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Abstract: Error-related potentials (ErrPs) have been proposed as a means for improving brain—
computer interface (BCI) performance by either correcting an incorrect action performed by the BCI
or label data for continuous adaptation of the BCI to improve the performance. The latter approach
could be relevant within stroke rehabilitation where BCI calibration time could be minimized by
using a generalized classifier that is continuously being individualized throughout the rehabilitation
session. This may be achieved if data are correctly labelled. Therefore, the aims of this study were:
(1) classify single-trial ErrPs produced by individuals with stroke, (2) investigate test-retest reliability,
and (3) compare different classifier calibration schemes with different classification methods (artificial
neural network, ANN, and linear discriminant analysis, LDA) with waveform features as input
for meaningful physiological interpretability. Twenty-five individuals with stroke operated a sham
BCI on two separate days where they attempted to perform a movement after which they received
feedback (error/correct) while continuous EEG was recorded. The EEG was divided into epochs:
ErrPs and NonErrPs. The epochs were classified with a multi-layer perceptron ANN based on
temporal features or the entire epoch. Additionally, the features were classified with shrinkage LDA.
The features were waveforms of the ErrPs and NonErrPs from the sensorimotor cortex to improve the
explainability and interpretation of the output of the classifiers. Three calibration schemes were tested:
within-day, between-day, and across-participant. Using within-day calibration, 90% of the data were
correctly classified with the entire epoch as input to the ANN; it decreased to 86% and 69% when
using temporal features as input to ANN and LDA, respectively. There was poor test—retest reliability
between the two days, and the other calibration schemes led to accuracies in the range of 63-72%
with LDA performing the best. There was no association between the individuals” impairment level
and classification accuracies. The results show that ErrPs can be classified in individuals with stroke,
but that user- and session-specific calibration is needed for optimal ErrP decoding with this approach.
The use of ErrP/NonErrP waveform features makes it possible to have a physiological meaningful
interpretation of the output of the classifiers. The results may have implications for labelling data
continuously in BClIs for stroke rehabilitation and thus potentially improve the BCI performance.

Keywords: error-related potentials; brain-computer interface; calibration; neurorehabilitation; stroke;
classifier interpretation

1. Introduction

A brain-computer interface (BCI) is a means for people with motor impairments
to control external devices using only brain activity [1]. Individuals with severe motor
impairments can use it for controlling, e.g., wheelchairs, spelling devices, and for induc-
ing neural plasticity in stroke patients during motor rehabilitation [2,3]. A BCI typically
consists of different building blocks: signal acquisition, pre-processing, feature extraction,
classification, and device commands, and several advances have been made over the years
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to improve each of the building blocks. For optimal control of the BCI, the classifiers
need to be calibrated to be individualized for the user to account for the non-stationarity
of the EEG, but it takes time to collect data for calibrating them. Different approaches
have been proposed in the literature to use a generalized classifier where the BCI works
without the need of individualized training data [4-7]. However, user-specific classifiers
based on within-day calibration data generally perform better, but they also suffer from
changes in the brain activity that cause an inadequate representation with respect to the
distribution of brain activity in the calibration data. These changes may be due to shifts
in attention and fatigue, which may be pronounced in people with neurological diseases
such as stroke [8]. A way to overcome this and optimize the performance of a BCI could
be through the detection of error-related potentials (ErrPs), where the detection of this
signal can be used for error correction or labelling data [9]. Error correction and labelling of
data would work in different scenarios, e.g., error correction can be used for automatically
deleting mistyped letters in a speller application or reverting the movement of a robotic
arm, i.e., the application would be applicable for communication and control purposes.
In BCl-based stroke rehabilitation (and the aforementioned applications as well), data
labelling would also be applied either for updating a classifier continuously to reduce the
effect of fatigue during a rehabilitation session. Moreover, it could be used to transfer from
a generalized classifier that could be used initially to avoid collecting user-specific training
data for the BCI before the actual rehabilitation training starts to an individualized classifier.
It has been shown in several studies that ErrPs can be decoded (see [9,10] for a review
about decoding ErrPs) and how the performance of the decoder can be optimized using
different types of features [11-21], classifiers [11,12,17,18,22,23], time windows [24-26], and
channels [17,25,27,28]. Moreover, it has been shown that generalized ErrP detectors can
be transferred across different tasks and types of ErrPs such as observation and interac-
tion ErrPs, across participants, and time which eliminates the need for calibration (see,
e.g., [11,29-36]). This transfer may be successful due to the stability of the ErrP over time as
good test/retest reliability has been reported for evoking the ErrP [37-39]. However, these
studies have been conducted with healthy participants. This applies to the majority of the
ErrP decoding literature as well with some exceptions. A few studies have investigated the
decoding of ErrPs in people with motor impairments after amyotrophic lateral sclerosis [27]
and spinal cord injury [14,31,40] but the literature for decoding of ErrPs within stroke is
scarce. Studies are needed to address this, especially since a growing body of research has
emerged within BCI-based rehabilitation after stroke [2]. As outlined previously, in this
application ErrPs could be used to maintain good BCI performance by alleviating the effect
of fatigue. Some studies have shown that ErrPs can be elicited in people with stroke [41-43],
brain lesions [44—49], and traumatic brain injuries [50], but there is some variability in the
ErrP morphology known from healthy volunteers. Generally, this is manifested through
smaller or attenuated peak amplitudes. Despite the literature about eliciting ErrPs in
stroke, there are no studies investigating the decoding of ErrPs. Additionally, with the
variability of ErrP morphology, it may be difficult to make a generalized ErrP detector
across people with stroke and across days. The aim of this study was threefold: (1) decode
ErrPs in people with stroke using different calibration schemes, within-day, between-day,
and across-participant, (2) investigate the reliability of the decoder across two separate
days, and (3) compare different classification methods. These classification problems were
assessed with waveform features as input to the classifier from the sensorimotor cortex to
allow a meaningful physiological interpretability of the classifiers.

2. Methods
2.1. Participants

In this study, 25 stroke participants (see Table 1) were recruited. The experiments were
conducted at Allied Hospital Faisalabad, Pakistan. All participants provided their written
consent before the experiment, and the local ethical committee at Allied Hospital approved
the study. The stroke participants were recruited through the Department of Neurology at
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Allied Hospital Faisalabad. Prior to the experiments, the impairment level of the stroke
participant’s affected limb was assessed by a neurologist. The impairment level was
quantified using the Brunnstrom Stage classification [51]. Additionally, eight able-bodied
participants (3 females; age = 42 &+ 11 years) were included in the Supplementary Materials.

Table 1. Stroke participant ID, gender, age (years), affected side due to stroke (hemiplegia), type
of stroke, number of days since injury and Brunnstrom Stage (I = flaccidity, II = spasticity appear-
ance, III = increased spasticity, IV = decreased spasticity, V = complex movement combinations,
VI = spasticity disappears, VII = normal function returns) are shown.

SubjectID  Gender (85 AGEEY YRS LN Daye  Stage
1 M 48 Right Haemorrhage 91 II
2 M 55 Right Ischemic 172 \%
3 M 41 Left Ischemic 70 I
4 M 50 Left Haemorrhage 90 I
5 M 57 Right Haemorrhage 52 \%
6 M 52 Right Ischemic 188 \%
7 M 24 Left Haemorrhage 180 v
8 F 32 Left Ischemic 25 II
9 F 26 Left Haemorrhage 20 1
10 M 60 Right Ischemic 87 v
11 M 54 Left Ischemic 220 VII
12 M 46 Left Ischemic 42 I
13 M 58 Right Ischemic 84 I
14 M 37 Right Haemorrhage 36 II
15 M 42 Left Haemorrhage 118 \Y%
16 M 24 Left Haemorrhage 45 v
17 F 26 Right Ischemic 12 I
18 M 62 Right Haemorrhage 118 I
19 M 30 Right Ischemic 60 I
20 F 53 Left Ischemic 93 v
21 F 38 Right Haemorrhage 45 VI
22 F 28 Left Ischemic 27 \%
23 M 45 Left Ischemic 90 v
24 M 35 Left Haemorrhage 17 II
25 M 45 Right Haemorrhage 280 VI

2.2. Data Recording

64 channels EEG were recorded with a sampling rate of 1200 Hz using active elec-
trodes (g.Hlamp G.Tec, Graz, Austria). The electrodes were placed according to the
10-10 system. A linked ear reference was used, and the ground electrode was located at
AFz. The impedance of all electrodes was kept below 5 k() during the experiments. By
using an Arduino microcontroller, an external trigger was sent to the EEG amplifier from
a custom-made MATLAB (MathWorks, 2018) interface software. The trigger pulses were
recorded to synchronize the continuous EEG with the presentation of feedback for the
participant and to divide the EEG into ErrP (‘Incorrect” in Figure 1) and NonErrP (‘Correct’
in Figure 1) epochs.
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Figure 1. Timeline of a single trial. The participant is cued to perform a specific movement after which the movement is

attempted immediately after the presentation of the cue. The sham feedback was provided to the participant three seconds

after the attempted movement.

2.3. Experimental Details

The participants performed the experiment while seated in a comfortable chair facing
a computer screen where cues were shown to them throughout the experiment. Figure 1
shows the timeline for a single trial during the experiments. Each repetition of a trial
started with an idle phase of five seconds, during which the participants could blink and
relax. Subsequently, a preparation phase was started during which a text was displayed on
the screen: ‘Prepare for the movement’. The preparation phase lasted for three seconds. Next,
a picture of a hand or foot (pointing towards the right or left direction) was shown in the
center of the computer screen to indicate movement of the respective hand (wrist extension)
or foot (dorsiflexion). During the attempted movement and feedback monitoring phase,
the participants were asked to avoid making eye movements by focusing their gaze on
the screen, blinking, activate facial muscles and sit as still as possible. An equal number
of repetitions was performed for each movement type, which was randomized for each
participant individually. The participants were asked to attempt to execute the movement
as soon as they saw the picture on the screen. Random feedback with a ratio of 70/30
(correct/error) was provided with a delay of three seconds in the form of a green tick mark
or a red-colored cross sign as it has been shown to elicit ErrPs [18] to ensure that enough
ErrPs and NonErrPs were elicited for the classification analyses within the time frame of
the experiment. Before the experiment, it was conveyed to the participants that the system
was decoding the intended movement from their brain signals, and the feedback type
solely depended on their brain signals during the attempted movement [18]. 100 attempted
movements were performed of each movement type, i.e., 400 attempted movements in
total. The experiment was completed in 20 runs, where each run consisted of 20 trials.
After the completion of each run, a break was given to the participants until they were
ready to start the experiment again. The experiments were completed in approximately
150-180 min. The same experiment was performed on two separate days with a gap of
approximately one month between the days. The brain activity during the presentation of
correct or erroneous feedback was used for discrimination between NonErrPs and ErrPs.
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2.4. Signal Processing
2.4.1. Pre-Processing

Thirty-seven channels of EEG (AF3-4, Fz, F1-6, FCz, FC1-6, Cz, C1-6, CPz, CP1-6, Pz,
P1-6) were used for the analysis. Initially, the channels were bandpass filtered between
0.05-10 Hz using an 8th order zero phase-shift Butterworth filter [9]. Afterwards, bad
channels were excluded from further analysis for each participant individually. Bad
channels were defined as having a mean amplitude more than three standard deviations
above the overall mean amplitude of the 37 channels. The filtered data were divided into
400-millisecond epochs starting from 100 milliseconds after the time the feedback was
presented (t = 3 s in Figure 1) and ending 500 milliseconds after the feedback was presented.
Bad epochs were rejected from further analysis if they had amplitudes exceeding 150 pV.
All trials were normalized by subtracting the mean value of the entire trial from each value
in the trial. The number of ErrPs and NonErrPs was balanced. NonErrPs were randomly
selected to match the number of included ErrP epochs in the remaining analyses.

2.4.2. Classification

Two types of classifiers were used. A multi-layer perceptron artificial neural network
(MLP ANN) and shrinkage linear discriminant analysis (LDA) were employed for the
classification of ErrPs and NonErrPs for both recording days of the stroke and able-bodied
participants. The classification with MLP ANN was performed with temporal features as
input and with the entire epochs as input. The temporal features were the waveform signal
values of the epochs downsampled to 50 Hz. The classification with ANN was compared
with classification of the temporal features with LDA, which is a traditional approach for
decoding ErrPs [9]. The waveform features from the channels over the sensorimotor cortex
were chosen to capture the ErrP to allow interpretability of the output of the classifier.

A 5-layer MLP ANN was used [28,52] with an input layer equal to the number of
features (number of channels x number of samples in epoch), three hidden layers of the
size 100-50-25, and an output layer of size 1 with a sigmoid activation function. The
scaled conjugate gradient descent method was used for training the neural network with
a maximum number of epochs of 200. Network performance was checked by the cross-
entropy, and to avoid the early stopping the validation checks were set equal to 200. Three
different types of calibration were performed: (1) Within-day calibration was performed on
the data for each participant individually using 10-fold cross-validation, (2) Between-day
calibration was performed for each participant individually by calibrating the classifier
on data from one day and testing on the other, and (3) Across-participant calibration
was performed using leave-one-participant-out cross-validation, where the data from one
participant were used for testing while the data from the other participants were used for
training (the analysis was performed separately for stroke and able-bodied participants).
All analyses were performed using MATLAB (MathWorks®).

2.5. Statistics

A two-way repeated measure analysis of variance (ANOVA) test was performed on
the classification accuracies calibration schemes (3 levels: within-day, between-day, and
across-participant) and classification method (3 levels: features classified with ANN, entire
epoch classified with ANN, and features classified with sLDA) as factors. The mean of
the classification accuracies obtained on the two days for each participant was used in
the analysis. Significant test statistics were followed up with post hoc analysis using a
Bonferroni correction to avoid multiple comparisons. The Greenhouse-Geisser correction
was applied if the assumption of sphericity was violated. The reliability of the classification
accuracies obtained for the within-day calibration scheme across the two days was tested
using Pearson’s correlation. Lastly, Spearman’s correlation test was performed between
the classification accuracies for the within-day calibration scheme (recording day one) and
the Brunnstrom Stage score (obtained prior to recording day one). Statistical significance
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was assumed when p < 0.05 for all tests. The statistical analyses were performed using
IBM® SPSS®.

3. Results

On average, 0.28 & 0.50 channels (range: 0-1, maximum one channel was removed)
and 72 + 64 epochs (range: 2-228) were excluded for the stroke participants in the first
recording day, and 0.32 = 0.50 channels (range: 0-1) and 73 & 75 epochs (range: 3-293) were
excluded from the second recording day. A grand average across participants is presented
in Figure 2 (see Figure S1 in Supplementary Materials for able-bodied participants) as
well as a plot of the mean and standard deviation of single trials for one participant. For
the grand averages, a negative peak is observed approximately 350 milliseconds after the
presentation of the feedback and a positive peak 450 milliseconds after the presentation
of the feedback. The ErrP and NonErrP epochs overlie with a slightly higher amplitude
of the negative peak for the ErrPs compared with the NonErrPs. The shape of the ErrPs
and NonErrPs are similar across the two recording days. For the single trials the ErrPs and
NonErrPs overlap with a similar shape for both recording days.

Grand Average - Day 1

Grand Average - Day 2

5 6
ErrP (n=25) ErrP (n=25)
S NonErrP (n=25) s 4 : NonErrP (n=25)
= =
S S
3 0r =
a a
IS IS
< <
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Amplitude (uV)
o

Time (s)
Single Trials - Day 1

ErrP (n=1)
NonErrP (n=1)

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

Amplitude (uV)

Time (s)
Single Trials - Day 2

ErrP (n=1)
NonErrP (n=1)

-10 i . ) . . . .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)

Figure 2. Top: Grand average across 25 participants for the ErrP and NonErrP epochs for recording day 1 and 2. The shaded

area indicates the standard error across participants and the solid line is the mean. Bottom: Single trials for participant 1 for

recording day 1 and 2. The shaded area indicates the standard deviation, and the solid line is the mean across the trials.
Time ‘0 s’ is the onset of the presentation of the feedback. The signals in all trials are from the electrode position FCz. The
vertical dotted lines indicate the part of the signal that was used for the classification analyses.

The classification accuracies associated with the three different calibration schemes are
summarized in Figure 3. The results in the following are presented as mean =+ standard error.
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Figure 3. Classification accuracies associated with different calibration schemes using features or the entire epoch as input

for the artificial neural network and classification of features using linear discriminant analysis. The bars represent the
mean = standard error across the participants. For the between-day calibration, the three bars under “Day 1” represent
training the classifier on data from recording day 1 and testing on recording day 2 and vice versa for the three bars under

//Day 21/'

The average within-day classification accuracies (see Figure 3) using features as input
for the ANN were 84.9 £ 2.5% (day 1) and 86.7 £ 2.5% (day 2). When using the entire epoch
as input for the ANN the within-day classification accuracies were 89.8 &+ 2.5% (day 1) and
90.2 + 2.9% (day 2). Lastly, the within-day classification accuracies with features and LDA
were 69.3 &+ 2.3% (day 1) and 69.0 £ 3.2% (day 2). There was no correlation between the
classification accuracies obtained for the two recording days using features (Pearson’s cor-
relation = 0.09; p = 0.66) or the epoch (Pearson’s correlation = —0.17; p = 0.43) with ANN or
with features and LDA (Pearson’s correlation = —0.04; p = 0.85). The correlation analysis be-
tween the within-day classification accuracies of recording day 1 and the Brunnstrom Stage
score revealed no association for ANN with features as input (Spearman’s correlation = 0.03;
p = 0.88), ANN with epochs as input (Spearman’s correlation = 0.14; p = 0.52), and LDA
with features as input (Spearman’s correlation = —0.01; p = 0.96).

The average between-day classification accuracies (see Figure 3) using features as
input for ANN were 62.7 & 3.9% (training on day 1 and testing on day 2) and 62.6 + 3.3%
(training on day 2 and testing on day 1). When using the entire epoch as input for ANN the
between-day classification accuracies were 62.3 £ 2.5% (training on day 1 and testing on
day 2) and 63.4 £ 2.6% (training on day 2 and testing on day 1). Lastly, when using features
as input for LDA the between-day classification accuracies were 68.3 £ 3.1% (training on
day 1 and testing on day 2) and 67.7 & 3.5% (training on day 2 and testing on day 1).

The average across-participant classification accuracies (see Figure 3) using features
as input for ANN were 64.0 + 3.4% (day 1) and 65.2 &= 4.1% (day 2). When using the
entire epoch as input for the ANN, the across-participant classification accuracies were
61.4 = 1.9% (day 1) and 65.7 & 2.3% (day 2). The average across-participant classification
accuracies were 67.0 £ 4.0% (day 1) and 71.9 & 3.8% (day 2) when using features as input
for the LDA. The classification accuracies for the able-bodied participants for the within-
day, between-day and across-participant calibration schemes are presented in Figure S2 in
the Supplementary Materials.
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The statistical analyses revealed a significant interaction between calibration scheme
and classification method (F4,96) = 30.74; p < 0.001; n? = 0.56), and a significant effect of
calibration scheme (F48) = 37.73; p < 0.001; n? = 0.61). The effect of the classification
method was not significant (F 45y = 1.86; p = 0.17; n* = 0.07). The post hoc analysis
revealed that significantly higher classification accuracies were obtained for within-day
calibration compared with the other calibration schemes. Three one-way repeated measures
ANOVA tests were performed with classification method as the factor for each calibration
scheme individually. The results revealed a significant effect of within-day (F(y 5 35.9) = 62.25;
p <0.001; 2 = 0.72) and across-participant calibration (F45) = 3.32; p = 0.04; 12 =0.12), the
effect of between-day calibration was not significant (F(; 45) = 2.43; p = 0.10; n? =0.09). The
post hoc test revealed that the ANN with features and epochs as input achieved higher
classification accuracies than the LDA with features as input. In the across-participant
calibration scheme, the LDA performed better than the ANN, but due to the conservative
nature of the Bonferroni correction there was no significant difference (p = 0.06).

4. Discussion

In this study it was shown that ErrPs could be classified with accuracies in the range of
90% using within-day calibration and the entire epoch as input for the ANN. The accuracies
decreased to 86% and 69% when using temporal features as input for the ANN and
LDA, respectively. The classification accuracies associated with between-day and across-
participant calibration were significantly lower compared with the within-day calibration.
There was poor reliability between the classification accuracies obtained on day 1 and 2,
and there was no correlation between the classification accuracies and the impairment
level of the participants. The classification accuracies for the different calibration schemes
were significantly higher than chance level (calculated with a significance level of 5% [53]).
The accuracies above chance level for the between-day and across-participant calibration
schemes are in agreement with several other studies that have reported that ErrPs can
be detected using these approaches [17,22,30-33,35,36,54]. The classification accuracies
obtained for LDA in between-day and across-participant calibration are similar to what has
been reported previously, but lower for ANN. This may suggest that better generalization
across days and participants can be obtained with LDA compared with ANN. The grand
averages presented in this study indicate a similar morphology on both days, and across
participants there are only slight differences in amplitudes for the ErrPs and NonErrPs
which makes it difficult to discriminate between them. The correlation analysis also
showed there was poor reliability between the classification accuracies obtained on the
two days, despite relatively high within-day classification accuracies, possibly due to
variability across days. The findings in this study suggest that for people with stroke,
using these classification approaches, it is necessary to train an ErrP detector on data
from the same day, but it takes time to collect calibration data for this. In this study
400 trials with NonErrPs and ErrPs (70/30 ratio) were elicited and ~70 epochs of these
were rejected. This number of NonErrPs and ErrPs was enough for calibrating a classifier
to obtain good performance, but other approaches could be used to reduce the time it
takes to collect calibration data such as changing the NonErrP/ErrP ratio to allow more
ErrPs [54,55] or use observation ErrPs that are fast to elicit and that can generalize to other
types of ErrPs such as interaction ErrPs [35]. Moreover, it may not be needed to use as
many ErrP and NonErrP epochs as were utilized in this study; it has been reported that
a steep increase in classification accuracies was observed after ~50-100 ErrPs were used
for calibration [33,36,40]. The classification accuracies based on within-day calibration
are in agreement with findings in several other studies which have reported a detection
performance in the range of roughly 70-90% [12,13,15-17,22,28,30,32,33,56]; it should be
noted that different classification metrics have been reported. This was the case when using
either features or the entire epoch as input for the ANN classifier. The similar findings
obtained for the two approaches for ANN were expected since waveform data were used
in both cases (with/without downsampling). The fact that waveform data can be used
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indicates that identifying various feature types may not be needed to obtain good ErrP
detection performance. Such features make it possible to make a meaningful physiological
interpretation of the output of the classifier. It is also a challenging task to identify features
that generalize well across time, such as individuals and ErrP paradigms, due to factors
that affect the ErrP morphology such as temporal variability and jitter, although methods
have been proposed for overcoming this [11,34]. By using the waveform data or epoch
from the specific user, it is also possible to eliminate some of the factors that affect the
ErrP morphology. Age has consistently been reported to reduce the ErrP amplitude
(see, e.g., [57]), and factors such as the perceived severity of the error [16], awareness of
error [41,58], and error type modulate the ErrP morphology [16,59,60]. The latter factors in
particular may be more pronounced in individuals with stroke compared with able-bodied
individuals. Many stroke patients may have some degree of cognitive impairment that may
alter the awareness of an error, depending on how it was elicited. This could lead to lower
ErrP peak amplitudes. On the contrary, stroke patients may have a stronger perception of
error severity, leading to higher peak amplitudes. However, this will also be affected if they
think it was the system and not themselves making an error, which will lead to smaller
peak amplitudes. These are some questions that should be addressed in future studies
where it would be relevant to include some qualitative data to better understand how these
factors modulate the ErrP in a stroke population [41]. Moreover, future studies should also
address online decoding of ErrPs in stroke patients when operating a real-time BCl in a
relevant BCI user scenario such as rehabilitation with BCI-triggered electrical stimulation.

5. Conclusions

In conclusion, it was shown that ErrPs and NonErrPs in stroke patients could be
classified correctly with high classification accuracies when using a within-day calibration
scheme, but with poor test-retest reliability this was across days. The classification accura-
cies decreased significantly when applying between-day and across-participant calibration
schemes. The best performance was obtained when using the entire ErrP and NonErrP in-
put for the ANN classifier compared with temporal features classified with LDA. By using
physiologically meaningful brain potentials (ErrP and NonErrP) as input for the classifiers,
it may be possible to interpret the output with respect to the existing physiological research
within this area. The results may have implications for using ErrP classification as a tool
for labelling EEG data during BCI use in a stroke rehabilitation scenario.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/521186274/s1, Figure S1: Top: Grand average across eight able-bodied participants for the
ErrP and NonErrP epochs for recording day 1 and 2. The shaded area indicates the standard error
across participants and the solid line is the mean. Bottom: Single trials for participant 1 for recording
day 1 and 2. The shaded area indicates the standard deviation and the solid line is the mean across
the trials. Time ‘0 s’ is the onset of the presentation of the feedback. The signals in all trials are from
the electrode position FCz. The vertical dotted lines indicate the part of the signal that was used for
the classification analyses. Figure S2: Classification accuracies associated with different calibration
schemes using features or the entire epoch as input for the artificial neural network and classification
of features using linear discriminant analysis. The bars represent the mean + standard error across
the able-bodied participants. For the between-day calibration, the three bars under “Day 1” represent
training the classifier on data from recording day 1 and testing on recording day 2 and vice versa for
the three bars under “Day 2”.

Author Contributions: Conceptualization, N.U., LK.N., K.D. and M.].; methodology, N.U., LK.N.
and M.].; software, N.U., LK.N. and M.].; validation, LK.N. and M.J.; formal analysis, N.U.; investiga-
tion, N.U., LK.N. and M.].; resources, LK.N. and K.D., data curation, N.U., writing—original draft
preparation, N.U.; writing—review and editing, N.U., LK.N., K.D. and M.J.; visualization, N.U. and
M.].; supervision, LK.N., K.D. and M.].; project administration, M.J. and I.K.N.; funding acquisition,
K.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.


https://www.mdpi.com/article/10.3390/s21186274/s1
https://www.mdpi.com/article/10.3390/s21186274/s1

Sensors 2021, 21, 6274 10 of 12

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of Allied Hospital,
Faisalabad, Pakistan.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data is not publicly available because of ethics and institutional policy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wolpaw, J.R.; Birbaumer, N.; McFarland, D.J.; Pfurtscheller, G.; Vaughan, T.M. Brain-computer interfaces for communication and
control. Clin. Neurophysiol. 2002, 113, 767-791. [CrossRef]

2. Cervera, M.A,; Soekadar, S.R.; Ushiba, J.; del R. Milldn, J.; Liu, M.; Birbaumer, N.; Garipelli, G. Brain-computer interfaces for
post-stroke motor rehabilitation: A meta-analysis. Ann. Clin. Transl. Neurol. 2018, 5, 651-663. [CrossRef]

3. Millan, J.R; Rupp, R.; Miiller-Putz, G.R.; Murray-Smith, R.; Giugliemma, C.; Tangermann, M.; Vidaurre, C.; Cincotti, F; Kiibler, A.;
Leeb, R; et al. Combining brain-computer interfaces and assistive technologies: State-of-the-art and challenges. Front. Neurosci.
2010, 4, 1-15. [CrossRef]

4. Niazi, LK Jiang, N.; Jochumsen, M.; Nielsen, J.F.; Dremstrup, K.; Farina, D. Detection of movement-related cortical potentials
based on subject-independent training. Med. Biol. Eng. Comput. 2013, 51, 507-512. [CrossRef]

5. Krauledat, M.; Tangermann, M.; Blankertz, B.; Miiller, K.-R. Towards zero training for brain-computer interfacing. PLoS ONE
2008, 3, €2967. [CrossRef]

6. Fazli, S.; Grozea, C.; Danoczy, M.; Blankertz, B.; Popescu, F.; Miiller, K.R. Subject independent EEG-based BCI decoding. Adv.
Neural Inf. Process. Syst. 2009, 22, 513-521.

7. Jochumsen, M.; Niazi, I.K.; Nedergaard, RW.; Navid, M.S.; Dremstrup, K. Effect of subject training on a movement-related
cortical potential-based brain-computer interface. Biomed. Signal Process. Control 2018, 41, 63-68. [CrossRef]

8.  Aliakbaryhosseinabadi, S.; Kostic, V.; Pavlovic, A.; Radovanovic, S.; Farina, D.; Mrachacz-Kersting, N. Effect of Attention
Variation in Stroke Patients: Analysis of Single Trial Movement-Related Cortical Potentials. In Converging Clinical and Engineering
Research on Neurorehabilitation II; Springer: Cham, Switzerland, 2017; pp. 983-987.

9.  Chavarriaga, R.; Sobolewski, A.; del R. Millan, J. Errare machinale est: The use of error-related potentials in brain-machine
interfaces. Front. Neurosci. 2014, 8, 208. [CrossRef]

10. Kumar, A.; Gao, L.; Pirogova, E.; Fang, Q. A Review of Error-Related Potential-Based Brain-Computer Interfaces for Motor
Impaired People. IEEE Access. 2019, 7, 142451-142466. [CrossRef]

11. Aydarkhanov, R.; Us¢éumli¢, M.; Chavarriaga, R.; Gheorghe, L.; del R. Millan, ]. Spatial covariance improves BCI performance for
late ERPs components with high temporal variability. J. Neural Eng. 2020, 17, 036030. [CrossRef]

12. Buttfield, A.; Ferrez, PW.; Millan, J.R. Towards a robust BCI: Error potentials and online learning. Neural Syst. Rehabil. Eng. IEEE
Trans. 2006, 14, 164-168. [CrossRef]

13. Omedes, J.; Schwarz, A.; Miiller-Putz, G.R.; Montesano, L. Factors that affect error potentials during a grasping task: Toward a
hybrid natural movement decoding BCI. J. Neural Eng. 2018, 15, 046023. [CrossRef] [PubMed]

14. Roset, S.A.; Gant, K,; Prasad, A.; Sanchez, ].C. An adaptive brain actuated system for augmenting rehabilitation. Front. Neurosci.
2014, 8, 415. [CrossRef]

15. Schmidt, N.M.; Blankertz, B.; Treder, M.S. Online detection of error-related potentials boosts the performance of mental
typewriters. BMC Neurosci. 2012, 13, 1-13. [CrossRef]

16. Spiiler, M.; Niethammer, C. Error-related potentials during continuous feedback: Using EEG to detect errors of different type and
severity. Front. Hum. Neurosci. 2015, 9, 155.

17.  Tong, ].; Lin, Q.; Xiao, R.; Ding, L. Combining multiple features for error detection and its application in brain-computer interface.
Biomed. Eng. Online 2016, 15, 1-15. [CrossRef]

18.  Usama, N.; Leerskov, K.K,; Niazi, L.K.; Dremstrup, K.; Jochumsen, M. Classification of error-related potentials from single-trial
EEG in association with executed and imagined movements: A feature and classifier investigation. Med. Biol. Eng. Comput. 2020,
58, 2699-2710. [CrossRef]

19. Ventouras, E.M.; Asvestas, P.; Karanasiou, I.; Matsopoulos, G.K. Classification of Error-Related Negativity (ERN) and Positivity
(Pe) potentials using kNN and Support Vector Machines. Comput. Biol. Med. 2011, 41, 98-109. [CrossRef]

20. Yousefi, R.; Rezazadeh Sereshkeh, A.; Chau, T. Development of a robust asynchronous brain-switch using ErrP-based error
correction. J. Neural Eng. 2019, 16, 066042. [CrossRef]

21.  Yousefi, R,; Sereshkeh, A.R.; Chau, T. Exploiting error-related potentials in cognitive task based BCI. Biomed. Phys. Eng. Express
2018, 5, 015023. [CrossRef]

22. Gao, C; Li, Z,; Ora, H,; Miyake, Y. Improving Error Related Potential Classification by using Generative Adversarial Networks

and Deep Convolutional Neural Networks. In Proceedings of the 2020 IEEE International Conference on Bioinformatics and
Biomedicine (BIBM), Seoul, Korea, 16-19 December 2020; pp. 2468-2476.


http://doi.org/10.1016/S1388-2457(02)00057-3
http://doi.org/10.1002/acn3.544
http://doi.org/10.3389/fnins.2010.00161
http://doi.org/10.1007/s11517-012-1018-1
http://doi.org/10.1371/journal.pone.0002967
http://doi.org/10.1016/j.bspc.2017.11.012
http://doi.org/10.3389/fnins.2014.00208
http://doi.org/10.1109/ACCESS.2019.2944067
http://doi.org/10.1088/1741-2552/ab95eb
http://doi.org/10.1109/TNSRE.2006.875555
http://doi.org/10.1088/1741-2552/aac1a1
http://www.ncbi.nlm.nih.gov/pubmed/29714718
http://doi.org/10.3389/fnins.2014.00415
http://doi.org/10.1186/1471-2202-13-19
http://doi.org/10.1186/s12938-016-0134-9
http://doi.org/10.1007/s11517-020-02253-2
http://doi.org/10.1016/j.compbiomed.2010.12.004
http://doi.org/10.1088/1741-2552/ab4943
http://doi.org/10.1088/2057-1976/aaee99

Sensors 2021, 21, 6274 11 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

Rahimi, A.; Tchouprina, A.; Kanerva, P; del R. Millan, J.; Rabaey, ]. M. Hyperdimensional computing for blind and one-shot
classification of EEG error-related potentials. Mob. Netw. Appl. 2020, 25, 1958-1969. [CrossRef]

Kakkos, I.; Ventouras, E.M.; Asvestas, P.A.; Karanasiou, 1.S.; Matsopoulos, G.K. A condition-independent framework for the
classification of error-related brain activity. Med. Biol. Eng. Comput. 2020, 58, 573-587. [CrossRef] [PubMed]

Shou, G.; Ding, L. Detection of EEG Spatial-Spectral-Temporal Signatures of Errors: A Comparative Study of ICA-Based and
Channel-Based Methods. Brain Topogr. 2015, 28, 47-61. [CrossRef] [PubMed]

Yousefi, R.; Rezazadeh Sereshkeh, A.; Chau, T. Online detection of error-related potentials in multi-class cognitive task-based
BClIs. Brain Comput. Interfaces 2019, 6, 1-12. [CrossRef]

Spiiler, M.; Bensch, M.; Kleih, S.; Rosenstiel, W.; Bogdan, M.; Kiibler, A. Online use of error-related potentials in healthy users and
people with severe motor impairment increases performance of a P300-BCI. Clin. Neurophysiol. 2012, 123, 1328-1337. [CrossRef]
Vasios, C.E.; Ventouras, E.M.; Matsopoulos, G.K.; Karanasiou, I.; Asvestas, P; Uzunoglu, N.K.; Van Schie, H.T.; De Bruijn,
E.R. Classification of event-related potentials associated with response errors in actors and observers based on autoregressive
modeling. Open Med. Inform. J. 2009, 3, 32. [CrossRef]

Abu-Alqumsan, M.; Kapeller, C.; Hintermdiller, C.; Guger, C.; Peer, A. Invariance and variability in interaction error-related
potentials and their consequences for classification. J. Neural Eng. 2017, 14, 066015. [CrossRef]

Bhattacharyya, S.; Konar, A.; Tibarewala, D.N.; Hayashibe, M. A generic transferable EEG decoder for online detection of error
potential in target selection. Front. Neurosci. 2017, 11, 226. [CrossRef]

Dias, C.L.; Sburlea, A L; Breitegger, K.; Wyss, D.; Drescher, H.; Wildburger, R.; Miiller-Putz, G.R. Online asynchronous detection
of error-related potentials in participants with a spinal cord injury by adapting a pre-trained generic classifier. ]. Neural Eng. 2020,
18, 046022. [CrossRef]

Ferrez, PW.; del R. Millan, J. Error-related EEG potentials generated during simulated brain—computer interaction. IEEE Trans.
Biomed. Eng. 2008, 55, 923-929. [CrossRef]

Iturrate, I.; Montesano, L.; Minguez, J. Task-dependent signal variations in EEG error-related potentials for brain-computer
interfaces. J. Neural Eng. 2013, 10, 026024. [CrossRef]

Iturrate, I.; Chavarriaga, R.; Montesano, L.; Minguez, J.; Millan, ]. Latency correction of event-related potentials between different
experimental protocols. . Neural Eng. 2014, 11, 036005. [CrossRef] [PubMed]

Kim, S.K; Kirchner, E.A. Handling Few Training Data: Classifier Transfer Between Different Types of Error-Related Potentials.
IEEE Trans. Neural Syst. Rehabil. Eng. 2016, 24, 320-332. [CrossRef] [PubMed]

Schonleitner, EM.; Otter, L.; Ehrlich, S.K.; Cheng, G. Calibration-Free Error-Related Potential Decoding With Adaptive Subject-
Independent Models: A Comparative Study. IEEE Trans. Med. Robot. Bionics 2020, 2, 399-409. [CrossRef]

Huffmeijer, R.; Bakermans-Kranenburg, M.J.; Alink, L.R.; Van IJzendoorn, M.H. Reliability of event-related potentials: The
influence of number of trials and electrodes. Physiol. Behav. 2014, 130, 13-22. [CrossRef] [PubMed]

Larson, M.].; Baldwin, S.A.; Good, D.A.; Fair, J.E. Temporal stability of the error-related negativity (ERN) and post-error positivity
(Pe): The role of number of trials. Psychophysiology 2010, 47, 1167-1171. [CrossRef]

Olvet, D.M.; Hajcak, G. Reliability of error-related brain activity. Brain Res. 2009, 1284, 89-99. [CrossRef] [PubMed]

Cruz, A.; Pires, G.; Nunes, U.J. Double ErrP detection for automatic error correction in an ERP-based BCI speller. IEEE Trans.
Neural Syst. Rehabil. Eng. 2017, 26, 26-36. [CrossRef]

Kumar, A.; Fang, Q.; Pirogova, E. The influence of psychological and cognitive states on error-related negativity evoked during
post-stroke rehabilitation movements. Biomed. Eng. Online 2021, 20, 1-15. [CrossRef]

Kumar, A; Fang, Q.; Fu, J.; Pirogova, E.; Gu, X. Error-related neural responses recorded by electroencephalography during
post-stroke rehabilitation movements. Front. Neurorobot. 2019, 13, 107. [CrossRef]

Niessen, E.; Ant, ].M.; Bode, S.; Saliger, J.; Karbe, H.; Fink, G.R.; Stahl, J.; Weiss, P.H. Preserved performance monitoring and error
detection in left hemisphere stroke. Neurolmage Clin. 2020, 27, 102307. [CrossRef] [PubMed]

Maier, M.E.; Di Gregorio, F.; Muricchio, T.; Di Pellegrino, G. Impaired rapid error monitoring but intact error signaling following
rostral anterior cingulate cortex lesions in humans. Front. Hum. Neurosci. 2015, 9, 339. [CrossRef] [PubMed]

Stemmer, B.; Segalowitz, S.J.; Witzke, W.; Schonle, P.W. Error detection in patients with lesions to the medial prefrontal cortex: An
ERP study. Neuropsychologia 2004, 42, 118-130. [CrossRef]

Turken, A.U.; Swick, D. The effect of orbitofrontal lesions on the error-related negativity. Neurosci. Lett. 2008, 441, 7-10. [CrossRef]
Ullsperger, M.; von Cramon, D.Y. The role of intact frontostriatal circuits in error processing. J. Cogn. Neurosci. 2006, 18, 651-664.
[CrossRef]

Ullsperger, M.; Von Cramon, D.Y.; Miiller, N.G. Interactions of focal cortical lesions with error processing: Evidence from
event-related brain potentials. Neuropsychology 2002, 16, 548. [CrossRef]

Wessel, ].R.; Klein, T.A.; Ott, D.V,; Ullsperger, M. Lesions to the prefrontal performance-monitoring network disrupt neural
processing and adaptive behaviors after both errors and novelty. Cortex 2014, 50, 45-54. [CrossRef]

Shen, I.H.; Lin, Y.J.; Chen, C.L.; Liao, C.C. Neural Correlates of Response Inhibition and Error Processing in Individuals with
Mild Traumatic Brain Injury: An Event-Related Potential Study. J. Neurotrauma 2020, 37, 115-124. [CrossRef]

Brunnstrom, S. Motor testing procedures in hemiplegia: Based on sequential recovery stages. Phys. Ther. 1966, 46, 357-375.
[CrossRef]


http://doi.org/10.1007/s11036-017-0942-6
http://doi.org/10.1007/s11517-019-02116-5
http://www.ncbi.nlm.nih.gov/pubmed/31919721
http://doi.org/10.1007/s10548-014-0397-z
http://www.ncbi.nlm.nih.gov/pubmed/25228153
http://doi.org/10.1080/2326263X.2019.1614770
http://doi.org/10.1016/j.clinph.2011.11.082
http://doi.org/10.2174/1874431100903010032
http://doi.org/10.1088/1741-2552/aa8416
http://doi.org/10.3389/fnins.2017.00226
http://doi.org/10.1088/1741-2552/abd1eb
http://doi.org/10.1109/TBME.2007.908083
http://doi.org/10.1088/1741-2560/10/2/026024
http://doi.org/10.1088/1741-2560/11/3/036005
http://www.ncbi.nlm.nih.gov/pubmed/24743234
http://doi.org/10.1109/TNSRE.2015.2507868
http://www.ncbi.nlm.nih.gov/pubmed/26701866
http://doi.org/10.1109/TMRB.2020.3012436
http://doi.org/10.1016/j.physbeh.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24642000
http://doi.org/10.1111/j.1469-8986.2010.01022.x
http://doi.org/10.1016/j.brainres.2009.05.079
http://www.ncbi.nlm.nih.gov/pubmed/19501071
http://doi.org/10.1109/TNSRE.2017.2755018
http://doi.org/10.1186/s12938-021-00850-2
http://doi.org/10.3389/fnbot.2019.00107
http://doi.org/10.1016/j.nicl.2020.102307
http://www.ncbi.nlm.nih.gov/pubmed/32570207
http://doi.org/10.3389/fnhum.2015.00339
http://www.ncbi.nlm.nih.gov/pubmed/26136674
http://doi.org/10.1016/S0028-3932(03)00121-0
http://doi.org/10.1016/j.neulet.2008.05.115
http://doi.org/10.1162/jocn.2006.18.4.651
http://doi.org/10.1037/0894-4105.16.4.548
http://doi.org/10.1016/j.cortex.2013.09.002
http://doi.org/10.1089/neu.2018.6122
http://doi.org/10.1093/ptj/46.4.357

Sensors 2021, 21, 6274 12 of 12

52.

53.

54.

55.

56.

57.

58.

59.

60.

Maksimenko, V.A.; Kurkin, S.A.; Pitsik, E.N.; Musatov, V.Y.; Runnova, A.E.; Efremova, T.Y.; Hramov, A.E.; Pisarchik, A.N.
Artificial neural network classification of motor-related eeg: An increase in classification accuracy by reducing signal complexity.
Complexity 2018, 2018, 9385947. [CrossRef]

Miiller-Putz, G.R.; Scherer, R.; Brunner, C.; Leeb, R.; Pfurtscheller, G. Better than random? A closer look on BCI results. Int. J.
Bioelectromagn. 2008, 10, 52-55.

Chavarriaga, R.; del R. Milldn, J. Learning from EEG error-related potentials in noninvasive brain-computer interfaces. [IEEE
Trans. Neural Syst. Rehabil. Eng. 2010, 18, 381-388. [CrossRef] [PubMed]

Pezzetta, R.; Nicolardi, V.; Tidoni, E.; Aglioti, S.M. Error, rather than its probability, elicits specific electrocortical signatures: A
combined EEG-immersive virtual reality study of action observation. J. Neurophysiol. 2018, 120, 1107-1118. [CrossRef]
Chavarriaga, R.; Khaliliardali, Z.; Gheorghe, L.; Iturrate, I.; Millan, ].D.R. EEG-based decoding of error-related brain activity in a
real-world driving task. J. Neural Eng. 2015, 12, 066028.

Falkenstein, M.; Hoormann, J.; Hohnsbein, ]J. Changes of error-related ERPs with age. Exp. Brain Res. 2001, 138, 258-262.
[CrossRef]

Wessel, ].R. Error awareness and the error-related negativity: Evaluating the first decade of evidence. Front. Hum. Neurosci. 2012,
6, 88. [CrossRef]

Wirth, C.; Dockree, PM.; Harty, S.; Lacey, E.; Arvaneh, M. Towards error categorisation in BCI: Single-trial EEG classification
between different errors. J. Neural Eng. 2019, 17, 016008. [CrossRef] [PubMed]

Milekovic, T.; Ball, T.; Schulze-Bonhage, A.; Aertsen, A.; Mehring, C. Error-related electrocorticographic activity in humans
during continuous movements. J. Neural Eng. 2012, 9, 026007. [CrossRef]


http://doi.org/10.1155/2018/9385947
http://doi.org/10.1109/TNSRE.2010.2053387
http://www.ncbi.nlm.nih.gov/pubmed/20570777
http://doi.org/10.1152/jn.00130.2018
http://doi.org/10.1007/s002210100712
http://doi.org/10.3389/fnhum.2012.00088
http://doi.org/10.1088/1741-2552/ab53fe
http://www.ncbi.nlm.nih.gov/pubmed/31683267
http://doi.org/10.1088/1741-2560/9/2/026007

	Introduction 
	Methods 
	Participants 
	Data Recording 
	Experimental Details 
	Signal Processing 
	Pre-Processing 
	Classification 

	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

