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Our objective was to investigate the capacity to control a P3-based brain-computer
interface (BCI) device for communication and its related (temporal) attention processing
in a sample of amyotrophic lateral sclerosis (ALS) patients with respect to healthy
subjects. The ultimate goal was to corroborate the role of cognitive mechanisms
in event-related potential (ERP)-based BCI control in ALS patients. Furthermore, the
possible differences in such attentional mechanisms between the two groups were
investigated in order to unveil possible alterations associated with the ALS condition.
Thirteen ALS patients and 13 healthy volunteers matched for age and years of education
underwent a P3-speller BCI task and a rapid serial visual presentation (RSVP) task. The
RSVP task was performed by participants in order to screen their temporal pattern
of attentional resource allocation, namely: (i) the temporal attentional filtering capacity
(scored as T1%); and (ii) the capability to adequately update the attentive filter in the
temporal dynamics of the attentional selection (scored as T2%). For the P3-speller BCI
task, the online accuracy and information transfer rate (ITR) were obtained. Centroid
Latency and Mean Amplitude of N200 and P300 were also obtained. No significant
differences emerged between ALS patients and Controls with regards to online accuracy
(p = 0.13). Differently, the performance in controlling the P3-speller expressed as ITR
values (calculated offline) were compromised in ALS patients (p < 0.05), with a delay
in the latency of P3 when processing BCI stimuli as compared with Control group
(p < 0.01). Furthermore, the temporal aspect of attentional filtering which was related to
BCI control (r = 0.51; p < 0.05) and to the P3 wave amplitude (r = 0.63; p < 0.05) was
also altered in ALS patients (p = 0.01). These findings ground the knowledge required
to develop sensible classes of BCI specifically designed by taking into account the
influence of the cognitive characteristics of the possible candidates in need of a BCI
system for communication.

Keywords: brain-computer interface, amyotrophic lateral sclerosis, attention, event-related potentials, P300, BCI,
ALS, EEG

Frontiers in Human Neuroscience | www.frontiersin.org 1 May 2018 | Volume 12 | Article 165

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2018.00165
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2018.00165&domain=pdf&date_stamp=2018-05-28
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00165/full
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00165/full
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00165/full
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00165/full
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00165/full
http://loop.frontiersin.org/people/80048/overview
http://loop.frontiersin.org/people/90936/overview
http://loop.frontiersin.org/people/95434/overview
http://loop.frontiersin.org/people/225106/overview
http://loop.frontiersin.org/people/117285/overview
http://loop.frontiersin.org/people/87248/overview
http://loop.frontiersin.org/people/12795/overview
http://loop.frontiersin.org/people/3709/overview
https://creativecommons.org/licenses/by/4.0/
mailto:a.riccio@hsantalucia.it
https://doi.org/10.3389/fnhum.2018.00165
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Riccio et al. Attention and BCI in ALS

INTRODUCTION

The non-invasive brain-computer interface (BCI) based on the
visual event-related potential (ERP) known as P300 (P3; Farwell
and Donchin, 1988) is by far the most extensively investigated
BCI system to enhance or even allow communication when
this latter is severely compromised due to different neurological
disorders (Kleih et al., 2011; Riccio et al., 2016). Despite the large
amount of studies seeking for methods to ultimately optimize
P3-based BCI control accuracy, a reliable and yet flexible (to be
customized for individual users) BCI system still requires some
research efforts.

Within the range of users in need of a BCI for communication
and control, those with amyotrophic lateral sclerosis (ALS)
represent the target population due to a progressive muscular
paralysis that leads to a loss of communication and interaction
ability thus preventing persons from using conventional assistive
technologies (ATs) at the later stage of the disease.

A number of studies reported that ALS patients can
communicate by using a P3-based BCI (Marchetti et al., 2013)
with stable performance over time (Sellers and Donchin, 2006;
Nijboer et al., 2008; Silvoni et al., 2013). Communication and
interaction could also be enhanced by means of a P3-based BCI
combined with an AT device (Thompson et al., 2014; Schettini
et al., 2015). Marchetti and Priftis (2015) reported the results of
a meta-analysis (pooled studies from 2008 to 2013) indicating
that the effectiveness of the P3-speller (Farwell and Donchin,
1988) in ALS patients reached an overall classification accuracy
of 73.72%. Further studies aimed at investigating predictors
of P3-based BCI control in ALS patients showed that both
external (the stimuli exploited) and internal factors (the user’s
motivation) could account for the BCI performance (Nijboer
et al., 2010; Townsend et al., 2010; Kaufmann et al., 2013b).
Conversely, the relation between BCI performance and the
clinical-functional status of ALS patients (Nijboer et al., 2008;
Silvoni et al., 2013; McCane et al., 2014; Thompson et al., 2014)
has not been fully investigated yet. McCane et al. (2015) reported
no significant differences in BCI accuracy between ALS patients
and healthy age- (but not years of education-) matched subjects.
However, they found differences in the target-related ERPs
characteristics: the ALS group presented a higher N2 wave peak
amplitude and a latency delay in N2, P3 and late negativity (LN)
with respect to the control group. However, studies comparing
ALS patients with healthy participants are still scarce. Further
investigations are needed on the possible impairment/alteration
of brain processing in response to external inputs (such as visual
stimuli) delivered within a BCI framework of stimulation to
eventually unveil whether and how they could influence the BCI
control.

In this regard, it is important to note that cognitive deficits
have been described in ALS patients (Lomen-Hoerth et al.,
2003; Ringholz et al., 2005; Christidi et al., 2012; Strutt et al.,
2012; Volpato et al., 2016; Radakovic et al., 2017). Up to
now, the influence of ALS patients’ cognitive profile on the
visual P3-based BCI control has not been fully investigated.
The current studies on visual P3-based BCIs for communication
often involved end-users with severe motor disabilities due to

neurological disorders of various etiology (Piccione et al., 2006;
Zickler et al., 2011; Kaufmann et al., 2013b; Kübler et al., 2014;
Riccio et al., 2015) as compared to those studies in which
more homogenous groups of participants, such as only ALS
patients, were enrolled (Sellers and Donchin, 2006; Nijboer et al.,
2008; Riccio et al., 2013; Silvoni et al., 2013; Thompson et al.,
2014; Schettini et al., 2015). As such, this inconsistency between
studies does not allow for definitive inferences on how P3-based
BCI control could vary in severely motor disabled end-users
with ALS and how this variability could be related to cognitive
processing. In this line of reasoning, we previously showed
(Riccio et al., 2013) how some aspects of attention processing
such as the stimulus temporal filtering (i.e., the ability to keep the
attentional filter active during the selection of a target) would be
a predictor of the P3-speller control accuracy in ALS patients.
Since we did not include a control (healthy) group, we could
only speculate that such temporal aspect of attention processing
was impaired in ALS population by comparing our results
with those reported in other studies which included healthy
participants (Kranczioch et al., 2005; Georgiou-Karistianis et al.,
2007).

In the present study, we investigated whether the accuracy in
mastering a P3-based BCI by an ALS population sample would be
affected by the previously identified alterations in the attention
processing and whether these alterations would be exclusive of
the ALS population. To this purpose, we compared a group of
ALS patients with a group of healthy volunteers both controlling
a P3-speller (Farwell and Donchin, 1988). Groups were matched
for age and years of education since both factors are known
to deeply influence performance in executing cognitive tasks
(Ardila et al., 2000). As yet, the two groups underwent an
identical BCI stimulation protocol (i.e., the sequence of stimuli
were not customized) in order to avoid confounding factors
due to the use of different stimulation protocols. Based on
previous findings (Riccio et al., 2013), our present hypothesis
was that the ALS patients would show an altered visual attention
processing of the stimuli delivered during the P3-based BCI
control, and this would, in turn, affect the ability to control
the P3-based BCI (i.e., decrease in performance). We also
investigated the possible relation between cognitive mechanisms
and P3-speller control to further corroborate the role of cognitive
dysfunctions in BCI control in ALS patients (Riccio et al.,
2013).

MATERIALS AND METHODS

Participants and Baseline Assessment
Thirteen participants (8 males; mean age 62.2 ± 13; years of
formal education 13.7 ± 5.1) with ALS diagnosis (ALS group)
and 13 age and years of education-matched participants (9 males;
mean age 55.3 ± 9; years of formal education 13.3 ± 3)
with no history of neurological/psychiatric disorders (Control
group) were enrolled in the study. Seven out of 13 ALS patients
participated in the previous study (Riccio et al., 2013).

The ALS patients were recruited through the ALS Center
of the Policlinico ‘‘Umberto I’’, Sapienza University, Rome.
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The study was conducted at Fondazione Santa Lucia, IRCCS,
Rome and approved by the Independent Ethics Committee
of Fondazione Santa Lucia. All participants (or the legal
representatives of ALS patients when required) provided a
written informed consent.

The inclusion criterion for the ALS patients was the ability
(also with the help of an AT device if required) to clearly
communicate (at least) a binary response (yes/no). Patients
with other concomitant neurological or psychiatric disorders,
any impediment in the acquisition of electroencephalography
(EEG) data from the scalp (e.g., wounds, dermatitis), severe
concomitant pathologies (fever, infections, metabolic disorders,
severe heart failure), or episodes of reflex epilepsy were excluded
from the study.

The level of physical disability was assessed by means of the
‘‘ALS Functional Rating Scale-Revised’’ (ALSFRS-R; Cedarbaum
et al., 1999). ALSFRS-R scores range from 0 to 48 (the higher
the score, the higher the functionality). Mean ALSFRS-R score
was 31.2 ± 10.4 (range from 12 to 41). The ALS patients’
demographic and clinical information are reported in Table 1.

Participants underwent a cognitive assessment focused on
attention domains, in order to have individual baseline profiles.
Two clinical neuropsychological tests were applied for the
cognitive screening. The computerized test for attentional
performance (TAP; Zimmermann and Fimm, 1995) was used
to assess selective attention (SA) and working memory (WM)
whereas the executive functions (EF) were assessed by means of
the perseverative response scores obtained in theWisconsin Card
Sorting Test (WCST; Berg, 1948). Between the several clinical
tests, the TAP includes a go-nogo task for SA (participants had to
press a key when two target items were presented, while ignoring
three distracter items) and a 2-back task for WM (numbers were
presented on the screen and participants had to indicate the
repetition of a number within an interval of three numbers by
pressing a key). The WCST test consists of a card sorting game
according to either color, shape or number. The sorting rule
changes over time. Participants then have to rely on the outcome
or feedback after each of their choice in order to infer the new
rule in effect. Eight of the 13 ALS patients completed the full

protocol (psychological session and BCI session); the remaining
five performed only the BCI session (one patient participated
to the earlier study—Riccio et al., 2013). All Control subjects
(n = 13) had both the psychological session and the BCI session.

Experimental Session
The experimental design consisted of two separate sessions
(performed on two different days): the BCI session and the
psychological session (see below for details).

BCI Session
Scalp potentials were acquired by means of a 16-channel
amplifier (g.MOBILAB, g.tec, Austria) from eight active
electrodes (g.Ladybird, g.tec, Austria) placed according to
10–10 international standard (Fz, Cz, Pz, Oz, P3, P4, PO7,
and PO8; right ear lobe reference, left mastoid ground). This
experimental choice was dictated by a reasonable trade-off
between a not exhausting experimental procedure for ALS
patients and a widely accepted eight electrodes configuration
to ensure a P300 based-BCI successful control. Signals were
digitized at 256 Hz. Stimulus paradigm and online delivery were
managed by means of the BCI2000 framework (Schalk et al.,
2004). A P3-speller (Farwell and Donchin, 1988) interface (6 by
6 matrix of alphanumeric items) was displayed full screen on a
15 computer screen, placed approximately at eye level and at a
distance of 100 cm from the participant.

During the calibration phase (i.e., no feedback on
performance), the subjects had to focus on 15 items forming
three predefined words (3 runs; 5 items for each run). The target
to focus on was shown to the participants by a single flash, after
which rows and columns were randomly intensified for 125 ms,
with an inter stimulus interval (ISI) of 125 ms. Participants were
suggested to mentally count how many times that target was
flashing. Calibration data were segmented into epochs lasting
800 ms (time 0 marked the stimulus onset) that were fed into
a stepwise linear discriminant analysis (SWLDA) to determine
the classifier coefficients (Krusienski et al., 2006) to be applied in
the online BCI session. During the online phase (i.e., provision
of feedback on performance), participants had to spell four

TABLE 1 | Participants’ characteristics.

ALS group Control group

Age (years) 62.2 ± 13 (40–80) 55.3 ± 9 (44–68)
Sex (M/F) 8/5 9/4
Years of formal education 13.7 ± 5.1 (5–18) 13.4 ± 3.4 (8–18)
EF (impaired/not impaired) 5/6 5/8
EF (perseverative responses) 88.5 ± 16.5 96.6 ± 20.2
EF (total errors) 88.5 ± 14.3 93.6 ± 15.4
SA (impaired/not impaired) 3/7 1/12
SA (errors) 2.4 ± 2.9 0.8 ± 1.9
WM (impaired/not impaired) 4/5 1/10
WM (omissions) 3.8 ± 3.8 1.6 ± 2.0
ALSFRS-R 31.2 ± 10.4 (12–41) -
Onset (S/B) 5/8 -
Time since diagnosis (mo) 26.8 ± 22.6 -

Demographic and clinical characteristics of the ALS group and Control group (means ± standard deviations, range). Abbreviations: F, female; M, male; SA, selective
attention; EF, executive functions; WM, working memory; S, spinal; B, bulbar.
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predefined (copy mode) words (4 runs; 5 items for each run;
20 characters in total). The classifier coefficients extracted from
calibration data were applied to epochs grouped by stimulation
classes (rows and columns) and averaged over stimulation
sequences. The spelled letter was identified as the intersection
between the row and the column exhibiting the maximum of the
sum of scored features (Krusienski et al., 2006). As mentioned
in the Introduction section, the stimulation sequences were not
customized for each patient and thus we performed a static
data collection (Mainsah et al., 2015). Specifically, a single item
(e.g., letter) was intensified 20 times (10 sequences) before the
next set of stimuli would start. Such stimulation sequence was
maintained fixed for each subject.

Psychological Session
The individual temporal pattern of attentional resource
allocation was tested by means of a rapid serial visual
presentation (RSVP) paradigm which corresponds to an
attentional blink (AB) paradigm in Kranczioch et al. (2007). In
brief, it consisted of two target stimuli (T1 and T2) which were
embedded in a stream of 16 or 19 distracter stimuli; each stream
of stimuli (the equivalent of a single trial) was presented in the
center of a monitor (white background). All stimuli were capital
letters (letters F, K, Q, X, Z were excluded) and were presented
pseudo-randomly (with a constraint that the same letter was not
presented within three sequential positions) at central fixation
(1 stimulus/100 ms; presentation rate at 10 Hz). As for target
stimuli, T1 was a green capital letter randomly occurring as
4th, 5th, 6th or 7th item within a single stream. T2 was a black
capital ‘‘X’’ which followed T1 on 80% of the trials according to
four conditions (each occurring with a frequency of 20%): after
no intervening distracters, after one, three or five intervening
distracters. In 20% of the trials, T2 was not presented (5th
condition). The distracter stimuli were black capital consonants.

Upon the stimulus stream delivery, participants were asked to
answer the following questions: (1) whether the green letter (T1)
was a vowel (T1 was a vowel on 50% of the trials); and (2) whether
the black X (T2) was contained in the stimulus stream. In the
case of ALS patients, the answers to the questions were given
according to their residual motor activity (e.g., verbal response,
head movements, eye movements).

Twenty practice trials preceded a total of 160 experimental
trials (32 trials for each of the five T2 conditions); these latter
were fully randomized within two presentation blocks separated
by a pause of 5 min.

DATA ANALYSIS

All acquired data were preprocessed as follows. High and low
pass filters (4th order Butterworth filter) were applied with a cut
off frequency of 1 Hz and 20 Hz, respectively. EEG signals with
peak amplitude higher than 70 µV or lower than −70 µV were
removed. Data were then segmented into epochs (time 0 denoted
the stimulus onset) lasting 800 ms and 1000 ms for the BCI and
ERPs analysis, respectively. Both target and non-target stimulus-
related epochs were considered.

BCI Performance Analysis
The BCI online accuracy was expressed as the percentage of
correct selections (i.e., the ratio between the number of correct
selections and the total number of selections). Furthermore, an
offline estimation of both the accuracy and the information
transfer rate (ITR,Wolpaw et al., 2002) was performed in order to
account for the online performance inter-subject variability that
was ‘‘hidden’’ by the static modality of data collection.

To estimate the offline accuracy, a baseline correction was
performed based on the mean amplitude of signal within the
200 ms pre-stimulus interval. The offline accuracy was then
calculated for each stimulation sequence by means of a 7-fold
cross-validation technique according to which six runs were used
as training dataset to extract SWLDA classifier parameters and
one run was used as testing dataset. A mean accuracy value for
each stimulation sequence was obtained by averaging the values
resulting from the seven iterations.

The ITR (bits/min) was estimated for each subject and each
stimulation sequence based on the definition of bit-rate as in
Wolpaw et al. (2002) and multiplying the bit-rate by the speed of
selection (selections/minute). The individual highest ITR value
was considered. Output metric resulting from this computation
will be reported as ITR (0–800 ms).

The relative contribution of the N2 and P3 ERP components
to the BCI accuracy was investigated offline as follows.
Differences in the amplitudes of ERPs that were elicited by
the stimulus types (target vs. non-target) were quantified using
the coefficient of determination R2. We considered the epochs
relative to all seven runs. The R2 values range from 0 to 1,
wherein higher values correspond to larger explained variances.
A signed R2 index was introduced to account for the different
polarity of ERPs (N2 and P3) and was derived by multiplying
R2 by the sign of the slope of the corresponding linear model
which was positive when the amplitudes of the ERPs that were
elicited by the target stimuli were higher than those elicited by
non-target stimuli and vice versa (as in Aloise et al., 2012). The
mean R2 values were computed within two different temporal
intervals for the N2 and P3 components that ranged from 100 ms
to 400ms for the N2 (negative values) and from 250ms to 550ms
for the P3 (positive values).

As for the ITR, its values were computed by segmenting
data into epochs between 0 ms and 550 ms after the stimulus
onset—ITR (0–550 ms)—to ensure that the temporal interval
would include both N2 and P3 ERP components.

ERPs Analysis
We focused the ERP analysis on the N2 as the earliest ERP
that reliably correlates with visual awareness (Visual Awareness
Negativity; Railo et al., 2011) and the P3 as associated with
conscious access to the content of conscious vision (Raffone et al.,
2014). Hence, these two ERP components can be considered a
reliable reflection of attentional stimulus processing.

In this offline ERP analysis, the epochs in which a target
stimulus occurred within the 500 ms preceding the stimulus
onset were removed in order to reduce the contamination
between consecutive epochs and the ERP overlapping (Treder
and Blankertz, 2010). Target and non-target ERP waveforms
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FIGURE 1 | Box plots illustrate the comparison between groups relative to the online performance (A) and information transfer rate (ITR) (B). Experimental
group = amyotrophic lateral sclerosis (ALS) patients. ∗ Indicates significant difference (p < 0.05).

were obtained by averaging the epochs relative to each run. The
ERP waveforms were obtained from a sample by sample contrast
between the non-target and target ERP waveform amplitude
(i.e., the difference between target and non-target).

The mean of both the N2 and P3 amplitude and the
centroid latency (Luck, 2005) were obtained from all data sets
(seven BCI session runs). The P3 mean amplitude was calculated
by averaging the voltage of all positive points preceded or
succeeded by positive values between 250 ms and 550 ms
after the stimulus onset whereas for the N2 mean amplitude
we averaged the voltage of all negative points preceded or
succeeded by negative values between 100 ms and 400 ms
after the stimulus onset (Clayson et al., 2013). The P3 and
N2 centroid latencies were set as the time to which the area
under the curves was divided into equal halves. Finally, the mean
amplitude and the centroid latency of the P3 waves (P3-MA and
P3-CL, respectively) recorded from Fz, Cz and Pz and the Mean
Amplitude and the Centroid Latency of the N2 waves (N2-MA
and N2-CL, respectively) recorded from PO7, PO8 and Oz were
subjected to the statistical analysis.

Psychological Paradigm Data Analysis
As for the RSVP data set, the accuracy of T1 and T2 detection
(T1%; T2%) was estimated (T2% was considered only in trials in
which T1 had been correctly identified). T1% was considered an
index of participants’ temporal attentional filtering capacity and
T2% was considered as an index of the capability to adequately
update the attentive filter (Riccio et al., 2013) in the temporal
dynamics of the attentional selection.

Statistical Analysis
Between-group (ALS and Control) differences in terms
of BCI control performance were evaluated as follows.
A (non-parametric) Mann-Whitney U test was applied
to assess the between-group difference in BCI online
accuracy (accuracy scores not normally distributed). A
Student’s T-test was applied to assess the between-group
difference in terms of the ITR scores. The contribution of
N2-R2 and P3-R2 to the BCI performance was assessed

for each group (ASL and Control) by means of two linear
regression analyses with the ITR (0–550 ms) as the dependent
variable and the N2-R2 and the P3-R2 as independent
variables.

The (non-parametric) Spearman’s rank order correlation was
applied to investigate the possible correlation between ALSFRS-R
scores (not normally distributed) and the ITR values.

To investigate whether ALS patients showed differences with
respect to Control group in attention processing during the
BCI task, we conducted two MANOVAs to determine the effect
of group (independent variable) on both P3-MA and P3-CL
(dependent variables). The same analysis (two MANOVAs) was
performed to determine the effect of group on both N2-MA and
N2-CL.

To investigate whether the temporal pattern of attentional
resource allocation would be correlated with the BCI
performance level (ITR), we performed a correlation analysis
(Pearson’s correlation coefficients) between the ITR (0–800 ms),
the P3-MA in Pz and T1% and T2%. Such correlation was sought
either by pooling all data from ALS and Control groups and by
considering only ALS group data.

The existence of alterations in attentional resources allocation
in the ALS group was assessed by means of a MANOVA to
test the effect of group (independent variable) on T1% and T2%
(dependent variables).

RESULTS

The ALS and Control groups did not show significant
differences as regard demographic characteristics (Student’s
T-test; t(24) = 1.6; p = 0.13 and t(24) = 0.17; p = 0.85 for age and
‘‘years of formal education’’, respectively) and clinical assessment
focused on selective attention (SA; error scores, χ2 = 1.96;
p = 0.16), working memory (WM; errors χ2 = 3.29; p = 0.07) and
executive functions (EF; χ2 = 0.119; p = 0.729).

We did not find a significant between-group difference in
the online accuracy (Figure 1A; ALS group mean = 96.1% ± 5;
Control group mean = 99.2% ± 2; U = 55.5; p = 0.13). On
the contrary, ITR (0–800 ms) was significantly higher in the
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FIGURE 2 | Scatter plots illustrate the relationship of the ITR (0–550 ms) with the N2Rsquare (blue dots) and the P3Rsquare (red dots) in the ALS (experimental
group) (A) and in the Control group (B). Note that regression analysis was performed by considering only the absolute values of R2 (i.e., no signed R2 was
considered).

Control group (36.6 ± 14.5 bits/min) as compared to ALS group
(mean = 25.4 ± 12.1 bits/min; t(24) = 2.1, p ≤ 0.05; Figure 1B).

The linear regression analysis (p = 0.11) revealed that ITR
(0–550) was not significantly predicted neither by the N2-R2
values (β = 0.33; p = 0.34) nor the P3-R2 values (β = 0.32;
p = 0.34) in the Control group (Figure 2B). Differently, in the
ALS group we found that the linear regression was significant
(F(2,10) = 4.3526, p < 0.05). Specifically, only the N2-R2 was
significantly predictive of the ITR (0–550 ms; β = 0.59, p < 0.05;
P3-R2 = β = 0.34, p = 0.17; Figure 2A).

We found that the ITR and ALSFRS-R scores showed a high
tendency to correlate which did not reach a significance (p = 0.06;
r = 0.52). Such tendency, however, suggests that the degree of
disability due to ALS could influence the BCI performance in a
detrimental way.

No significant differences were found between ALS and
Control groups (MANOVAs) in P3-MA (λ = 0.71; F(3,22) = 2.9,
p = 0.05), N2-MA (λ = 0.88; F(3,22) = 0.9; p = 0.4) and
N2-CL (λ = 0.89; F(3,22) = 1.0; p = 0.4). On the contrary,
the MANOVA returned a significant between-group difference
in P3-CL (λ = 0.59; F(3,22) = 5.0; p < 0.01) values over Fz
(p < 0.001; Control group mean = 363.17 ± 20.14 ms; ALS
group mean = 409.4 ± 38.07 ms; Bonferroni corrected) and Cz
electrodes (p < 0.05; Control group mean = 368.60 ± 27.62 ms;
ALS group mean = 396.68 ± 32.66 ms; Bonferroni corrected)
with longer CL in ALS patients with respect to Controls. No
significant differences were found in P3-CL values over Pz
(p = 0.3; control group mean = 379.71 ± 37.83 ms; ALS group
mean = 394.4 ± 38.82 ms; Bonferroni corrected).

As illustrated in Figure 3, the visual inspection of
P3 topography indicates a prevalent frontal distribution of
P3 in ALS whereas a parietal distribution is observed in Control
group.

The analysis of the relation between cognitive substrates and
BCI performance as measured by means of RSVP and BCI data
returned a significant positive correlation between T1% and the
ITR (r = 0.51; p < 0.05) and T1% the P3-MA in Pz (r = 0.63;
p < 0.05) when considering all group data (ALS and Control
data pooled). No significant correlation was found between T2%

and ITR (r = 0.32; p = 0.15) and between T2% and P3-MA
(r = 0.23; p = 0.31). When considering only the ALS group, the
same analysis unveiled significant positive correlation between
T1% and ITR (r = 0.71; p< 0.05) and T1% and P3-MA (r = 0.78;
r < 0.05) whereas T2% and ITR (r = 0.66; p = 0.07) and T2% and
P3-MA (r = 0.39; p = 0.31) did not show significant correlation.

The MANOVA (F = 4.4; p < 0.05) revealed that the
T1% values were significantly lower in ALS as compared
to Control group (Control group mean 89.7 ± 0.8%; ALS
group mean = 79.4 ± 10%; p = 0.01; Bonferroni corrected).
No significant difference was found in T2% (control group
mean = 63.6 ± 2%; ALS group mean = 67.8 ± 23%; p = 0.6).

Discussion
This study aimed at investigating whether ALS patients showed
differences in the ability to control a P3-speller BCI system
with respect to healthy subjects. We focused on the attention
processing involved in the delivering of the visual BCI
stimulation paradigm, in order to further (Riccio et al., 2013)
elucidate if and how such cognitive abilities would be altered
in ALS patients and eventually would account for patients’
BCI control capacity. We hypothesized that the capacity to
accomplish a P3-speller task was decreased in ALS patients and
that they would have shown an alteration in the visual attention
processing as elicited during the P3-based BCI control. To test
our hypothesis, we compared two groups of participants (ALS
patients vs. Control) in terms of performance in P3-speller
control and with regard to the earliest ERP components such
as N2 and P3 which are correlated with visual awareness (Railo
et al., 2011; Raffone et al., 2014).

First, we found that the ALS patients showed a significantly
lower ITR in the P3-speller BCI task with respect to Controls
whereas the online performance was comparable between the
two groups.

This finding is not in line with what reported byMcCane et al.
(2015). According to their study severely disabled ALS patients
and age-matched healthy controls showed similar P3-based BCI
performance in terms of maximum accuracy, communication
rate and bit rate. Several differences between these two studies
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FIGURE 3 | P300 topography and waveforms in ALS (Experimental Group) and Control group. Traces in the middle panel represent the grand average of the
difference between target and non-target electroencephalography (EEG) amplitude as a function of time (interval between 0 = stimulus onset and 1000 ms) recorded
for ALS (n = 13 patients; solid line) and Control group (n = 13 subjects; dotted line) during the brain-computer interface (BCI) session, over different electrode
positions (left labels). The maps represent the scalp topographical distribution in Control (left) and ALS (right) group of the P3 and N2 centroid latency (grand average)
over Fz, Cz and Pz and over PO7, PO8 and Oz respectively.

might account for the apparent discrepancy on the ability to
master a P3-based BCI by ALS patients. First, the pattern
of visual stimulation (checkerboard in McCane et al., 2015)
that is well known to remarkably influence the P3-based BCI
control performance (Townsend et al., 2010) and related ERPs
characteristics (Kaufmann et al., 2011). Second, the ALS clinical
severity that was higher in ALS population of McCane (ALSFRS-
R scores = 9.4 ± 9.5 SD) with respect to our population
(ALSFRS-R scores = 31.2 ± 10.4). In this regard, we found a
remarkable (but not significant) correlation between the ITR and
the ALSFRS-R scores that suggests a direct relation between the
degree of clinical disability and the ability to use a P3-based
BCI. Finally, in McCane et al. (2015) study, the ALS and healthy
participants were not matched for years of formal education and
this is a variable also accounting for the level of cognitive task
performance (Ardila et al., 2000).

In addition to this, the overall methods (and metrics)
to estimate the P3-based BCI performance are not directly
comparable between the two studies. We ‘‘only’’ found the
(offline) ITR as a distinctivemetric of the ability to use a P3-based
BCI in ALS with respect to Control group.

In the P3-speller task, the act of focusing attention on the
target letter modulates the visual processing of the stimulus. Our
ERP findings indicate that the P3 mean latency was significantly
higher in ALS with respect to control group while no difference
was found in the N2 parameters between the two groups.
The finding of a delayed P3 associated with a ‘‘normal’’ N2
(i.e., physiological stimulus categorization process) in ALS can
be interpreted as a delay occurring in the post-perceptual stage
of the stimulus attentional processing (Duncan-Johnson and
Kopell, 1981) that is, the variation in the attention modulation
during the stimulus visual processing observed in ALS would
occur when stimulus perception is complete, the target is
categorized and its storing in WM has taken place. We found no
significant between-group differences in P3mean amplitude; this
latter parameter can be considered as a measure of the attention
allocation resources (Donchin, 1981). This finding allows us to
speculate that in ALS patients the overall alteration of attention
modulation during a P3-speller task is only related to the time of
processing but not to the resource allocation.

The P3 wave component showed a frontal topography in the
ALS group as compared to the parietal distribution observed in
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the Control group (Figure 3). This finding is in line with previous
findings reported by McCane et al. (2015). We interpret this
difference in P3 topography as possibly related to the P3a and P3b
components that have different generators and thus, different
topography (Courchesne et al., 1975): the frontal P3 component
observed in the ALS group would represent the P3a whereas the
parietal P3 present in Controls would better represent the P3b
component.

Fabiani and Friedman (1995) suggested that during the
process of learning a task, the P3a is elicited by novel stimuli
that do not require a memory template. In contrast, the P3b is
elicited when the stimulus memory template is created. One can
speculate that the frontal P3a topography in ALS might reflect an
increase in the frontal activity related to amore rapid decay of the
memory templates (of the stimuli processed) that would make it
more difficult to create and maintain an adequate template for
the target stimulus (Fabiani and Friedman, 1995; Fabiani et al.,
1998).

We found that the N2-R2 and not the P3-R2 coefficient
significantly predicted the BCI accuracy only in ALS group,
accounting for the 59% of the ITR variance. Based on
the assumption that such coefficients mostly returned the
contribution of N2 and of P3 waves to the BCI classification
performance, these findings indicate that in ALS patients the
N2 elicited during the P3-speller task would have a major role
with respect to P3 in successful target selection.

The presence of a jitter in the P3 latency has been described
in healthy subjects controlling a P3-based BCI system and its
magnitude would be correlated with the online performance
(Thompson et al., 2013; Aricò et al., 2014). Although it remains
to be demonstrated that such P3 wave jitter exists and to what
extent it might influence the P3-speller BCI task performance
in ALS patients, one can speculate that our observed unbalance
in the contribution of N2 and P3 components to successful BCI
performance in favor of N2might reside in the cross-relationship
between the P3 latency jitter and delayed visual processing
phenomena. Hence, further investigations in this regard are of
utmost relevance to address sensible design of future ERP-based
BCIs for ALS user candidates.

According to our previous findings (Riccio et al., 2013), the
temporal aspect of the SA investigated by means of a RSVP task
and measured as T1% (i.e., the ability to maintain the attentional
filter active during the selection of a target within a range of
time) was found to be related to both the BCI performance and
P3 amplitude in ALS patients.

In the present study, we confirmed that the temporal filter in
attention processing of visual stimuli in ALS patients was altered,
by directly compare the T1% and T2% values obtained from ALS
and Control group. Specifically, we found that the capability to
detect T1 (but not T2) was lower in the ALS group.

As such, this finding is consistent with that of a delay in
the P3 latency which reflects a deficit in the temporal aspect
(i.e., post-perceptual stage of the stimulus attentional processing)
of the context update. Taken altogether, these findings clearly
indicate the existence of an alteration in the temporal aspects of
the visual stimulus processing as presented in a ‘‘conventional’’
P3-speller matrix in ALS population and that this time-related

alteration in the capacity to temporally process visual stimuli
does influence the rate of success in BCI control.

Our findingsmight lay the groundwork for future clarification
of some of the relevant issues in the actual deployment of
ERPs-based BCI for communication to ALS users, such as the
impact of end-users’ cognitive profile in designing user-centered
(Liberati et al., 2015; Nijboer, 2015) and reliable BCI systems
(Kübler et al., 2013).

Study Limitation
Some limitations pertaining different aspects of this study
deserve to be mentioned. First, our ALS population does
not include ALS patients in a complete locked-in state
(LIS). Although this restriction in the inclusion criterion was
mandatory to allow the cognitive screening, it prevents any
generalization of our findings to those patients with no means
of communication (i.e., complete LIS). In this framework, our
study suggests a possible role of the cognitive assessment to
be performed in ALS patients before they would be in a LIS
condition, including the specific cognitive abilities identified here
as critical for P3-based BCI usage.

Second, our findings relative to BCI factors influencing BCI
performance allow us to make inferences only regarding the
control of a P3-speller in a group of ALS patients and cannot
be generalized to the control of other BCIs. It is conceivable
that when exploiting different features to control other BCIs,
temporal aspects of attention would not have a comparable
role. An example of ‘‘alternative’’ features to P3 would be the
N400 wave, involved in the elaboration of meaningful stimuli
such as face recognition (Kaufmann et al., 2013b). In addition,
several single-case studies have shown significant differences in
classification performance depending on the sensory modality
of the ERP-based BCIs that participants controlled (Kaufmann
et al., 2013a; Schreuder et al., 2013).

Third, attention is a complex domain of the cognitive
functions (Posner, 1975) and its substrates can be measured in
different ways; this prevents from a direct comparison of results
obtained within different contexts and with different behavioral
and neurophysiological approaches. For instance, attention
substrates measured with different tests (i.e., Cognitrone,
Schuhfried, 2007) were not found to be precursors of
performance in controlling sensorimotor–based BCIs, differently
from visuo-motor coordination (Hammer et al., 2012, 2014).

CONCLUSION

This study involved a group of participants with ALS and a
group of healthy participants matched for age and years of
formal education. Our results showed that both the capacity to
accomplish the P3-speller task and the timing of the allocation
of attentional resources in the post-perceptual stage of stimulus
processing were altered in ALS patients. Furthermore, we
confirmed that the capacity to temporally filter a target stimulus
within a stream of stimuli was related to a lower capacity for ALS
to control a P3-speller.

Developing AT devices that restore communication in people
with severe motor disabilities is a central issue of BCI research
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(Millán et al., 2010). Current BCI systems do not address
the heterogeneity of the end-users often due to the lack of
customizability and adaptability to their cognitive capabilities.
This study contributes to the knowledge needed for developing
a new class of BCI specifically designed by taking into account
the influence of the cognitive characteristics of end-users on BCI
usage.

AUTHOR CONTRIBUTIONS

AR was responsible for experimental design, data collection,
analysis of data and manuscript writing. FS was responsible for

data acquisition and analysis. LS was responsible for behavioral
assessment (attention tasks). AP and MI were responsible for the
patients’ enrolment. MO-B, DM and FC supervised the overall
experimental design implementation, data interpretation and
manuscript editing.

FUNDING

Research partially supported by Sapienza University of
Rome—Progetti di Ateneo 2015 (C26A15N8LZ), Progetti
di Ateneo 2016 (PI1161550696379A) and Progetti di Ateneo
2017 (RM11715C82606455).

REFERENCES

Aloise, F., Aricò, P., Schettini, F., Riccio, A., Salinari, S., Mattia, D., et al. (2012).
A covert attention P300-based brain-computer interface: Geospell. Ergonomics
55, 538–551. doi: 10.1080/00140139.2012.661084

Ardila, A., Ostrosky-Solis, F., Rosselli, M., and Gómez, C. (2000). Age-related
cognitive decline during normal aging: the complex effect of education. Arch.
Clin. Neuropsychol. 15, 495–513. doi: 10.1016/s0887-6177(99)00040-2

Aricò, P., Aloise, F., Schettini, F., Salinari, S., Mattia, D., and Cincotti, F.
(2014). Influence of P300 latency jitter on event related potential-based brain-
computer interface performance. J. Neural Eng. 11:035008. doi: 10.1088/1741-
2560/11/3/035008

Berg, E. A. (1948). A simple objective technique for measuring flexibility in
thinking. J. Gen. Psychol. 39, 15–22. doi: 10.1080/00221309.1948.9918159

Cedarbaum, J. M., Stambler, N., Malta, E., Fuller, C., Hilt, D., Thurmond, B.,
et al. (1999). The ALSFRS-R: a revised ALS functional rating scale that
incorporates assessments of respiratory function. J. Neurol. Sci. 169, 13–21.
doi: 10.1016/S0022-510X(99)00210-5

Christidi, F., Zalonis, I., Smyrnis, N., and Evdokimidis, I. (2012). Selective
attention and the three-process memory model for the interpretation of
verbal free recall in amyotrophic lateral sclerosis. J. Int. Neuropsychol. Soc. 18,
809–818. doi: 10.1017/s1355617712000562

Clayson, P. E., Baldwin, S. A., and Larson, M. J. (2013). How does noise affect
amplitude and latency measurement of event-related potentials (ERPs)? A
methodological critique and simulation study. Psychophysiology 50, 174–186.
doi: 10.1111/psyp.12001

Courchesne, E., Hillyard, S. A., and Galambos, R. (1975). Stimulus novelty, task
relevance and the visual evoked potential in man. Electroencephalogr. Clin.
Neurophysiol. 39, 131–143. doi: 10.1016/0013-4694(75)90003-6

Donchin, E. (1981). Presidential address, 1980. Surprise!. . .Surprise?
Psychophysiology 18, 493–513. doi: 10.1111/j.1469-8986.1981.tb01815.x

Duncan-Johnson, C. C., and Kopell, B. S. (1981). The stroop effect: brain potentials
localize the source of interference. Science 214, 938–940. doi: 10.1126/science.
7302571

Fabiani, M., and Friedman, D. (1995). Changes in brain activity patterns in aging:
the novelty oddball. Psychophysiology 32, 579–594. doi: 10.1111/j.1469-8986.
1995.tb01234.x

Fabiani, M., Friedman, D., and Cheng, J. C. (1998). Individual differences
in P3 scalp distribution in older adults, and their relationship to frontal
lobe function. Psychophysiology 35, 698–708. doi: 10.1111/1469-8986.
3560698

Farwell, L. A., and Donchin, E. (1988). Talking off the top of your head: toward
a mental prosthesis utilizing event-related brain potentials. Electroencephalogr.
Clin. Neurophysiol. 70, 510–523. doi: 10.1016/0013-4694(88)90149-6

Georgiou-Karistianis, N., Tang, J., Vardy, Y., Sheppard, D., Evans, N., Wilson, M.,
et al. (2007). Progressive age-related changes in the attentional blink
paradigm. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 14, 213–226.
doi: 10.1080/13825580500320681

Hammer, E. M., Halder, S., Blankertz, B., Sannelli, C., Dickhaus, T., Kleih, S., et al.
(2012). Psychological predictors of SMR-BCI performance. Biol. Psychol. 89,
80–86. doi: 10.1016/j.biopsycho.2011.09.006

Hammer, E. M., Kaufmann, T., Kleih, S. C., Blankertz, B., and Kübler, A. (2014).
Visuo-motor coordination ability predicts performance with brain-computer
interfaces controlled by modulation of sensorimotor rhythms (SMR). Front.
Hum. Neurosci. 8:574. doi: 10.3389/fnhum.2014.00574

Kaufmann, T., Holz, E. M., and Kübler, A. (2013a). Comparison of tactile,
auditory, and visual modality for brain-computer interface use: a case study
with a patient in the locked-in state. Front. Neurosci. 7:129. doi: 10.3389/fnins.
2013.00129

Kaufmann, T., Schulz, S. M., Köblitz, A., Renner, G., Wessig, C., and Kübler, A.
(2013b). Face stimuli effectively prevent brain-computer interface inefficiency
in patients with neurodegenerative disease. Clin. Neurophysiol. 124, 893–900.
doi: 10.1016/j.clinph.2012.11.006

Kaufmann, T., Schulz, S. M., Grünzinger, C., and Kübler, A. (2011). Flashing
characters with famous faces improves ERP-based brain-computer interface
performance. J. Neural Eng. 8:056016. doi: 10.1088/1741-2560/8/5/056016

Kleih, S., Kaufmann, T., Zickler, C., Halder, S., Leotta, F., Cincotti, F., et al.
(2011). Out of the frying pan into the fire—the P300 based BCI faces real
world challenges. Prog. Brain Res. 194, 27–46. doi: 10.1016/b978-0-444-53815-
4.00019-4

Kranczioch, C., Debener, S., Maye, A., and Engel, A. K. (2007). Temporal dynamics
of access to consciousness in the attentional blink. Neuroimage 37, 947–955.
doi: 10.1016/j.neuroimage.2007.05.044

Kranczioch, C., Debener, S., Schwarzbach, J., Goebel, R., and Engel, A. K. (2005).
Neural correlates of conscious perception in the attentional blink. Neuroimage
24, 704–714. doi: 10.1016/j.neuroimage.2004.09.024

Krusienski, D. J., Sellers, E. W., Cabestaing, F., Bayoudh, S., McFarland, D. J.,
Vaughan, T. M., et al. (2006). A comparison of classification techniques for
the P300 Speller. J. Neural Eng. 3, 299–305. doi: 10.1088/1741-2560/3/4/007

Kübler, A., Holz, E. M., Riccio, A., Zickler, C., Kaufmann, T., Kleih, S. C.,
et al. (2014). The user-centered design as novel perspective for evaluating
the usability of BCI-controlled applications. PLoS One 9:e112392.
doi: 10.1371/journal.pone.0112392

Kübler, A., Mattia, D., Rupp, R., and Tangermann,M. (2013). Facing the challenge:
bringing brain-computer interfaces to end-users. Artif. Intell. Med. 59, 55–60.
doi: 10.1016/j.artmed.2013.08.002

Liberati, G., Pizzimenti, A., Simione, L., Riccio, A., Schettini, F., Inghilleri, M.,
et al. (2015). Developing brain-computer interfaces from a user-centered
perspective: assessing the needs of persons with amyotrophic lateral sclerosis,
caregivers, and professionals. Appl. Ergon. 50, 139–146. doi: 10.1016/j.apergo.
2015.03.012

Lomen-Hoerth, C., Murphy, J., Langmore, S., Kramer, J. H., Olney, R. K., and
Miller, B. (2003). Are amyotrophic lateral sclerosis patients cognitively normal?
Neurology 60, 1094–1097. doi: 10.1212/01.WNL.0000055861.95202.8D

Luck, S. (2005). An introduction to the event-related potential technique
(Cognitive Neuroscience). A Bradford Book Available online at:
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09–20andpath=ASI
N/0262621967 [Accessed November 4, 2015].

Mainsah, B., Collins, L., Colwell, K., Sellers, E., Ryan, D., Caves, K., et al. (2015).
‘‘ALS population assessment of a dynamic stopping algorithm implementation
for P300 spellers,’’ in Brain-Computer Interface Research, eds C. Guger,
G. Müller-Putz and B. Allison (Cham: Springer International Publishing),

Frontiers in Human Neuroscience | www.frontiersin.org 9 May 2018 | Volume 12 | Article 165

https://doi.org/10.1080/00140139.2012.661084
https://doi.org/10.1016/s0887-6177(99)00040-2
https://doi.org/10.1088/1741-2560/11/3/035008
https://doi.org/10.1088/1741-2560/11/3/035008
https://doi.org/10.1080/00221309.1948.9918159
https://doi.org/10.1016/S0022-510X(99)00210-5
https://doi.org/10.1017/s1355617712000562
https://doi.org/10.1111/psyp.12001
https://doi.org/10.1016/0013-4694(75)90003-6
https://doi.org/10.1111/j.1469-8986.1981.tb01815.x
https://doi.org/10.1126/science.7302571
https://doi.org/10.1126/science.7302571
https://doi.org/10.1111/j.1469-8986.1995.tb01234.x
https://doi.org/10.1111/j.1469-8986.1995.tb01234.x
https://doi.org/10.1111/1469-8986.3560698
https://doi.org/10.1111/1469-8986.3560698
https://doi.org/10.1016/0013-4694(88)90149-6
https://doi.org/10.1080/13825580500320681
https://doi.org/10.1016/j.biopsycho.2011.09.006
https://doi.org/10.3389/fnhum.2014.00574
https://doi.org/10.3389/fnins.2013.00129
https://doi.org/10.3389/fnins.2013.00129
https://doi.org/10.1016/j.clinph.2012.11.006
https://doi.org/10.1088/1741-2560/8/5/056016
https://doi.org/10.1016/b978-0-444-53815-4.00019-4
https://doi.org/10.1016/b978-0-444-53815-4.00019-4
https://doi.org/10.1016/j.neuroimage.2007.05.044
https://doi.org/10.1016/j.neuroimage.2004.09.024
https://doi.org/10.1088/1741-2560/3/4/007
https://doi.org/10.1371/journal.pone.0112392
https://doi.org/10.1016/j.artmed.2013.08.002
https://doi.org/10.1016/j.apergo.2015.03.012
https://doi.org/10.1016/j.apergo.2015.03.012
https://doi.org/10.1212/01.WNL.0000055861.95202.8D
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09{\LY1\textendash }20andpath=ASIN/0262621967
http://www.amazon.ca/exec/obidos/redirect?tag=citeulike09{\LY1\textendash }20andpath=ASIN/0262621967
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Riccio et al. Attention and BCI in ALS

79–87. Available online at: http://link.springer.com/10.1007/978-3-319-25190-
5_8 [Accessed December 22, 2015].

Marchetti, M., and Priftis, K. (2015). Brain-computer interfaces in amyotrophic
lateral sclerosis: a metanalysis. Clin. Neurophysiol. 126, 1255–1263.
doi: 10.1016/j.clinph.2014.09.017

Marchetti, M., Piccione, F., Silvoni, S., Gamberini, L., and Priftis, K. (2013).
Covert visuospatial attention orienting in a brain-computer interface for
amyotrophic lateral sclerosis patients.Neurorehabil. Neural Repair 27, 430–438.
doi: 10.1177/1545968312471903

McCane, L. M., Heckman, S. M., McFarland, D. J., Townsend, G., Mak, J. N.,
Sellers, E. W., et al. (2015). P300-based brain-computer interface (BCI) event-
related potentials (ERPs): people with amyotrophic lateral sclerosis (ALS)
vs. age-matched controls. Clin. Neurophysiol. 126, 2124–2131. doi: 10.1016/j.
clinph.2015.01.013

McCane, L. M., Sellers, E. W., McFarland, D. J., Mak, J. N., Carmack, C. S.,
Zeitlin, D., et al. (2014). Brain-computer interface (BCI) evaluation in people
with amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Frontotemporal
Degener. 15, 207–215. doi: 10.3109/21678421.2013.865750

Millán, J. D. R., Rupp, R., Müller-Putz, G. R., Murray-Smith, R., Giugliemma, C.,
Tangermann, M., et al. (2010). Combining brain-computer interfaces and
assistive technologies: state-of-the-art and challenges. Front. Neurosci. 4:161.
doi: 10.3389/fnins.2010.00161

Nijboer, F. (2015). Technology transfer of brain-computer interfaces as assistive
technology: barriers and opportunities. Ann. Phys. Rehabil. Med. 58, 35–38.
doi: 10.1016/j.rehab.2014.11.001

Nijboer, F., Birbaumer, N., and Kübler, A. (2010). The influence of psychological
state and motivation on brain-computer interface performance in patients
with amyotrophic lateral sclerosis—a longitudinal study. Front. Neurosci. 4:55.
doi: 10.3389/fnins.2010.00055

Nijboer, F., Sellers, E. W., Mellinger, J., Jordan, M. A., Matuz, T., Furdea, A., et al.
(2008). A P300-based brain-computer interface for people with amyotrophic
lateral sclerosis. Clin. Neurophysiol. 119, 1909–1916. doi: 10.1016/j.clinph.2008.
03.034

Piccione, F., Giorgi, F., Tonin, P., Priftis, K., Giove, S., Silvoni, S., et al. (2006).
P300-based brain computer interface: reliability and performance in healthy
and paralysed participants. Clin. Neurophysiol. 117, 531–537. doi: 10.1016/j.
clinph.2005.07.024

Posner, M. I. (1975). ‘‘Psychobiology of attention,’’ in Handbook of Psychobiology,
eds M. S. Gazzaniga and C. Blakemore (New York, NY: Academic Press),
441–480.

Radakovic, R., Stephenson, L., Newton, J., Crockford, C., Swingler, R.,
Chandran, S., et al. (2017). Multidimensional apathy and executive dysfunction
in amyotrophic lateral sclerosis. Cortex 94, 142–151. doi: 10.1016/j.cortex.2017.
06.023

Raffone, A., Srinivasan, N., and van Leeuwen, C. (2014). Perceptual awareness and
its neural basis: bridging experimental and theoretical paradigms. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 369:20130203. doi: 10.1098/rstb.2013.0203

Railo, H., Koivisto, M., and Revonsuo, A. (2011). Tracking the processes
behind conscious perception: a review of event-related potential correlates
of visual consciousness. Conscious. Cogn. 20, 972–983. doi: 10.1016/j.concog.
2011.03.019

Riccio, A., Holz, E. M., Aricò, P., Leotta, F., Aloise, F., Desideri, L., et al. (2015).
Hybrid P300-based brain-computer interface to improve usability for people
with severe motor disability: electromyographic signals for error correction
during a spelling task. Arch. Phys. Med. Rehabil. 96, S54–S61. doi: 10.1016/j.
apmr.2014.05.029

Riccio, A., Pichiorri, F., Schettini, F., Toppi, J., Risetti, M., Formisano, R.,
et al. (2016). Interfacing brain with computer to improve communication
and rehabilitation after brain damage. Prog. Brain Res. 228, 357–387.
doi: 10.1016/bs.pbr.2016.04.018

Riccio, A., Simione, L., Schettini, F., Pizzimenti, A., Inghilleri, M.,
Belardinelli, M. O., et al. (2013). Attention and P300-based BCI performance
in people with amyotrophic lateral sclerosis. Front. Hum. Neurosci. 7:732.
doi: 10.3389/fnhum.2013.00732

Ringholz, G. M., Appel, S. H., Bradshaw, M., Cooke, N. A., Mosnik, D. M.,
and Schulz, P. E. (2005). Prevalence and patterns of cognitive impairment
in sporadic ALS. Neurology 65, 586–590. doi: 10.1212/01.wnl.0000172911.
39167.b6

Schalk, G., McFarland, D. J., Hinterberger, T., Birbaumer, N., and Wolpaw, J. R.
(2004). BCI2000: a general-purpose brain-computer interface (BCI)
system. IEEE Trans. Biomed. Eng. 51, 1034–1043. doi: 10.1109/tbme.2004.
827072

Schettini, F., Riccio, A., Simione, L., Liberati, G., Caruso, M., Frasca, V., et al.
(2015). Assistive device with conventional, alternative, and brain-computer
interface inputs to enhance interaction with the environment for people with
amyotrophic lateral sclerosis: a feasibility and usability study. Arch. Phys. Med.
Rehabil. 96, S46–S53. doi: 10.1016/j.apmr.2014.05.027

Schreuder, M., Riccio, A., Risetti, M., Dähne, S., Ramsay, A., Williamson, J., et al.
(2013). User-centered design in brain-computer interfaces-a case study. Artif.
Intell. Med. 59, 71–80. doi: 10.1016/j.artmed.2013.07.005

Schuhfried, G. (2007). Cognitrone—COG. Mödling: Schuhfried.
Sellers, E. W., and Donchin, E. (2006). A P300-based brain-computer interface:

initial tests by ALS patients. Clin. Neurophysiol. 117, 538–548. doi: 10.1016/j.
clinph.2005.06.027

Silvoni, S., Cavinato, M., Volpato, C., Ruf, C. A., Birbaumer, N., and Piccione, F.
(2013). Amyotrophic lateral sclerosis progression and stability of brain-
computer interface communication. Amyotroph. Lateral Scler. Front. Degener.
14, 390–396. doi: 10.3109/21678421.2013.770029

Strutt, A.M., Palcic, J., Wager, J. G., Titus, C., Macadam, C., Brown, J., et al. (2012).
Cognition, behavior, and respiratory function in amyotrophic lateral sclerosis.
ISRN Neurol. 2012:912123. doi: 10.5402/2012/912123

Thompson, D. E., Gruis, K. L., and Huggins, J. E. (2014). A plug-and-play
brain-computer interface to operate commercial assistive technology. Disabil.
Rehabil. Assist. Technol. 9, 144–150. doi: 10.3109/17483107.2013.785036

Thompson, D. E., Warschausky, S., and Huggins, J. E. (2013). Classifier-based
latency estimation: a novel way to estimate and predict BCI accuracy. J. Neural
Eng. 10:016006. doi: 10.1088/1741-2560/10/1/016006

Townsend, G., LaPallo, B. K., Boulay, C. B., Krusienski, D. J., Frye, G. E.,
Hauser, C. K., et al. (2010). A novel P300-based brain-computer interface
stimulus presentation paradigm: moving beyond rows and columns. Clin.
Neurophysiol. 121, 1109–1120. doi: 10.1016/j.clinph.2010.01.030

Treder, M. S., and Blankertz, B. (2010). (C)overt attention and visual speller
design in an ERP-based brain-computer interface. Behav. Brain Funct. 6:28.
doi: 10.1186/1744-9081-6-28

Volpato, C., Prats Sedano, M. A., Silvoni, S., Segato, N., Cavinato, M.,
Merico, A., et al. (2016). Selective attention impairment in amyotrophic lateral
sclerosis. Amyotroph. Lateral Scler. Frontotemporal Degener. 17, 236–244.
doi: 10.3109/21678421.2016.1143514

Wolpaw, J. R., Birbaumer, N., McFarland, D. J., Pfurtscheller, G., and
Vaughan, T. M. (2002). Brain-computer interfaces for communication and
control.Clin. Neurophysiol. 113, 767–791. doi: 10.1016/S1388-2457(02)00057-3

Zickler, C., Riccio, A., Leotta, F., Hillian-Tress, S., Halder, S., Holz, E., et al. (2011).
A brain-computer interface as input channel for a standard assistive technology
software. Clin. EEG Neurosci. 42, 236–244. doi: 10.1177/155005941104200409

Zimmermann, P., and Fimm, B. (1995). Test for Attentional Performance (TAP).
Herzogenrath: PsyTest. pp. 76–77.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Riccio, Schettini, Simione, Pizzimenti, Inghilleri, Olivetti-
Belardinelli, Mattia and Cincotti. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 10 May 2018 | Volume 12 | Article 165

http://link.springer.com/10.1007/978-3-319-25190-5_8
http://link.springer.com/10.1007/978-3-319-25190-5_8
https://doi.org/10.1016/j.clinph.2014.09.017
https://doi.org/10.1177/1545968312471903
https://doi.org/10.1016/j.clinph.2015.01.013
https://doi.org/10.1016/j.clinph.2015.01.013
https://doi.org/10.3109/21678421.2013.865750
https://doi.org/10.3389/fnins.2010.00161
https://doi.org/10.1016/j.rehab.2014.11.001
https://doi.org/10.3389/fnins.2010.00055
https://doi.org/10.1016/j.clinph.2008.03.034
https://doi.org/10.1016/j.clinph.2008.03.034
https://doi.org/10.1016/j.clinph.2005.07.024
https://doi.org/10.1016/j.clinph.2005.07.024
https://doi.org/10.1016/j.cortex.2017.06.023
https://doi.org/10.1016/j.cortex.2017.06.023
https://doi.org/10.1098/rstb.2013.0203
https://doi.org/10.1016/j.concog.2011.03.019
https://doi.org/10.1016/j.concog.2011.03.019
https://doi.org/10.1016/j.apmr.2014.05.029
https://doi.org/10.1016/j.apmr.2014.05.029
https://doi.org/10.1016/bs.pbr.2016.04.018
https://doi.org/10.3389/fnhum.2013.00732
https://doi.org/10.1212/01.wnl.0000172911.39167.b6
https://doi.org/10.1212/01.wnl.0000172911.39167.b6
https://doi.org/10.1109/tbme.2004.827072
https://doi.org/10.1109/tbme.2004.827072
https://doi.org/10.1016/j.apmr.2014.05.027
https://doi.org/10.1016/j.artmed.2013.07.005
https://doi.org/10.1016/j.clinph.2005.06.027
https://doi.org/10.1016/j.clinph.2005.06.027
https://doi.org/10.3109/21678421.2013.770029
https://doi.org/10.5402/2012/912123
https://doi.org/10.3109/17483107.2013.785036
https://doi.org/10.1088/1741-2560/10/1/016006
https://doi.org/10.1016/j.clinph.2010.01.030
https://doi.org/10.1186/1744-9081-6-28
https://doi.org/10.3109/21678421.2016.1143514
https://doi.org/10.1016/S1388-2457(02)00057-3
https://doi.org/10.1177/155005941104200409
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	On the Relationship Between Attention Processing and P300-Based Brain Computer Interface Control in Amyotrophic Lateral Sclerosis
	INTRODUCTION
	MATERIALS AND METHODS
	Participants and Baseline Assessment
	Experimental Session
	BCI Session
	Psychological Session

	DATA ANALYSIS
	BCI Performance Analysis
	ERPs Analysis
	Psychological Paradigm Data Analysis
	Statistical Analysis

	RESULTS
	Discussion
	Study Limitation

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


