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Abstract

Brain-Computer Interfaces (BCls) are inefficient for a non-negligible part of the population,
estimated around 25%. To understand this phenomenon in Sensorimotor Rhythm (SMR)
based BCls, data from a large-scale screening study conducted on 80 novice participants
with the Berlin BCI system and its standard machine-learning approach were investigated.
Each participant performed one BCI session with resting state Encephalography, Motor
Observation, Motor Execution and Motor Imagery recordings and 128 electrodes. A signifi-
cant portion of the participants (40%) could not achieve BCI control (feedback performance
> 70%). Based on the performance of the calibration and feedback runs, BCI users were
stratified in three groups. Analyses directed to detect and elucidate the differences in the
SMR activity of these groups were performed. Statistics on reactive frequencies, task preva-
lence and classification results are reported. Based on their SMR activity, also a systematic
list of potential reasons leading to performance drops and thus hints for possible improve-
ments of BCI experimental design are given. The categorization of BCI users has several
advantages, allowing researchers 1) to select subjects for further analyses as well as for
testing new BCI paradigms or algorithms, 2) to adopt a better subject-dependent training
strategy and 3) easier comparisons between different studies.

Introduction

A Brain-Computer Interface (BCI), proposed for the first time by Vidal, [1], establishes an
alternative pathway between a person and a device translating the brain activity in a control
command for the device, i.e. decoding the human intention and bypassing the normal motor
pathways [2-8]. One common type of BCI is based on the voluntary modulation of Sensorimo-
tor Rhythm (SMR). It exploits the Event-Related Desynchronization/Event-Related Synchro-
nization (ERD/ERS) [9] observed in the encephalographic data (EEG) during Motor Imagery
(MI) of different limbs. Within SMR-based systems, the Berlin Brain-Computer Interface
(BBCI) approach could boost classification performance by introducing a calibration
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recording (i.e. MI trials without feedback) to train filters extracted using the Common Spatial
Patterns technique (CSP) in the very same BCI session [10-13]. Still a non-negligible number
of users exhibiting poor performance was reported in each study. The percentage of such BCI
users is in general established to be 10-50% [14]. In particular, it has been reported that about
20% of users is not able to gain BCI control, while another 30% obtains just poor control [15-
17]. Usually, SMR-based BCI systems need longer user training or a co-adaptive approach
[18-22] to achieve a similar level of control than ERP or SSVEP based BCIs [23].

We name this phenomenon “BCI inefficiency” [17] (this was earlier called BCI illiteracy,
see Conclusions section) referring to the inability of BCI systems to successfully deal with the
brain signals of all BCI users. Several studies investigated the causes influencing the learning
process of the BCI control in a neuro-feedback paradigm and what can predict it. Early studies
focused on the psychological user state to explain performance variations, other studies aimed
to assess individual characteristics through questionnaires. In [24] it was shown that memory
span, personality factors and “dealing with stressful situations” could predict BCI performance.
[25] showed that the initial performance could predict future performance in a BCI based on
Slow Cortical Potentials within a sample of five severely paralyzed patients. These results were
replicated by [26]. [27] reported a significant correlation between the SMR-BCI feedback per-
formance and “locus of control by dealing with technology”. Correlation between mood and
motivation with SMR-BCI performance was evaluated in a sample of 16 healthy participants
in [28] and in six patients suffering from amyotrophic lateral sclerosis (ALS) in [29]. [30]
showed in 12 users that frustration is related to BCI control. In [31] a strong correlation
between mental imagery (including non-motor imagery tasks) BCI performance and mental
rotation ability was found in an experiment with 18 users. In [32], MI-BCI performance was
influenced by spatial ability, and difficult pre-training showed to improve participants’ capabil-
ities of learning the BCI task.

More recent studies focus on modeling the neurophysiological mechanisms of BCI perfor-
mance. The papers [17, 33-37] are based on the dataset presented in this manuscript and are
discussed later. Regarding other studies, [38] showed that gamma activity in the fronto-parietal
network is related to intra-subject trial-wise MI performance variations. Additionally, a weak
negative correlation between centro-parietal gamma oscillation and the magnitude of the clas-
sification output was found. In a study with ten users, [39] found that prefrontal gamma band
activity is positively correlated with MI performance in an inter-subject experiment, conclud-
ing that high prefrontal gamma activity, possibly related to the user’s concentration level,
could be used as mental state to predict MI performance. In a study performed with 52
users, [40] found that high theta and low alpha power might indicate low MI performance.

Unfortunately, all these studies, except for the last one, presented at the most results from
20 users, while large scale studies would better cover the wide range of BCI potential users and
allow more precise demographic and inter-subject investigation.

So far, three studies were conducted on a large population of BCI novices, but all of them
were performed during BCI exhibitions, where the experimental conditions are noisy and not
well controlled, and the experiment should be fast. In [14], results on SMR-based experiments
with 99 users were reported, but the cause of poor performance for part of the population was
not analyzed. The same authors performed a similar study with an ERP-based BCI and 100
novice users [41] and finally [42], presented a study with 106 subjects who participated in a
SSVEP experiment during CeBIT 2008. In none of these studies the brain signals were ana-
lyzed to explain the drop-out[CS1] for some participants.

With the aim to investigate the BCI inefficiency for SMR-based BCIs and to understand
how to deal with this problem, a large-scale screening study with 80 BCI novice participants
was executed in collaboration with the University of Tiibingen. The design of the BCI
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experiment was the classical BBCI one, with calibration and feedback sessions [10, 11] and a
full electrode configuration (128 channels) was used. Additionally, motor imagery (MI) runs
were accompanied by rest EEG recordings, motor observation (MO) and motor execution
(ME) runs for comparison. Finally, a wide range of psychological tests was carried out, prior,
during and after the BCI session.

The results of the psychological tests have been reported in [33]. In particular, better visuo-
motor coordination and concentration on a task were significantly positively correlated with
classification accuracy in a MI-based BCI system. This result was confirmed in [32] as reported
above. Also, participants who felt confident with controlling a technical device performed bet-
ter with the SMR-BCI. On the same data, a neurophysiological BCI performance predictor
(the SMR-predictor) was built based on rest recordings and presented in [17]. In particular, it
was shown that the estimated strength of the idle y-rhythm in C3 and C4 EEG channels during
the rest EEG recordings was significantly correlated to later BCI performance during feedback.
A recent large scale study (with 160 users) confirmed this result [43, 44]. Similarly, [34]
showed that spatio-temporal filters of resting state EEG are able to predict the BCI perfor-
mance employing the data presented in this manuscript. In [35], long-range temporal correla-
tions in the calibration recordings of this same dataset could predict the performance in the
teedback recordings.

Twenty of the 80 participants underwent also fMRI recordings, as presented in [45, 46]. In
[45], it was found that the number of activated voxels in the supplementary motor area (SMA)
was greater for those with better MI performance and in [46] it was shown that structural
brain traits can predict individual BCI performance.

Here, we present extensive analyses and statistics on the classification results, the SMR
activity, the reactive frequencies and the limb (left hand, right hand or foot) preferences of the
80 participants. Based on the classification accuracy obtained in the calibration (Cb) and feed-
back (Fb) MI runs, 3 categories of BCI users were detected and all data analyzed and presented
to highlight the difference in the SMR activity among these 3 group. EEG data have been inter-
preted in order to hypothesize the most common drawbacks BCI users might encounter dur-
ing a BCI session. Finally, the SMR-predictor [17], was used to gain additional insights on the
SMR activity of the different groups and obtain a more precise estimation of the percentage of
BCI inefficiency, which we hypothesize to correspond to the percentage of users presenting a
flat or almost flat rest EEG spectrum.

The manuscript is structured as follows. In the first Section[CS2] the entire study is
described. After that, the categorization of BCI users is presented. Then, grand average results
of standard EEG data analysis are shown, with a deep analysis on the SMR changes observable
depending on the task (MO, ME and MI, for the three limb movement combinations). The
offline and online performances for each run are reported and analyzed as well. Furthermore,
the spectra at rest are investigated and a short overview of psychological predictors is given.
Finally, discussion and conclusions are provided.

Experimental setup

The study was approved by the Ethical Review Boards of the Medical Faculty, University of
Tiibingen and was designed together with the Institute of Medical Psychology and Behavioral
Neurobiology of the University of Tibingen. The study consisted of two sessions per partici-
pant executed in two different days: a psychological test session on day 1 and a BCI session
with short psychological tests on day 2. Between the two sessions a maximum of 7 days was
allowed, to minimize the fluctuation in the psychological state of the participants but still allow
for some flexibility in the appointment.
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Participants

A total of 80 healthy BCI-novices took part in the study: 39 men, 41 female, (age = 29.9
+11.5y), age range was 17-65. Participants were required to have full contractual capability and
no neurological disease, e.g., epilepsy. Each of them gave written informed consent after hav-
ing been informed about the purpose of the study. Half of the experiments were recorded in
Berlin and half in Tibingen; 75% of the subjects was younger than 30. Subjects were paid 8 €
per hour for the participation in the study. There was no special motivation for the participants
to achieve good performance. Data sets of two participants were excluded because of technical
problems.

Day 1: Psychological test session

The psychological test-battery on day 1 lasted about 3 hours. It consisted of a vividness of move-
ment imagery questionnaire [47], and performance and personality tests. The results regarding
these psychological tests and their correlation with the SMR-BCI performance were reported
in [33].

Day 2: BCI session

The BCI session on day 2 lasted about 5 hours and consisted of 10 EEG recordings with psy-
chological tests and concentration tests in between.

Hardware. During the BCI session the participants were sitting in a comfortable chair
with arms lying relaxed on armrests, approximately 1 m away from a computer screen. For the
recording, a cap with 128 Ag/AgCl electrodes (EasyCap, Brain Products, Munich, Germany)
and two multi-channel EEG amplifiers (Brain Products, Munich, Germany) were used. Brain
activity was recorded from 119 channels located according to the extended 10-10 system, [48-
50]. Three electrodes were used to record the left and right horizontal electrooculogram
(EOQ) and the right vertical EOG. The remaining six electrodes were used to record the elec-
tromyogram (EMG) activity from the arms and the right leg (two electrodes per limb). The
reference was positioned at the nasion. Electrode impedances were kept below 10 kQ. Brain
activity was sampled at 1000 Hz and band-pass filtered between 0.05 and 200 Hz. The EMG/
EOG channels were exclusively used to control for physical limb/eye movements that could
correlate with the task and could be reflected directly (artifacts) or indirectly (afferent signals
from muscles and joint receptors) in the EEG channels.

EEG recordings. EEG activity was recorded during the following 10 runs:

1. Artifacts. The user performed a sequence of tasks indicated by vocal instructions. The tasks
were 1) maximum compression of the limbs, 2) looking to the right, left, center, top and
bottom of the screen 3) blinking 4) relax with open and closed eyes. The duration of this
recording was about 10 min.

2. Motor Observation 1 (MO1). The subject simply watched video clips of 10s showing the
movement of the left hand, right hand or foot from a first person’s perspective. They were
presented in random order with 20 trials per class (Left, Right, Foot, where in the following
Left and Right refer to left and right hand respectively). The participants were instructed to
carefully observe and mentally imitate the observed movement from a first person’s per-
spective. The duration of this recording was about 20 min.

3. Motor Execution (ME). The user chose the movement to imagine for the BCI session for
the left hand, right hand and right foot, and really executed the motor task during this run.
A stimulus in form of an arrow indicated the task to execute: left hand movement if the
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arrow was directed to the left, right hand movement if the arrow was directed to the right,
right foot movement if the arrow was directed to the bottom.

This run had 75 trials, 25 trials per class. Every 15 trials (one block) there was a break of
about 20s. The order of the classes was random, but within each block the classes were
equally distributed. The trial design is depicted on the first row of Fig 1. The duration of
this recording was about 10min.

4. Three runs of Motor Imagery Calibration (MI-Cb 1-3). The user did not execute the

movement, but only imagined it kinesthetically [51]. The trial design was the same as for
the ME run, illustrated on the first row of Fig 1. Also the number of trials per class and per
run was the same as for the ME run. Thus, three MI-Cb runs provided a total of 225 trials,
75 per class (calibration data set).

A short break (2 to 10 minutes depending on the subject’s needs) between the runs was
used to let the participants fill in psychological tests. In total, the duration of the calibration
recording was about 1 h.

5. Three runs of Motor Imagery Feedback (MI-Fb 1-3). The subject imagined the movement
kinesthetically as in the MI-Cb, but only for 2 out of the 3 motor tasks (left/right, left/foot
or foot/right). In addition, his/her EEG activity was classified in real-time and a visual feed-
back was provided showing the classification results (a cross moving in one of the two pos-
sible directions).

Each run consisted of 100 trials (50 trials per class). The feedback trial design was very simi-
lar to the calibration one and is depicted on the second row of Fig 1. Every 20 trials (one
block) there was a break of about 20s where first the score (number of hits and misses
summed over the blocks) and then a countdown starting from -15 were shown. The order
of the classes was random, but within each block of 20 trials the classes were equally distrib-
uted (i.e. 10 trials per class in each block).

The MI-Fb session lasted around 1k (each run lasted around 17min).

6. Motor Observation 2 (MO?2). This run was the same as MO1.

The MO runs at the beginning and at the end of the BCI sessions were included to investi-
gate the SMR activity during MO and compare it to MI, as this was not extensively investigated
in previous literature. The ME before the MI runs was mainly included to help the participants
to get familiar with the task.

The number of trials of the MI-Cb runs was decided based on previous experience showing
that a calibration data set of about 80 trials is necessary to train the machine learning BBCI
algorithms.

The two out of three classes to perform in the MI-Fb runs were chosen based on the calibra-
tion data from the MI-Cb session (see Methods section for a detailed explanation).

Because of fatigue or lack of time, six participants completed only two runs and seven only
one run, while the remaining 67 (83.75%) performed all three feedback runs.

Before each BCI run, instructions were provided on the screen so that all users received the
same instructions. Furthermore, a short demo run was conducted. In the following, the course
of the experiment is explained in detail.

Psychological questionnaires. During the preparation of the EEG cap, which took about
45 min, the participants were asked to fill in two questionnaires about their mood and motiva-
tion respectively. Additionally, after each MI run, the users answered a short questionnaire
(run wise test) to describe the movement they imagined, their tiredness, motivation, angriness
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Fig 1. Trial design for calibration and feedback runs. First row: design of the trial for the ME and MI-Cb runs. The trial starts with a warning
cue in the center of the screen in form of a cross at t = [-2 0]s (baseline or pre-stimulus interval). After 2s (i.e. at t = 0), the stimulus appears in
form of an arrow. The direction of the arrow indicates the task to execute: left for left hand movement, right for right hand movement, down for
foot movement. After 4s, cross and arrow disappear, and the screen stays blank for 2s. Then a new trial starts. One trial lasts therefore 8s in total.
Second row: design of the trial for the MI-Fb runs. A fixation cross appears for 2s (baseline or pre-stimulus interval) at t = [-2 0]s. At t = 0 the
stimulus appears. After 1s, the cross turns purple and starts to move depending on the classifier output (feedback). After 4s the cross turns black
again and freezes for 2s while the result is visualized on the screen. One trial lasts therefore 9s in total.

https://doi.org/10.1371/journal.pone.0207351.9001

due to errors, uneasiness during the run, and how easy the imagination of movements was for
them.

D2-test. Between the calibration runs of imagined movement, participants performed a
computerized version of the d2-test [52], with the goal of reducing the monotony of the
experiment.

Methods

All methods applied in this work have been extensively used by the BBCI group and the code
has been made public (https://github.com/bbci/bbci_public). In the following, methods used
both during the BCI session and later for offline analysis are described. Proper EEG processing
determines the success of a BCI and is an important topic in EEG analysis (see e.g. [50, 53-56].
Out of the 119 EEG channels, only those corresponding to the motor areas were used for
parameter selection and classification purposes, while all 119 channels were used for scalp-
plots visualization purposes.

Automatic artifact rejection

The channels with impedance above 50 k€ are removed. Afterwards, a simple variance-based
artifact rejection is applied to reject trials and channels with evident amplitude abnormalities
in the time interval between 500 ms and 4500 ms after the presentation of the visual stimulus.
In particular, each trial is rejected with a standard deviation higher than twice the mean overall

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 6/37


https://github.com/bbci/bbci_public
https://doi.org/10.1371/journal.pone.0207351.g001
https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

standard deviation and the procedure is iterated until no more trials are rejected. This method
is applied for any of the results presented in this manuscript.

Subject-specific frequency band and time interval selection

The subject-specific parameters to select are the reactive frequency band in which the spectra
of the two classes are mostly discriminated, and the time interval in which the ERD of the two
classes are mostly discriminated. This is done by an automatic procedure described in [57].

For the selection of the frequency band, the spectrum is calculated in the frequency range
5-35 Hz of the Laplacian derivation of the channels in the motor areas (peripheral channels are
thus left out, as far as not specified) and averaged across trials of the same class. To asses how
discriminative the spectrum is in each frequency bin, we used the signed r*-value (point biser-
ial correlation coefficient, see corresponding section in Offlne analyses). It is calculated for
each channel and each frequency bin separately because it can only deal with univariate fea-
tures and then it is smoothed with a sliding window of 3 Hz. Briefly, the most discriminative
frequency bins are chosen using heuristics, where the highest r*-value (across channels), and
the lower and upper bound of the frequency band are iteratively enlarged until all frequency
bins with the r*-value not lower than 1/3 of the initial highest r*-value are selected.

A similar procedure is applied for the selection of the time interval where the band-pass fil-
tered and smoothed signals are mostly discriminated. In this case, the r*-values are calculated
for each time point and each channel.

Typically, the data are first band-pass filtered in a large band (8-32 Hz). Then the time inter-
val selection is applied. The data are then segmented using the selected time interval before
applying the frequency band selection. Finally, the time interval selection is applied again with
the data filtered in the reactive frequency band.

These parameters might be also manually selected by visually exploring the power spectrum
and the ERD. During the BCI session, a semi-automatic selection was applied, i.e. the result of
the heuristic selection was visually checked and confirmed or adjusted. This helped to avoid,
for example, that the late time interval corresponding to a beta rebound is selected.

Especially when the classes are poorly discriminable consecutively for some frequency bins,
the selection might fail choosing narrow time intervals and frequency bands. In this case a
good strategy is to fix one of the two parameters, or to impose a minimum interval length.

Laplacian derivation (LAP)

A Laplacian derivation [58, 59] of one channel is calculated subtracting the activity of M sur-
rounding channels weighted by 1/M from the activity of the channel itself. Therefore, the

Laplacian derivation weights all involved channels always in the same way, without consider-
ing the classes. It then results W = [1, —=1/M, . . ., =1/M] and the new spatially filtered data are

s(t) =x,(t) —1/M Zil x,(t), with xo() the data of the center channel of interest and x,(¢)

one of the surrounding M channels.

Clearly, this simple filter is not used to recover the brain sources, but mainly to eliminate
background noise which is supposed to be present in all involved channels. This spatial filter is
used in this work for the analysis of the EEG activity at channel level.

Common Spatial Patterns (CSP)

Common Spatial Patterns (CSP) [60] is a discriminative algorithm which determines the spa-
tial filters W from band-pass filtered EEG data such that the difference between the variances
of the filtered data for the two classes is maximized.
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This is done by a simultaneous diagonalization of the estimated covariance matrices
2, =X, X/ and Z, = X, X, of the data for the two classes:

WZW = A, (1)
WEIW = A, (2)
st.A+A, = I (3)

where A; and A, are diagonal matrices and each A on the diagonal corresponds to an eigenvec-
tor w' . In this way, the eigenvectors are the same for both decompositions and the same
eigenvector, i.e. a spatial filter, corresponds to a large eigenvalue for one class and to a small
eigenvalue for the other class. Since eigenvectors with large eigenvalues correspond to a large
variance of the data, spatial filters with extreme eigenvalues maximize the difference in the var-
iances for the two classes.

The sum of the formulas in Eq 3 forms the generalized eigenvalue problem:

LW = (I, +%,)WA (4)

Choosing D filters corresponding to extreme eigenvalues (either close to 1 or close to 0) the
filtered data s(t) = WX will have smaller dimensionality D < N and the two classes will be
maximally separated by their variance.

A CSP feature, is the log-variance of the band-pass and CSP filtered data.

Two ways are employed in this thesis to choose the number of filters to use: 1) Three filters
per class, for a total of 6 filters 2) Heuristic for the selection of an optimal number of filters, up
to six.

The filter selection can be done either depending on the eigenvalues or by other scores
which measure the discriminability between the data of the two classes: Area Under the
Receiver Operating Characteristic (ROC) curve, indicated as AUC, the Fisher correlation coef-
ficient and the ratio-of-medians. This last one is defined as:

s =~ 5
m, +my,
where m;; and m;, are the medians of the j — th CSP feature across all trials belonging to class
1 and 2 respectively. A score rms; close to one indicates that the corresponding feature maxi-
mizes the variance for class 2 while a score close to zero indicates that the corresponding fea-
ture maximizes the variance for class 1. Choosing the features with an extreme score implies
that the CSP feature of the two classes will be maximally separated. This ratio-of-medians score
has been suggested in the CSP review [57] as being more robust with respect to outliers than
the classical eigenvalue score.

Classifiers

For the online system MI-Fb a Linear Discriminant Classifier (LDA) classifier was used since
the EEG preprocessing was done semi-automatically, i.e. the experimenter visually checked
the data (spectra, ERD and CSP filters) and ensured that no overfitting was occurring. For off-
line analysis, all algorithms were automatic and the use of a Linear Discriminant Analysis
(LDA) with shrinkage was preferred, as it is more robust against overfitting. LDA finds a one-
dimensional subspace where the classes are well-separated. This is formalized by maximizing
the ratio of the between-class variance to the within-class variance after the projecting onto the
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subspace. For two classes the optimal subspace is defined by
wo= I( ), (6)

where X is the sample-covariance matrix, and y;, y, are the sample class means. As the covari-
ance matrix is often typically poorly conditioned, we can follow the approach by Ledoit &
Wolf [61] and replace X in Eq (6) by a shrinkage estimate of the form

L = (1-MNZ+AZ,re(0,1].

The matrix ¥ is the sample covariance matrix of a restricted sub-model, and the optimal
shrinkage intensity A can be analytically estimated from the data. We use the following sub-
model: all variances (i.e. all diagonal elements) are equal, and all covariances (i.e. all off-diago-
nal elements) are zero.

BBCI machine learning algorithm training

During the BCI session, the collected MI-Cb data were used to train the machine learning
algorithms according to the BBCI advanced machine learning procedure, [10, 11, 57, 62]. The
algorithm training consists of the following steps:

1. Automatic artifact rejection
Per each of the three class combinations (Left/Right, Left/Foot and Foot/Right:

2. Semi-automatic selection of the subject-specific frequency band and time interval where the
classes are best discriminated.

3. Band-pass filtering data and segmentation using the subject-specific frequency band and
time interval.

4. Semi-automatic selection of up to six subject-specific CSP filters (up to three per class).

5. Extraction of CSP features: the log-variance (i.e. the logarithmic band power) of the band-
pass filtered, segmented and CSP spatially filtered data.

6. Calculation by 8-fold cross-validation (CV) of the global error of a LDA classifier trained on
the CSP features.

In this way, overfitting may occur, because the CSP has been trained on the whole dataset
(outside the CV). For the selection of the best class combination, a generalization error (or cali-
bration error is additionally estimated by 8-fold CV with the extraction of CSP features (and
LDA classification) per each fold.

The class combination with the best generalization error was selected to be used in the
MI-Fb runs.

A flowchart of the data analysis applied for the BCI session is shown in Fig 2.

Offline analyses

For the offline analysis, a representative SMR-channel is often used to investigate the SMR
activity of the single user. The SMR-channel is the electrode with the highest squared point
biserial correlation coefficient (#2-value). It is a correlation coefficient between a real variable
(in this case the band power in the subject specific band) and a dichotomous one containing
class information. It is used as discriminative measure for univariate features. Values close to 1
indicate that the feature is very correlated to the class, i.e., it is discriminative. Values close to 0
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Fig 2. Dataflow of the processing applied during the BCI session. Once the MI-Cb data are collected, artifact rejection and heuristic for the
selection of subject-specific frequency band and time interval are applied. CSP filters are then calculated by cross-validation, and a linear
classifier is trained on the log-variance features of the CSP filtered data. The same frequency band, CSP filters and classifier, are then applied in
real-time during the feedback session to provide the visual feedback to the user. The classification is applied during the whole trial, i.e. the
subject-specific time interval is not used during the online feedback.

https://doi.org/10.1371/journal.pone.0207351.9002

mean that the feature is not discriminative for the two classes.

N, -N, (u,—m)
r?(x,y) = 1 2 - ( 1 Z)
(N, +N,)* var(x,)

with g1, = mean (x,), _, y u, = mean (x,), _, the mean values of the classes and Nj = [{i[y; = k}|

yi=2
the number of observations of each class k. The signed r* is obtained multiplying * with the
sign of p; — . The signed r*-values are not normally distributed and therefore not indicated
in case a grand average is needed among different subjects. In such cases, a z-score transforma-

tion is applied to the r*-values of each subject prior to averaging:

1+7r
1—r

z = arctanh(r) = In

(7)

The result are normally distributed z-scores. Thus, a p-value can be therefore assessed on
the grand-average (p < 0.05, which corresponds to |z| > log(0.05) ~ 3).

To select channels, derivations from the left, central or right sensorimotor area were cho-
sen. Additionally, for the MO runs, the channels from the parieto-occipital area were also can-
didates as SMR-channel. Fig 3 depicts the channels used for the selection.

For the offline grand average analysis, subject-specific frequency and time intervals for each
MO run, for the ME run and for the three MI-Fb runs were re-calculated using the corre-
sponding trials, while the parameters used during the experiment were selected using the
MI-Cb runs. This allows to analyze the time course of the SMR activity from run to run. Since
the MO and ME runs had just respectively 40 and 50 trials (considering the two selected clas-
ses), the expected Signal to Noise Ratio (SNR) was not optimal, and the parameter selection
was done in the semi-automatic way. For the three MI-Fb runs, the selection was automatic
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Fig 3. Channels used to select the SMR-channel.

https://doi.org/10.1371/journal.pone.0207351.9003

and was done in order to assess how stable the SMR activity was during the MI tasks and pass-
ing from calibration to feedback.

The offline CSP analysis was conducted on the band-pass filtered and epoched data shown
in Fig 2 and a Linear Discriminant classifier (LDA) corrected by shrinkage ([62-64]) was used
to classify the resulting CSP features, i.e. different from the LSR classifier used online. This
shinkage-LDA was used since all algorithms were run automatically and the LDA with shrink-
age which is more robust against overfitting. The shrinkage is not possible with the LSR.

The offline classification accuracy was calculated as the area under the ROC curve (AUC),
were ROC stands for Receiver Operating Characteristic. This was made twice as follows:
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1. with subject-specific frequency and time interval, CSP filters and LDA used during the
experiment, i.e. chosen from the three MI-Cb runs. In this case the data from each run are
then the test set, where the classification accuracy is calculated. To avoid overfitting, for
each MI-Cb run, CSPs and LDA are re-calculated using the other two runs as training set.
This accuracy is called transfer accuracy, since it measures the transferability of parameters,
spatial filters and classifier from MI-Cb runs to the other runs.

2. with subject-specific frequency and time interval chosen on the same run. In this case, CSP
filters, LDA and classification accuracy are calculated by cross-validation (CV). To take
into account the disparity of number of trials in the training set, leave-one-out CV
(LOO-CV) was used for the MO, ME and MI-Cb runs, which had respectively 40, 50 and
50 trials, while 2-fold CV was used for the MI-Fb runs, which had 100 trials each. This accu-
racy is called inside accuracy.

Neurophysiological predictor from spectra at rest

The EEG power spectrum at rest in the motor areas can be described by a 1/f curve, where fis
the frequency, with one, two or (rarely) three peaks around 10, 20 and 30 Hz and motor imag-
ery causes a suppression of these peaks by desynchronization of the underlying cortical net-
works. The 1/f curve indicates the EEG background activity, which is called noise because the
higher it is, the more the EEG rhythmic activity of interest, i.e. the peaks, is hidden. It can then
be assumed, that users with more prominent peaks in the spectrum at rest have a higher poten-
tiality to suppress them. Additionally, not just the absolute peak amplitude, but the level of
noise is important as well, which should be as low as possible.

Based on this neurophysiological assumption, in [17] a SMR-predictor is presented, which
allows to predict with high reliability how likely a subject can achieve BCI control by SMR
modulation. To calculate the SMR-predictor, the distance between the Power Spectrum Den-
sity (PSD) at rest and the noise curve at a particular scalp location is estimated by modeling
both the PSD and the noise curve. In fact, the maximal distance between the peaks in a and 8
and the noise for each channel can be considered as the SMR-strength over that channel loca-
tion. In the following section, a re-formulation of the model presented in [17] is separately
described, which is good in general as model for the EEG spectrum. The model itself was
developed in [17]. Here, the model is used to analyze the EEG data at rest of subjects in each
category. The model of the EEG PSD curve is constructed as the sum of three functions n, g,
and gz modeling respectively the noise, the peak in the o frequency band and the peak in the 8
frequency band. The noise is modeled by a hyperbolic function, while the two peaks are mod-

eled by Gaussian functions ¢. It results the following function PSD of frequency f:

P/ST)(f;)\'7/'l7Jak) = ”(f;%kn)+ga(f;ﬂw%)+g/;(f;#g7%)’ (8)
kn2

n(f’ 7\‘7 kn) = knl + F’ (9)

ga((f;:uwo-x) = kaq)(f;/vtm,()'&), (10)

&(fimgop) = keo(fipg 0p) (11)

The parameters A and k,;, regulate the shape of the noise function n, while k,,; regulates its
amplitude. The parameters k,, y, and g, regulate respectively the amplitude, the position and
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the width of the Gaussian function g, representing the peak in a. The peak in S is also

modeled by its own parameters. The function PSD is thus modeled in total by nine parameters
(in Eq 11 indicated by A, 4 = (4 fp) 0 = (04, 0g) and k = (k,1, Kky2» ke k), all € R). As objective
function for the optimization of the nine parameters, the L, — norm of the difference vector
PSD(f) — P/ST)(f; A, i, 0, K) is taken, where f is the frequency vector with fin the range 2-35
Hz.

Results
Categorization of BCI users

In order to analyze the data with a special focus on participants who had difficulties in achiev-
ing the BCI control, users were categorized depending on their SMR activity and performance
during the MI runs. A threshold criterion of 70% was used, to assess the three main categories,
called I, I and III. This performance level for binary BCIs used for communication purposes
was established in [26], observing that just above this threshold BCI users feel to be able to con-
trol the machine. Additionally, subcategories were found, by inspection of the SMR activity of
all users in the MI-Cb and MI-Fb sessions as described in the next sections.

Calibration vs. feedback data comparison. For each user, an overview figure was
inspected, containing spectrum and ERD of the SMR-channel and signed 7* — values of all
channels (scalp-plot) for MI-Cb and MI-Fb trials separately for direct comparison. An exam-
ple of overview figure for a good performing user is shown in in Fig 4: the SMR modulation
is strong for both classes Left hand and Right hand. In the case of this user, the scalp maps of

VPkp (LR - Cb:96% | Fb: 94%)
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Fig 4. Overview figure of calibration and feedback runs for one user. The title of the figure contains the classes chosen for the feedback (LR in
case of Left/Right otherwise LF for Left/Foot, FR for Foot/Right), the calibration and the feedback performance. Left, first column: spectrum (dB
vs. Hz) of the SMR-channel averaged across trials of the same class (magenta for Left, green for Right). In gray, the spectrum calculated in the
1000 ms pre-stimulus. The subject-specific frequency band chosen during the experiment is marked in gray. For each frequency bin the color
coded r*-values are depicted in the horizontal bar below the spectrum. The second external horizontal bar indicates the corresponding scale.
Left, second column: ERD of the same channel (uV vs. Hz), calculated in the frequency band marked in the spectrum plot and averaged across
trials belonging to the same class. The time interval used to calculate the spectrum is marked in gray. Again, two horizontal bars indicate
respectively the r*-values for each time bin and the corresponding scale. Right: signed *-values plotted on the scalp with corresponding color
scale. Top: calibration data. One scalp plot for 150 trials. Calibration and average feedback performance are indicated in the main title. Bottom:
feedback data. One scalp plot per run with the corresponding feedback performance.

https://doi.org/10.1371/journal.pone.0207351.9004
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the feedback runs display not only ERD/S on the sensorimotor areas, but also horizontal eye
movements. This happens because during feedback some users moved their eyes following the
cursor. When the performance is good, eye movements are correlated with the target and
therefore appear in the signed-r* plot. However, since the classifier was not trained on this
effect, it does not affect the performance. Investigating these figures, it was possible to assess to
what extent the algorithms trained on the calibration data are transferable on the feedback
data and to hypothesize the causes of a performance drop.

Categories. Each category is divided in subcategories indicated by letters (a to ¢) as
described below. User categorization can be then summarized as follows:

« Category I: Calibration Performance > 70% and Feedback Performance > 70%

1. Strong modulation of SMR for at least 1 class and average feedback performance above
90%.

2. Medium modulation of SMR for at least 1 class and average feedback performance
below 90% but similar to calibration.

3. Feedback performance weaker than expected from calibration data.
« Category II: Calibration Performance > 70% and Feedback Performance < 70%
1. Strongest SMR modulation at parietal area in calibration.

2. Others: development of different patterns in the MI-Fb due to the visual feedback, tim-
ing problems in the ERD/ERS, tiredness and lack of concentration, difficulty in ignoring
the visual cue during feedback (see text for detailed description).

« Category III: Calibration Performance < 70%, no feedback control possible.
1. Weak SMR idle rhythm, weak SMR modulation
2. Weak SMR idle rhythm, no class specific modulation.
3. Almost no SMR idle rhythm, or not at all.

The difference between group Ia and group Ib is mainly given by their average perfor-
mance, whether it is above or under 90%. Both groups exhibit similar estimated calibration
performance and feedback accuracy. Cat. Ic includes people whose performance had a drop of
about 10% between MI-Cb and MI-Fb sessions, with feedback performance still above 70%.
Cat. ITa and IIb also presented a drop in the performance, but additionally they could not
achieve control in the MI-Fb session (performance < 70%).

Users belonging to Cat. ITa presented a class related modulation in the parietal area. It can
be hypothesized that these users imagined the movement more visually than kinesthetically
since the patterns are similar to those reported in [51]. Indeed, poor feedback control could be
expected, since the visual MI is known to be less classifiable than kinesthetic M1, as assessed in
[51]. Moreover, the visual feedback processing might interfere with the visual MIL.

By inspection of each figure the following hypotheses can be formulated for the perfor-
mance drop in Cat. Ic and Cat. IIb:

1. Change of SMR patterns from the MI-Cb to the MI-Fb session. In these cases, the feedback
influences the users positively, letting them develop new and proper SMR patterns which
were not present during the MI-Cb session. Often, the user calibration data presented a
good ERD for one class, proper (i.e. on the expected motor area) or not proper (more over
the parietal or premotor area), that let train the algorithms and obtain a significant
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calibration performance. Thanks to the feedback, or sometimes because the user was not
able to continue to imagine the same movement, during the feedback session the proper
pattern of the other class appeared, mostly in the same frequency band. In some cases, this
pattern started to appear already during the MI-Cb session and was caught from the CSP
filters, so that it was possible to classify it in the feedback session. In most of cases, the pat-
tern is completely new and led to a performance drop. In the worst cases, the new patterns
developed in another frequency band, which was often the case for the foot synchronization
pattern in the beta range and was not classifiable at all. In Fig 5, an example of a user is
depicted who developed a foot ERD still weakly maintaining the right (a bit premotor) pat-
tern which was much stronger during the MI-Cb session, (color blue is used for Foot).
Atleast 11 users (13.75%) were found to change or develop their SMR rhythms during the
feedback session, 4 were in the Cat. Ic, 7 in the Cat. IIb. All of them, except for one, reported
in the run wise tests that they did not change MI strategy or movement.

. Timing problems. For some users, the ERD plots presented a strong desynchronization (17

users) or synchronization (7 users) for both classes after the cue, before the feedback started.
While these ERD/ERS might be caused by a particular MI strategy (sudden preparation
with both limbs or strongly relaxation of both limbs before starting the MI), they imply
either a partial ERD in the ipsilateral brain area (in case of ERD after the cue) or a late ERD
in the contralateral brain area (in case of ERS after cue). Another timing problem, which
affects the performance even more, is a short ERD. In fact, some users (at least 6) had too
short ERD (2s on average), so that in many trials they could control the cross just shortly,
while the classification continued to be assessed until the end of the trial, being the score
assessed according to the final position of the cursor. Since the offline calibration perfor-
mance and the trained algorithms refer to the subject-specific time interval, the ERD might
be not long enough to obtain a correct online classification of the trial. Note that often the
feedback helps the user to maintain the ERD longer or even till the end of the trial.

Fig 5 is also a good example of timing problems. In fact, a short ERD characterizes the
MI-CB data, while the feedback helped in holding the ERD longer. Still, both classes exhibit
a sudden desynchronization after the stimulus presentation, so that during the feedback
session the cortical networks under CFC5 stay desynchronized also during the foot
imagination.

. Tiredness or decrease of concentration. This could be the problem for those users (five in

total among Cat. Ic and IIb) who kept the same SMR patterns as in the MI-Cb session, but
less consistently, resulting in lower 7*-values and worse performance.

. Some users (at least two) encountered problems ignoring the visual cue, so that the feed-

back data contained head movements.

. For two users the classification of calibration data was based on beta rebound, which was

not stable enough to obtain good feedback performance.

. Some users (at least two) misunderstood the task or changed completely the MI strategy,

confirmation of this hypothesis was found in the run wise questionnaires.

Just one subject had calibration performance < 70% and feedback performance > 70% and

was classified in Cat. IIb. He had a more parietal SMR and did just one feedback run.

Table 1 shows the overview of the percentage of users for each category, together with their

class preferences, calibration and feedback performance obtained during the experiment.
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Fig 5. Overview figure of calibration and feedback runs for an exemplary user. Example of development of correct foot SMR pattern during

MI-Fb session and of ERD for both classes prior to a resynchronization for the class Foot class. Also, it is visible how the feedback helped to
maintain the ERD longer. From left to right, spectra, ERD and scalp plot of r*-values. Top: calibration data. Bottom: feedback data. See caption

of Fig 4 for details.
https://doi.org/10.1371/journal.pone.0207351.9005

These are the BCI experiment results and provide the statistics on the BCI performance of the
general population, never published before with such accuracy on a large dataset.

It can be seen that 60% of the users achieved BCI control (Cat. I) with an average perfor-
mance of 85%, 17.5% showed SMR modulation in calibration but failed in achieving BCI con-
trol in the MI-Fb session (Cat. IT) and 22.5% did not exhibit an SMR modulation strong
enough to calculate stable CSP filters already in the MI-Cb session (Cat. III). Note that just 7
participants, i.e. 8.75%, did not exhibit any, or almost any, idle SMR rhythm.

It can be also observed that most of the good performing users (actually all users of Cat. Ia
except for 4) used the combination Left/Right hand. In fact, the use of the class Foot comes into
play just when the desynchronization between left and right hemisphere results difficult. Actu-
ally, among Cat. IT and III, most participants showed prevalence either for Left/Foot or for
Foot/Right. Another evidence is that the class combination Left/Foot was also in general
selected in comparison to Foot/Right, so that Left is the most often occurring class.

Table 1. User categorization overview.

Cat. a b c N LR LF FR L R F Cb-Perf. [%] Fb-Perf. [%]
I 22 16 10 48 (60.0%) 23 19 6 42 29 25 90.99 £ 6.16 85.60 £ 9.94
1I 5 9 14 (17.5%) 2 7 5 9 7 12 81.22 £8.24 61.79 £ 8.60

111 6 5 7 18 (22.5%) 5 8 5 13 10 13 64.46 = 6.64 54.40 £ 4.97
30 34 16 64 46 50 83.31 £ 12.68 74.42 £ 16.48

User categorization overview with corresponding percentage, class preferences, calibration and feedback performance. The first three columns refer to the subcategories
(a, b and c if present), the fourth column is the sum of the first three, i.e. the total number N of users belonging to the corresponding category and the percentage in the
population of 80 users. In the subsequent six columns, the number of users of each category is divided by the class combination they performed in the MI-Fb session
(LR, LF, and FR) and by the single class used (L, R and F). Mean and standard deviation of calibration and feedback performance is reported in the last two columns.

https://doi.org/10.1371/journal.pone.0207351.t001
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Grand average analyses

Grand average analyses of the 80 dataset have been conducted in order to further investigate
the three categories. In fact, given large number of data sets, single subject results are difficult
to report. Nevertheless, given the high variability among the SMR activity of each user, espe-
cially in the Cat. IT and III, parameters have been optimized on a single-subject level, before
averaging the results by category and by class combination.

Reactive frequency bands. Fig 6 shows histograms of the frequency selection of each fre-
quency bin obtained calculating the subject-specific reactive frequency band in each single
run. Panel a) refers to Cat. I users and can thus be considered as exemplary. The histogram of
the first MO run (MO1) looks very different from the histograms of the other runs, where a
peak in the y range is evident. On the contrary, the ME run histogram is very similar to the
MI-Cb and MI-Fb ones, where the y peak around 12 Hz becomes even sharper. However, ME
exhibits more  discriminative activity in comparison to MI. Conversely, for MI the 4 band
was more often selected than for ME. In the second MO run (MO2), peaks on y and ff appear,
indicating the influence of the MI tasks on the developing of more stable SMR.

The frequency bands automatically selected on the active frequencies for the MI-Fb data
are almost the same as those chosen for the MI-Cb data during the experiment, as expected for
Cat. I users. It can also be observed, that for the Left/Right class combination 21 out of 23 users
employed the y rhythm to obtain BCI control, while a peak in the 5 range appears just when
the Foot class comes into play. In particular, the inspection of the signed 7* scalp maps con-
firmed that, among users who used the Left/Foot or Foot/Right class combinations, just those
who obtained BCI control mainly by the Foot pattern employed the 8 SMR, while most of the
users obtained BCI control by the Left or Right pattern in the 4 SMR.

Panel b) of Fig 6 depicts the frequency distribution for the user Cat. II and III (together
because the number of users per class combination is low, see Table 1). Here, for some users
the chosen reactive frequency bands changes from calibration to feedback, indicating a reason
for poor feedback performance. Usually users developed during feedback new, often standard,
SMR patterns. Differently from the frequency distribution for Cat. I users, it can be observed
that the § band is employed much more frequently, also with the class combination Left/Right.
Moreover, this happens also for the ME and MI-Cb runs, i.e. this phenomenon is not related
to a deficient BCI control during feedback.

To test the hypothesis that higher frequencies are more reactive for motor imagery in poor
performing users, we performed the clustering of users according with their reactive band
using k-means with two clusters [65]. After that, we tested whether the performance of both
groups significantly differed using a Wilcoxon test (one-tailed). The selected clusters corre-
spond to the ¢ (11.25 Hz) and 3 (21.5 Hz) bands and the classification accuracy on the 4 band
(median 77.08%) is significantly better than that of the S band (median 68.96%) with p-
value = 0.006. The result of this analysis is depicted in Fig 7.

Grand average data: MO vs. ME vs. ML For each run and each user, the r*-values were
calculated and transformed with a z-transformation. The signed z-scores are plotted as scalp
maps in Fig 8.

The first three rows can be considered as exemplary, because they refer to Cat. I:

o Cat. I, Left/Right: the MO runs do not present a clear pattern and much lower correlation
between band power and class membership. The proper motor patterns for Left/Right class
combination (ERD in the contralateral hemisphere, ERS in the ipsilateral one) appear in the
ME run, become much stronger in the MI-Cb runs and even stronger and more focused in
the MI-Fb runs. In the last MO run a significant focused ERD in the left hemisphere can be
seen.
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Fig 6. Histogram of reactive frequency bands. For each frequency bin, the histogram indicates the number of users for whom the frequency
belonged to the subject-specific frequency band. From left to right, the different tasks/runs. Panel a) corresponds to Cat. I users and panel b) to
Cat. IT and III participants. In each panel from top to bottom, the three class combinations Left/Right, Left/Foot and Foot/Right.

https://doi.org/10.1371/journal.pone.0207351.9006

There might be several reasons for the weak correlation in the MO run: the MO runs have
less trials than the other runs, a much higher variability of patterns among users might be
present because motor observation can modulate the brain activity not only in the sensori-
motor area, but also in the parietal and occipital ones and MO observation does not require
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Fig 7. Clustering of users depending on their SMR reactive frequency band. K-mean clustering is applied on the values of the reactive
frequency bands. One dot per subject, dots or circles depending on the cluster the user belongs to. Different tonalities indicate different class-
combination for each of the two clusters. Feedback performance is shown on the y-axis. The box plots corresponding to the performance
information for each cluster are also shown.

https://doi.org/10.1371/journal.pone.0207351.9007

active participation. Nevertheless, for the class combination Left/Right, a significant centro-
parietal pattern can be seen with positive values, meaning a weak synchronization during the
Left trials and desynchronization during Right trials.

Cat. I, Left/Foot: a weak foot pattern (ERS during Foot observation) can be observed in the
first MO run. From the ME run on, a clear ERD for the Left class appears, involving the ipsi-
lateral hemisphere as well, and indicating the difficulties for many users to really desynchro-
nize the two hemispheres. This pattern becomes stronger and more focused (much less
extended in the left hemisphere) during the MI-Fb runs. A Foot pattern is not visible, proba-
bly due to two reasons: 1) Most of Cat. I users have a good ERD for the Left class and use it
to obtain BCI control; 2) The Foot pattern can be either ERS or ERD so it is canceled out by
averaging over subjects. The last MO run presents again a significant ERD in the left hemi-
sphere, even more extended than for the Left/Right class combination. An ipsilateral ERD is
present also in the last Foot/Right MO run. This is most probably due to the mirror effect
[66].

o Cat. I, Foot/Right: in the first MO run, similarly to the previous row (Left/Foot), a significant
ERS foot pattern can be seen over Cz. In fact, since Foot is the second class in Left/Foot and
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Fig 8. Grand-average signed z-scores. From left to right, the different tasks/runs, from top to bottom the class combinations and the user
categories. Band power is calculated in the subject-specific frequency band and time interval. With a red line, the contour of areas with
significant p-value (|p| = 0.05, which corresponds to |z| = 2.9957) are defined. In the middle line, red color corresponds to higher foot power
whereas in the bottom line the same corresponds to green color. The scale, indicated by a colorbar on the right of each row, is adjusted in order
to be the same for each row, which refers to the same number of users.

https://doi.org/10.1371/journal.pone.0207351.9008

the first class in Foot/Right, the pattern found with negative values in the previous row is the
same as this with positive values found for Foot/Right. Additionally, a significant occipito-
parietal pattern is present. As for the Left/Foot combination, also here a significant ERD for
the Right class involving both hemispheres appears in the ME run and becomes stronger in
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the MI-Cb runs whereas a Foot pattern is not visible by grand averaging. Differently from
the previous rows, the ERD is much weaker in the first MI-Fb run and completely disappears
in the subsequent runs letting visible a significant ERD in the foot area in the last MI-Fb run.
Even if z-scores are smaller because less users were averaged for Foot/Right (N = 7) than for
Left/Right (N = 23) and Left/Foot (N = 17), it is anyway quite clear that the right hand imagi-
nation does not provide such a stable SMR modulation as the left hand imagination so that
the foot pattern develops and produces the BCI control. The last MO run presents a signifi-
cant ERD in the right hemisphere, exactly in parallel to the ERD in the left hemisphere for
the Left/Foot combination.

Also for Cat. IT users, the MO patterns are different from the ME and MI patterns. It can be
also observed that the 2 users with Left/Right combination have a parietal SMR modulation
which, as already discussed, does not produce a stable BCI control. Interestingly, the same
parietal pattern is shown also for the ME run, suggesting that it is not due to a wrong MI strat-
egy, as one might suppose. Differently, users with class combinations Left/Foot and Foot/Right
exhibit proper patterns, which are unfortunately not so stable during the MI-Fb runs.

Cat. III users show even more unstable patterns and no significant correlation was found in
the ME runs. Nevertheless, it can be observed that from run to run for the Lefi/Right combina-
tion, proper patterns appear, and even if they are not significant, they suggest that a longer
training or a better feedback (i.e. better algorithms which interpret correctly the data from the
beginning and return a more stable feedback) might help these users to achieve BCI control.
This solution was adopted in the co-adaptive calibration approach [18, 67].

SMR-channels. A grand average (all 80 users) plot by class combination of the best SMR-
channel is presented in Fig 9. The overview in Fig 9 shows which hemisphere played the main
role in the BCI control. It also shows that for some users the Foot class was essential for the
control. This was not visible from the grand average of the signed *-values in Fig 8. For some
users the SMR-channel fell in the ipsilateral area. The analysis of single subject scalp maps
showed that this only happened to Cat. III users.

Offline classification accuracy

Differently from a grand average analysis, which provides a global overview of the SMR pat-
terns, the single trial classification of each data set is useful to measure the effective SNR of the
data. In fact, CSP filters capture class related SMR patterns that might not be directly visible by

ME MI-Cb1 MI-Cb2 MI-Cb3 MI-Fb1 MI-Fb2 MI-Fb3 MO2

max

Fig 9. Frequency of selection of the channels as SMR-channel. The number of users for whom each channel was selected is color coded (white
for zero, red for the maximum times of selection). From top to bottom, the three class combinations, from left to right, the nine runs.

https://doi.org/10.1371/journal.pone.0207351.g009
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grand average and in general by signed r*-value scalp maps. Also, up to six CSP filters might
concentrate on different rhythms that developed at different moments of one run. This is espe-
cially important for the MO runs and Cat. IIT users: even if the SMR patterns among users are
very different and thus not visible in the grand average, they might still be classifiable. Results
are shown by box plots in Fig 10.

Looking at Fig 10, the following observations can be made:

o MO vs. ME and MI runs. The MO tasks does not produce robustly classifiable patterns, as
the resulting accuracy is much lower than for ME and MI. Since the final MO run is not bet-
ter classifiable than the first one, the poor classification accuracy cannot be justified by the
early position of the run in the experiment. Moreover, to test whether the poor classification
accuracy depends on the number of trials, the same procedures have been repeated for ME
and MI runs using only the first 40 trials. Average accuracies are presented in Table 2 and
again, are much lower for MO runs. This holds for all three categories.

o ME vs. MI runs. For Cat. IIT users, ME runs are much better classifiable than MI runs. This
is very important because it shows that at least for part of these users, it is possible to measure
classifiable SMR activity. This means that longer user training and/or improved algorithms
might be helpful.

o MI-Cb vs. MI-Fb runs. There was no significant difference between the inside accuracy of
MI-Cb and MI-Fb runs, both for all users considered together and for each category group
separately (Wilcoxon signed rank test). Since the scalp maps in Fig 8 suggest quite stable pat-
terns for the class combination Left/Right, the mean inside accuracy by class combinations
was also calculated and reported in Table 3. Clearly, while for the class combination Left/
Right the inside accuracy stays the same, for Left/Foot and for Foot/Right a drop happens
going from the calibration to the feedback data. This is surprising because providing feed-
back is expected to help the user to improve his/her ERD.

Transfer vs. inside accuracy. In almost all cases, the inside accuracy is higher than the trans-
fer one. This happens especially for the MO runs, as expected by the diversity of z-score scalp
maps in Fig 8 and frequency bands in Fig 6. For other runs which exhibit good transfer accu-
racy, but better inside accuracy, this means that the variability from run to run plays a more
important role than the number of trials used for training the CSP filters and the LDA
(higher for transfer than for inside accuracy). The contrary happens for MI-Fb2 and MI-Fb3
runs of the Cat. I, where the superiority of the transfer accuracy, indicates that probably the
patterns deteriorate a bit with the time (because of tiredness or concentration) so that they
constitute a slightly worse training set. This is also confirmed by the z-score scalp maps of
Cat. I for class combination Left/Foot and much more for Foot/Right. Nevertheless, for Cat.
IT and Cat. III, the variance of inside accuracy is always much larger than for the transfer one,
indicating that overfitting occurs in the selection of subject-specific parameters and CSP fil-
ters. The transfer accuracy is much higher also for MI-Cb1 for Cat. III, indicating a strong
overfit when 50 trials are used as training set. For the other runs of Cat. III, transfer and
inside accuracies do not differ so much, indicating that even algorithms trained on the trials
of the same run, cannot improve the performance of these users.

Feedback Runs, online vs. offline. The online accuracy of the MI-Fb runs is always worse
than the offline one. This points out an important timing problem, since the offline accuracy
is calculated using the subject-specific time interval, while the online classification is deter-
mined at the end of the trial. Moreover, it can be noticed that for Cat. I and Cat. II, the
offline accuracy, especially the inside one, decreases from run to run because the actual SMR
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Fig 10. Box plots of the offline accuracy obtained for each run. The run names are indicated on the x-axis of the last row. Panels a), b) and c)
correspond to Cat. I, IT and III respectively. The dark cyan boxes refer to the transfer accuracy, obtained using subject-specific parameters, CSP
filters and LDA calculated on the three MI-Cb runs during the experiment. For the offline accuracy of MI-Cb runs, CSP filters and LDA were
again calculated on two MI-Cb runs and tested on the run itself. The cyan boxes refer to the inside accuracy, obtained selecting subject-specific
band and time interval on the run itself and training CSP and LDA by LOO-CV. For the three MI-Fb runs, the online performance is also
depicted: purple boxes for the first 20 trials used for bias adaptation, magenta boxes for the 80 trials relevant for the calculation of the online
performance). Red line in the middle of the box indicates the median accuracy, the lower and the upper limit of the box indicate respectively the
25 and 75 percentiles of the accuracies, and the whisker length is calculated as the difference between the 75 and 25 percentiles. Accuracies
outside the whiskers are considered outliers and are indicated by a cross.

https://doi.org/10.1371/journal.pone.0207351.9010
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Table 2. Inside performance of each run averaged by category.

Cat. MO ME MI-Cb. MI-Fb. MO
I 64.20 89.89 95.61 85.89 60.93
11 65.24 76.39 87.42 65.06 58.73
III 57.03 67.80 47.22 53.92 54.28

All 63.50 79.78 87.76 74.72 59.75

Inside performance calculated by LOO-CV on the first 40 trials of each run and averaged by user category. The last
row shows the average across all 80 users.

https://doi.org/10.1371/journal.pone.0207351.t1002

patterns deteriorate. Differently, for Cat. I the online accuracy increases from MI-Fb1 to
MI-Fb2, showing a clear user’s learning effect and adaptation to the trial timing and then
decreases in MI-Fb3 probably because of tiredness (p = 0.028 by Wilcoxon signed rank test
for the equality of median between MI-Fb1l and MI-Fb3). For Cat II, the online accuracy
increases in the last run (MI-Fb3) showing that these users need more time than Cat. I par-
ticipants to learn the task. Learning is not possible for Cat. III users, whose accuracy does
not show any improvement but rather a drop in the last run, MI-Fb3.

« Bias Adaptation. The bias adaptation after the first 20 trials is effective just for Cat. I users.
The reason might be that, given the high non-stationarity or noise of the data in Cat. II
and Cat. III users, the bias adaptation is not successful and maybe even worsens the
classification.

The classification accuracy re-calculated by 8-fold CV (as done during the experiment) and
the online feedback performances averaged by runs and categories are additionally reported in
Table 4, since they are usually more important for comparison with new developed methods
which make use of calibration and feedback data.

SMR-predictor analysis

SMR-predictor grand average analysis. The SMR-predictor was extracted using the con-
dition relax with eyes open from the artifact recordings.

In Fig 11, the grand average per categories of the PSD, the }TSI), the noise fit and the SMR-
predictor is shown. It can be observed that, as expected, the PSD of C3 and C4 for Cat. I is
exemplary with two clear peaks in the u (around 12 Hz) and 8 band. For Cat. II, both peaks
happen 2-3 Hz earlier (around 10 Hz) and are much smaller while Cat. III plot exhibits an
almost flat spectrum with a very small peak also around 10 Hz. More interestingly, both PSD
and noise are consistently (but not significantly) higher for C4 in comparison to C3, but the

Table 3. Inside accuracy of calibration and feedback data by category.

LR
LF
FR
All

Cat. I
93.66
94.18
93.33
93.83

Calibration Inside AUC [%] Feedback Inside AUC [%]

Cat. II Cat. III Mean+Std Cat. I Cat. II Cat. III Mean+Std
91.46 64.03 88.58 + 13.55 94.85 91.75 63.75 89.46 + 14.10
84.46 64.47 85.19 + 14.69 89.85 81.52 64.85 82.25+ 15.11
83.50 60.46 79.99 + 16.98 89.08 75.79 60.99 76.15 + 14.48
85.12 63.23 85.42 + 14.90 92.15 80.93 63.47 83.73 + 15.27

Inside accuracy (calculated by LOO-CV on each run) of calibration and feedback data averaged by user category and class combination. The mean values across runs of

the AUC is reported. The last row shows the average across all class combinations.

https://doi.org/10.1371/journal.pone.0207351.t003
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Table 4. Offline calibration accuracy and feedback performance.

Calibration [%] (offline) Feedback [%] (online)

Cat. Run 1 Run 2 Run 3 Mean+Std Run 1 Run 2 Run 3 Mean+Std
I 90.77 91.34 90.85 90.99 £ 6.16 86.54 86.62 82.85 85.60 £ 9.94
I 81.79 81.78 80.08 81.22 £ 8.24 60.36 61.15 60.42 61.79 £ 8.60
111 64.91 64.97 63.49 64.46 + 6.64 55.19 55.87 53.27 54.40 + 4.97

All 79.16 79.36 78.14 83.31 +12.68 74.97 75.21 71.75 74.42 +16.48

Offline calibration accuracy (re-calculated by 8-fold CV as during the experiment) and online feedback performance obtained during the experiment averaged by runs

and user categories. The last row shows the average across all 80 users.

https://doi.org/10.1371/journal.pone.0207351.1004

contrary happens for the SMR-strength, i.e. the maximum distance between the PSD and the
noise fit, which is higher in C3. In order to confirm these observations, statistical tests were
conducted to investigate the correlation of the feedback performance with 12 different vari-

ables. Those variables were calculated at the f,,,, which maximizes the difference between PSD
and the noise fit (i.e. f,,,, is different for each user and channel): PSD, noise, frequency foax

itself and SMR-strength in C3 and C4 (8 variables) and mean of FST), mean of noise, difference
of f,.ax and mean of the SMR-strengths over the two channels (the last one is thus the SMR-
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Fig 11. Spectrum at rest and PSD fit. Spectrum at rest (PSD, solid line), model of the PSD (dot line) and model of the noise (dashed line)
averaged across users belonging to the same category. From left to right, Cat. I, Cat. IT and Cat. III. Panel a): Laplacian derivation of C3 (PSD in
blue, PSD fit and noise fit in cyan) and C4 (PSD in purple, PSD fit and noise fit in magenta). In the title, the mean SMR-strength values (the first
one is for C3, the second one is for C4) and the SMR-predictor value are reported, calculated separately for each user and channel and then
averaged. Panel b): Laplacian derivation of the SMR-channel, which is subject-specific.

https://doi.org/10.1371/journal.pone.0207351.g011
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predictor). Pearson or Spearman correlations were calculated depending on the result of the
Lilliefors test for normal distribution [68]. All correlations resulted significant (p < 0.05)
except for the noise and the f,,,, in C4. While a feature ranking is not the aim of this analysis,
it is surprising to note that: 1) C3 seems to be more relevant than C4. In fact, differently from
C4, the noise and the f,,,,, in C3 are significantly correlated with the BCI feedback performance

(p < 0.001 resp. p < 0.05). Moreover, the three variables with normal distribution (PSD, noise
fit and SMR-strength) for C3 and C4 were transformed to binary to be used as input for a two-
way analysis of variance by ANOVA, one test for each pair of variables. Results showed no
interaction between values in C3 and C4, but always higher significant effect for C3. 2) The

mean of PSD and the SMR-predictor over C3 and C4, had higher correlation than C3 and C4
alone, meaning that both channels had separated (no interaction) significant effects on the per-
formance. 3) The difference between the f,,,,, in C3 and C4 was also high significantly corre-
lated with the feedback performance (p < 0.001) and as already stated before, even the f,,,, in
C3 alone (p < 0.01). Moreover, these correlations were negative (also for C4 p = 0.09), in line
with already presented results, where a feedback based on lower frequencies is more robust
than a feedback based on frequencies in the § or y band.

On panel b) of Fig 11, the PSD, the PSD model, the noise fit and the SMR-strength are calcu-
lated using the subject-specific SMR-channel. The SMR-strength for this channel is higher for
Cat. IT and especially for Cat. III users, whose spectra clearly exhibits a peak around 10 Hz.
This indicates that at least some users of Cat. III have SMR activity but not in the expected
positions and this is visible already in the EEG at rest [19, 20].

Effective Cat. III users by SMR-predictor. In Fig 12, the BCI feedback performance
(average across the three MI-Fb runs) versus the proposed SMR-predictor is depicted. The
SMR-predictor explained as much as r* = 28% of the variance in the feedback accuracy in our
sample of 80 participants. The dashed red line indicates the performance threshold of 70%,
under which the users are in Cat. IT and Cat. III. Following these results, one can expect users
with a SMR-predictor higher than 3 (or even 3, considering the green dots with lowest SMR-
predictor values) to be able to reach BCI control. In Fig 12, there are several users with feedback
performance below 70% and relatively high SMR-predictor values. It can be hypothesized that
those users have the potentiality to obtain a better BCI control under new training strategies or
new algorithms for EEG online processing and classification. In fact, only 9 of the Cat. III users
have an SMR-predictor lower than 3. This corresponds to 89% of the total number of users.

Psychological predictors of BCI performance

The results of the psychological tests were analyzed in collaboration with the Tiibingen group
and published in [33]. In this analysis subjects were not divided in categories but considered
all together. Statistical analyses allowed us to select those variables significantly correlated with
the feedback performance (called BCI performance). Additionally, a logistic regression model
was constructed with the most significantly correlated variables to estimate how much the var-
iance of the BCI performance they could explain. Due to a significant drop in the performance
in the third run and the earlier interruption of the experiments by several participants, the BCI
performance used for the statistical analysis was the mean value of the performance in MI-Fb
runs 1 and 2. The results showed that different imagery strategies did not lead to any signifi-
cant differences in BCI performance but the ability to concentrate on the task was significantly
correlated with the BCI performance.

Runwise test. The runwise tests variables cannot be used as performance predictors, since
the corresponding questions were asked after each run. Still, their result helps to explain the
performance drops. Among the asked variables tiredness, motor imagination strength,
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Fig 12. SMR-predictor results. The SMR-predictor is visualized as in [17] with the addition of the user categories. One dot per
subject. Linear regression between SMR-predictor values and average feedback accuracy results in the black line. Pearson correlation
coefficient r = 0.53. The criterion level of feedback accuracy of 70% is marked by a red dashed line.

https://doi.org/10.1371/journal.pone.0207351.9012

motivation, anger, and uneasiness, all except for anger were highly significant correlated (Spear-
man correlation) with the feedback performance: tiredness with r = -0.18, p < 0.05, MI strength
with r = 0.44 and p < 10~%, motivation with r = 0.29 and p < 0.001, and uneasiness with r =
-0.25 and p < 0.01. Bonferroni correction was applied by multiplying the p-values by 5.

Discussion
General comments

Despite the great progress over the last years many BCI studies focused on the improvement
of the signal processing algorithms and only recently the inter-subject variability and the
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Table 5. Summary of results according to categories.

Result Cat. I

Classif. accuracy | Cb and Fb > 70%

SMR modulation | At least for one class and stable

ME and MI MI easier to classify (less ipsilateral ERD)

Reactive band Stable over time L/R mostly 4 band 8 only for
F

SMR channel Located as expected

Transfer vs. Inside better

Inside
Offline vs. online | Adjust timingin 1 run
Bias adaptation Effective

SMR-strength

SMR-predictor Visible peaks at 12 Hz
https://doi.org/10.1371/journal.pone.0207351.t1005

Stronger in C3 than C4 and at SMR-channel

Cat. II1

Cb < 70%

Does not exist

ME is classifiable but MI not

Cat. II

Cb > 70% and Fb < 70%
Exists but unstable

MI and ME very similar

Changes from Cb to Fb y or  bands Changes over time

Located in unexpected positions (ipsilateral
hemisphere)

Sometimes parietal (unstable)
Large variance inside (overfit) Large variance inside (overfit)

Two runs to adjust timing No improvement over time

Ineffective ineffective
Stronger at SMR-channel than at C3 and | Much stronger at SMR-channel than at C3 and C4
C4

Visible peaks at 10 Hz Small peaks or none at 10 Hz andpredictor below 3

individual characteristics that might correlate with the BCI performance have been taken into
account (see e.g [69]). Finding such correlates is useful in order to establish from the beginning
a subject-adapted training strategy, from the algorithmic side and/or the paradigmatic one,
and to avoid long frustrating BCI training sessions for those users for whom the SMR-based
BCI might be unsuitable.

Large scale studies are needed to take into account the wide variation of users and to obtain
robust statistics. Some previous works [14, 41, 42] conducted in noisy environments (such as
exhibitions) were useful to assess how many people are in general able to use BCI, but short
questionnaires and no EEG data analysis were conducted for a deeper analysis.

Here, a detailed screening study conducted in collaboration with the University of
Tiibingen was described. A population of 80 BCI naive participants underwent a BCI session
with MO, ME and MI runs accompanied by psychological tests before, during and after the
experiment. Some days before the BCI session, the participants also took part in a psychologi-
cal test-battery (2-3 h). In Table 5 we present a summary of the results described in previous
sections.

BCI user categories

For the first time, a detailed categorization of BCI users was introduced depending on their
calibration and feedback performances. The majority of users (60%) belonged to Cat. I, with
calibration and feedback performance both higher than the criterion level of 70%. Cat. IT was
assigned to those users (17%) who had a good calibration performance but poor (below 70%)
feedback performance. These users developed in general an inefficient MI strategy or had
problems in the step from calibration to feedback. The rest of the participants (22.5%) exhib-
ited non-classifiable data already in the calibration session so that also the feedback perfor-
mance was lower than 70% or impossible to assess.

Based on their SMR activity, also a systematic list of the reasons which lead to a perfor-
mance drop and thus hints about possible improvements for the BCI experimental design are
given. The categorization of a user is very useful 1) to adopt a more successful training strategy,
2) to select users for further analyses as well as for testing new BCI paradigms or algorithms,
and 3) for a better comparison between different studies. In fact, it is usual to report the mean
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performance across all users without taking into account that, sometimes just good BCI per-
formers took part in the study.

The single-trial classifications under different parameter settings and training set sizes
revealed that overfitting occurs for Cat. IT and Cat. III users, whereas this seems not to be a
problem for Cat. I ones. More importantly, Cat. II and Cat. III users often develop more effi-
cient SMR patterns during feedback runs, as z—scores scalp maps show. These changes, as well
as changes in the reactive frequency band and timing problems (short or late ERD) cannot be
solely solved by improving the algorithms trained on the MI-Cb data to classify the MI-Fb
ones. In fact, several attempts have been done to optimize subject-specific feature extraction
[70, 71], to render CSP filters invariant to non task relevant EEG changes [72-76] or by regu-
larizing it against overfitting [77, 78]. All these approaches use the calibration data as training
set and can improve in general the classification performance, but cannot always predict the
patterns that appear in the feedback sessions. As observed in the Results section, even the bias
adaptation of the LDA classifier after 20 trials of feedback, as described in [79], did not succeed
for users of Cat. IT and Cat. III. Online adaptation of the classification algorithms on the con-
trary offers a solution to this problem. Newly developed techniques for unsupervised adapta-
tion of the LDA classifier using the density distribution of the feedback data [80] or [81],
although not suitable to capture changes in the reactive frequency band and SMR patterns,
adapt efficiently to changes in the background activity, given that the activation patterns stay
the same. Offline and online experiments using covariate shift adaptation showed improve-
ment in classification accuracy in presence of non-stationarities [80, 82]. More recently, in [18,
19, 67, 83] it has been shown that the development of proper SMR patterns is facilitated by bet-
ter feedback and is also frequent in Cat. III users [19].

The grand average of Cat. III users did not exhibit significant correlations between band
power and class membership even during the ME runs, indicating that the difficulty encoun-
tered by the majority of these users to achieve BCI control is related to intrinsic properties of
their EEG activity. Nevertheless, from run to run for the Left/Right combination, expected pat-
terns appear, and even if they are not significant, they suggest that a long training or a better
feedback (i.e. better algorithms which interpret correctly the data from the beginning and
return a more stable feedback) might help these users to achieve BCI control. This is confirmed
by the single trial offline classification of the ME run, which delivered a higher accuracy
(median across subjects above 70%) than for the MI runs.

Limb prevalence

The majority of Cat. I users employed the combination Lefi/Right and showed ERD/ERS for
both hands. The Foot class came into play when the desynchronization between left and right
hemispheres resulted difficult. This phenomenon is much larger and stronger for the Left/Foot
combination, and it is also visible in the feedback runs. This, together with the stronger SMR-
strength observed on C3 in comparison to C4, leads to the hypothesis that these users face
some difficulty to disengage the left hemisphere, resulting in a larger ERD and better calibra-
tion performance for Left/Foot than for Foot/Right. This would explain why the combination
Left/Foot is more often chosen than Foot/Right (34 vs. 16 users), so that class Left was more fre-
quently selected (64 users) than Right and Foot. This is in line with [84, 85] and [86], where a
dominance of the left hemisphere is observed by larger ERDs around C3.

Reactive frequencies

The analysis of the subject-specific frequency bands revealed that participants who obtained
the BCI control by Left and/or Right hand motor imagery mostly did it by modulating the y
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band, while the 8 band has been selected when the control was achieved by imagination of the
Foot. The performance was significantly higher for users who employed the 4 SMR. It is diffi-
cult to assess whether this is due to a higher stability of the 4 SMR in comparison to the
SMR, or to the fact that hand and foot pattern were often not captured in the same time inter-
val of the trial when they appeared in two different bands. In fact, the SMR activity, the reactive
frequency bands and the classification accuracy resulted more stable across runs for the Left/
Right class combination.

Motor observation

The MO runs did not exhibit classifiable patterns, even for Cat. I users. This is in contrast with
previous studies [87-90] which led to the “mirror neuron theory” hypothesized in [91]. This
theory described an observation/execution matching system, in which the activity of mirror
neurons reacting to motor observation, modulates the premotor neurons that are then
reflected by the modulation of i rhythms as well. It should be noted that in [90] and in [89],
just differences between the SMR in the EEG at rest and in the EEG during motor observation
were observed, but no data classification was carried out. In [86], the participants performed
motor imagination with a realistic feedback, thus motor imagery and observation occurred at
the same time. This is essentially different from the task presented here, where the participants
carefully observed videos and imagined that the represented limbs were their own. The classifi-
cation results between motor imagery with realistic or abstract feedback did not differ. In [45]
the users performed motor imagery during motor observation. Finally, in [51] better discrimi-
nation of MO data was reported in comparison to MI. Nevertheless, the depicted SMR activity
was mainly parietal, which is not in line with [90] and [89]. The better discrimination of the
MO data reported in [51] might be due to the difference in the feature selection algorithms. In
particular, they classified a combination of features in several frequency bands, whereas in this
manuscript we applied CSP which is particularly successful for ERD features.

Relax recordings

The relax recording revealed to be very important to monitor the basic potentiality of a user to
use BCIL. The SMR-predictor [17] resulted a very useful tool to categorize the users and esti-
mate from the beginning of the experiment how good they might perform motor imagery.
Moreover, since for Cat. IT and Cat. III users the subject-specific SMR-channel had a higher
SMR-strength than C3 and C4 already in the relax recording, it can be hypothesized that the
relax recording itself might be used to select subject-specific areas with higher SMR potential-
ity and use them as information to optimize the BCI system. Similarly, the relax recording and
the PSD model can be utilized to estimate the subject-specific reactive frequency band already
before starting the BCI session. Interestingly, the peak in the relax spectrum for Cat. I users
was around 12 Hz, while the peak in the relax spectrum of Cat IT and Cat III users was around
10 Hz. In [51], it was observed that the low y component was responsible for a general but not
class-specific ERD, whereas the high y allowed the classification between left and right. Again,
a dominance of the left hemisphere is confirmed by a higher peak, stronger SMR-strength and
a more significant correlation of parameters (reactive frequency, noise level and peak ampli-
tude) with the feedback performance in C3 than in C4.

Conclusion

This paper presents a detailed analysis of a large dataset of 80 novice SMR-BCI users who per-
formed an experiment with standard machine learning based system, i.e. with calibration and
teedback runs. The causes identified for poor BCI control explain this problem for a significant
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portion of participants (40%). This deep analysis allowed us to define three different Categories
of participants. The absence of an SMR peak in 4 and/or  bands seems to be a signal charac-
teristic intrinsic to the user. Indeed, as shown in [17] a more or less pronounced peak in the
spectrum of the EEG data at rest can predict the BCI performance with certain reliability. The
question whether further training would increase the peaks at rest or improve the SMR-modu-
lation during an experimental BCI session may be worth further investigation. Nevertheless,
there is some evidence pointing to the possibility that Cat. IT and Cat. III users can learn to
modulate motor imagery rhythms and achieve BCI control when the system used is co-adap-
tive in the feature and classifier spaces [18, 19, 67]. In particular, about 9 users have an SMR-
predictor lower than 3. This means that in principle, algorithms should be able to find rhyth-
mic features for the rest 89% of SMR-BCI users. The analysis of individual CC-FA within a
DTI study in [92] also revealed specific differences between good and poor SMR-BCI perform-
ers. However, this neurophysiological property can just predict 28% of the variance in the BCI
performance across 80 users and the anatomical structure predicts just 34% of the variance
across 20 pre-selected users. These data indicate that the rest of the variance is imputable to
other reasons such as the algorithms or the paradigm [19, 32]. Moreover, clear evidences of
neural plasticity in humans induced by BCI feedback have been recently demonstrated [93]
also in clinical applications [94], so that it is reasonable to assume that a better BCI feedback
would lead also users with small SMR amplitudes to enlarge the motor areas involved in the
motor task, resulting in a higher SMR peak at rest and an easier SMR modulation. Here we
want to remark, that we studied the particularities of EEG signals from many BCI users in
order to understand how to improve the efficiency of BCI systems. In the past, users for whom
BCI control was not successful (even with the state-of-the-art algorithms) were referred to as
“BCl illiterates” by some authors. However, this term lays the responsibility of poor BCI con-
trol on the user rather than on the system. As explained in [95], expressions like “BCI illiter-
acy” or “BCl illiterates” should be avoided. Furthermore, in our paper [18] we already
employed the phrase “BCI efficiency” to emphasize that it is the system which needs to be
improved and better guide the user to achieve sufficient performance. Indeed, we believe it is
responsibility of the scientists to refine BCI methodologies until all possible users are able to
gain control.

In the future we would also like to investigate the effect of re-referencing in the results pre-
sented in this paper. In this work we used Laplacian derivations, which is not consider a re-
referencing procedure because it does not change the usual EEG voltages. However, recent
papers have shown that the method chosen to re-reference EEG data can have a great impact
in the results obtained in EEG analyses, [50, 53-56]. Thus, it should be investigated to which
extent re-referencing can have an impact in the extraction and analysis of SMR modulations,
specially in those cases where SMR modulations are hardly observable.

Concluding, this work represents a detailed attempt to give an overview on the BCI ineffi-
ciency problem for SMR-BClIs, locating the shortfalls from the neurophysiological and algo-
rithmic point of view in the experimental standard approach.

Acknowledgments

The authors would like to thank Sebastian Halder, Eva-Maria Hammer and Simon Scholler for
recording part of the data. Additionally, they want to also thank Andrea Kiibler, who was
responsible for the study in Tiibingen. The work of Claudia Sannelli, Carmen Vidaurre and
Klaus-Robert Miiller was funded by the German Ministry for Education and Research

(BMBF) under Grant 011S14013A-E and Grant 01GQ1115, as well as by the Deutsche For-
schungsgesellschaft (DFG) under Grant MU 987/19-1, MU987/14-1 and DFG MU 987/3-2.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 31/37


https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

Additionally, the work of Klaus-Robert Miiller was funded by the Brain Korea 21 Plus Pro-
gram and by the Institute for Information & Communications Technology Promotion (IITP)
grant funded by the Korea government (No. 2017-0-00451) and the work of Carmen Vidaurre
by the Spanish Ministry of Economy RYC-2014-15671. The work of Benjamin Blankertz was
funded by the BMBF contract 01GQ0850. Correspondence to KRM and BB.

Author Contributions

Conceptualization: Klaus-Robert Miiller, Benjamin Blankertz.
Formal analysis: Claudia Sannelli, Carmen Vidaurre.

Funding acquisition: Klaus-Robert Miiller.

Investigation: Claudia Sannelli, Carmen Vidaurre.

Methodology: Carmen Vidaurre, Benjamin Blankertz.

Software: Claudia Sannelli, Carmen Vidaurre, Benjamin Blankertz.
Supervision: Carmen Vidaurre, Klaus-Robert Miiller, Benjamin Blankertz.
Validation: Claudia Sannelli.

Visualization: Carmen Vidaurre.

Writing - original draft: Claudia Sannelli, Carmen Vidaurre.

Writing - review & editing: Claudia Sannelli, Carmen Vidaurre, Klaus-Robert Miiller, Benja-
min Blankertz.

References

1. Vidal JJ. Toward direct brain-computer communication. Annual review of Biophysics and Bioengineer-
ing. 1973; 2:157-180. https://doi.org/10.1146/annurev.bb.02.060173.001105 PMID: 4583653

2. Dornhege G, del R Millan J, Hinterberger T, McFarland D, Muller KR, editors. Toward Brain-Computer
Interfacing. Cambridge, MA: MIT Press; 2007.

3. Wolpaw JR. Brain—computer interfaces as new brain output pathways. The Journal of Physiology.
2007; 579(3):613. https://doi.org/10.1113/jphysiol.2006.125948 PMID: 17255164

4. Wolpaw J, Wolpaw EW. Brain-Computer InterfacesPrinciples and Practice. Oxford University Press;
2012.

5. AngK, Guan C. Brain-Computer Interface in Stroke Rehabilitation. Journal of Computing Science and
Engineering. 2013; 7(2):139-146. https://doi.org/10.5626/JCSE.2013.7.2.139

6. AngKK, Guan C, Chua KSG, Ang BT, Kuah CWK, Wang C, et al. A Large Clinical Study on the Ability
of Stroke Patients to Use an EEG-Based Motor Imagery Brain-Computer Interface. Clinical EEG and
Neuroscience. 2011; 42(4):253-258. https://doi.org/10.1177/155005941104200411 PMID: 22208123

7. Millan JdR, Rupp R, Miller-Putz GR, Murray-Smith R, Giugliemma C, Tangermann M, et al. Combining
Brain-Computer Interfaces and Assistive Technologies: State-of-the-Art and Challenges. Frontiers in
Neuroscience. 2010; 4. https://doi.org/10.3389/fnins.2010.00161 PMID: 20877434

8. Mora N, de Munari |, Ciampolini P, Millan JR. Plug&Play Brain-Computer Interfaces for effective Active
and Assisted Living control. Medical & biological engineering & computing. 2017; 55(8):1339-1352.
https://doi.org/10.1007/s11517-016-1596-4

9. Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization and desynchronization:
basic principles. Clinical Neurophysiology. 1999; 110(11):1842—-1857. https://doi.org/10.1016/S1388-
2457(99)00141-8 PMID: 10576479

10. Blankertz B, Dornhege G, Krauledat M, Muller KR, Curio G. The non-invasive Berlin Brain-Computer
Interface: fast acquisition of effective performance in untrained subjects. Neurolmage. 2007; 37
(2):539-550. https://doi.org/10.1016/j.neuroimage.2007.01.051 PMID: 17475513

11. Blankertz B, Losch F, Krauledat M, Dornhege G, Curio G, Miller KR. The Berlin Brain-Computer Inter-
face: accurate performance from first-session in BCI-naive subjects. IEEE Transactions on Bio-Medical
Engineering. 2008; 55(10):2452-2462. https://doi.org/10.1109/TBME.2008.923152 PMID: 18838371

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 32/37


https://doi.org/10.1146/annurev.bb.02.060173.001105
http://www.ncbi.nlm.nih.gov/pubmed/4583653
https://doi.org/10.1113/jphysiol.2006.125948
http://www.ncbi.nlm.nih.gov/pubmed/17255164
https://doi.org/10.5626/JCSE.2013.7.2.139
https://doi.org/10.1177/155005941104200411
http://www.ncbi.nlm.nih.gov/pubmed/22208123
https://doi.org/10.3389/fnins.2010.00161
http://www.ncbi.nlm.nih.gov/pubmed/20877434
https://doi.org/10.1007/s11517-016-1596-4
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.1016/S1388-2457(99)00141-8
http://www.ncbi.nlm.nih.gov/pubmed/10576479
https://doi.org/10.1016/j.neuroimage.2007.01.051
http://www.ncbi.nlm.nih.gov/pubmed/17475513
https://doi.org/10.1109/TBME.2008.923152
http://www.ncbi.nlm.nih.gov/pubmed/18838371
https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Blankertz B, Tangermann M, Vidaurre C, Dickhaus T, Sannelli C, Popescu F, et al. Detecting Mental
States by Machine Learning Techniques: The Berlin Brain-Computer Interface. In: Graimann B,
Pfurtscheller G, Allison B, editors. Brain-Computer Interfaces. The Frontiers Collection. Springer Berlin
Heidelberg; 2010. p. 113-135.

Blankertz B, Acqualagna L, Dahne S, Haufe S, Schultze-Kraft M, Sturm |, et al. The Berlin Brain-Com-
puter Interface: Progress Beyond Communication and Control. Front Neurosci. 2016; p. 530.

Guger C, Edlinger G, Harkam W, Niedermayer |, Pfurtscheller G. How many people are able to operate
an EEG-based brain-computer interface (BCl)? Neural Systems and Rehabilitation Engineering, IEEE
Transactions on. 2003; 11(2):145-147. https://doi.org/10.1109/TNSRE.2003.814481

Nijholt A, Tan D, Pfurtscheller G, Brunner C, Millan JdR, Allison B, et al. Brain-Computer Interfacing for
Intelligent Systems. IEEE Intelligent Systems. 2008; 23(3):72-79. https://doi.org/10.1109/M1S.2008.41

Kubler A, Mushahwar V, Hochberg L, Donoghue J. BCl meeting 2005-workshop on clinical issues and
applications. Neural Systems and Rehabilitation Engineering, IEEE Transactions on. 2006; 14(2):131—
134. https://doi.org/10.1109/TNSRE.2006.875585

Blankertz B, Sannelli C, Halder S, Hammer EM, Kibler A, Miller KR, et al. Neurophysiological predictor
of SMR-based BCI performance. Neurolmage. 2010; 51(4):1303—-1309. https://doi.org/10.1016/j.
neuroimage.2010.03.022 PMID: 20303409

Vidaurre C, Sannelli C, Miller KR, Blankertz B. Co-adaptive calibration to improve BCI efficiency. Jour-
nal of Neural Engineering. 2011; 8(2):025009. https://doi.org/10.1088/1741-2560/8/2/025009 PMID:
21436515

Sannelli C, Vidaurre C, Miiller KR, Blankertz B. Ensembles of adaptive spatial filters increase BCI per-
formance: an online evaluation. Journal of Neural Engineering. 2016; 13(4):046003. https://doi.org/10.
1088/1741-2560/13/4/046003 PMID: 27187530

Sannelli C, Vidaurre C, Muller KR, Blankertz B. CSP patches: an ensemble of optimized spatial filters.
An evaluation study. Journal of Neural Engineering. 2011; 8(2):025012. https://doi.org/10.1088/1741-
2560/8/2/025012 PMID: 21436539

Faller J, Vidaurre C, Solis-Escalante T, Neuper C, Scherer R. Autocalibration and recurrent adaptation:
towards a plug and play online ERD-BCI. EEE Trans Neural Syst Rehabil Eng. 2012; 20:313-319.
https://doi.org/10.1109/TNSRE.2012.2189584

Mdller JS, Vidaurre C, Schreuder M, Meinecke FC, von Biinau P, Miller KR. A mathematical model for
the two-learners problem. Journal of Neural Engineering. 2017; 14(3):036005. https://doi.org/10.1088/
1741-2552/aa620b PMID: 28224972

Lorenz R, Pascual J, Blankertz B, Vidaurre C. Towards a holistic assessment of the user experience
with hybrid BCls. Journal of neural engineering. 2014; 11(3):035007. https://doi.org/10.1088/1741-
2560/11/3/035007 PMID: 24835132

Holzapfel S. Pradiktoren der Selbstregulation der langsamen Hirnpotentiale bei Epilepsie. Tubingen
Universitat; 1998.

Neumann N, Birbaumer N. Predictors of successful self control during brain-computer communication.
Journal of Neurology, Neurosurgery & Psychiatry. 2003; 74(8):1117—1121. https://doi.org/10.1136/
jnnp.74.8.1117

Kubler A, Neumann N, Wilhelm B, Hinterberger T, Birbaumer N. Predictability of Brain-Computer Com-
munication. Journal of Psychophysiology. 2004; 18(2-3):121-129.

Burde W, Blankertz B. Is the locus of control of reinforcement a predictor of brain-computer interface
performance? In: Proceedings of the 3rd International Brain-Computer Interface Workshop and Train-
ing Course. Graz: Verlag der Technische Universitat Graz; 2006. p. 76—77.

Nijboer F, Furdea A, Gunst |, Mellinger J, McFarland DJ, Birbaumer N, et al. An auditory brain-computer
interface (BCI). Journal of Neuroscience Methods. 2008; 167(1):43-50. https://doi.org/10.1016/j.
jneumeth.2007.02.009 PMID: 17399797

Nijboer F, Birbaumer N, Kubler A. The influence of psychological state and motivation on brain-com-
puter interface performance in patients with amyotrophic lateral sclerosis—a longitudinal study. Front
Neurosci. 2010; 4:55. https://doi.org/10.3389/fnins.2010.00055 PMID: 20700521

Myrden A, Chau T. Effects of user mental state on EEG-BCI performance. Front Hum Neurosci. 2015;
9:308. https://doi.org/10.3389/fnhum.2015.00308 PMID: 26082705

Jeunet C, N'Kaoua B, Subramanian S, Hachet M, Lotte F. Predicting Mental Imagery- Based BCI Per-
formance from Personality, Cognitive Profile and Neurophysiological Patterns. Plos one. 2015; 10(12):
€0143962. https://doi.org/10.1371/journal.pone.0143962 PMID: 26625261

Jeunet C, Jahanpour E, Lotte F. Why standard brain—computer interface (BCI) training protocols should
be changed: an experimental study. Journal of Neural Engineering. 2016; 13(3):036024. https://doi.org/
10.1088/1741-2560/13/3/036024 PMID: 27172246

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 33/37


https://doi.org/10.1109/TNSRE.2003.814481
https://doi.org/10.1109/MIS.2008.41
https://doi.org/10.1109/TNSRE.2006.875585
https://doi.org/10.1016/j.neuroimage.2010.03.022
https://doi.org/10.1016/j.neuroimage.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20303409
https://doi.org/10.1088/1741-2560/8/2/025009
http://www.ncbi.nlm.nih.gov/pubmed/21436515
https://doi.org/10.1088/1741-2560/13/4/046003
https://doi.org/10.1088/1741-2560/13/4/046003
http://www.ncbi.nlm.nih.gov/pubmed/27187530
https://doi.org/10.1088/1741-2560/8/2/025012
https://doi.org/10.1088/1741-2560/8/2/025012
http://www.ncbi.nlm.nih.gov/pubmed/21436539
https://doi.org/10.1109/TNSRE.2012.2189584
https://doi.org/10.1088/1741-2552/aa620b
https://doi.org/10.1088/1741-2552/aa620b
http://www.ncbi.nlm.nih.gov/pubmed/28224972
https://doi.org/10.1088/1741-2560/11/3/035007
https://doi.org/10.1088/1741-2560/11/3/035007
http://www.ncbi.nlm.nih.gov/pubmed/24835132
https://doi.org/10.1136/jnnp.74.8.1117
https://doi.org/10.1136/jnnp.74.8.1117
https://doi.org/10.1016/j.jneumeth.2007.02.009
https://doi.org/10.1016/j.jneumeth.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17399797
https://doi.org/10.3389/fnins.2010.00055
http://www.ncbi.nlm.nih.gov/pubmed/20700521
https://doi.org/10.3389/fnhum.2015.00308
http://www.ncbi.nlm.nih.gov/pubmed/26082705
https://doi.org/10.1371/journal.pone.0143962
http://www.ncbi.nlm.nih.gov/pubmed/26625261
https://doi.org/10.1088/1741-2560/13/3/036024
https://doi.org/10.1088/1741-2560/13/3/036024
http://www.ncbi.nlm.nih.gov/pubmed/27172246
https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Hammer EM, Halder S, Blankertz B, Sannelli C, Dickhaus T, Kleih S, et al. Psychological predictors of
SMR-BCI performance. Biological Psychology. 2012; 89(1):80-86. https://doi.org/10.1016/j.biopsycho.
2011.09.006 PMID: 21964375

Suk HI, Fazli S, Mehnert J, Miller KR, Lee SW. Predicting BCI Subject Performance Using Probabilistic
Spatio-Temporal Filters. PLoS ONE. 2014; 9:e87056. https://doi.org/10.1371/journal.pone.0087056
PMID: 24551050

Samek W, Blythe D, Curio G, Miiller KR, Blankertz B, Nikulin V. Multiscale temporal neural dynamics
predict performance in a complex sensorimotor task. Neuroimage. 2016; 141:291-3083. https://doi.org/
10.1016/j.neuroimage.2016.06.056 PMID: 27402598

Samek W, Kawanabe M, Muller KR. Divergence-based framework for common spatial patterns algo-
rithms. IEEE Reviews in Biomedical Engineering. 2014; 7:50-72. https://doi.org/10.1109/RBME.2013.
2290621 PMID: 24240027

Samek W, Nakajima S, Kawanabe M, Miiller KR. On robust parameter estimation in brain—computer
interfacing. Journal of neural engineering. 2017; 14(6):061001. https://doi.org/10.1088/1741-2552/
aa8232 PMID: 28745300

Grosse-Wentrup M, Schélkopf B, Hill J. Causal influence of gamma oscillations on the sensorimotor
rhythm. Neuroimage. 2011; 56:837—842. https://doi.org/10.1016/j.neuroimage.2010.04.265 PMID:
20451626

Ahn M, Ahn S, Hong JH, Cho H, Kim K, Kim BS, et al. Gamma band activity associated with BCI perfor-
mance: simultaneous MEG/EEG study. Front Hum Neurosci. 2013; 7:848. https://doi.org/10.3389/
fnhum.2013.00848 PMID: 24367322

Ahn M, Cho H, Ahn S, Jun SC. High Theta and Low Alpha Powers May Be Indicative of BCl-llliteracy in
Motor Imagery. Plos one. 2013; 8(11):e80886. https://doi.org/10.1371/journal.pone.0080886 PMID:
24278339

Guger C, Daban S, Sellers E, Holzner C, Krausz G, Carabalona R, et al. How many people are able to
control a P300-based brain-computer interface (BCI)? Neuroscience Letters. 2009; 462(1):94-98.
https://doi.org/10.1016/j.neulet.2009.06.045 PMID: 19545601

Allison B, Luth T, Valbuena D, Teymourian A, Volosyak |, Graser A. BCl Demographics: How Many
(and What Kinds of) People Can Use an SSVEP BCI? Neural Systems and Rehabilitation Engineering,
IEEE Transactions on. 2010; 18(2):107—116. https://doi.org/10.1109/TNSRE.2009.2039495

Acqualagna L, Botrel L, Vidaurre C, Kibler A, Blankertz B. Large-Scale Assessment of a Fully Auto-
matic Co-Adaptive Motor Imagery-Based Brain Computer Interface. PLoS ONE, Public Library of Sci-
ence. 2016; 11(2):1-19.

Botrel L, Acqualagna L, Blankertz B, Kiibler A. Short progressive muscle relaxation or motor coordina-
tion training does not increase performance in a brain-computer interface based on sensorimotor
rhythms (SMR). International Journal of Psychophysiology. 2017; 121:29-37. https://doi.org/10.1016/j.
ijpsycho.2017.08.007 PMID: 28870435

Halder S, Agorastos D, Veit R, Hammer EM, Lee S, Varkuti B, et al. Neural mechanisms of brain-com-
puter interface control. Neurolmage. 2011; 55(4):1779-1790. https://doi.org/10.1016/j.neuroimage.
2011.01.021 PMID: 21256234

Halder S, Varkuti B, Kiibler A, Rosenstiel W, Sitaram R, Birbaumer N. Prediction of brain-computer
interface aptitude from individual brain structure. Frontiers in human neuroscience. 2013; p. 7.

Isaac A, Marks DF, Russell DG. An instrument for assessing imagery of movement: the vividness of
movement imagery questionnaire (VMIQ). Journal of Mental Imagery. 1986; 10(4):23-30.

Oostenvelda R, Praamstrac P. The five percent electrode system for high-resolution EEG and ERP
measurements. Clin Neurophysiol. 2001; 112:713-719. https://doi.org/10.1016/S1388-2457(00)00527-
7

Jurcak V, Tsuzuki D, Dan I. 10/20, 10/10, and 10/5 systems revisited: their validity as relative head-sur-
face-based positioning systems. Neuroimage. 2007; 34(4):1600—1611. https://doi.org/10.1016/j.
neuroimage.2006.09.024 PMID: 17207640

Hu S, Lai Y, Valdes-Sosa PA, Bringas-Vega ML, Yao D. How do reference montage and electrodes
setup affect the measured scalp EEG potentials? J Neural Eng. 2018; 15(2):026013. https://doi.org/10.
1088/1741-2552/aaa13f PMID: 29368697

Neuper C, Scherer R, Reiner M, Pfurtscheller G. Imagery of motor actions: differential effects of kines-
thetic and visual-motor mode of imagery in single-trial EEG. Brain Research Cognitive Brain Research.
2005; 25(3):668—677. https://doi.org/10.1016/j.cogbrainres.2005.08.014 PMID: 16236487

Brickenkamp R, Zillmer E. The d2 test of attention. Hogrefe & Huber; 1998.

Yao D. A method to standardize a reference of scalp EEG recordings to a point at infinity. Physiol Meas.
2001; 22(4):693-711. https://doi.org/10.1088/0967-3334/22/4/305 PMID: 11761077

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 34/37


https://doi.org/10.1016/j.biopsycho.2011.09.006
https://doi.org/10.1016/j.biopsycho.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21964375
https://doi.org/10.1371/journal.pone.0087056
http://www.ncbi.nlm.nih.gov/pubmed/24551050
https://doi.org/10.1016/j.neuroimage.2016.06.056
https://doi.org/10.1016/j.neuroimage.2016.06.056
http://www.ncbi.nlm.nih.gov/pubmed/27402598
https://doi.org/10.1109/RBME.2013.2290621
https://doi.org/10.1109/RBME.2013.2290621
http://www.ncbi.nlm.nih.gov/pubmed/24240027
https://doi.org/10.1088/1741-2552/aa8232
https://doi.org/10.1088/1741-2552/aa8232
http://www.ncbi.nlm.nih.gov/pubmed/28745300
https://doi.org/10.1016/j.neuroimage.2010.04.265
http://www.ncbi.nlm.nih.gov/pubmed/20451626
https://doi.org/10.3389/fnhum.2013.00848
https://doi.org/10.3389/fnhum.2013.00848
http://www.ncbi.nlm.nih.gov/pubmed/24367322
https://doi.org/10.1371/journal.pone.0080886
http://www.ncbi.nlm.nih.gov/pubmed/24278339
https://doi.org/10.1016/j.neulet.2009.06.045
http://www.ncbi.nlm.nih.gov/pubmed/19545601
https://doi.org/10.1109/TNSRE.2009.2039495
https://doi.org/10.1016/j.ijpsycho.2017.08.007
https://doi.org/10.1016/j.ijpsycho.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28870435
https://doi.org/10.1016/j.neuroimage.2011.01.021
https://doi.org/10.1016/j.neuroimage.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21256234
https://doi.org/10.1016/S1388-2457(00)00527-7
https://doi.org/10.1016/S1388-2457(00)00527-7
https://doi.org/10.1016/j.neuroimage.2006.09.024
https://doi.org/10.1016/j.neuroimage.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17207640
https://doi.org/10.1088/1741-2552/aaa13f
https://doi.org/10.1088/1741-2552/aaa13f
http://www.ncbi.nlm.nih.gov/pubmed/29368697
https://doi.org/10.1016/j.cogbrainres.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16236487
https://doi.org/10.1088/0967-3334/22/4/305
http://www.ncbi.nlm.nih.gov/pubmed/11761077
https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

Yao D, Wang L, Oostenveld R, Nielsen KD, Arendt-Nielsen L, Chen AC. A comparative study of differ-
ent references for EEG spectral mapping: the issue of the neutral reference and the use of the infinity
reference. Physiol Meas. 2005; 26(3):173-184. https://doi.org/10.1088/0967-3334/26/3/003 PMID:
15798293

QinY, Xu P, Yao D. A comparative study of different references for EEG default mode network: the use
of the infinity reference. Clin Neurophysiol. 2010; 121(12):1981-1991. https://doi.org/10.1016/j.clinph.
2010.03.056 PMID: 20547470

Hu S, Yao D, Valdes-Sosa PA. Unified Bayesian Estimator of EEG Reference at Infinity: rREST (Regu-
larized Reference Electrode Standardization Technique). Front Neurosci. 2018; 12:297. https://doi.org/
10.3389/fnins.2018.00297 PMID: 29780302

Blankertz B, Tomioka R, Lemm S, Kawanabe M, Milller K. Optimizing Spatial filters for Robust EEG Sin-
gle-Trial Analysis. Signal Processing Magazine, IEEE. 2008; 25(1):41-56. https://doi.org/10.1109/
MSP.2008.4408441

McFarland DJ, McCane LM, David SV, Wolpaw JR. Spatial filter selection for EEG-based communica-
tion. Electroencephalography and Clinical Neurophysiology. 1997; 103(3):386—394. https://doi.org/10.
1016/S0013-4694(97)00022-2 PMID: 9305287

McFarland DJ. The advantages of the surface Laplacian in brain-computer interface research. Int
J Psychophysiol. 2015; 97(3):271-276. https://doi.org/10.1016/}.ijpsycho.2014.07.009 PMID:
25091286

Ramoser H, Muller-Gerking J, Pfurtscheller G. Optimal spatial filtering of single trial EEG during imag-
ined hand movement. Rehabilitation Engineering, IEEE Transactions on. 2000; 8(4):441-446. https:/
doi.org/10.1109/86.895946

Ledoit O, Wolf M. A well-conditioned estimator for large-dimensional covariance matrices. Journal of
Multivariate Analysis. 2004; 88(2):365—411. https://doi.org/10.1016/S0047-259X(03)00096-4

Lemm S, Blankertz B, Dickhaus T, Mdller KR. Introduction to machine learning for brain imaging.
Neurolmage. 2011; 56(2):387-399. https://doi.org/10.1016/j.neuroimage.2010.11.004 PMID:
21172442

Vidaurre C, Kramer N, Blankertz B, Schlégl A. Time Domain Parameters as a feature for EEG-based
Brain-Computer Interfaces. Neural Networks. 2009; 22(9):1313—-1319. https://doi.org/10.1016/j.neunet.
2009.07.020 PMID: 19660908

Blankertz B, Lemm S, Treder M, Haufe S, Miiller KR. Single-trial analysis and classification of ERP
components—a tutorial. Neurolmage. 2011; 56(2):814-825. https://doi.org/10.1016/j.neuroimage.2010.
06.048 PMID: 20600976

Seber GAF. Multivariate Observations. New York: Wiley; 1984.

Vogt S, Rienzo FD, Collet C, Collins A, Guillot A. Multiple roles of motor imagery during action observa-
tion. Frontiers in Human Neuroscience. 2013; 7:807. https://doi.org/10.3389/fnhum.2013.00807 PMID:
24324428

Vidaurre C, Sannelli C, Muller KR, Blankertz B. Machine-Learning-Based Coadaptive Calibration for
Brain-Computer Interfaces. Neural Computation. 2011; 23(3):791-816. https://doi.org/10.1162/NECO_
a_00089 PMID: 21162666

Lilliefors HW. On the Kolmogorov-Smirnov Test for Normality with Mean and Variance Unknown. Jour-
nal of the American Statistical Association. 1967; 62(318):399. https://doi.org/10.1080/01621459.1967.
10482916

Jeunet C, NKaoua B, Lotte F. Advances in user-training for mental-imagery-based BCI control: Psycho-
logical and cognitive factors and their neural correlates. Progress in brain research. 2016; 228:3-5.
https://doi.org/10.1016/bs.pbr.2016.04.002 PMID: 27590964

Lemm S, Blankertz B, Curio G, Muller K. Spatio-spectral filters for improving the classification of single
trial EEG. Biomedical Engineering, IEEE Transactions on. 2005; 52(9):1541—-1548. https://doi.org/10.
1109/TBME.2005.851521

Dornhege G, Blankertz B, Krauledat M, Losch F, Curio G, Mller K. Combined Optimization of Spatial
and Temporal Filters for Improving Brain-Computer Interfacing. Biomedical Engineering, IEEE Transac-
tions on. 2006; 53(11):2274—2281. https://doi.org/10.1109/TBME.2006.883649

Blankertz B, Kawanabe M, Tomioka R, Hohlefeld F, Miller KR, Nikulin VV. Invariant Common Spatial
Patterns: Alleviating Nonstationarities in Brain-Computer Interfacing. In: Platt JC, Koller D, Singer Y,
Roweis ST, editors. Advances in Neural Information Processing Systems 20. Curran Associates, Inc.;
2008. p. 113-120.

Grosse-Wentrup M, Liefhold C, Gramann K, Buss M. Beamforming in noninvasive brain-computer inter-
faces. IEEE Transactions on Bio-Medical Engineering. 2009; 56(4):1209-1219. https://doi.org/10.1109/
TBME.2008.2009768 PMID: 19423426

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 35/37


https://doi.org/10.1088/0967-3334/26/3/003
http://www.ncbi.nlm.nih.gov/pubmed/15798293
https://doi.org/10.1016/j.clinph.2010.03.056
https://doi.org/10.1016/j.clinph.2010.03.056
http://www.ncbi.nlm.nih.gov/pubmed/20547470
https://doi.org/10.3389/fnins.2018.00297
https://doi.org/10.3389/fnins.2018.00297
http://www.ncbi.nlm.nih.gov/pubmed/29780302
https://doi.org/10.1109/MSP.2008.4408441
https://doi.org/10.1109/MSP.2008.4408441
https://doi.org/10.1016/S0013-4694(97)00022-2
https://doi.org/10.1016/S0013-4694(97)00022-2
http://www.ncbi.nlm.nih.gov/pubmed/9305287
https://doi.org/10.1016/j.ijpsycho.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25091286
https://doi.org/10.1109/86.895946
https://doi.org/10.1109/86.895946
https://doi.org/10.1016/S0047-259X(03)00096-4
https://doi.org/10.1016/j.neuroimage.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21172442
https://doi.org/10.1016/j.neunet.2009.07.020
https://doi.org/10.1016/j.neunet.2009.07.020
http://www.ncbi.nlm.nih.gov/pubmed/19660908
https://doi.org/10.1016/j.neuroimage.2010.06.048
https://doi.org/10.1016/j.neuroimage.2010.06.048
http://www.ncbi.nlm.nih.gov/pubmed/20600976
https://doi.org/10.3389/fnhum.2013.00807
http://www.ncbi.nlm.nih.gov/pubmed/24324428
https://doi.org/10.1162/NECO_a_00089
https://doi.org/10.1162/NECO_a_00089
http://www.ncbi.nlm.nih.gov/pubmed/21162666
https://doi.org/10.1080/01621459.1967.10482916
https://doi.org/10.1080/01621459.1967.10482916
https://doi.org/10.1016/bs.pbr.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27590964
https://doi.org/10.1109/TBME.2005.851521
https://doi.org/10.1109/TBME.2005.851521
https://doi.org/10.1109/TBME.2006.883649
https://doi.org/10.1109/TBME.2008.2009768
https://doi.org/10.1109/TBME.2008.2009768
http://www.ncbi.nlm.nih.gov/pubmed/19423426
https://doi.org/10.1371/journal.pone.0207351

®PLOS | one

Categorization of BCl users and differences in their SMR activity

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

von Biinau P, Meinecke FC, Kiraly FC, Miller KR. Finding Stationary Subspaces in Multivariate Time
Series. Phys Rev Lett. 2009; 103:214101. https://doi.org/10.1103/PhysRevLett.103.214101 PMID:
20366040

Samek W, Vidaurre C, Muller KR, Kawanabe M. Stationary common spatial patterns for brain-computer
interfacing. Journal of Neural Engineering. 2012; 9(2):026013. https://doi.org/10.1088/1741-2560/9/2/
026013 PMID: 22350439

Kawanabe M, Samek W, Milller KR, Vidaurre C. Robust common spatial filters with a maxmin
approach. Neural Computation. 2014; 26(2):349-376. https://doi.org/10.1162/NECO_a_00544 PMID:
24206388

Tomioka R, Muller KR. A regularized discriminative framework for EEG analysis with application to
brain-computer interface. Neurolmage. 2010; 49(1):415—-432. https://doi.org/10.1016/j.neuroimage.
2009.07.045 PMID: 19646534

Lotte F, Guan C. Regularizing common spatial patterns to improve BCI designs: unified theory and new
algorithms. IEEE Transactions on Bio-Medical Engineering. 2011; 58(2):355-362. https://doi.org/10.
1109/TBME.2010.2082539 PMID: 20889426

Shenoy P, Krauledat M, Blankertz B, Rao RPN, Muller KR. Towards adaptive classification for BCI.
Journal of Neural Engineering. 2006; 3(1):R13-23. https://doi.org/10.1088/1741-2560/3/1/R02 PMID:
16510936

Li Y, Kambara H, Koike Y, Sugiyama M. Application of Covariate Shift Adaptation Techniques in Brain-
Computer Interfaces. IEEE Transactions on Biomedical Engineering. 2010; 57(6):1318—1324. hitps://
doi.org/10.1109/TBME.2009.2039997 PMID: 20172795

Vidaurre C, Kawanabe M, von Biinau P, Blankertz B, Muller KR. Toward unsupervised adaptation of
LDA for brain-computer interfaces. IEEE Transactions on Bio-Medical Engineering. 2011; 58(3):587—
597. https://doi.org/10.1109/TBME.2010.2093133 PMID: 21095857

Sugiyama M, Krauledat M, Miiller KR. Covariate Shift Adaptation by Importance Weighted Cross Vali-
dation. Journal of Machine Learning Research. 2007; 8:985—1005.

Sannelli C, Vidaurre C, Muller KR, Blankertz B. Common Spatial Pattern Patches: online evaluation on
naive users. In: Engineering in Medicine and Biology Society, 2012. EMBS 2012. 34th Annual Interna-
tional Conference of the IEEE; 2012. p. 4744-4747.

Pfurtscheller G, Neuper C, Andrew C, Edlinger G. Foot and hand area mu rhythms. International Jour-
nal of Psychophysiology. 1997; 26(1-3):121—135. https://doi.org/10.1016/S0167-8760(97)00760-5
PMID: 9202999

Pfurtscheller G, Brunner C, Schldgl A, Lopes da Silva FH. Mu rhythm (de)synchronization and EEG sin-
gle-trial classification of different motor imagery tasks. Neurolmage. 2006; 31(1):153—159. https://doi.
org/10.1016/j.neuroimage.2005.12.003 PMID: 16443377

Neuper C, Scherer R, Wriessnegger S, Pfurtscheller G. Motor imagery and action observation: modula-
tion of sensorimotor brain rhythms during mental control of a brain-computer interface. Clinical Neuro-
physiology: Official Journal of the International Federation of Clinical Neurophysiology. 2009; 120
(2):239-247. https://doi.org/10.1016/j.clinph.2008.11.015

Babiloni C, Carducci F, Cincotti F, Rossini PM, Neuper C, Pfurtscheller G, et al. Human movement-
related potentials vs desynchronization of EEG alpha rhythm: a high-resolution EEG study. Neuro-
Image. 1999; 10(6):658—665. https://doi.org/10.1006/nimg.1999.0504 PMID: 10600411

Cochin S, Barthelemy C, Roux S, Martineau J. Observation and execution of movement: similarities
demonstrated by quantified electroencephalography. European Journal of Neuroscience. 1999; 11
(5):1839-1842. https://doi.org/10.1046/j.1460-9568.1999.00598.x PMID: 10215938

Pineda JA, Allison BZ, Vankov A. The effects of self-movement, observation, and imagination on mu
rhythms and readiness potentials (RP’s): toward a brain-computer interface (BCI). IEEE Transactions
on Rehabilitation Engineering: A Publication of the IEEE Engineering in Medicine and Biology Society.
2000; 8(2):219-222. https://doi.org/10.1109/86.847822

Muthukumaraswamy Sd, Johnson Bw. Changes in rolandic mu rhythm during observation of a precision
grip. Psychophysiology. 2004; 41(1):152—156. https://doi.org/10.1046/j.1469-8986.2003.00129.x

Pineda JA. The functional significance of mu rhythms: translating “seeing” and “hearing” into “doing”.
Brain Research Brain Research Reviews. 2005; 50(1):57-68. https://doi.org/10.1016/j.brainresrev.
2005.04.005 PMID: 15925412

Varkuti B, Halder S, Bogdan M, Kibler A, Rosenstiel W, Sitaram R, et al. SMR EEG-BCI Aptitude in
Healthy Subjects Varies with the Integrity of Corpus Callosum White Matter. In Proceedings of the 5rd
International Brain-Computer Interface Workshop and Training Course. 2011; p. 104—107.

Nierhaus T, Vidaurre C, Sannelli C, Muiller KR, Villringer A. Immediate brain plasticity after one hour of
Brain—Computer Interface (BCI). 2018;.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 36/37


https://doi.org/10.1103/PhysRevLett.103.214101
http://www.ncbi.nlm.nih.gov/pubmed/20366040
https://doi.org/10.1088/1741-2560/9/2/026013
https://doi.org/10.1088/1741-2560/9/2/026013
http://www.ncbi.nlm.nih.gov/pubmed/22350439
https://doi.org/10.1162/NECO_a_00544
http://www.ncbi.nlm.nih.gov/pubmed/24206388
https://doi.org/10.1016/j.neuroimage.2009.07.045
https://doi.org/10.1016/j.neuroimage.2009.07.045
http://www.ncbi.nlm.nih.gov/pubmed/19646534
https://doi.org/10.1109/TBME.2010.2082539
https://doi.org/10.1109/TBME.2010.2082539
http://www.ncbi.nlm.nih.gov/pubmed/20889426
https://doi.org/10.1088/1741-2560/3/1/R02
http://www.ncbi.nlm.nih.gov/pubmed/16510936
https://doi.org/10.1109/TBME.2009.2039997
https://doi.org/10.1109/TBME.2009.2039997
http://www.ncbi.nlm.nih.gov/pubmed/20172795
https://doi.org/10.1109/TBME.2010.2093133
http://www.ncbi.nlm.nih.gov/pubmed/21095857
https://doi.org/10.1016/S0167-8760(97)00760-5
http://www.ncbi.nlm.nih.gov/pubmed/9202999
https://doi.org/10.1016/j.neuroimage.2005.12.003
https://doi.org/10.1016/j.neuroimage.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16443377
https://doi.org/10.1016/j.clinph.2008.11.015
https://doi.org/10.1006/nimg.1999.0504
http://www.ncbi.nlm.nih.gov/pubmed/10600411
https://doi.org/10.1046/j.1460-9568.1999.00598.x
http://www.ncbi.nlm.nih.gov/pubmed/10215938
https://doi.org/10.1109/86.847822
https://doi.org/10.1046/j.1469-8986.2003.00129.x
https://doi.org/10.1016/j.brainresrev.2005.04.005
https://doi.org/10.1016/j.brainresrev.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15925412
https://doi.org/10.1371/journal.pone.0207351

o ®
@ ’ PLOS | ONE Categorization of BCI users and differences in their SMR activity

94. Birbaumer N, Ramos Murguialday A, Weber C, Montoya P. Neurofeedback and brain-computer inter-
face clinical applications. International Review of Neurobiology. 2009; 86:107—117. https://doi.org/10.
1016/S0074-7742(09)86008-X PMID: 19607994

95. Thompson MC. Critiquing the Concept of BClI llliteracy. Science and Engineering Ethics. 2018; p. 1-17.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207351 January 25, 2019 37/37


https://doi.org/10.1016/S0074-7742(09)86008-X
https://doi.org/10.1016/S0074-7742(09)86008-X
http://www.ncbi.nlm.nih.gov/pubmed/19607994
https://doi.org/10.1371/journal.pone.0207351

