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Abstract

Background: Spatial neglect (SN) is a neuropsychological syndrome that impairs automatic

attention orienting to stimuli in the contralesional visual space of stroke patients. SN is commonly
assessed using paper and pencil tests. Recently, computerized tests have been proposed to provide
a dynamic assessment of SN. However, both paper- and computer-based methods have limitations.

New method: Electroencephalography (EEG) shows promise for overcoming the limitations of
current assessment methods. The aim of this work is to introduce an objective passive BCI system
that records EEG signals in response to visual stimuli appearing in random locations on a screen
with a dynamically changing background. Our preliminary experimental studies focused on
validating the system using healthy participants with intact brains rather than employing it initially
in more complex environments with patients having cortical lesions. Therefore, we designed a
version of the test in which we simulated SN by hiding target stimuli appearing on the left side of
the screen so that the subject’s attention is shifted to the right side.

Results: Results showed that there are statistically significant differences between EEG
responses due to right and left side stimuli reflecting different processing and attention levels
towards both sides of the screen. The system achieved average accuracy, sensitivity and specificity
of 74.24%, 75.17% and 71.36% respectively.

Comparison with existing methods: The proposed test can examine both presence and
severity of SN, unlike traditional paper and pencil tests and computer-based methods.

Conclusions: The proposed test is a promising objective SN evaluation method.
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1. Introduction

Every year, 15 million people around the world experience stroke including 795,000 cases in
the United States (CDC and NCHS, 2015). The consequences of a stroke are strongly related
to the lesion volume and its location in the brain (Agis et al., 2016). Such consequences may
range from minor problems such as headache up to significant complications in which
individuals may experience cognitive, motor, visual, or affective impairments. Examples on
these impairments include: sudden weakness, vision problems, difficulty in speaking, loss of
memory, or paralysis on the side of the body opposite to the affected brain hemisphere
(Donnan et al., 2008).

Spatial neglect (SN) is a neuropsychological syndrome that is one of the most common
consequences of right-side brain damage after stroke (Heilman et al., 1993), occurring in
28.60% of the stroke population (Becker and Karnath, 2007). SN occurs as a result of brain
lesions in the right inferior parietal cortex, the superior temporal cortex or the ventral frontal
cortex (Committeri et al., 2007). In addition, it can occur due to disconnections in attentional
networks (Baldassarre et al., 2014). Patients with SN are characterized by their inattention to
stimuli that appear on their contralesional side which was thought usually to be the left
visual side (Li and Malhotra, 2015). However, it was shown later that right-sided SN can be
found with higher percentage using multitasking (Blini et al., 2016a). An individual with
left-sided SN may demonstrate difficulties such as inability to focus attention on the left,
missing food found on the left side of the plate, missing words on the left side of the page
while reading, forgetting to dress the left side of the body, getting confused by moving
objects and fear of walking in crowded places (Unsworth, 2006).

During the last few decades, many paper and pencil tests have been used to assess SN
(Plummer et al., 2003). The Behavioral Inattention Test (BIT) is one of the most commonly
used SN assessment methods and includes tasks such as line crossing, line bisection, letter
and star cancellation, copying and drawing symmetric figures (Wilson et al., 1987). One
drawback of such tests is that they are static. In other words, the objects shown on the page
are stationary so they do not reflect the dynamic nature of objects in the real life (Seki and
Ishiai, 1996). In addition, the evaluation of some tests like copying and drawing figures
leaves room for error and variations in interpretation and scoring among raters. Furthermore,
the variability in performance on paper and pencil tasks is relatively high. For example, an
individual with SN may perform normally on a line bisection test but demonstrate
impairment on star cancellation or vice versa. As a result of these combined limitations, an
individual with SN may not meet criteria for SN on these tests, but nonetheless SN is
observed while they are engaged in functional activities such as eating, dressing, or walking
through a crowded place. Recently, computerized tests for SN assessment have been
proposed and developed to address these shortcomings (Pedroli et al., 2015). Such tests have
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the potential to highlight SN cases which often go undetected by paper-and-pencil tests
(Bonato and Deouell, 2013).

Passive BCI is mainly concerned with monitoring and interpreting user’s brain activity
(Zander and Kothe, 2011) unlike active BCI, it is not designed for voluntary control. Passive
BCI concept is employed in many applications such as measuring working memory load
(Grimes et al., 2008), assessing driver’s vigilance state (Schmidt et al., 2009), and assessing
attention (Brouwer et al., 2013). In this paper, we introduce a novel electroencephalography
(EEG)-based passive BCI system that can be used as a robust and objective SN assessment
test. This test may provide additional benefits beyond what current assessment methods
provide. First, the EEG system has the potential to provide a visual map of the areas being
attended to by the patient by identifying targets that were not attended to within the available
field of vision. This provides more precise information about the severity of peripersonal and
extrapersonal visual neglect. Many current assessment methods provide only sufficient
information to diagnose SN, and limited detail on its severity. Therefore, EEG assessment
can address a component of assessment that is missing from current approaches.
Additionally, the EEG assessment system has the potential to automate SN assessment,
updating in real-time on an ongoing basis, with easier repeatability than paper and pencil
tests. With further development, this test can be integrated into functional daily tasks to
provide an assessment of SN within a dynamic and natural setting. Particularly, we will
integrate this EEG test into a virtual-reality based intervention in which real-time EEG
readings will trigger visual and tactile cues when visual cues are missed on the neglected
side. Finally, EEG has the potential to examine the presence and severity of SN in both acute
and chronic stroke, as there is no learning effect or timing effect. In this test, EEG signal is
recorded while the participants observe visual stimuli illustrated on a screen at random
locations. These visual stimuli include both targets and distractors that change overtime
independently of each other. We performed a feasibility study to show the performance of
the system through the participation of healthy individuals. The aim behind starting the
experiments with healthy participants is to validate the proposed system under less complex
conditions compared to those associated with SN. Therefore, the preliminary experiments
were performed on healthy participants, using a version of the test that simulates apparent
symptoms of SN. During SN simulation, all the targets on the left visual field (left side of
the computer screen) were hidden to shift the attention to the right side. Therefore, such
simulation can be used to study differences in attention to left and right sides of the screen in
healthy participants. The nonparametric Wilcoxon test was used to statistically evaluate the
differences between the EEG responses due to distractors located on the right and the left
side of the screen corresponding to attention and inattention cases respectively. To assess the
system’s ability to recognize absence or existence of a target based on the EEG data, a two-
class problem that utilizes naive Bayes classifier was formulated. Results showed that the
system achieved accuracy exceeding 70%.

2. Related work

A unique feature of computerized tests is that they can measure reaction time which
provides a quantitative measure that can be used to reflect improvement in attention during
the recovery process (Deouell et al., 2005). An example of such tests is a computer-based
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system in which participants were asked to press a keyboard button when they observe a
white square that could appear in random locations on a black background along the
horizontal meridian (Anderson et al., 2000). To imitate the real-life environment, another
computer-based test that measures reaction time besides accuracy of detection of a visual
target was introduced (Deouell et al., 2005). The presented design, named as Starry Night
Test, showed a sequence of targets on a black background comprising continuously changing
distractors. In another study, a computerized visual reaction time task was proposed in which
a modified version of a driving simulator test was used, which was originally designed to
assess attention and executive functions (van Kessel et al., 2010). In this study, participants
were instructed to press a button when they observed a rectangle that could appear either on
the middle, left or right of the lane. The source of distraction in that task originates from the
fact that the participant had to track the lane while doing the task. Vossel and Fink (2016)
measured reaction times using a test that contains one target and one distractor represented
as white square and white circle respectively. Targets could either be shown on the left or the
right side of the screen without a distractor, or with a distractor (white circle) presented
simultaneously on the opposite sides of the screen.

Recently, virtual reality (VR) has been employed to design SN assessment tests (Pedroli et
al., 2015). A VR version of some classical paper and pencil tests was proposed where the
patients had to use a robotic pen to complete the tasks (Fordell et al., 2011). In a different
study, a test named as the locomotor obstacle avoidance VR task was designed (Aravind and
Lamontagne, 2014). In this task, patients were asked to walk towards a target while avoiding
being hit by moving distractors. In the obstacle detection task (Aravind et al., 2015), the
patient had to press a joystick button when one of three targets on left, middle or right side
approached. Considering that all the computer based methods were developed to be used in
clinics, a mobile application, developed to be used in a patient’s home, was proposed to
assess SN by implementing the traditional cancellation tests in a VR environment
(Pallavicini et al., 2015).While these automated tests introduced improvements over pen and
paper tests, they still provide limited information about SN severity.

Alternatively, some studies employed fMRI to assess the functionality of the brain with the
aim of studying attention (Corbetta et al., 2005). fMRI data was recorded while participants
were subjected to a task in which a fixation cross surrounded by a diamond appeared in the
center of the screen while a target letter was shown either on the left or the right side of the
screen (Kincade et al., 2005). On the other hand, a box car fMRI design was used (Thimm et
al., 2006) in which each participant was asked to focus on a central square on a black screen
while distractors and targets were appearing on both right and left side of the screen.
Another study employed single and dual tasks (Blini et al., 2016b) to discover whether
multitasking can show contralesional spatial disorders in stroke patients with damage in the
left hemisphere. In the single task, a target could appear on either the left or the right side of
a fixation cross while in the dual one target appeared on both sides. Recently, auditory
fMRI-based neurofeedback system was designed to assess whether individuals with SN can
up-regulate their right visual cortex activity which is originally suppressed due to right
parietal stroke (Robineau et al., 2017).The feedback signal was a number from 0 to 10 that
the patients attempt to increase by increasing the right visual cortex activity.
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However, fMRI does not provide a direct measure for neural activation. Instead, it measures
the oxygen consumption in the brain tissues which is coupled with neural activation. That
oxygen consumption changes in case of chronic and acute stroke cases (Fridriksson et al.,
2006). Moreover, compared to fMRI, EEG is a portable and cost-efficient alternative than
can be used for studying visual attention and SN. For healthy participants, EEG was used to
study a-band (8-15 Hz) synchronization over cortical areas related to the attended visual
space during visual spatial attention tasks (Rihs et al., 2007). Moreover, a-band was also
employed to study differences in shifts of covert visual attention between the two
hemispheres (Treder et al., 2011). Such differences were shown using statistical comparisons
between right and left hemispheres electrodes as well as classification problems aimed at
identifying direction of attention shift. Another study investigated the feasibility of EEG-
based brain computer interface (BCI) that records brain activity in response to covert
visuospatial attention (CVSA) orienting paradigm (Tonin et al., 2013). In that BCI, a target
is shown either on bottom left or bottom right corner of the screen with a visual feedback
that shows the location of the target identified using the EEG signals corresponding to that
target. As for the SN studies, transient visual-evoked potentials (VEPs) were recorded from
individuals with SN while they observed circular Gabor gratings as stimuli in one of the four
visual quadrants of a computer screen (Di Russo et al., 2008). Although statistical analyses
were presented to show the differences in the recorded EEG due to visual attention and
inattention, these results were not used to develop SN assessment test. In addition, the
design assumed that there were no distractors in the environment so it did not simulate a
dynamic scenario. In another study, EEG signals were used to find the relationship between
spatial and temporal attention (Faugeras and Naccache, 2016). Participants were subjected to
4 different auditory tasks in which they start with binaural auditory cue that might have low
or high frequency followed by a monaural target stimulus that can also have low or high
frequency. On the other hand, researchers recently investigated EEG-based neurofeedback
systems as a tool for rehabilitation of SN. Specifically, patients were asked to reduce their a
rhythm amplitude based on a visual feedback represented by a bar graph which height was
proportional to the EEG magnitude recorded from electrode at location P4 (Ros et al., 2017).
In another study, an EEG-based CVSA BCI (Tonin et al., 2013) was tested using SN patients
(Tonin et al., 2017). The objective of this system was to evaluate the BCI performance when
controlled by SN patients as well as monitoring the EEG changes for the SN patients across
time. Another study used EEG-based neurofeedback system and correlated the changes in a
rhythm with the functional connectivity of fMRI salience network (Ros et al., 2013).
However, all these SN-related studies were not used to develop SN assessment test that can
tell if a stroke patient suffers from SN since all the work done focused on either
rehabilitation of SN or studying the EEG as well as reaction time changes across time
between the two hemispheres. In light of the above discussions, utilizing the dynamic
structure of the Starry Night Test (Deouell et al., 2005) and based on EEG’s capability of
capturing differences in visual attention, we developed a passive EEG-based SN assessment
test and presented a feasibility study with healthy individuals.
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3. Materials and methods

This section describes proposed SN test design, SN simulation test for healthy participants,
EEG system configuration, analysis methods in addition to the dataset description and the
experimental procedures.

3.1 SN test design

We designed a variant of the Starry Night Test (Deouell et al., 2005) that provides a
quantitative SN evaluation method with the ability of examining both presence and severity
of SN. Compared to the original Starry Night Test that depends on keyboard inputs from the
user, the proposed test uses the participant’s EEG recorded during the visual presentation to
assess SN. As seen in Fig. 1, a red dot occupying 0.22° of the participant’s visual field was
considered as the target. To minimize the risk of seizure that is induced by a specific range
of constant frequencies (Fisher et al., 2005), the target was shown on the screen randomly
every 700 ms—2200 ms without a specific temporal or frequency pattern.

The screen was divided into a virtual 8 x 8 grid on which targets were displayed as a
temporal sequence at 64 possible random locations. A total of 192 targets appeared on the
screen corresponding to 3 screen coverages where one screen coverage corresponds to
showing a target once on each of the 64 potential locations. As shown in Fig. 1, distractors,
represented as smaller green dots occupying 0.11° of the viewing area, appeared randomly
for 50-250 ms in random number of cells of the 8 x 8 virtual grid except for the target cell.

Initially at the beginning of each trial, as seen in Fig. 1, a random number of distractors were
shown on the screen. At every random period of 50-250 ms, the visibility of a randomly
selected distractor out of the potential 64 distractors was toggled. During a trial, a target
appeared once on the screen after a randomly chosen delay range of 700 ms—2200 ms in
which distractors were continuously changing as described above without any overlap with
the target. The target was shown on the screen for 66 ms and a new trial started after the
target disappeared.

The visual stimuli presentation was implemented using Psychtoolbox (Brainard, 1997; Pelli,
1997; Kleiner et al., 2007) in MATLAB. A Lenovo ThinkPad W541 laptop with a screen of
size 15.6” (13.6”x7.6”) and resolution of 1920 x 1080 pixels was used for the SN test. The
viewing area employed in the original Starry Night Test was 16° x 12° of the participant’s
field of view when the participant viewed the screen from 100 cm away. However, the aspect
ratio of our screen was different from the ratio used in the original Starry Night Test.
Therefore, our screen could not support exact 16° x 12° field of view. We formulated an
optimization problem that aim to find a viewing distance that will lead to a visual field of
view which is closest to 16° x 12°. This optimization problem is introduced in (1).

2 2
min(% - tanS) + (% - tané)

s.t.x>0

)
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where w;, /1 and x are the screen width, the screen height and the distance from the screen
respectively.

This cost function described in (1) seeks to find the viewing distance that minimizes the
squared difference between the horizontal field of view of the original test (16°) and that of
our test as well as the squared difference between the vertical field of view of the original
test (12°) and that of our test. Solving the optimization problem using the pattern search
method (Luenberger and Ye, 2008) yielded a distance x of 114 cm corresponding to a
viewing area of 17.23° x 9.74°. That is approximately in line with the acute visual angle for
the human eye (Mills and Massey, 1999).

3.2. SN simulation procedures

3.3.

We proposed two procedures for SN simulation. The objective behind designing these
simulations is to validate the performance of the system on healthy participants and to study
differences in attention levels in terms of brain activity over different brain regions for
healthy participants. To achieve such aim, the test described in Section 3.1 was modified to
simulate left-sided SN.

For both procedures, before starting the experiments, participants were informed that all the
targets would appear on the right side of the screen to shift their attention away from the left
side of the screen. During the test, all the potential targets on the left side were hidden in
order to keep the attention focused on the right side. Moreover, 1/4th of the potential targets
on the right-hand side of the screen were also hidden in a random fashion. The right-hand
side targets were hidden, because we expect differences in the EEG corresponding to the
right and left-hand side hidden targets due to only the attention shift to the right-hand side of
the screen, not due to the presence of targets on the right-hand side.

Procedures differ in the fixation point that the participant should focus on during the
experiment. In the first procedure, participants were asked to fix their gaze on the center of
the screen. Since SN patients orient their body towards the ipsilesional side by
approximately 5° (Ferber and Karnath, 1999), we took this into consideration when
simulating SN in the second procedure by defining the fixation point as the center of the
right part of the screen. That leaded to shifting the gaze of each participant by around 4°,
representing ¥4 of the visual field that the screen covers. The two proposed procedures were
conducted to examine the effect of shifting gaze to the right side of the screen on attention
and information processing.

In addition to studying attention differences with these two procedures, our other aim is to
design an EEG-based classifier to differentiate EEG responses due to shown and hidden
targets. Therefore, these two simulation procedures yielded preliminary results to predict the
feasibility of the test described in Section 3.1 to identify SN.

Data acquisition

One major concern when designing the proposed SN assessment test was minimizing the
test time as much as possible considering the fact that the test is intended to be used with
stroke patients who might be in hospitals in an early recovery phase. One way to reduce the
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test time is to reduce the system setup complexity by reducing the number of electrodes
placed on the scalp. Therefore, we chose 17 main electrodes placed according to the 10-10
system over frontal, central, parietal and occipital lobes at positions p1, Fp2, F3, F4, Fz, Fcl,
Fc2, Cz, PL, P2, C1, C2, Cp3, Cp4, P5, P6 and Oz. Left mastoid was used as a reference for
the measured EEG signals. The g. USBamp, which is a biosignal amplifier was used in this
study. It included 16 24-bit simultaneously sampled channels with an internal digital signal
filtering and processing unit and sampling rate up to 38.4 kHz. As the data was collected
using 17 electrodes, a slave amplifier was used to record the signal of the Ozelectrode. The
data were digitized with a sampling rate of 256 samples/sec and filtered by the amplifier’s
8th order bandpass filter with corner frequencies 2, 62 Hz in addition to 4th order notch
filters with corner frequencies 58, 62 Hz. Processed data were transferred from the
amplifiers to the laptop via USB 2.0.

3.4. Pre-processing and feature extraction

The data was further preprocessed using FIR bandpass filter with corner frequencies: 8, 60
Hz. The FIR design was used due to its numerical stability compared to IIR design. The
filter was implemented using Kaiser window as it can provide the shortest filter length with
the fastest transition compared to other windows such as Hamming and Blackman (Ferdous,
2013).

We employed time and frequency domain analysis for the EEG data acquired from the SN
simulation test for 10 healthy participants. Time domain analysis focused mainly on showing
differences in attention due to left and right side hidden targets as well as obtaining the
system performance measures for classification of EEG corresponding to hidden and shown
targets (i.e., time domain features are used to build EEG-based SN detector) while the
frequency domain analysis aimed only at showing the statistical differences in attention
between left and right side hidden targets. Specifically, pre-processed data segments of 128
samples/segment corresponding to 500 ms measured EEG time-locked to stimulus onset
were used for both time and frequency analyses. In frequency domain, average power
spectrum values in a, B and y bands of EEG for right and left side hidden targets were
calculated using Welch’s power spectral density estimate (Welch, 1967). Wilcoxon test with
pvalue of 0.05 was used to statistically assess average power spectrum values in a, p and
bands due to the left and right side hidden targets. Considering the time domain analysis,
EEG pre-processed data of the left and right side hidden targets were statistically compared
using Wilcoxon test with pvalue of 0.05. In addition, energy of EEG segments
corresponding to the left and right side hidden targets was evaluated according to Eq. (2).
Finally, a classification problem was formulated to assess the ability of the system to
differentiate hidden and shown targets using pre-processed EEG data as features, Wilcoxon
test for feature selection and Naive Bayes for classification. Data was partitioned into
training and testing sets using 10-fold cross validation strategy.

E= 2 xfnlf @

J Neurosci Methods. Author manuscript; available in PMC 2020 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Khalaf et al. Page 9
Where x/n]is a finite length EEG signal and N represents number of samples in x/n].

3.5. Experimental design and procedures

All research procedures were approved by local Institutional Review Board (IRB) and all
participants provided informed consents. Data were collected under the University of
Pittsburgh IRB number of PRO15020115. We piloted the system with 10 healthy
participants including 6 males and 4 females with ages ranging from 23 to 31 years old with
mean of 25.2 years and standard deviation of +2.53 years. An eligible healthy participant
was defined as any person who never experienced stroke and had no history of seizure in the
last 6 months prior to carrying out the experiment. Participants were seated in a chair at a
distance of 114 cm from the screen in a room with the lights on.

During the experiment, each simulation procedure was performed four times. Each time
lasted for 5 min with a 2-min break after each time to reduce the effects of fatigue. For 5
randomly selected participants, we started the session by running center fixation procedure
twice followed by running right center fixation procedure twice and then repeated this
sequence until each procedure was performed 4 times. This scheme was repeated in the
same manner for the other 5 participants but with the right center procedure administered
twice at the start of the session.

4. Results and discussion

Recall that each healthy participant completed tasks under two different procedures: (1)
center (C) procedure and (2) right center (RC) procedure. In this section, we showed
analysis results of these simulation procedures. We also showed comparison of both
procedures to determine the effect of changing the fixation point on attention level and
visual target processing. For each procedure, we presented results of comparing EEG
responses due to hidden target stimuli located on the left side of the screen to those on the
right side using statistical significance testing. This comparison was performed in both time
and frequency domains. In addition, energy levels of EEG segments of the left and right side
hidden targets were evaluated and compared. For each procedure, we present performance
measures for the classification problem formulated for the healthy participants to assess the
ability of the system to detect absence or presence of targets.

For each participant, the four repetitions of each procedure were averaged to give one C-
procedure average and one RC-procedure average. Considering the EEG data for the 10
participants, 10 C-procedure and 10 RC-procedure 17 channel EEG data were obtained.

4.1. Frequency domain analysis

The alpha brain waves represented by frequencies ranging from 8 to 15 Hz are dominant
when the eyes are closed and in deep relaxation cases while the beta waves, occupying
frequency range of 16-31 Hz, are correlated with anticipation, attention and concentration.
Gamma waves starting from 32 Hz up to the end of the spectrum, are associated with high
level information processing such as processing of visual, auditory and tactile stimuli
(Tatum, 2014). In this paper, the aim behind the frequency domain analysis is to study the
relation between the different frequency bands and the attention and processing levels. In the
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following subsections, we show frequency domain analysis results of hidden targets for both
SN simulation procedures. As mentioned in Section 3.2, we expected that the EEG data in
response to the hidden targets on the attended side would be different than the unattended
side.

The objective of this analysis is to compare attention levels towards right and left sides of
the screen when employing Cand RC procedures in case of hidden targets. Specifically, this
analysis will show which procedure is a better simulator for SN. For each participant,

features including average power spectrum for a, p and y bands besides % % and g average

power spectrum ratios were calculated for each procedure average EEG data. For each
procedure, for every participant, we statistically compared the power spectrum features
corresponding to the trials with hidden targets from left hand side and the right hand side by

performing the following nonparametric Wilcoxon signed-rank tests (Sidney Siegel, 1956):

. " . L R L R
(i) akig vs alr; (i) ph7 vs pR7; (i) vh7 vs yR 7 (iv) (%)HT vs (%)HT; (v) (%)HT vs (%)HT;
and (vi) (E)L Vs (E)R . Here upper index L and R are used to represent the identities

v)HT ~\v/HT
calculated from the EEGs corresponding to the left and right side trials with hidden targets,
respectively; and subindex HT represents the trials with hidden targets.

To compare the p values of the 2 procedures across each brain lobe, the following steps were
carried out for each procedure. The electrodes were divided into 4 groups representing 4
brain regions; frontal lobe, parietal lobe, motor cortex, and visual cortex. The minimum p
value obtained across the electrodes located on a certain region was chosen to represent that
region. The objective of this step was to identify the lowest significance that could be
achieved on each brain region. The 10 pvalues obtained from the 10 participants at certain
regions were combined to give a single p value using Fisher’s combined probability test
(Leroy Folks, 1984). This implies that for each procedure, every region is represented by a
single pvalue as shown in Tables 1 and 2.

For the RC procedure, it was obvious that p values of the parietal lobe electrodes were very
low compared to those on frontal lobe, motor cortex, and visual cortex reflecting more
activity on that region which is essentially responsible for attention and sensory information
processing as seen in Table 2. Although the pvalues over the parietal lobe for the C
procedure were low as shown in Table 1, such values were not low compared to the values
over the other brain regions. Such findings showed that the right center procedure would
guarantee better shift in attention as well as better information processing for the right side
of the screen. On the other hand, the p values for the visual cortex of Cand RC procedures
were significantly high compared to the other brain regions as seen in Tables 1 and 2.
Therefore, there were no significant statistical differences on the visual cortex area between
right and left side EEGs due to hidden targets which confirms the ability of the participant to
see both sides of the screen. However, based on the p values for the other brain regions
specially those belonging to electrodes of the parietal lobe, it is obvious that the participants
processed the information corresponding to the right side hidden targets more than that
corresponding to the left side.
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Alternatively, for each electrode, the p values obtained across the 10 participants were
combined to give a single pvalue using Fisher’s combined probability test. In addition, ratio
of pvalues of the two procedures was calculated for each electrode to reflect the amount of
change in that value. These ratios showed an obvious change on the parietal lobe as shown
in Fig. 2. Such results were in line with our assumption that attention to the right side would
be higher in case of right center procedure. Furthermore, the y band (Fig. 2c) showed the
highest change compared to a and § (Fig. 2a, b). Moreover, a/y, and B/ showed a
prominent change on the head plot especially at the electrodes located on the parietal lobe as
shown in Fig. 2e, f. pband, which is associated with information processing, is the common
factor between these ratios. It can be concluded that there is a major difference in the
information processing level represented by the » waves between the two procedures.

4.2 Time domain analysis

Similar to Section 4.1, our aim was to show the procedure with better SN simulation
capability (i.e., we aim to compare the SN simulation capabilities of Cand RC fixation
procedures). We conducted Wilcoxon test to determine if there was a significant difference
in pre-processed EEG segments corresponding to right and left side hidden targets. Such
statistical comparison was performed for both Cand RC fixation procedures. Results
showed that there was a significant difference at specific time points (*150 ms and 200 ms).
These points form a N100/P200 combination indicated by black crosses as seen in Fig. 3
where N100 is a negative wave that occurs after 100 ms from the onset of the stimulus while
the P200 is a positive wave that occurs after 200 ms from the onset of the stimulus. Such
combination of N100 and P200 reflects attention state (Sur and Sinha, 2009). In the RC
procedure, there was a larger number of significant points forming N100/P200 combination
compared to the number of significant points obtained in Cprocedure as seen in Fig. 3a and
b. The amplitude difference between the preprocessed EEG signals of the right and the left
side hidden targets was greater for the RC procedure compared to the C procedure giving a
stronger N100/P200 attention response.

To reveal more differences between the two procedures, differences in average energy of the
10 participants between RCand C procedures were calculated across each brain region.
Average energy of the right side hidden targets across the 10 participants for the C procedure
was subtracted from average energy of the right side hidden targets for the RC procedure.
The same energy difference was calculated for left side hidden targets. Considering Table 3,
average energy difference between RCand C procedures of the right side hidden targets is
higher than that of the left side hidden targets. Moreover, it was noted that the highest energy
difference between RCand C procedures occurred in the parietal lobe reflecting the fact that
the main difference between the two procedures is mainly related to attention and sensory
information processing. The negative sign of the left side energy difference confirmed that
the left side showed less energy in case of RC fixation. In other words, the left side hidden
targets received less attention in case of RC procedure and thus produced less activation
compared to those in the Cfixation procedure. Both temporal and spectral analyses show
that RC procedure is a better SN simulator.
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Next, for both simulation procedures, to assess the ability of the system to recognize shown
and hidden targets based on the EEG data, a simple two-class problem that utilizes Wilcoxon
test and naive Bayes classifier was formulated. Distinguishing between hidden and shown
targets allow us to detect if there is SN. Here, detecting if the targets are hidden simulates
the case in which the participant neglected the targets while detecting if the targets are
shown represents the case in which the participant perceived the targets. For this reason, we
define sensitivity as the accuracy of detecting the perceived targets. Similarly, specificity is
defined as the accuracy identifying the neglected targets. Overall accuracy shows the
identification among perceived and neglected signals. Performance measures showed that
the sensitivity was higher for RC sessions (Table 4) whereas accuracy and specificity were
higher for RC sessions in 7/10 participants. RC experiments achieved average accuracy,
sensitivity and specificity of 74.24%, 75.17% and 71.36% respectively while the C
procedure obtained average accuracy, sensitivity and specificity of 70.91%, 71.56% and
68.87 respectively. The sensitivity difference between the two procedures is in agreement
with the claim explained before that the RC procedure showed higher level of attention and
target processing compared to the C procedure.

This study had several limitations. In particular, the attention shift performed by the healthy
participants during SN simulation is voluntary while SN is not a voluntary phenomenon
since the patient is not aware of his/her shift of attention. Moreover, our approach to
simulating SN may have provided a less realistic simulation compared to other methods,
such as the use of prism glasses (Schintu et al., 2014). However, our approach was the most
compatible with our Starry Night EEG SN assessment test. More specifically, the proposed
SN assessment test was modified to be tested initially with healthy participants through SN
simulation to predict the feasibility of the proposed SN assessment test when used with
patients. If we used prism adaptation for SN simulation, the obtained performance measures
using healthy participants cannot be used as a prediction of the performance measures
obtained by the proposed SN assessment test when tested with patients since, in this case,
the SN simulation test (prism adaptation) will be different than the SN assessment test
(Starry Night). Moreover, we did not account for pseudo-neglect (Nicholls et al., 2017); a
phenomenon in which some healthy individuals over attend to the left side. In contrast, in
this study, we try to shift the participant’s attention away from the left side of the screen
using both center and right center procedures. For instance, if a participant experiences
pseudo-neglect, this will not improve the analysis results. Instead, it will yield less
significance when statistically comparing left and right side visual fields. Consequently,
worse performance measures would be obtained. However, we obtained average accuracy of
74.24% when analyzing the healthy individuals’ data as seen in Table 4. We think that the
results obtained from this study are promising and justify exploration of this approach with a
sample of individuals with stroke.

5. Conclusion

In this paper, we presented a feasibility study for a novel EEG-based SN assessment test
using identification of missed stimuli within the available field of vision. The potential
benefits of this test, particularly its ability to provide more information on SN severity, bear
further exploration in a sample of individuals with SN following stroke. The preliminary
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results for healthy participants showed that when the SN was simulated, the proposed system
achieved successful separation between the hidden (neglected) and shown (observed) stimuli
especially when participants were asked to focus on the center of the right part of the screen
during data collection. In such case, the system achieved average accuracy, sensitivity and
specificity of 74.24%, 75.17% and 71.36% respectively. In addition, results showed that
there are significant differences in attention when comparing EEG responses corresponding
to right and left side hidden targets especially on the parietal lobe which is responsible for
attention and high-level information processing. Moreover, N100/P200 combination
reflecting the attention component was found in the EEG segments corresponding to hidden
targets on the right side of the screen.

To go beyond a feasibility study and to further test the system, the next step in our work will
focus on validating the EEG SN assessment system with patients experiencing SN. In this
paper, our sample included young participants (mean age of 25 years) with no brain
pathology. We need to ensure that the results achieved in healthy participants will generalize
to the older and more impaired population seen in clinical stroke rehabilitation settings.
Moreover, there are certain issues from both clinical and engineering perspective that we
will further investigate. For example, we will assess the system performance when the size,
type and location of the brain lesion varies. Future work will also include sophisticated
analysis methods such as vector autoregressive models (VARS) (Lutkepohl, 2005) to show
the relationships among signals originating from different brain regions and provide a
functional connectivity map that will reveal how the electrical activity originates and
transfers through brain lobes for those who suffer from SN. Furthermore, EEG microstate
analysis will be performed to compare neural activity across subjects based on
spatiotemporal patterns of EEG microstates (Zappasodi et al., 2017). Finally, the proposed
test will be used to develop an EEG-based gaze controlled virtual reality SN assessment
environment with neurofeedback training within the context of dynamic, functional activities
to speed up the recovery process of patients with SN.
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HIGHLIGHTS
. We propose an objective EEG-based neglect assessment test.
. Our test does not require physical input from patients unlike traditional tests.

. We studied the feasibility of the proposed test with healthy individuals.
. Attention to left and right sides of the screen was evaluated statistically.

. Average accuracy of 74.24% was achieved.
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Fig. 1.
One trial of the Starry Night Test in which the targets are shown as red dots that are bigger in

size than the green dots representing distractors. Arrows indicate locations of change in each
frame (a yellow arrow indicates appearance of an object while a blue arrow indicates
disappearance of an object). This figure is a modified form of the one showing the original
Starry Night Test (Deouell et al., 2005). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Average 500 ms EEG signals for right and left side hidden targets collected from
Cp3electrode with significant points indicated by a plus sign(+) for 1- center procedure (a)
2- right center procedure (b).
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Combined P values of average power spectrum features for center procedure comparing right and left side
hidden targets.

P value a B ¥y a/p aly Bly

Frontal Lobe 1072 10 107! 102¢ 10°%! 1072
Motor cortex 10712 102 107 10° 1074 10
Parietal Lobe 107 102 1070 107 1070 10748
Visual Cortex 0.08 09  10° 0.006 107 1071
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Combined P values of average power spectrum features for right center procedure comparing right and left

side hidden targets.

P value a B Yy a/p aly Bly

Frontal Lobe 1076 106 107t 1078 10 107%0
Motor cortex 10711 10  10°® 10718 1074 107
Parietal Lobe  107° 1077 1073 107 1055 10798
Visual Cortex  0.02  0.697 107 107* 1071 10715
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Average energy difference between right center and center procedures for both right and left side hidden
targets.

Brain Region Right side energy difference x10710  Left side energy difference x10711
Frontal Lobe 2.61 -7.44

Motor cortex’ 2.45 -10.04

Parietal Lobe 2.75 -7.98

Visual Cortex Energy ~ 1.62 9.68

J Neurosci Methods. Author manuscript; available in PMC 2020 April 14.

Page 23



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Khalaf et al.

Table 4

Page 24

Performance measures of the proposed test for healthy participants for both right center and center procedures.

Participant  Fixation Point  Accuracy Specificity =~ Sensitivity
HCO01 Center 74.80% 72.26% 75.62%
Right Center 79.37% 80.00% 79.17%
HCO02 Center 68.19% 64.19% 69.48%
Right Center 69.06% 63.87% 70.73%
HCO03 Center 65.35% 59.35% 67.29%
Right Center 70.39% 66.45% 71.67%
HCO04 Center 72.60% 73.55% 72.29%
Right Center 78.66% 75.16% 79.79%
HCO05 Center 72.13% 71.29% 72.40%
Right Center 75.04% 68.39% 77.19%
HCO06 Center 68.19% 65.81% 68.96%
Right Center 67.95% 62.26% 69.79%
HCO07 Center 71.89% 70.00% 72.50%
Right Center 78.82% 84.84% 76.87%
HCO08 Center 74.17% 73.55% 74.34%
Right Center 81.73% 90.00% 79.06%
HCO09 Center 71.42% 71.94% 71.25%
Right Center 68.98% 51.29% 74.69%
HC10 Center 70.31% 66.77% 71.46%
Right Center 72.36% 71.29% 72.71%

For each subject HCX, two accuracies, sensitivities, and specificities are calculated. The highest accuracy, sensitivity, and specificity are written in

bold.
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