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The ability to communicate by speech, text or gestures is essential to human interaction. This ability is impaired in many people
who are affected by debilitating neuromuscular disorders such as
amyotrophic lateral sclerosis (ALS), brainstem stroke, or spinal
cord injury. Conventional assistive devices (e.g., letter boards,
cheek or tongue switches, or eye trackers) that aim to restore communication functions all require muscular control, which is often
lost in the progress of neuromuscular disorders.
A brain-computer interface (BCI) uses brain signals, rather than
muscular control, to establish communication with the outside
world. Thus, BCI systems may be useful for restoring communication functions to people with or without disabilities. Many BCI systems described in the literature are based on event-related
potentials (ERPs). In an ERP-based BCI system, the user communicates his intention by selectively attending to a desired external
stimulus. ERPs are different for desired and undesired stimuli.
The BCI system uses this difference to determine the desired stimulus from the brain signals. One well-known implementation of an
ERP-based BCI is the so-called ‘‘P300 matrix speller’’ that was ﬁrst
described by (Farwell and Donchin, 1988). In this system, the user
pays attention to a character in a matrix while each row and column is intensiﬁed rapidly and randomly. The brain produces ERPs
to the row or column containing the intended character; ERPs are
smaller for the other rows or columns. The BCI typically averages
several ERPs, detects the row and column with the strongest ERP,
and thereby identiﬁes the character the user wants to select.
The ERPs in question are composed of an endogenous component (modulated by covert attention), as well as an exogenous visual-evoked potential (VEP) component. The communication
performance of the matrix-speller depends on the extent to which
these two ERP components are modulated by attention to the target stimulus. As a result, most of the work on ERP-based BCI systems has focused on optimizing the stimulation parameters to
maximize the ERP response to the target stimulus. These parameters included matrix size (Allison and Pineda, 2003), stimulation
frequency (Sellers et al., 2006), and stimulation intensity (Takano
et al., 2009).
By combining optimized stimulation parameters and improved
classiﬁcation algorithms (Krusienski et al., 2006), a recent study
(Guger et al., 2009) showed that 80% of the healthy population
can make effective use of the matrix speller BCI. The wide applicability of this approach in people without disabilities has been further demonstrated in several application contexts, such as web
browser navigation (Mugler et al., 2008), environmental control
(Edlinger et al., 2009), wheelchair navigation (Rebsamen et al.,

2007), and mouse movement (Citi et al., 2008). In addition to work
in healthy individuals, several studies have also evaluated the utility of the matrix speller for restoring communication function in
severely disabled individuals (Hoffmann et al., 2008; Kübler and
Birbaumer, 2008; Nijboer et al., 2008; Piccione et al., 2006; Sellers
et al., 2006; Sellers et al., 2010; Silvoni et al., 2009; Vaughan et al.,
2006; see Donchin and Arbel, 2009 or Mak and Wolpaw, 2009 for
comprehensive reviews). These studies clearly established that the
matrix speller can in fact be operated by people with disabilities. At
the same time, the communication performance reported in these
studies with disabled individuals typically remains below what is
reported in similar studies with healthy individuals.
The apparent decrease in spelling performance in patients compared to healthy individuals may be related in part to cognitive
impairment (Phukan et al., 2007) or to the inability to maintain
gaze. Eye gaze is often impaired or lost in subjects affected by
ALS: although some people with ALS maintain residual eye movement for years (Cohen and Caroscio, 1983; Palmowski et al., 1995;
Birbaumer and Cohen, 2007), others progress to near-complete or
complete paralysis. This is problematic, because recent studies
(Brunner et al., 2010; Treder and Blankertz, 2010) showed that
the traditional design of the matrix speller not only relies on the
P300 evoked potential, which does not depend on eye gaze, but
also on other ERP components such as visual evoked potentials,
which strongly depend on foveation and thus the ability to control
eye gaze direction. This dependence of the matrix speller BCI limits
the practical value of this BCI approach for individuals that will
lose the ability to maintain gaze in the progress of their disease.
Recent studies have pursued two avenues to remove or mitigate
this limitation. The ﬁrst avenue has been to replace visual stimulation with stimulation of other sensory modalities such as the auditory (Klobassa et al., 2009; Kübler et al., 2009; Schreuder et al.,
2010; Hill and Schölkopf, 2012; Hill et al., 2012) or tactile senses
(Brouwer and van Erp, 2010; van der Waal et al., 2012). While
auditory and tactile BCIs do not depend on eye gaze, they have
three major shortcomings: (i) useful communication performance
(i.e., >70% accuracy as suggested by Kübler et al., 2001) is limited
to a small set of symbols (e.g., Guo et al., 2010, 4.2 selections per
minute, 86% accuracy, 8 symbols); (ii) selections are performed
indirectly by mapping non-visual stimuli such as tones to symbols
(e.g., alphabetic characters, see Riccio et al., 2012 for review); and
(iii) attention to non-visual sensory stimulation (e.g., in an auditory
ERP speller) requires higher workload than attention to visual
stimulation (Käthner et al., 2013). Because of these three shortcomings, auditory and tactile BCIs are rarely adopted by patients
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that have not yet fully progressed to a stage where they lost their
ability to control eye gaze.
The second avenue for mitigating the limitations of the traditional matrix speller has been to optimize the visual interface of
the matrix speller by presenting the visual stimuli near the center
of foveation. This not only overcomes the dependence on eye
gaze, but also supports direct selection from a full set of alphabetic symbols. Using this approach, recent papers report up to
2.4 selections per minute with close to 95% accuracy for a set
of 30 symbols (Acqualagna et al., 2010; Acqualagna and Blankertz,
2011; Liu et al., 2011; Treder and Blankertz, 2010; Treder et al.,
2011). While these results are encouraging, the communication
performance of this new generation of speller designs, which do
not depend on eye gaze, still remains below that of the traditional
matrix-speller BCIs (e.g., 4–6 characters per minute, Nijboer et al.,
2008; Sellers et al., 2010; Townsend et al., 2010; Lu et al., 2013).
It is possible that this drop in performance may be addressed by
broadening the focus of these designs beyond just the P300
component.
Different studies have tested this hypothesis by investigating
stimulus presentation paradigms that also modulate ERPs other
than the P300. These paradigms included moving stimuli that elicit
motion visual evoked potentials (M-VEPs, Guo et al., 2008; Hong
et al., 2009) and face stimuli that elicit ERPs involved in face recognition (i.e., the N170 and N400f ERPs, Kaufmann et al., 2011,Kaufmann et al., 2013; Zhang et al., 2012), and resulted in improved
spelling performance.
The paper by Acqualagna and Blankertz aimed to determine
whether the N200 and P300 components could both be modulated
by covert attention, i.e., without shifting gaze, in a BCI context. Speciﬁcally, they implemented a rapid serial visual presentation
(RSVP) paradigm in which letters were presented one-by-one in
random order at the center of the screen. To improve the modulation of the N200 and P300 components, the authors enhanced the
differences between the shapes of the different letters using different fonts and colors.
This study in twelve healthy subjects reported an average accuracy of 95% (3.3% chance) at a rate of about 1.4 characters per minute, which presents an improvement over previous RSVP BCI
designs with the same stimulus timing. This improved performance is presumably achieved in part because this design modulates both the N200 and the P300 components, and thus provides
additional information that is useful for the identiﬁcation of the attended stimulus.
In summary, the experimental paradigm described in Acqualagna and Blankertz, (2013) modulates the N200 and P300 components without requiring the subject to shift gaze. Similar
approaches may eventually lead to ERP-based spellers that modulate a range of ERPs (e.g., N170, N200, N400f and P300) by covert
attention, without the need to shift gaze. In conclusion, with additional validation in people affected by debilitating neuromuscular
disorders and limited gaze, this approach may provide the basis
for an effective and practical brain-based spelling solution for this
population. Thus, the results presented in this study further
encourage the exploration of the value of this and similar BCI approaches for restoration of communication function in people with
severe neuromuscular disorders.
References
Acqualagna L, Blankertz B. A gaze independent spelling based on rapid serial visual
presentation. Conf Proc IEEE Eng Med Biol Soc 2011;2011:4560–3.
Acqualagna L, Blankertz B. Gaze-independent BCI-spelling using rapid serial visual
presentation (RSVP). Clin Neurophysiol 2013;124:901–8.
Acqualagna L, Treder MS, Schreuder M, Blankertz B. A novel brain-computer
interface based on the rapid serial visual presentation paradigm. Conf Proc IEEE
Eng Med Biol Soc 2010;2010:2686–9.

Allison BZ, Pineda JA. ERPs evoked by different matrix sizes: implications for a brain
computer interface (BCI) system. IEEE Trans Neural Syst Rehabil Eng
2003;11:110–3.
Birbaumer N, Cohen LG. Brain-computer interfaces: communication and restoration
of movement in paralysis. J Physiol 2007;579:621–36.
Brouwer AM, van Erp JB. A tactile P300 brain-computer interface. Front Neurosci
2010;4:19.
Brunner P, Joshi S, Briskin S, Wolpaw JR, Bischof H, Schalk G. Does the ‘P300’ speller
depend on eye gaze? J Neural Eng 2010;7:056013.
Citi L, Poli R, Cinel C, Sepulveda F. P300-based BCI mouse with geneticallyoptimized analogue control. IEEE Trans Neural Syst Rehabil Eng 2008;16:51–61.
Cohen B, Caroscio J. Eye movements in amyotrophic lateral sclerosis. J Neural
Transm Suppl 1983;19:305–15.
Donchin E, Arbel Y. P300 based brain computer interfaces: a progress report. In: FAC
’09: proceedings of the ﬁfth international conference on foundations of
augmented cognition. Neuroergonomics and operational neuroscience. Berlin,
Heidelberg: Springer-Verlag; 2009. p. 724–31.
Edlinger G, Holzner C, Groenegress C, Guger C, Slater M. Goal-oriented control with
brain-computer interface. In: FAC ’09: proceedings of the ﬁfth international
conference on foundations of augmented cognition. Neuroergonomics and
operational neuroscience. Berlin, Heidelberg: Springer-Verlag; 2009. p. 732–40.
Farwell LA, Donchin E. Talking off the top of your head: toward a mental prosthesis
utilizing event-related brain potentials. Electroencephalogr Clin Neurophysiol
1988;70:510–23.
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)?
Neurosci Lett 2009;462:94–8.
Guo F, Hong B, Gao X, Gao S. A brain-computer interface using motion-onset visual
evoked potential. J Neural Eng 2008;5:477–85.
Guo J, Gao S, Hong B. An auditory brain-computer interface using active mental
response. IEEE Trans Neural Syst Rehabil Eng 2010;18:230–5.
Hill NJ, Moinuddin A, Häuser AK, Kienzle S, Schalk G. Communication and control by
listening: toward optimal design of a two-class auditory streaming braincomputer interface. Front Neurosci 2012;6:181.
Hill NJ, Schölkopf B. An online brain-computer interface based on shifting attention
to concurrent streams of auditory stimuli. J Neural Eng 2012;9:026011.
Hoffmann U, Vesin JM, Ebrahimi T, Diserens K. An efﬁcient P300-based braincomputer interface for disabled subjects. J Neurosci Methods 2008;167:115–25.
Hong B, Guo F, Liu T, Gao X, Gao S. N200-speller using motion-onset visual response.
Clin Neurophysiol 2009;120:1658–66.
Käthner I, Ruf CA, Pasqualotto E, Braun C, Birbaumer N, Halder S. A portable auditory
P300 brain-computer interface with directional cues. Clin Neurophysiol
2013;124:327–38.
Kaufmann T, Schulz SM, Grünzinger C, Kübler A. Flashing characters with famous
faces improves ERP-based brain-computer interface performance. J Neural Eng
2011;8:056016.
Kaufmann T, Schulz SM, Köblitz A, Renner G, Wessig C, Kübler A. Face stimuli
effectively prevent brain-computer interface inefﬁciency in patients with
neurodegenerative disease. Clin Neurophysiol 2013;124:893–900.
Klobassa DS, Vaughan TM, Brunner P, Schwartz NE, Wolpaw JR, Neuper C, et al.
Toward a high-throughput auditory P300-based brain-computer interface. Clin
Neurophysiol 2009;120:1252–61.
Krusienski DJ, Sellers EW, Cabestaing F, Bayoudh S, McFarland DJ, Vaughan TM, et al.
A comparison of classiﬁcation techniques for the P300 speller. J Neural Eng
2006;3:299–305.
Kübler A, Birbaumer N. Brain-computer interfaces and communication in paralysis:
extinction of goal directed thinking in completely paralysed patients? Clin
Neurophysiol 2008;119:2658–66.
Kübler A, Furdea A, Halder S, Hammer EM, Nijboer F, Kotchoubey B. A braincomputer interface controlled auditory event-related potential (P300) spelling
system for locked-in patients. Ann NY Acad Sci 2009;1157:90–100.
Kübler A, Neumann N, Kaiser J, Kotchoubey B, Hinterberger T, Birbaumer NP. Braincomputer communication: self-regulation of slow cortical potentials for verbal
communication. Arch Phys Med Rehabil 2001;82:1533–9.
Liu Y, Zhou Z, Hu D. Gaze independent brain-computer speller with covert visual
search tasks. Clin Neurophysiol 2011;122:1127–36.
Lu J, Speier W, Hu X, Pouratian N. The effects of stimulus timing features on P300
speller performance. Clin Neurophysiol 2013;124:306–14.
Mak JN, Wolpaw JR. Clinical applications of brain-computer interfaces: current state
and future prospects. IEEE Rev Biomed Eng 2009;2:187–99.
Mugler E, Bensch M, Halder S, Rosenstiel W, Bogdan M, Birbaumer N, et al. Control
of an internet browser using the P300 event related potential. Int J
Bioelectromagn 2008;10:56–63.
Nijboer F, Sellers EW, Mellinger J, Jordan MA, Matuz T, Furdea A, et al. A P300-based
brain-computer interface for people with amyotrophic lateral sclerosis. Clin
Neurophysiol 2008;119:1909–16.
Palmowski A, Jost WH, Prudlo J, Osterhage J, Käsmann B, Schimrigk K, et al. Eye
movement in amyotrophic lateral sclerosis: a longitudinal study. Ger J
Ophthalmol 1995;4:355–62.
Phukan J, Pender NP, Hardiman O. Cognitive impairment in amyotrophic lateral
sclerosis. Lancet Neurol 2007;6:994–1003.
Piccione F, Giorgi F, Tonin P, Priftis K, Giove S, Silvoni S, et al. P300-based brain
computer interface: reliability and performance in healthy and paralysed
participants. Clin Neurophysiol 2006;117:531–7.
Rebsamen B, Burdet E, Guan C, Zhang H, Teo CL, Zeng Q, et al. Controlling a
wheelchair indoors using thought. IEEE Intell Syst 2007;22:18–24.

Editorial / Clinical Neurophysiology 124 (2013) 831–833
Riccio A, Mattia D, Simione L, Olivetti M, Cincotti F. Eye-gaze independent EEGbased brain-computer interfaces for communication. J Neural Eng
2012;9:045001.
Schreuder M, Blankertz B, Tangermann M. A new auditory multi-class braincomputer interface paradigm: spatial hearing as an informative cue. PLoS One
2010;5:e9813.
Sellers EW, Krusienski DJ, McFarland DJ, Vaughan TM, Wolpaw JR. A P300 eventrelated potential brain-computer interface (BCI): the effects of matrix size and
inter stimulus interval on performance. Biol Psychol 2006;73:242–52.
Sellers EW, Kübler A, Donchin E. Brain-computer interface research at the
University of South Florida Cognitive Psychophysiology Laboratory: the P300
speller. IEEE Trans Neural Syst Rehabil Eng 2006;14:221–4.
Sellers EW, Vaughan TM, Wolpaw JR. A brain-computer interface for long-term
independent home use. Amyotroph Lateral Scler 2010;11:449–55.
Silvoni S, Volpato C, Cavinato M, Marchetti M, Priftis K, Merico A, et al. P300-based
brain-computer interface communication: evaluation and follow-up in
amyotrophic lateral sclerosis. Front Neurosci 2009;3:60.
Takano K, Komatsu T, Hata N, Nakajima Y, Kansaku K. Visual stimuli for the P300
brain-computer interface: a comparison of white/gray and green/blue ﬂicker
matrices. Clin Neurophysiol 2009;120:1562–6.
Townsend G, LaPallo BK, Boulay CB, Krusienski DJ, Frye GE, Hauser CK, et al. A novel
P300-based brain-computer interface stimulus presentation paradigm: moving
beyond rows and columns. Clin Neurophysiol 2010;121:1109–20.
Treder MS, Blankertz B. (C)overt attention and visual speller design in an ERP-based
brain-computer interface. Behav Brain Funct 2010;6:28.
Treder MS, Schmidt NM, Blankertz B. Gaze-independent brain-computer interfaces
based on covert attention and feature attention. J Neural Eng 2011;8:066003.
Vaughan TM, McFarland DJ, Schalk G, Sarnacki WA, Krusienski DJ, Sellers EW, et al.
The Wadsworth BCI research and development program: at home with BCI. IEEE
Trans Neural Syst Rehabil Eng 2006;14:229–33.
van der Waal M, Severens M, Geuze J, Desain P. Introducing the tactile speller: an
ERP-based brain-computer interface for communication. J Neural Eng
2012;9:045002.

833

Zhang Y, Zhao Q, Jin J, Wang X, Cichocki A. A novel BCI based on ERP components
sensitive to conﬁgural processing of human faces. J Neural Eng 2012;9:026018.

⇑

Peter Brunner a,b,c,
Gerwin Schalk a,b,d,e,f
a
Brain-Computer Interface R&D Program, Wadsworth Center, New York
State Department of Health, Albany, NY, USA
b

Department of Neurology, Albany Medical College, Albany, NY, USA
c

d

Institute for Computer Graphics and Vision, Graz University of
Technology, Graz, Austria

Department of Neurological Surgery, Washington University School of
Medicine, St. Louis, MO, USA
e

Department of Biomedical Engineering, Rensselaer Polytechnic
Institute, Troy, NY, USA

f

Department of Biomedical Sciences, School of Public Health, State
University of New York at Albany, Albany, NY, USA
⇑ Address: Brain-Computer Interface R&D Program, New York State
Department of Health, C654 Empire State Plaza, Albany, NY 12201, USA.
Tel.: +1 518 402 5747; fax: +1 518 486 4910.
E-mail addresses: pbrunner@wadsworth.org (P. Brunner),
schalk@wadsworth.org (G. Schalk)
Available online 5 March 2013

