decrease in BA45 alpha phase and BA10 high gamma amplitude coupling may have led
to difficulty in processing text, as BA45 is associated with word processing (Gold et al., 2005; Vorobyev
et al., 2004). However, it is important to note that this function of BA45 was observed from the left
inferior prefrontal area and not from the right hemisphere, which is where we recorded from for
subject 822e26. The decrease in BA47 phase and BA21 amplitude coupling may have also led to
difficulty in verbal-linguistic processing, as BA21 is known to be involved in selective processing of text
(Vorobyev et al., 2004). However, like with BA45, this effect for BA21 was observed in the left
hemisphere in work by Vorobyev et al. (2004). Lastly, the alpha phase high gamma amplitude coupling

within BA21 significantly decreased with audio disruption and likely led to difficulty in text processing.

Regarding cortical stimulation’s effect on alpha phase high gamma amplitude coupling, we only
observed a significant effect in one BA pair for DMN stimulation in subject 822e26. This decrease in
BA40 alpha phase and BA21 high gamma amplitude coupling may have negatively impacted the

subject’s ability to perform same-different discrimination and to process the word presented.

Overall, we observed the greatest effect on Phase-Amplitude Coupling, specifically beta phase and high

gamma amplitude coupling, with Default Mode Network stimulation.



6.5.5 ISI length on DMN activity

We next sought to determine whether increased inter-stimulus interval length (from the standard 1-2
second length up to 10 seconds) would encourage mind wandering and consequently increase Default
Mode Network activation. It is well established that augmented DMN activity is associated with mind-
wandering and errors in task-performance (Anticevic et al., 2012). We measured the difference in DMN
HG activity for different ISI lengths (short, medium, and long) and found that DMN HG activity does not
necessarily increase across the span of longer ISls. However, power in both the alpha and beta bands
were significantly higher in medium length ISls as compared to in short length ISls. When comparing
spectral power from the medium length to long ISIs, we observed a significant increase in only the
alpha band. We also observed a significant increase in alpha power in long ISls as compared to short
ISIs. This makes alpha the only band to exhibit a consistent increase in band power with increasing ISI
length. Although not as direct a reflection of locally-specific activity as high gamma power, alpha
power has been identified as related to the DMN activity (Bowman et al., 2017; Rusiniak et al., 2018).
However, as elucidated by Bowman et al. (2017), the relationship between alpha power and DMN
activity varies by subpopulations within classic DMN nodes on the scale of overlapping voxels in fMRI.
Because contemporary high-resolution fMRI provides a finer spatial resolution than ECoG, we are
uncertain if we would be able to reliably identify and separate these subpopulations in our analysis. As

a result, we cannot definitively state that DMN activity increases with longer ISI length in this study.
6.5.6 Future work

Through this work, we have demonstrated that disruption of Default Mode Network activity has
statistically significant effects on spectral power, coherence, and Phase-Amplitude Coupling in DMN
channels. However, the delivery of cortical stimulation at trial start (t=0) limits confidence in our
stimulation results aimed at impairing DMN function during sustained, task-directed focus. We suggest
future work to modify the task such that cortical stimulation is delivered at t=-1 and analyze the effect
on reaction time, spectral power, and connectivity. We believe this would allow for greater confidence
in the interpretation of the results. In addition, further analysis could be performed to investigate the

effect of DMN disruption during reaction time and immediately after.



6.6 Conclusion

In this chapter, we discussed the effects of attention and disruption of the Default Mode Network on
reaction time in a Stroop Task performed by individuals implanted with subdural electrodes. While we
observed that reaction time was generally faster for short ISI for most subjects, longer ISI duration did
not consistently lead to a statistically significantly slower reaction time. Similarly, we observed that
reaction time for trials following audio disruption of the DMN tended to be faster for most subjects
than for trials with no disruption, but did not see a statistically significant effect. In investigating the
cortical signals, we found local activity (measured through high gamma power) increased in DMN
channels in trials preceded by audio disruption and in trials with either DMN or cortical stimulation. We
also found that audio disruption and disruption through cortical stimulation significantly decrease
coherence between all DMN Brodmann Area pairs available. Although not as widespread as the change
in coherence, audio disruption and DMN stimulation led to significant reductions in Phase-Amplitude
Coupling within and between a few Brodmann Areas. Stimulation to the control area, however, did not

have any significant effect on Phase-Amplitude Coupling.

From this work, we gained a better understanding of effect of attention and cognition - implied
through Default Mode Network activity - and how we may affect subject performance through DMN
disruption. This leads us into the next chapter, which uses both error-related potentials (as explored in

the previous chapter) and attention to create a co-adaptive Brain-Computer Interface.



7. Combining error potentials and DMN activity to create a co-

adaptive BCl system

7.1 Motivation

BCl co-adaptation is typically restricted to settings where we have all the metadata necessary to
manually make changes to the system, such as actuator kinematics and explicit task performance
measures. However, obtaining metadata through additional sensors or manual human behavior
monitoring is impractical for BCl use in at-home, or even clinical, settings. Through the use of neural
performance monitoring signals already being collected during BCl use, we developed a BCI that
automatically adapts to the user without the need for specific task information or a researcher. The
adaptive BCl presented in this chapter uses both error-related potentials and attention via Default
Mode Network activity to selectively adapt to the user based on their estimated performance. This is
the first demonstration of a motor imagery based co-adaptive BCl which relies on a combination of

error and attention for performance estimation.

Studying error-related potentials and the Default Mode Network at the cortical level allowed us to gain
a better understanding of performance related signal involvement in task performance. However, while
we could develop a co-adaptive system using these performance related signals in minimally-invasive
electrocorticography (ECoG), we believe developing and demonstrating such a system for non-invasive
EEG will allow for greater impact. In addition, the non-invasive nature of EEG allows us to iterate

through the BCI design and testing process much quicker.
7.2 Introduction

Brain-Computer Interfaces (BCl) are systems that enable users to control devices such as computer
cursors (Bacher et al., 2015; Simeral et al., 2011; Spuler, 2015), keyboards (Bacher et al., 2015; Guy et
al., 2018; Spuler, 2015), and robotic arms (Gao et al., 2017; Hochberg et al., 2012; Kim et al., 2015;

Schiatti et al., 2017) through their own neural signals. These systems have the potential to improve the



quality of life for individuals with sensorimotor disabilities due to neurological conditions such as spinal
cord injury and stroke. All BCls consist of three main components: (1) the neural signals of the user, (2)
the signal decoder which is responsible for processing the signals to output control instructions for the
end effector, and (3) the end effector which can take many forms including but not limited to virtual
controls on a computer or a robotic limb. Brain signals may be recorded either invasively or non-
invasively for BCl use (Chaudhary et al., 2016), however, regardless of the recording method most BCI
exhibit difficulty in maintaining performance over long term use (Shenoy et al., 2006; Simeral et al.,
2011). To combat this, researchers have begun to investigate multiple methods to enable decoder
adaptation, with each method typically falling under one of the following broad categories: (1)
adaptation relying on external sensor data, kinematics, or task behavioral data (Margaux et al., 2012;
Mattout et al., 2015; Mondini et al., 2016; Rozado et al., 2015), (2) adaptation based on the neural
signal without context (Faller et al., 2014; Vidaurre and Blankertz, 2010; Vidaurre et al., 2006), and (3)
adaptation based on performance-related neural signals (Cruz et al., 2018; Iturrate et al., 2015;
Myrden and Chau, 2016; Spiiler et al., 2012a, 2012b). Decoder adaptation is of particular interest
among researchers due to the non-stationarity of the signals being recorded (Shenoy et al., 2006).
Brain signals recorded during one session for a particular task may differ enough in another session such

that the decoder has difficulty correctly translating the signals into the proper output.

Of the three major categories of decoder adaptation, we believe adaptation based on performance
related neural signals is the most useful choice going forward. Future BCI will ideally function reliably
for users in multiple contexts, whether they are using the BCI to type at the computer or to prepare a
meal. When working in multiple contexts, it is difficult to keep track of BCl performance through things
often used in controlled experimental settings, such as behavioral data. While using behavioral data is
not impossible in the at-home setting, it may feel very cumbersome and invasive with the introduction
of multiple sensors, such as cameras to monitor actions continuously. Fortunately, we have our own
performance monitoring system integrated into our brain function. By measuring error-related
potentials and attention, we can estimate subject performance using the signals we are already

recording with the BCl without introducing the need for any additional sensors.



In this chapter, we discuss the development and testing of a co-adaptive BCI which uses error-related

potentials and attention as performance related neural signals to adapt to the user over time.

7.3 Determining the EEG system

Prior to starting the study, we explored different EEG systems to determine which would work best for
our needs, and which may most closely emulate future BCI systems used in at-home settings. Of
particular interest were the Wearable Sensing DSI-7 and the Neuroelectrics Enobio due to their quick

setup time, reported signal quality, and availability of dry electrode sensors.

In deciding which system to use, we took into account four factors: (1) signal quality, (2) ease of setup,
use, and maintenance, (3) electrode coverage, and (4) comfort. Both systems exhibited comparable
signal quality when electrodes were in good contact with the scalp. While both systems were fairly
easy to setup and maintain, we found the Enobio to be a bit more versatile and easier to interface
reliably. The DSI-7 electrode positions are fixed in the headset and cannot be moved to other locations,
whereas the Enobio is in the form of a standard EEG cap with electrodes which may be moved to

various standard 10-20 system locations. In terms of comfort, both systems were comparable.

Additionally, the Enobio works with not only dry electrodes, but also with traditional gel electrodes
and new solid gel electrodes. We test recorded with all three available electrode types with the Enobio

and found the dry electrodes to have the most reliable and consistent contact with the scalp.

Ultimately, we decided to use the Neuroelectrics Enobio due to the ability to move the electrodes
around to create custom montages, and also due to less difficult interfacing through Python. Although
the Enobio was the better solution for this study, we believe the DSI-7 has great potential. It is possible
that BCI users would prefer to don EEG headsets like the DSI-7 instead of donning an EEG cap like the

Enobio.



7.4 Methods

7.4.1 Subjects

Healthy participants (n = 25, 12 male, mean age 23 years old) consented and volunteered to participate
in this EEG study in accordance with the University of Washington Institutional Review Board (see Table
9 for demographics). Three subjects have previous history of a neurological disorder. Subjects were
compensated $50 total for completing all three sessions or were compensated $15 per session if they

did not complete all three.

Data were collected through two consecutive studies. The recording methods and task were the same

for both Study 1 and Study 2, however, we discovered a bug in the BCI code which was present for all

subjects in Study 1. We fixed the issue and subsequently collected data from new subjects for Study 2.
Therefore, we simulated the performance for all subjects from Study 1, as described in the section

below titled “Simulated Adaptation”.

Data were recorded using a Neuroelectrics Enobio EEG recording device (Ruffini et al., 2006) with 8 dry
contact electrodes. Subjects were fitted with either a medium or large size cap, as indicated in Table
9. We recorded from the following eight channels at 500 Hz for all subjects: F3, Fz, F4, either FC1 for
the medium cap or FCz for the large cap, C3, Cz, C4, Pz. We used FC1 instead of FCz in the medium

cap because the medium cap did not have FCz as an available location to place an electrode.

Data from subject 97e442 were excluded from analyses because the subject was falling asleep

consistently throughout all three of their sessions.



History of

Sut|>JDect Stl;dy Grgup Age  Sex Handedness Sciiz Expsrciénce Negrological Ses1510n Ses;mn Ses;lon
Disorders
b12a46 1 1 21 M R M None No 0 8 15
41d8ff 1 1 21 F R M None No 0 5 12
1e8b34 1 1 29 M R L None No 0 3 14
ad11cf 1 1 20 F R M None Yes 0 7 12
af9af3 1 1 23 M R M None No 0 4 17
c795d2 1 1 26 F R M None No 0 1 20
97e442 1 1 20 F R L None No 0 4 10
5ea%e5 1 1 21 F R M None No 0 12 25
e2cbc4* 1 1 21 M R M None No 0 7 14
b7ff16 1 2 20 F R M None No 0 19 21
42feb7* 1 2 21 F R L None No 0 3 7
9d4921 1 2 20 M L L None No 0 14 16
05ecbc 1 2 19 F R M None No 0 7 22
912433 1 2 19 F R M None No 0 5 6
6f6b76 1 2 19 M R L None No 0 1 2
dcdb48 1 2 25 M R M None No 0 1 2
Tried once
ddaeeb 1 2 33 F R zt an event Yes 0 1 2
ut no
training
994dba 1 2 21 M R M None No 0 3 5
303d01* 1 2 38 M L M None No 0 1 13
ale6cO 2 1 32 M R M None No 0 3 7
851238 2 1 18 M L M None No 0 3 4
c37099 2 1 20 F R M None No 0 2 3
972a6f 2 2 18 F R M None No 0 15 18
520116 2 2 18 F R M None No 0 1 2
bd9e40 2 2 21 M R M None Yes 0 1 4

Table 9. EEG Study Demographics Table. Study number represented whether subjects had data collected through
Study 1 or Study 2. Group number represents whether the subjects were using an adaptive decoder (Group 2) or a
static one (Group 1). The numbers in the Session columns represent the number of days since the respective
subject’s first session. Subjects with a * on their ID performed an alternate motor screening task (described in the
section title Motor Screening). *Subject 97e442 completed session 1 with a medium sized cap but switched over to
a large cap for the remaining two sessions for comfort.

7.4.2 Experimental design

Subjects attempted to learn to control a 1-D BCI over three separate sessions, each lasting about one
hour with no more than one session on any given day. Within each session, subjects performed both a
motor screening task, to train the motor imagery decoder to classify imagined left vs imagined right
hand movement, and then multiple runs of a BCI control task. In the first session, subjects also
performed an error screening task to elicit error-related potentials (ErrPs), which are used in BCI
decoder adaptation. We selected motor imagery as the control scheme to provide subjects with a
chance to improve performance within or across sessions. Signals with typically above chance
performance without any training, such as Steady-State Visually Evoked Potentials (SSVEP), may not

allow for demonstration of learning.



In each session, subjects perform five runs of the BCI task with or without decoder adaptation between
runs. Subjects were randomly placed into Group 1 (no adaptation between runs) or Group 2 (decoder

adaptation between runs) prior to their first session.

All tasks were created in Python using a combination of the PsychoPy (Peirce et al., 2019), Arcade, and

Lab Streaming Layer libraries.

7.4.2.1 Error screening

In the first session, subjects performed an overt control 1-D center-out task for approximately 10
minutes. In this task, subjects attempted to reach a target placed either to the left or to the right of
the center start position by pressing the left or right arrow key on the keyboard. In order to move the
cursor one step, the subject must press the directional key of choice three times in a row. For each
step taken, there is a 20% chance that the cursor will move in the direction opposite of what is
pressed. Subjects had 7 seconds to move the cursor into the target to trigger the end of the trial. If
they did not reach the target within the time limit, the trial automatically ended. Each trial was
followed by a rest period where a fixation cross was displayed in the center of the screen for 1-2

seconds.

The purpose of this task is to elicit error-related potentials (ErrPs) in an environment like that of the
BCI task. These potentials elicited immediately after witnessing the cursor move in an unexpected
direction are used to create an ErrP classifier, which is used in the creation of confidence scores for

BCl decoder adaptation (see the section “Confidence Score Generation”).

7.4.2.2 Motor screening

At the start of each session, subjects were presented with a stimulus presentation task where they
were required to perform motor imagery (Ml) of their hands. When presented with a left-pointing
arrow, subjects imagined moving their left hand, and when presented with a right-pointing arrow,
subjects imagined moving their right hand. Subjects were instructed to keep their hands separate and
relaxed in a comfortable position as they employed one motor imagery strategy (e.g., imagined

visualizing their hand moving, imagined the sensation of the finger tips hitting the palm, imagined



wiggling their fingers, etc.). Each arrow was displayed on the screen for 4 seconds, followed by a 1-2
second rest period where a fixation cross was displayed at the center of the screen. The motor

screening task consisted of 100 trials, evenly split between left Ml and right MI trials.

Three subjects (indicated by the * in Table 9) were shown a box moving to the left or right in discrete
steps instead of a static arrow pointing left or right. These subjects were instructed to imagine they
were moving the cursor left with their left hand or imagine moving the cursor right with their right

hand.

The purpose of this task was to collect data to train the MI classifier used to control the cursor
movement in the BCI task. This MI classifier, which we will refer to as the BCl decoder, is a Multi-layer
Perceptron (MLP) shallow artificial neural network with a constant learning rate, and additional model
parameters determined through a cross-validation grid search (more detail in Model Validation). The
model input is in the form of a 4 x m array where each example consists of 4 features - the alpha (8-12
Hz) and beta (13-30 Hz) spectral density in channels C3 and C4 - and where m represents the number of
examples used as input into the model. These features were extracted by first, bandpass filtering the
data from 7-31 Hz, and then taking the sum of the spectral density of frequencies falling within each
respective range via the SciPy Welch method (Welch, 1967) of estimating power spectral density. The

examples are shuffled prior to training and are scaled to have zero mean and unit variance.

Model validation
To prevent over- or under-fitting, model parameters were determined using the Sci-kit Learn grid

search cross validation with 5 K-fold splits on the shuffled examples. For the Multi-layer Perceptron,

the grid search was performed over activation functions, alphas, and solvers (Table 10).



Parameter Value Space

Activation ‘relu’, ‘tanh’

Function

Alpha [1e-6, 1e-5, 1e-4, 1e-3, 1e-2, 1e-1, 1e0, 1e+1, 1e+2, 1e+3]
(np.logspace(-6,3,10))

Solver ‘Ibfgs’, ’sgd’

Table 10. Multi-layer Perceptron Model Parameters and Values.

After the grid search determined the optimal parameters for generalizing to the data, we split the
examples into 70% training and 30% testing and generated Receiver-Operating Characteristic (ROC)
curves and learning curves (Figure 28). These plots were used to check performance of this model

trained on motor screening data.
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Figure 28. Model Validation Example. Initial model performance was evaluated by observing the learning curve
(left) and the Receiver-Operating Characteristic curve (right). These example plots are for the motor imagery
classifier for subject 1e8b34, session 3.

The same model was then re-fit to include all the motor screening examples (training and testing data

combined) and saved for use in the following BCI run.

7.4.2.3 The BCI task

Similar to the error screening task, subjects attempted to move a cursor into a target placed either to
the left or to the right of the center starting position in each trial. To move the cursor, subjects
performed motor imagery of their left hand to move the cursor left, or of their right hand to move the
cursor right. Every 2 seconds, the cursor would move one step either to the left or to the right based
on 1750 ms of EEG data collected starting 2 seconds prior. The 1750 ms of data was processed into

alpha (8-12 Hz) and beta (13-30 Hz) spectral density in channels C3 and C4 as described in the Motor



Screening description above, yielding four features that are fed into the MI classifier built from the
Motor Screening task. These four features were scaled by subtracting by the mean of and dividing by

the standard deviation of the pre-scaled training examples which were used to train the decoder.

In all 12 trials, subjects have 20 seconds to reach the target. If the cursor reached the target before 20
seconds had passed, the trial would end early. Once the trial ends, a fixation cross was displayed on
the screen for a rest period of 2 seconds (with jitter). The trials were evenly split between having the

target placed on the left or on the right.

This BCI task was then repeated 4 more times for a total of 5 runs per session. Subjects in Group 1 used
the same decoder throughout all 5 runs, whereas subjects in Group 2 had the decoder adapted

between each BCI run (Figure 29).

Session

(A)

Mator Imagery Process Cursor Moves Motor Imagery Cursor reaches targat or trial times out

Figure 29. Experimental Paradigm. (A) The 1-D BCI task is run multiple times within each session, with decoder
adaptation being applied between runs for subjects in Group 2 (adaptation). (B) Each run contains multiple trials
that are separated by short rest periods lasting 1-2 seconds. For each trial, the subject attempts to move the
cursor to collide with a target randomly placed on the left or the right. The trial will end once the cursor hits the
target or once 20 seconds have passed, whichever comes first. (C) In each trial, the subject imagines moving their
left or right hand to move the cursor one step closer to the target. The cursor moves one step every 2 seconds.
Cursor movement direction is determined through a decoder which uses the data collected during motor imagery.

7.4.3 Decoder adaptation

In this investigation, we were interested in investigating the effects of BCI co-adaptation on BClI
learning. For all subjects, the decoder (Ml classifier) used in BClI run 1 was created using the data from
the motor screening task from that session. Subjects in Group 1 performed the BCl task without any
decoder adaptation within sessions. Subjects in Group 2, however, used an adaptive BCI decoder which

would update between runs. We would adapt this decoder by loading the most recent MI classifier and



retrain it using epochs of data from the most recent BCI run with high “confidence scores”, in addition
to all the previous data used to train prior versions of the decoder in the session. These epochs were
periods of MI control during the most recent BCI run, lasting 1750 ms each (Figure 30). An epoch would
have a high confidence score if we did not detect an error potential following visual feedback of the

resultant cursor movement from the MI and if the subject was focused (more detail below).

Feedback Phase

Motor Imagery Ip?gizfgsl Visual Feedback
Mlepuchl
(A) (B) Curs_or Moves (C)

Figure 30. BCI Control and Performance Feedback in a Single Movement. The cursor moves one step left or right
every 2 seconds. Cursor movements continue until the cursor hits the target or the trial times out (see Figure 29).
Note, the waveforms in this figure were drawn as examples and do not represent actual data. (A) The colors of the
channels correspond with the example waveforms in (B) and in (C). (B) Data from channels C3 and C4 are used to
measure motor imagery and are fed into the decoder to determine cursor movement direction. The cursor moves
in the determined direction 2000 ms after the motor imagery phase begun. (C) Data from all frontal channels
available and Cz are used to capture any error-related potentials that may rise when the cursor moves in the
direction away from the target position. Data from this feedback phase are not used in live control of the BCl, but
are used in decoder adaptation between runs.

7.4.3.1 Confidence Score generation

Confidence scores (CS) were generated using measures of error and attention. Error was estimated by
determining if an error-related potential (ErrP) was present during visual feedback immediately
following the movement of the MI-controlled box. Attention was estimated by observing beta band
power during motor imagery control in the central parietal channel, Pz, a corollary for Default Mode

Network activity (Jann et al., 2010). More detail on confidence score calculation is provided below.

Error-related potentials

Error-related potentials (ErrPs) were detected using one of two methods. Both methods used data from

all available channels recorded during the Error Screening task.



Method 1: Time domain template projection

To detect ErrPs in the time domain, we performed a template projection technique inspired by Miller
et al. (2015). We first organized EEG voltage signals (bandpass filtered 1-40 Hz) into 600 ms epochs
normalized to the data 700 to 100 ms prior to the start of the epoch, where t=0 is when the box moved
one step in the Error Screening task. We then generated error potential templates by averaging all
epochs where the box moved in the direction away from the target in the trial, and generated correct
performance templates by averaging all epochs where the box moved in the direction towards the

target in the trial (Figure 31).

Cz Cz
2
= Error Template ® ® Correct Trials
—— Correct Template 150000 e @ Emror Trials
- Example Epoch ™
1 100000
c
o &
LY ]
o L 50000
% B
> 0 \/_/'/ | t
b (N |& o
bl )
3 g
£ g *
S c
1 g -50000
w
-100000
_2 B
-150000 .
T T T T T T T T T T T v T T v
00 01 02 03 04 05 06 -100000-80000 —-60000 —40000 -20000 0 20000 40000
Time (seconds) Correct Template Projection

Figure 31. ErrP Template Projection in a Single Channel. (Left) Individual 600 ms epochs were compared against
the templates generated for the error and correct conditions. For each epoch in every channel, we calculated how
similar the waveform was to the error template and to the correct template. Example data pairs for channel Cz
are shown to the (right). Note that data from all frontal channels and Cz were used as features in the error
classifier.

We then generated features based on how similar each epoch was to the error template and to the
correct template. Similarity between epochs and templates were estimated by convolving the epochs
with each respective template and summing the results to return a single scalar value representing
similarity for each template. Because templates were created by averaging all epochs of the given
condition together, the overall amplitude of the templates was generally smaller than that of an
individual epoch. Both templates were scaled to match the normalized voltage range of each epoch by

subtracting the mean of the error template and dividing by the standard deviation of the error



template. We scale both templates using the mean and standard deviation of the error template,
instead of to their own mean and standard deviation values respectively, as to preserve any magnitude

difference between the error and correct templates.

The similarity values to the correct and error templates for each channel were used as input features
in a shallow artificial neural network, with the same architecture as the model used for motor imagery
classification. The model parameters were also determined using the same methods as described for
the BCI decoder (MI classifier). Individual example epochs were labeled as not having error (y=0) if the
epoch was associated with box movement in the correct direction towards the target. Epochs were
labeled as having error (y=1) if the associated box movement went in the direction away from the

target.

After the model and templates were created using the Error Screening task, we estimated the presence
of ErrPs during each BCI run by organizing the BCI epochs, creating features based on the pre-loaded

templates, and feeding the new projections into the model.

Method 2: Frequency domain power

To detect ErrPs in the frequency domain, we observed spectral density in both the delta (<4 Hz) and
theta (4-7 Hz) bands in the 600 ms of data (bandpass filtered 1-40 Hz) immediately following the
movement of the box in the Error Screening task. Like with Method 1, the 600 ms epochs were
normalized to the data 700 to 100 ms prior to the start of the movement onset (t=0). Spectral density

for both bands were calculated using the Welch method as described in the Motor Screening methods.

The spectral density in both the delta and theta bands for all channels were used as input features in a

shallow artificial neural network, as described in Method 1: Time Domain Template Projection.

Performance of the error classification model using Method 1 and Method 2 was comparable. We
decided to use Method 2 (frequency domain) for the study due to its marginally better performance on

an initial test dataset.



Attention

Attention was estimated using a measure of beta band (13-30 Hz) spectral density in our parietal
channel, Pz, which is believed to coincide with Default Mode Network (DMN) activity (Jann et al.,
2010). High beta band activity may be indicative of high DMN activity, suggesting lower attention on
the task at hand. Epochs were marked as occurring during low attention if the beta value in Pz was
above a threshold set by using data collected during rest periods (Figure 32). Specifically, the threshold
was created by subtracting two standard deviations from the mean of the beta density in Pz during all

inter-trial intervals within an individual run.
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Figure 32. Example of Parietal Beta in a BClI Run. Spectral density in the beta band in Pz was calculated for all
motor imagery epochs used to execute movement in the BCI task. Epochs are represented by single dots in this
plot. Epochs with beta spectral density above the threshold indicate likely high Default Mode Network activity and
low attention. The threshold is two standard deviations below the mean of the beta spectral density during the
rest periods in the run.

The scoring formula
To generate “confidence scores”, representing how confident we are on epochs being associated with
correct BCl performance, we combined the output of the error classification model with our above or

below threshold Pz beta value. We combined the values using the following formula:



cS = (P(E')—P(E)+1) - Wadthreshold (6)

2
Where CS = Confidence Score, CSscaled = Confidence Score (scaled), P(E) = Probability of an ErrP being

present for this example based on the error classifier output, P(E') = Probability of an ErrP not being
present for this example based on the error classifier output, wa = weight for attention (a value from 0

to 1), and dtnreshold = Normalized distance of the example's Pz beta value from the beta value threshold.

Depending on the distance values and the assigned weight, the values could go slightly above 1 and
slightly below 0. We scale the confidence scores (pre-normalized) such that the minimum is 0 and the

maximum is 1 by subtracting by the minimum and dividing by the range using the following formula:

CS — mln(CS) (7)
CSscatea =
max(CS) — min(CS)

Where the range of values for CSscaled is [0, 1]. Confidence Scores using just error potential information,
using both error and attention (pre-scaled), and using both error and attention (scaled) are presented

in Figure 33.
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Figure 33. Confidence Score Normalization. (Left) Using just error classifier output, and no attention
information, the confidence score values tend to be either very close to 0 or to 1. (Middle) If we add in attention
information, the confidence scores spread further but may go below 0 or above 1. (Right) By scaling the
confidence scores using both error and attention, we are able to create confidence scores ranging from 0 to 1,
where 1 indicates higher confidence in epoch being associated with correct behavior.

During decoder adaptation, models would be retrained using the data previously used to train the
model in addition to the most recent BCI run epochs with confidence scores above a set threshold

(default threshold set to 0.7). Epochs below the threshold were excluded in classifier re-fitting.



7.4.4 Simulated adaptation

Because roughly half of the subjects experienced BCl decoder co-adaptation during their sessions and
the other half did not, we also simulated how subject performance may have been had they been

placed in the group with the other adaptation type.

For subjects in Group 1 (no adaptation), performance was simulated by performing offline adaptation
of the motor imagery classifier (BCl decoder) between each BCI run, and then running the BCI task
using their pre-recorded EEG data and the newly adapted model for each run. Because this method
uses pre-recorded EEG, it is important to clarify that this results in a simulated one-way adaptation of

the decoder, and not in co-adaptation between the decoder and the subject.

For subjects in Group 2 (co-adaptation), performance was simulated by running each BCI task using
their pre-recorded EEG data with only the initial motor imagery classifier, which was created using the

motor screening data from that session.

We also simulate true label adaptation for all subjects, regardless of if they were in Group 1 or in
Group 2. The true label adaptation is identical to the confidence score-based adaptation, except that
instead of using confidence scores generated on estimates of error and attention, we use task
behavioral data. Epochs that were associated with movement towards the target were assigned
confidence score values of 1 and epochs that moved away from the target were assigned confidence

score values of 0.

7.4.4.1 Simulating Study 1 subject performance

For subjects in Study 1, their performance may have been hampered by a bug in the BCI code.
Specifically, the order of features fed into the BCl decoder did not match the order of features used in
creating and adapting the decoder for subjects in Study 1. To salvage the data, we simulated how well
the subjects may have done had the order of features in the BCI matched the order used in decoder
creation and adaptation. Analysis including subjects from Study 1 use the simulated performance data

instead of the original performance data resultant of this bug.



7.4.5 Statistical analysis

In order to test the effects of adaptation scheme (no adaptation, co-adaptation, or simulated true
label adaptation) on subject performance and learning, we fit the performance data to a few different
linear models. We then followed each model fitting with an ANOVA. For any statistically significant

main effect results from the ANOVAs, we ran post hoc unpaired t-tests to better understand the effect.

To test the overall effect of adaptation scheme (no adaptation, co-adaptation, or simulated true label

adaptation) on subject performance, we fit a Linear Mixed Effects model using the following equation.

Score~AdaptationScheme + (SessionNumber * RunNumber) + (1|Subject) (8)

To test the effect of adaptation scheme on learning within sessions, we fit a Linear Mixed Effects

model using the following equation:

Score~AdaptationScheme + RunNumber + (AdaptationScheme * RunNumber)

+ (1|SessionNumber) + (1|Subject) ®)

To test the effect of adaptation scheme on learning between sessions, we fit a Linear Mixed Effects

model using the following equation:

Score~AdaptationScheme + SessionNumber + (AdaptationScheme * SessionNumber)

+ (1|RunNumber) + (1|Subject) (10

7.5 Results

In this section, we confirm the presence of informative EEG signals and present our findings regarding

the effect of adaptation scheme on subject performance and learning.
7.5.1 Verifying the classifiers

7.5.1.1 Motor imagery classification

For each subject, motor imagery (MI) was classified using four signal features: alpha (8-12 Hz) power in
C3, beta (13-30 Hz) power in C3, alpha power in C4, and beta power in C4. As seen earlier in Figure 28,

our MI classifiers (BCl decoders) were able to accurately predict the direction of intended cursor



movement near 80% in the motor screening data. We selected these specific features because Event-
related Desynchronization (ERD) is known to occur in the mu band (8-13 Hz) during overt movements
and motor imagery in trained individuals (Pfurtscheller and Lopes da Silva, 1999). However, the exact
frequency range varies from subject to subject and often extends to upper beta, hence the inclusion of
both alpha and beta (Blankertz et al., 2010). C3 and C4 are commonly used to measure primary motor
cortex activity due to right limb and left limb movement in EEG, respectively (Blankertz et al., 2010;

Pfurtscheller and Lopes da Silva, 1999; Wolpaw and McFarland, 2004).

Figure 34 shows an example of ERD for right hand Ml in channel C3 and for left hand MI in channel C4,

where we see a decrease in spectral density during Ml relative to rest in high beta ranges (highlighted

gray).
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Figure 34. Event-related Desynchronization with motor imagery. In one subject, spectral density around the
upper limits of the beta band (13-30 Hz) decreases during motor imagery (MI) as compared to during rest. The left
shows this change in power due to Event-related Desynchronization (ERD) in channel C3 during right hand MI, and
the right shows this change in power due to ERD in channel C4 during left hand MI.

7.5.1.2 Error-related potential classification

For subjects who performed the BCI task with adaptation between runs, we created an error classifier
using either (1) delta and theta power or (2) measures of how well an individual epoch fit a grand-
average error template or a grand-average correct template (Figure 31) as features. This error

classifier was used in the generation of confidence scores, as described previously in the methods.



From visual inspection of the EEG spectrum, it can be difficult to identify if an individual epoch,
extracted during visual feedback, was associated with correct behavior or with error (Figure 35). The
EEG error literature states that power in the delta and theta band in centro-midline channels should

increase in the presence of error (Spiiler and Niethammer, 2015).

Because we do not see this robustly, we use data from all frontal channels and Cz, and not just from a

single channel, to create features for our error classifier.
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Figure 35. Average Spectral Response to Error and Correct in One Subject. From the motor screening task, we
create features based on either delta and theta spectral power, or on how well individual epochs match error and
correct templates. The average response in a single channel (Cz) is shown here, with limited frequency resolution
for plotting.

7.5.1.3 Confidence Score accuracy

To evaluate how well we were able to predict subject performance using error-related potentials and
attention, we compared our confidence scores (CS) to the true labels (TL) obtained through task
behavioral data. As a reminder, confidence scores are used to determine which epochs of in-task motor

imagery are included in decoder adaptation between runs.

We generated a confidence score for each cursor movement resultant of motor imagery, in each run.
Our confidence scores ranged in value from 0 to 1, where 1 indicates high confidence that the box
controlled by the subject moved correctly towards the target. These same movements were assigned

TL values of either 0 or 1 depending on if they moved away from or towards the target, respectively.

As seen in Figure 36, our confidence scores (thresholded such that values greater than or equal to 0.7

were rounded up to 1, and values below 0.7 were rounded down to zero) matched the true labels



approximately 62% of the time for erroneous movements away from the target, and matched the true
labels approximately 38% of the time for correct movements towards the target. Our confidence score
calculations were more likely to assign lower values to movements, leading to less epochs exceeding

the CS threshold, leading to less epochs being included in retraining of the BCl decoder between runs.
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Figure 36. Confidence Score Accuracy. How well Confidence Scores (CS) matched the True Labels (TL) for each
Group 2 (co-adaptation) subject (left). Pink boxes represent what percentage of CS during TL = 0 movements fall
below the threshold and are excluded from decoder adaptation. Blue boxes represent what percentage of CS
during TL = 1 movements meet or exceed the threshold and are included in decoder adaptation. The box plots to
the right show the mean accuracy across all Group 2 subjects.

7.5.2 Subject performance

Although all subjects participated in three sessions with five BCI runs per session, no subjects achieved
performance above 70% for any run. Table 11 shows each subject’s overall performance per session,
averaged across all five funs within each session. As a reminder, subject performance was measured by

dividing the number of correct movements towards the target by the total number of movements.

Performance (%)

Subject ID Study # Group # Session 1 Session 2 Session 3 Overall
b12a46 1 1 54.00 55.05 41.60 50.22
41d8ff 1 1 44.23 53.23 48.69 48.72
1e8b34 1 1 44.81 49.82 43.36 46.00
ad11cf 1 1 45.23 57.45 51.56 51.41
af9af3 1 1 47.05 46.83 41.43 45.10
€795d2 1 1 48.73 49.23 44.73 47.56
97e442 1 1 - - - -
5ea9%e5 1 1 56.21 54.18 43.32 51.24
e2cbc4* 1 1 48.01 47.65 44,57 46.74
b7ff16 1 2 50.52 53.95 48.25 50.91
42feb7* 1 2 48.60 49.59 50.99 49.73
9d4921 1 2 49.59 47.13 50.77 49.16
05ecbc 1 2 47.82 51.60 47.63 49.02
912433 1 2 49.15 54.14 53.24 52.17
6f6b76 1 2 50.82 54.70 48.99 51.50
dcdb48 1 2 53.42 49.79 50.12 51.11
d4aeeb 1 2 47.07 48.48 51.59 49.05
994dba 1 2 55.75 46.86 54.80 52.47
303d01* 1 2 49.73 50.24 43.14 47.71
aleéc0 2 1 45.49 45.86 49.22 46.86



851238 2 1 43.72 44.96 48.35 45.68
c37099 2 1 43.04 50.00 46.51 46.52
972a6f 2 2 50.09 49.09 41.82 47.00
52016 2 2 48.01 55.70 49.14 50.95
bd9e40 2 2 50.51 51.53 47.04 49.70
Average - - 48.82 50.72 47.54 49.02

Table 11. Average performance for each subject. Note, we excluded subject 97e442 from the analysis. All
subjects with asterisks (*) performed the motor screening task by observing the moving box instead of seeing an

arrow pointing left or right.

7.5.2.1 Qualitative observations

Observing mean performance per run for all subjects, we see that the overall performance for subjects

in Group 2 (co-adaptation) tends to be higher than that for subjects in Group 1 (no adaptation) within

most runs in all sessions, with the largest impact in Session 1 (Figure 37). For almost all runs, simulated

true label adaptation seems to lead to greater performance than through no adaptation or co-

adaptation. From Figure 37, it seems there may be learning within Session 1 for both subject groups.
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Figure 37. Average subject performance across all sessions. Overall, the average performance across subjects
tended to be higher during simulated true label adaptation. Vertical lines at each point show the standard error of
the mean. Gray vertical lines represent the first run within each of the three sessions.
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Although not clearly present for all subjects, we do observe continuous improvement within a single
session for subject 6f6b76 (Group 2, co-adaptation) (Figure 38). In Session 2, we see that the subject’s

performance continuously increases starting from the 2™ run in the session.
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Figure 38. Recorded and simulated performance of 6f6b76 (Group 2). Recorded performance is displayed in
light green, representing the performance resultant of co-adaptation. The dark green and orange lines show
simulated performance for if the subject had been placed in Group 1 instead, and for true label adaptation,
respectively.

7.5.3 Learning within sessions

To test if subjects were improving their BCI control over runs within sessions (learning within sessions),

we fit the linear model described in Equation 9 to the data.

Running an ANOVA on this model, we do not see a statistically significant main effect from adaptation
scheme (F(2, 714) = 0.4076, p = 0.6654), from run number (F(1, 714) = 0.0967, p = 0.7559), or from the

interaction between adaptation scheme and run number (F(2, 714) = 1.1904, p = 0.3047).
7.5.4 Learning between sessions

To test if subjects were improving their BCI control between sessions (learning across sessions), we fit

the linear model described in Equation 10 to the data.

Running an ANOVA on this model, we do not see a statistically significant main effect from adaptation
scheme (F(2, 714) = 0.6250, p = 0.5355), from session number (F(1, 714) = 1.3959, p = 0.2378), or from

the interaction between adaptation scheme and session number (F(2, 714) = 0.6311, p = 0.5323).



7.5.5 The overall effect of adaptation scheme on performance

To test if subject performance overall was affected by adaptation scheme, we fit the linear model

described in Equation 8 to the data.

Through running an ANOVA on this data, we did see a statistically significant main effect from
adaptation scheme (F(2, 714) = 5.1720, p = 0.0059). To further investigate how adaptation scheme
affected performance, we conducted post hoc unpaired two-sample t-tests comparing the performance
between the adaptation schemes. From these tests, we saw that the scores from both co-adaptation (p
= 0.0013) and from simulated true label adaptation (p = 0.0025) were statistically significantly greater
than the scores from no adaptation. Performance from simulated true label adaptation, however, was

not statistically significantly greater than performance from co-adaptation (p = 0.7095).

From the ANOVA, we did not see a statistically significant main effect from session number (F(1, 714) =
9.4374e-04, p = 0.9755), from run number (F(1, 714) = 1.1929, p = 0.2751), or from the interaction

between session number and run number (F(1, 714) = 0.1606, p = 0.6887).

7.6 Discussion

In this chapter, we have explored the implementation of a co-adaptive BCI based on performance
monitoring signals using EEG. Here, we discuss the results of the statistical analyses, explore why
subject performance was lower than desired, evaluate our adaptation scheme, and present future work

which may lead to improved performance.
7.6.1 The effect of adaptation on overall performance

Although adaptation scheme does not seem to affect learning within or between sessions, it does have
a statistically significant effect on overall performance. Co-adaptation using our generated Confidence
Scores (CS) led to significantly higher performance overall for subjects in Group 2 (co-adaptation) as
compared to subjects without any adaptation in Group 1. As expected, the scores from simulated true
label (TL) adaptation were also significantly higher than those from runs without any adaptation (Group

1). This is encouraging as it suggests co-adaptation using performance monitoring signals, namely error-



related potentials and attention via Default Mode Network activity, can improve BCI performance

without relying on kinematic or task-specific behavioral data.
7.6.2 The effect of adaptation on BCI Learning

Overall, the adaptation scheme did not have a statistically significant effect on how subjects learned
to perform the BCI task within or across sessions. Regardless of whether subjects had or did not have
decoder adaptation between runs, the rate at which their performance changed did not differ
significantly. Although this suggests the adaptive decoders do not improve the rate of learning, we are

hesitant to make this claim given how low subject performance was across the board.

Motor imagery (MI) based BCls are known to be difficult to control and often require extensive training
periods (Mondini et al., 2016; Vidaurre and Blankertz, 2010). For example, in seminal work by Wolpaw
and McFarland (2004), subjects trained for 22-68 daily sessions, each session lasting approximately half
an hour. In a more recent study by Mondini et al. (2016), subjects trained through six sessions, with
two per day. Because the initial decoder for each session was trained just using the motor screening
data from the session (100 trials, 50 for left Ml and 50 for right MI) and not including data from any

previous sessions, it is likely that subjects did not have ample time to train.

Other factors which may have led to low performance include but are not limited to (1) changes in
signal or signal quality between runs, (2) waning motivation, and (3) possible “BCl illiteracy” for some
portion of the subjects (Myrden and Chau, 2015; Vidaurre and Blankertz, 2010). Subjects were
instructed to stay as still and relaxed as possible while performing the motor screening task and the BCI
runs. However, they could stretch and adjust their seating position between runs. We would always
wait until the impedance measures from the Neuroelectrics software would turn green for all channels
before starting the next run, but it is possible that the dry electrodes may have shifted slightly
between runs. It is also possible that subjects would evaluate their performance between runs and try
to adopt new strategies, although we advised against it. Regardless of if subjects were consciously
adopting new strategies or not, subconscious changes in neural populations responsible for the EEG

signal output may have occurred continuously throughout and between runs (Green and Kalaska, 2011;



Mizuguchi and Kanosue, 2017). In addition, because subjects were experiencing difficulty controlling
the box movement in the BCl, subjects may have been discouraged and would have decreased
motivation as their performance continued to not improve. A few subjects verbally expressed their
discouragement during their sessions. Although work by Myrden and Chau (2015) suggests that
increased frustration can lead to better performance, most likely due to increased attention, earlier
work by D’Mello and Graesser (2012) suggests high frustration can conversely increase boredom, reduce
attention, and lead to poorer performance. Some subjects also expressed being slightly fatigued by
performing the BCl multiple times, which may have affected performance negatively (Talukdar et al.,
2019). Lastly, motor imagery as a control signal might not be conducive to BCI control for some portion
of the subjects. As explored in work by Myrden and Chau (2015), other mental strategies may work

better for some individuals, including music imagery and word generation.
7.6.3 Efficacy of co-adaptive systems

Like other adaptive BCI, our confidence score based co-adaptive system may help improve BCl
performance (Faller et al., 2014; Iturrate et al., 2015; Margaux et al., 2012; Myrden and Chau, 2016;
Rozado et al., 2015; Spiiler et al., 2012b; Vidaurre and Blankertz, 2010; Vidaurre et al., 2006).
However, unlike in most other systems, our co-adaptation is based on non-control EEG signal, and not
on task behavioral or kinematic data. Reliance on task-specific cues or on behavioral data would
drastically limit the capabilities of future BCl which may allow control for various tasks and function in
various contexts. If we instead use performance monitoring signals already present in the brain signals
being recorded, we can provide feedback to the decoder using the BCl user’s own subconscious

evaluations of performance.

Previous work by other investigators on adaptive systems using just error-related potentials or just
estimates of performance using mental state (i.e., measure of attention, frustration, and fatigue)
agree with our finding. An error-related potential-based adaptive decoder used in a code-modulated
visual evoked potential (c-VEP) BCl by Spiiler et al. (2012a) increased control accuracy across subjects,

with an improvement of up to 4% in a single subject. In a maze navigation BCl, adaptation based on



performance estimation using mental state increased performance overall for most subjects and led to

an improvement of 2.4% in one subject (Myrden and Chau, 2016).

In their mental state-based adaptation study, Myrden and Chau (2016) report difficulty in accurately
estimating performance using just their measures of mental state, with a balanced accuracy measure
of about 54%. Using both error-related potentials and our estimation of user attention through parietal
beta power, our confidence scores were overall 50% accurate, with 62% accuracy for predicting
erroneous behavior and 38% accuracy for predicting correct performance (Figure 36). Although this
overall performance may seem low, it results in a greater amount of false negatives, meaning that less
data is added to the training set for each decoder adaptation. In an error-based adaptive EEG BClI, it
was found that error detection did not need to perform particularly well in order to positively affect
performance through adaptation (lturrate et al., 2015). In their system, Iturrate et al. (2015) found it
was sufficient for their error-related potential decoder just to perform better than chance. In our
study, we see that confidence score-based adaptation can improve BCl performance even with a

performance estimation accuracy of approximately 50% overall.

7.6.4 Future work

Although we were able to demonstrate an improvement in overall BCI performance using our
confidence score-based co-adaptation, future work may be done to better allow subjects to gain
proficient control of the BCI. In future iterations of this experiment, we would hope for subjects to
consistently achieve at least 70% performance to demonstrate that they have learned to control the
BCI. Changes that may be made to the system to possibly improve control include but are not limited
to (1) increasing training time, (2) using data from previous sessions in training the decoder, (3)
changing the amount of time allowed for motor imagery, (4) allowing for different mental strategies
for control, (5) adjusting the frequency band(s) of control per individual subject, and (6) using spatial

filters on the EEG data before feature extraction for the BCI decoder.

As mentioned earlier in this discussion, it is common for subjects to spend a significant amount of time

training motor imagery before controlling a motor imagery-based BCl (Mondini et al., 2016; Vidaurre



and Blankertz, 2010; Wolpaw and McFarland, 2004). In this experiment, subjects trained for
approximately 10 minutes via the motor screening task before their first attempt at controlling the BCI.
If we increase the training period in the first session and carry over data from previous sessions into all
sessions after session 1, we may see better motor imagery classification from the BCI decoder. Another
way to possibly keep the training period to a minimum is to introduce feedback during training.
Feedback could be provided visually or through auditory cues based on the strength of event-related

desynchronization in the alpha or beta band.

Interestingly, the amount of time allowed for motor imagery can change the strength of event-related
desynchronization (ERD) and event-related synchronization (ERS) (Jeon et al., 2011). In work by Jeon
et al. (2011), it was found that brief motor imagery led to greater pre-movement ERD than continuous
motor imagery, and continuous motor imagery led to greater post-movement ERS. In our task, subjects
performed motor imagery continuously for 2 seconds (1.75 seconds of which were used for
classification) before movement would occur. However, in the motor screening task, subjects would
continuously perform motor imagery for 4 seconds as they observed an arrow pointing to the direction
of the hand they should perform motor imagery for, or as they observed a box moving left or right for
four seconds for three subjects. The EEG from these 4 second motor screening trials were divided using
a sliding window of 1.75 second length. These 1.75 second windows from the motor screening task
were used to train the motor imagery classifier (BCl decoder). If 4 seconds of motor imagery is
considered continuous, the strength of ERD/ERS may have changed between the 1.75 second windows
extracted from the 4 second trials. This possible inconsistency in ERD/ERS between training examples
may have hampered decoder performance. To address this, future iterations of this experiment should

ensure the length of EEG for decoder training examples and online classification epochs match.

In addition to changing training time and timing of training epochs, changing the control strategy may
benefit many subjects. In an EEG BCl study by Myrden and Chau (2016), subjects were able to choose
the mental strategy they wanted to use to control the BCI. All subjects in their study trained using
motor imagery, mental arithmetic, music imagery, and word generation to control the BCI prior to

selecting which strategy they would use in the test sessions. Of all eleven subjects, only two selected



motor imagery as their control strategy for the test sessions. If we trained our subjects with multiple
mental strategies, it is likely that the majority would select a strategy other than motor imagery,

which may allow for greater performance and possible task mastery.

Our BCI decoder used change in spectral density in both the alpha and beta bands for all subjects to
classify motor imagery, however, the optimal features for classification may vary per subject. As
reviewed in Malan and Sharma (2019), EEG signals for BCI control often undergo spatial filtering or
wrapper methods to select which features to use for control. A common spatial filtering technique
applied to EEG data is the Common Spatial Pattern (CSP) algorithm, which results in greater signal-to-
noise ratio and allows for more robust ERD/ERS detection (Blankertz et al., 2008b; Fukunaga, 1990).
Note that we decided to use the same four features across all four subjects to allow for further

investigation on the generalizability of our system, as described in the following chapter.

7.7 Conclusion

In this chapter, we discussed our novel co-adaptive BCl which selectively retrains the decoder using
performance estimates via error-related potentials and attention. Although subject performance over
multiple sessions did not reflect learning or mastery of the BCI, our adaptation did help increase
overall subject performance. In the next chapter, we discuss the possibility of transfer learning and
creating a general model to work with this BCI such that new users may achieve greater than chance

performance on their first attempt of control without any training.



8. Transfer learning for first time BCI users

8.1 Motivation

First-time users of Brain-Computer Interfaces often undergo extensive training periods before they are
able to operate the BCI. These repeated, and often-times lengthy, training sessions can exhaust the
subjects before they even attempt to use the BCI. In addition, long training periods may discourage
individuals who would benefit from BCI technology from deciding to obtain a BCI. Building upon the
work from Chapter 7, in this chapter we investigate if it is possible to allow BCl-naive users to control a

BCI without any training at a performance level comparable to what we would expect with training.
8.2 Introduction

Advancements in various fields have recently rekindled interest in deep learning and advanced machine
learning applications to Brain-Computer Interfaces (Dai et al., 2019; Majidov and Whangbo, 2019;
Schirrmeister et al., 2017; Tabar and Halici, 2017). One principle that has revolutionized deep learning
is the concept of transfer learning. Transfer learning can broadly be defined as the use of data from
one domain or group in training a model that ultimately is used on a different dataset (Pan and Yang,
2010). In the case of BCl, transfer learning can be thought of as (1) using data from previous BCI users
to train a general model for a particular task or (2) using data from previous sessions recorded from the
individual of interest. Within the last year, researchers have begun to explore the methods and
applications of transfer learning in EEG BCI (Dai et al., 2018; Fahimi et al., 2019; Hossain et al., 2018;
Zanini et al., 2018). By creating a general model, we may allow first time BCl users to operate the BCI
without any extensive training. Our investigation is the first to attempt transfer learning with simple

features based on spectral density within central motor EEG channels.

In the work presented in this chapter, we created a general model trained on features from the highest
performance BCl run of all subjects (excluding the respective subjects of interest) and simulated each

subjects of interest’s first BCl session performance.



8.3 Methods

8.3.1 Data acquisition

The data used for this transfer learning experiment were collected as part of an EEG BCI experiment
focusing on testing the effects of adaptation scheme on BCl performance, as described in Chapter 7.
Instead of collecting data from new subjects to test transfer learning, we instead opted to simulate the

transfer learning for each subject in this dataset.
8.3.2 Subjects

The dataset contained EEG, motor imagery classifiers, error classifiers, and performance data for
healthy subjects (n = 25, 12 male, mean age 23 years old). EEG data were collected through a
Neuroelectrics Enobio 8-channel dry electrode EEG system. For more detail, please refer to Chapter 7

methods.

8.3.3 Experimental design

Subjects performed a one-dimensional center-out BCl task where they would attempt to control the
direction of movement for a virtual box through motor imagery to reach a target. Subjects would
attend three separate sessions, each consisting of a motor screening task and five runs of the BCl. The
motor screening task data were used to create the initial motor imagery classifier (BCl decoder) for
each session. All subjects also performed an error screening task in Session 1 to create an error

classifier.

Half of the subjects were placed in Group 1, where they would use the decoder created from the
motor screening data throughout their entire session. The other half, who were placed in Group 2, had

their BCl decoder adapted between runs using data from the previous BCI run.

For more detail, please refer to Chapter 7.



8.3.4 General Model creation

Prior to simulating transfer learning for a given subject, we created a general BCI decoder trained on
data from the best run of each subject, excluding the subject of interest. Specifically, the data were
the scaled training examples used to fit the loaded models. The best run was defined as the run with
the highest percentage of movements in the correct direction towards the target, per subject. Each
training example was a 4x1 array containing the alpha and beta spectral density for channels C3 and
C4. The model parameters were determined by performing a five-fold cross validation grid search over
activation function, alpha, and solver in a manner identical to the model validation method as

described in Chapter 7.
8.3.5 Simulating transfer learning

To simulate transfer learning, we simulated the Session 1 performance of all subjects in Group 1 in
Study 2 (n = 3), who originally did not have any adaptation of the decoder between runs. Instead of
using the decoder created using the data from the motor screening task of that session, we simulated
the five BCI runs in Session 1 using the general model on the original EEG data for each run. We
excluded Group 1 subjects from Study 1 because their behavior was simulated due to a bug present

during data collection (more detail in Chapter 7).

8.3.6 Statistical analysis

We compared actual subject performance in the first session to their simulated first session
performance using the general BCI decoder, created using the data of multiple other individuals. To
test the effect of model type (individual or general) on learning within the first session, we fit the data

to the following linear model.

Score~ModelType + RunNumber + (ModelType * RunNumber) + (1|Subject) (11)

To test the effect of model type on the overall performance within the first session, we fit the data to

the following linear model.

Score~ModelType + (1|Subject) (12)



After fitting each model, we ran an ANOVA on the model to see if there were any statistically
significant main effects. For any significant findings from the ANOVA, we would follow with post hoc

unpaired, two-sample t-tests to further examine the effect.

8.4 Results

In this section, we explore general model performance and the effect of transfer learning on initial

subject performance.
8.4.1 General Model training

For each subject, we trained a general model by using the data from the best run of all subjects
excluding the subject of interest. General model training was evaluated by observing the learning
curves and the Receiver-Operating Characteristic (ROC) curve for each model. In Figure 39, we see the
learning and ROC curves for the general model created for subject a1e6c0. For this subject, the
learning curve scores converge fairly low at around 56%, and the ROC curve has an area of 0.58. The

performance for the other subjects’ general models is similarly low (Table 12).
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Figure 39. Model Validation Example. General model training was evaluated by observing the learning curve (left)
and the Receiver-Operating Characteristic curve (right). These example plots were created from the training of
the general model for subject a1e6c0.



Model Parameters

Subject ROC curve area  Activation Function Alpha Solver
ale6cO 0.58 relu 0.001 Ibfgs
851238 0.58 relu 1e-06 (bfgs
c37099 0.58 relu 1e-05 Ibfgs

Table 12. Receiver Operating Characteristic curve area and model parameters for the general models created for
each subject.

8.4.2 Simulated transfer learning

Through simulating the Session 1 performance for the Study 2 Group 1 subjects, we qualitatively
observe an increase in overall BCl performance when using the general models in place of the original
models trained on each individual’s motor screening data (Figure 40). For one subject, we see the
performance within each run in Session 1 is greater with the general model than with the original
model (Figure 40, left). Across all three subjects, the mean performance over all Session 1 runs was

greater with the general models (Figure 40, right).
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Figure 40. Original subject performance compared to performance with general model. (Left) In subject
851238, the performance with the general model (trained on the best run data from all subjects excluding their
own data) results in better performance for each run than the original model. (Right) Histogram of original and
simulated general model performance for all three Study 2 Group 1 subjects.

Between all five runs in the first session, the maximum performance achieved with the general model

surpassed that achieved with the original model for all three subjects (Table 13).

Original Model Score (%) General Model Score (%)
Subject Mean Score Max Score Mean Score Max Score
aleé6c0 45.85 49.56 43.53 52.38
851238 45.01 53.40 53.45 55.96
c37099 43.04 50.88 45.37 60.53

Table 13. Original and simulated transfer learning performance. Subject performance in Session 1 with the original
model trained on the motor screening data and with the general model train on other subject data.



To test if the model type (original model trained on the individual’s motor screening data or general
model created using the BCl data from all other subjects’ best runs) had an effect on learning within

the first session, we fit the linear model described in Equation 11 to the data.

Running an ANOVA on this model, we do not see a statistically significant main effect from model type
(F(1, 26) = 0.3153, p = 0.5793), run number (F(1, 26) = 0.0091, p = 0.9249), or from the interaction

between model type and run number (F(1, 26) = 1.3633, p = 0.2536).

To test if the model type had an effect on the overall performance within the first session, we fit the

linear model described in Equation 12 to the data.

Running an ANOVA on this model, we do not see a statistically significant main effect from model type

(F(1, 28) = 1.2212, p = 0.2785).

8.5 Discussion

In this chapter, we have explored the concept of transfer learning and its application to motor imagery
BCI control using the EEG data described in and collected for Chapter 7. Here, we discuss the general
models, the results of the simulated general model performance, and future work which may lead to

more significant outcomes.
8.5.1 Low training and validation scores for the general models

Ideally, we would see the training and validation scores converge to a higher score further away from
chance on the learning curve, and we would see a higher area under the ROC. The low convergence
scores indicate that the models had difficulty finding a consistent pattern in the features associated
with the two classes: left motor imagery and right motor imagery. Because these general models were
trained using data from all subjects, excluding the subject of interest, it is possible that the change in
feature values for the two classes varied enough between subjects to prevent the model from learning

one reliable rule to discriminate left and right motor imagery.



As discussed in Jeon et al. (2011), how motor imagery presents itself may vary from person to person.
Here, it is likely that some subjects exhibited event-related desynchronization (ERD) in the alpha band
while others exhibited ERD in the beta band. Individual models trained on data for just one subject
may learn to recognize alpha ERD for motor imagery by classifying examples with low alpha spectral
density in C3 for right hand motor imagery and examples with low alpha spectral density in C4 for left
hand motor imagery. Likewise, an individual model trained on one subject with beta ERD may learn to
classify motor imagery based on the beta spectral density in C3 and C4. However, if you train a new
model using the data from these two subjects, it becomes less clear what difference in features is

associated with each class.

To address inconsistent feature changes, we could create multiple general models for any subject of
interest, where each general model is trained on only one presentation type of motor imagery. For
example, one general model would be trained on data from all subjects who exhibited alpha ERD and
another model would be trained on data from all subjects who exhibited beta ERD. Because there
would be more than one general model available for the test subject, we would need to determine
which model to use as the BCI decoder prior to BCl use. This calibration phase should only take a
minute or two to run, where we collect motor imagery and perhaps some motor observation data from
the subject and use the data to predict which model might work best for them. Although this prevents
the user from immediately starting to attempt BCl control, this short calibration phase would possibly
allow for greater performance while still allowing subjects to attempt control without an extensive

training period.
8.5.2 The effect of transfer learning on initial BCl performance

Although we did not find the general models to significantly improve performance for any of the test

subjects, we did observe better mean performance for two out of three subjects and better maximum
performance in all three subjects (Table 13). For subject 851238, performance with the general model
is better than with the original model for all five simulated runs (Figure 40). It is encouraging that the
model allowed for higher performance, allowing the subject to achieve above chance performance for

four out of five runs, as opposed to for one run with the original model in Session 1. The performance



with the general model for subject a1e6c0 was very similar to the performance with the original model
(Figure 41). However, in subject c37099, we see a great increase in performance with the general
model towards the end of the session. Interestingly, this seems to coincide with the increase in

performance with the original model in runs 4 and 5 (Figure 41).
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Figure 41. Original and simulated general model performance for subjects a1e6c0 and c37099. Both plots
share the same key but have different y-axis scales.

Despite the general model validation scores and ROC areas being relatively low, they still seem to

allow for comparable or even slightly better performance for subjects without requiring training.
8.5.3 Applications of transfer learning in BClI

As demonstrated in our simulation, general models trained on the data from multiple subjects may be
used to allow first-time users to control a Brain-Computer Interface with approximately the same or
better accuracy than they might have performed had they trained a personalized decoder. While work
may be done to improve the efficacy of the original individuals’ models trained in the BCI study
described in Chapter 7, it is also worth pursuing building upon the work in this chapter and improving

the efficacy of general models.

General models can allow subjects to achieve above chance performance without any prior training,
which lowers a large barrier for BClI development and BCl use. If we develop multiple general models to
fit different overarching types of motor imagery data (e.g., models trained on subjects whose motor
imagery presented as beta ERD), we may select the optimal general model for new subjects and allow

for even greater first session performance. Even if the initial performance with the general model is



lower than expected, data from the new subject can be fed into the general model between runs to

better fit the model to the individual.

By removing the need for extensive training prior to BCl use, investigators can design their experiments
to explore questions of interest in greater depth or more thoroughly without risking as much subject
fatigue due to long training periods. With the premise that general models may function better with a
larger amount of training data, researchers may be more motivated to share or upload their data to
large cloud repositories to allow for general model training. Outside of the research context, better
first time performance without extensive training might increase interest in BCls for medical or
therapeutic use, especially considering the cost of time and services individuals from these populations

often have to consider.

8.5.4 Future work

This initial investigation into transfer learning for motor imagery BCl demonstrates that general models
have the potential to impact how BCI are developed and used. However, significant improvements need
to be made before these general models replace training periods for non-novel BCl paradigms. As
discussed earlier, one change which may lead to greater performance is the creation of multiple
general models based on motor imagery presentation in the subjects in the training data. Another step
which may be taken to improve performance is to provide more data by using features not only from

the single best run per subject, but from multiple high performance runs per subject.

In addition to creating general models based on data from multiple subjects, further work should be
performed to simulate or test how well subjects would perform when the decoder is trained on data
from the current session and from previous sessions from the given subject. Does transfer learning

across sessions within individual subjects improve performance?

Lastly, it would be interesting to attempt to create a general model for error detection. If we were
able to create a general model for classifying error-related potentials, then we would be able to create

confidence scores for BCl data and allow for co-adaptation without spending time training an error



classifier. Having both an effective motor imagery general model and an error general model could

allow new users to fully utilize a co-adaptive motor imagery BCl without any training whatsoever.

8.6 Conclusion

In this chapter, we explored transfer learning as applied to the dataset collected and described in
Chapter 7. Although not statistically significant, we found our general models (trained on all subjects
excluding the subjects of interest) allowed for BCI performance on-par or slightly better than the
performance using personalized models trained on individual subject motor screening data. This
suggests that general models may be used to lower a barrier to BCl use and can be used in conjunction
with the performance monitoring based co-adaptive BCI detailed in the previous chapter, which utilizes

both error-related potentials and attention via Default Mode Network activity.



9. Conclusion

Brain-Computer Interface (BCl) use is largely restricted to research settings due to various factors,

including but not limited to the need for researcher expertise in ensuring the system will continue to
operate well over time. If not constrained to research settings, these systems could positively impact
the quality of life for many people with sensorimotor disabilities due to neurological conditions. With
the ultimate goal of increasing the viability of future BCls in at-home settings, the work presented in
this dissertation focused on promoting individualized, automatic co-adaptation between the BCl user

and the BCIl decoder.

To enable and demonstrate this co-adaptation, we built a BCI that would adapt using performance-
related neural signals without the need for explicit task performance information. This reliance on
performance-related neural signals should theoretically allow the BCI to adapt in various task contexts,
closer representing how BCls may be used in at-home settings. In order to build this co-adaptive BCl,
we first investigated two performance-related neural signals which would be used to provide feedback
to the BCI decoder. These two signals were error-related potentials and attention via Default Mode

Network activity, as explored in-depth in Chapters 5 and 6, respectively.

Through our investigations, we found that error-related potentials in a continuous control one-
dimensional center-out BCI task were observed in the somatosensory, motor, premotor, and parietal
areas, matching with previous literature investigating error in an overt movement task. We also found
that perceived disruption of the Default Mode Network (through the form of an auditory beep) tended
to improve subject reaction time in a modified Stroop Task. Interestingly, we also observed decreases
in connectivity between Default Mode Network regions following both conscious and sub-conscious

disruption through audio beep and cortical stimulation, respectively.

Using error-related potentials and attention, we created a novel estimate of subject BCl performance
called “confidence scores” which were used to selectively adapt the BCI decoder over multiple runs of

a simple one-dimensional center-out task. With our novel “confidence score” based co-adaptation, we



were able to demonstrate improved overall BCl performance as compared to for subjects without

decoder adaptation.

Although further work is required for increasing the viability of BCI for at-home use, the work
presented in this dissertation contributes to the field by demonstrating that automatic, individualized
co-adaptation using performance-related neural signals can indeed improve BCI performance. In
addition, this work includes novel investigations on error-related potentials at the cortical level in the
context of a continuous-control BCl and on the effects of conscious and sub-conscious disruption of the
Default Mode Network on task performance and functional connectivity between Default Mode Network

regions.
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