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Abstract

Objective: The current study evaluates the efficacy of a P300-based brain–computer interface (BCI) communication device for individuals
with advanced ALS.
Methods: Participants attended to one cell of a N � N matrix while the N rows and N columns flashed randomly. Each cell of the matrix
contained one character. Every flash of an attended character served as a rare event in an oddball sequence and elicited a P300 response.
Classification coefficients derived using a stepwise linear discriminant function were applied to the data after each set of flashes. The char-
acter receiving the highest discriminant score was presented as feedback.
Results: In Phase I, six participants used a 6 � 6 matrix on 12 separate days with a mean rate of 1.2 selections/min and mean online and
offline accuracies of 62% and 82%, respectively. In Phase II, four participants used either a 6 � 6 or a 7 � 7 matrix to produce novel and
spontaneous statements with a mean online rate of 2.1 selections/min and online accuracy of 79%. The amplitude and latency of the P300
remained stable over 40 weeks.
Conclusions: Participants could communicate with the P300-based BCI and performance was stable over many months.
Significance: BCIs could provide an alternative communication and control technology in the daily lives of people severely disabled by
ALS.
� 2008 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Brain–computer interfaces (BCIs) circumvent motor
output and convey messages directly from the brain to a
computer (Kübler et al., 2001; Wolpaw et al., 2002). Thus,
BCIs may be able to provide a new communication channel
to individuals with severe neurological or muscular dis-
eases. This includes patients with locked-in syndrome
(LIS). LIS is characterized by complete motor paralysis,
except for eye movements, with intact cognition and sensa-

tion (Laureys et al., 2004). Amyotrophic lateral sclerosis
(ALS) is a progressive neurological disease that often leads
to LIS (Karitzky and Ludolph, 2001). A communication
tool that is independent of muscle control would allow
individuals with LIS to regain a level of autonomy, and
to be less dependent upon others for communication, par-
ticularly after they have lost reliable eye-movement.

The P300 event-related potential (ERP) is one possible
BCI control signal. The P300 is a positive deflection in
the electroencephalogram (EEG) that occurs 200–700 ms
after stimulus onset and is typically recorded over cen-
tral–parietal scalp locations (Fabiani et al., 1987). The
response is evoked by attention to rare stimuli in a random
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series of stimulus events (i.e., the oddball paradigm) (Fabi-
ani et al., 1987).

Farwell and Donchin showed that the P300 can be used
to select items displayed on a computer monitor (Farwell
and Donchin, 1988; Donchin et al., 2000). The authors pre-
sented study participants with a 6 � 6 matrix where each of
the 36 cells contained one character (Fig. 1). The partici-
pants were instructed to attend to one of the 36 cells (the
target) while the matrix rows and columns flashed in a ran-
dom order. This design represents an oddball paradigm. In
one trial of 12 flashes (6 rows and 6 columns), the target
cell flashes only twice: once in a column and once in a
row. These two rare events in the context of the other 10
flashes typically elicit a P300 response.

While recent studies have successfully demonstrated sev-
eral alternatives for P300-based communication and con-
trol, none have explored the use of a matrix speller for
spontaneous communication. Sellers and Donchin (2006)
tested a four-choice paradigm with three healthy volunteers
and three volunteers with ALS. The words ‘yes’, ‘no’,
‘pass,’ and ‘end’ were presented one at a time as auditory,
visual, or auditory and visual stimuli. The participant’s
task was to count the number of times the designated target
(either ‘yes’ or ‘no’) was presented in a random sequence of
the four choices. The authors showed that a target proba-
bility of 25% dependably elicited a P300 response, and that
the response remained stable over a period of 10 sessions in
people with and without ALS.

Piccione et al. (2006) also tested a four-choice P300 par-
adigm with seven healthy volunteers and five individuals
with tetraplegia, including one individual with ALS. In this
paradigm, the participants attended to one of four flashing
arrows to indicate which direction they wished to move a
cursor: up, down, left, or right. Hoffmann et al. (2008)
tested a six-choice visual paradigm that allowed four

healthy volunteers and five people severely disabled by
ALS to select among icons representing four devices, a
door, and a window.

Recently, Sellers et al. (2006b) presented preliminary
data from subjects A and B in this study to illustrate their
P300 response during successful use of the 6 � 6 matrix
speller. The present study was designed to extend those
encouraging initial findings by studying a larger group of
individuals with ALS, evaluating the stability of their
BCI performance in repeated sessions over a prolonged
period of time, and by determining if an ALS population
could use a P300-based matrix speller to communicate
spontaneous words and phrases.

2. Methods

2.1. Participants

Eight individuals with amyotrophic lateral sclerosis
(ALS), who were severely paralyzed (ALS-FRS score of
12 + 8), provided informed consent for the study. The
study was approved by the Ethical Review Board of the
Medical Faculty of the University of Tübingen in Ger-
many. All participants were tested in their home environ-
ment. Six individuals completed Phase I of the study in
which they copy-spelled 51 characters in each of 12 exper-
imental sessions (described below in Section 2.5). A seventh
individual was excluded because our algorithm failed to
detect a reliable difference in his EEG between the desired
character and all other characters while he performed the
copy-spelling task. An eighth individual withdrew after
eight copy-spelling sessions when persistent electrical noise
in the home environment prolonged set-up and data-collec-
tion time. Four individuals who completed Phase I also
completed Phase II of the study. In Phase II, participants

Fig. 1. (A) The picture shows the P300 speller matrix displayed on a screen in a participant’s home. The participant is wearing a 16-channel EEG cap that
is connected to an amplifier. His task was to attend to the letter shown in parentheses (top line letter n) and count how many times the letter n flashed in the
matrix. The rows and columns were flashed in random order. The second line provided the participants with feedback of results. (B) An example of the
7 � 7 matrix used for free spelling. Completed text is shown on the top line and the word currently being spelled is shown on the bottom line (in German).
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performed a brief copy-spelling session followed by free-
spelling that allowed them to produce original and sponta-
neous messages. All demographics are included in Table 1.

2.2. Study design

We conducted the study in two phases. In Phase I, each
participant completed two calibration sessions followed by
10 copy-spelling sessions over 6–14 weeks. In copy-spelling
sessions, the computer prompts the user with text to copy
character by character (Kübler et al., 2001). We sought
to demonstrate three important principles. First, that the
P300 response to a desired character compared to all other
characters in an N � N matrix could be detected reliably in
individuals with ALS – with a minimum of 70% accuracy
as a predictor for satisfactory communication (Choularton
and Dale, 2004; for further discussion of why a minimal
accuracy of 70% is required for satisfactory BCI control,
see Sellers et al., 2006a). Second, that accuracy does not
change significantly over time. In this study, we examined
performance over the course of 10 sessions using a
matrix-spelling task. Third, that over time P300 amplitude
does not decline nor does P300 latency substantially
change. While amplitude decline would ultimately cause
the system to fail, amplitude and/or latency changes, while
requiring periodic updates in the system, would not neces-
sarily compromise BCI performance.

In Phase II, each subject completed at least 10 free-spell-
ing sessions over 17–40 weeks. In a free-spelling session,
participants choose characters at will (Kübler et al.,
2001). Therefore, Phase II provided an initial test of BCI
usefulness: can a BCI be used for independent communica-
tion by individuals who are severely disabled?

2.3. Data acquisition

All aspects of data collection and experimental design
were controlled by the BCI2000 software system (Schalk
et al., 2004). The EEG was recorded with Ag/AgCl elec-
trodes in a 16-channel cap (Electro-Cap International)
(Fp1, Fp2, F3, Fz, F4, T7, T8, C3, Cz, C4, Cp3, Cp4,
P3, Pz, P4, and Oz) according to the modified international
10–20 system (Jasper, 1958). In Phase II, electrodes PO7

and PO8 were substituted for Fp1 and Fp2. Each channel
was referenced to the right earlobe and grounded to the
right mastoid. Impedances were kept below 5 kX. The
EEG was amplified (20,000�) with a g-tec USB amplifier,
bandpass filtered between 0.01 and 70 Hz, and sampled
at 240 Hz. Data processing, storage, and online display
of the EEG were implemented using an IBM Thinkpad
(Pentium 4 M 1.6 GHz, 512 MB RAM, Windows XP
SP2). The matrix was displayed to the participant on a sep-
arate 43-cm video screen with a 60-Hz refresh rate.

2.4. Data pre-processing

For each channel in a set, an 800-ms segment of data
following each intensification was extracted. Each segment
was filtered by a moving average of 12 points and then dec-
imated each by a factor of 12. The resulting data segments
were concatenated by channel for each intensification, cre-
ating a single-feature vector for training the classifier.

2.5. Task and procedure: Phase I

Each participant sat in a comfortable chair or his or her
own wheelchair 0.5–1.5 m away from a computer screen
that displayed a 6 � 6 matrix beneath two horizontal lines
(Fig. 1A). The 36 squares of the matrix contain the English
alphabet, the numerals 1–9, and an underscore. Characters
were arranged from left to right and top to bottom. The
text-to-copy (e.g., the word Franz) appeared on the first
horizontal line (i.e., the text-to-copy line). The character-
to-select, (e.g., the letter n in Fig. 1), appeared in parenthe-
ses at the end of the presented text. The task was to attend
to the character-to-select in the flashing matrix and count
how many times it flashed. The flashes were presented in
random order.

For each character-to-select, 20 sequences of flashes
were presented, each sequence containing 12 stimuli (one
for each column and one for each row). Each stimulus
flashed for 100 ms and then the screen was static for
75 ms. Thus, flashes occurred every 175 ms. Accordingly,
the duration of each sequence was 2.1 s and each character
selection totaled 42 s. One and one half seconds after the
matrix stopped flashing the selection was displayed on

Table 1
Background data of all participants

Participants Age Sex ALS type Time since diagnosis Artificial ALS-FRS

Nutrition Ventilation

A 67 M Bulbar 17 months Yes No 17
B 47 F Spinal 2 years Yes Yes 6
C 53 M Spinal 4 years No No 20
D 49 F Spinal 1 year No No 13
E 39 M Spinal 3 years Yes No 4
F 36 F Spinal 8 years No No 14

ALS-FRS, ALS functional rating score (Cedarbaum and Stambler, 1997), which rates the physical impairment on a scale from 0 (completely locked-in) to
40 (not impaired).

F. Nijboer et al. / Clinical Neurophysiology 119 (2008) 1909–1916 1911
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the second horizontal line (the feedback line; see Fig. 1A).
Simultaneously, the next character-to-select appeared in
parentheses at the end of the text-to-copy. The participant
was then given an additional 3.5 s to view the feedback and
identify the matrix location of the next character-to-select.
Thus, the period of time between the end of one character
selection and the beginning of the next total was 5 s.

In each session, the nine words of the sentence ‘‘Franz
jagt im komplett verwahrlosten Taxi quer durch Bayern”,
(translation: ‘‘Franz chases in a completely shabby taxi
across Bavaria”) were each presented as separate text-to-
copy runs for a total of 51 selections. A sentence was cho-
sen for copy spelling because spelling words is a more nat-
ural task than selecting random characters. Runs were
separated by 60-s intervals. Thus, although run lengths var-
ied, each session lasted approximately one hour. During
two initial sessions, data were gathered for system calibra-
tion (see below) and participants received no feedback. In
the subsequent 10 copy-spelling sessions, online feedback
was presented as shown in Fig. 1A. Online accuracy was
recorded for each participant in each of the 10 copy-spell-
ing sessions.

2.6. Task and procedure: Phase II

The task and procedures in Phase II were identical to
those described above except for the following modifica-
tions. After 10–20 characters of copy spelling (to ensure
proper system performance and provide additional calibra-
tion data) participants were allowed to select characters of
their own choice, referred to here as free spelling (Kübler
et al., 2001). In the free-spelling matrix, ‘Bksp’, ‘Sp’, and
‘End’ functions replaced the numerals 1, 5, and the under-
score, respectively. Choosing ‘Sp’ ended a word; ‘Bksp’
removed the last character selected; and ‘End’ terminated
the run. On start up, the text-to-copy and the feedback
lines were blank. As selections were made, they appeared
in the feedback line. When the ‘Sp’ function was selected,
the completed text was removed from the feedback line
and subsequently appeared on the first line (previously
the text-to-copy row).

Participant A continued with the standard 6 � 6 matrix
while Participants B, D and F used a 7 � 7 matrix that pro-
vided 13 additional selections including punctuation marks

and the German letters ä, ö and ü (Fig. 1B). As a conse-
quence, each sequence length, for these subjects, increased
to 2.6 s. The interval between characters was also increased
from 5 s in the copy-spelling sessions to 8.75 s in the free
spelling sessions. The additional time was provided to
allow subjects ample time to select the appropriate next
character. Finally, the number of sequences, and thus,
the time per selection, was reduced during free spelling.
Table 2 shows the number of sequences used by each par-
ticipant for free spelling.

2.7. Classification method

Stepwise linear discriminant analysis (SWLDA) was
used for online and offline classification in Phase I and
Phase II of the study (Draper and Smith, 1981). In this
application, SWLDA identifies the suitable discriminant
function by adding spatiotemporal features (i.e., the ampli-
tude value at a particular channel location and time sam-
ple) to a linear equation based on the features that
demonstrate the greatest unique variance. Thus, signal
amplitudes at particular times and locations were consid-
ered for analysis without explicit consideration of spatial
location. The discriminant functions for Phase I online
studies were derived using a total of 10 spatiotemporal fea-
tures from signals recorded at locations Fz, Cz, and Pz.
Details of the method are described in Sellers and Donchin
(2006) and Sellers et al. (2006a). The discriminant functions
for Phase I offline studies expanded the feature space to
include up to 60 spatiotemporal features including signals
from nine additional electrodes: F3, F4, C3, C4, CP3,
CP4, P3, P4, and Oz. Details of this method are described
by Krusienski et al. (2006). The discriminant functions
used for online classification in Phase II were derived as
those in the offline portion of Phase I using signals from
locations Fz, Cz, P3, Pz, P4, PO7, PO8, and Oz as sug-
gested by Krusienski et al. (2006).

2.8. Classification accuracy

In Phase I of the study classification accuracy was
defined as the number of character accurately classified
by the SWLDA classifier in both the online and offline
modes. Each session consisted of 51 copy-spelling charac-

Table 2
Number of sequences, number of characters selected per minute with the pause between characters (and without the pause between characters in
parentheses), bit rate with the pause between characters (and without the pause between characters in parentheses), and average accuracy for the copy-
spelling runs in Phase I of the study and for the copy-spelling runs that preceded the free-spelling runs of Phase II, for each of the four Phase II participants

Participant Number of sequences Characters/min Bits/min Copy-spelling mean accuracy (%)

Phase I Phase II Phase I Phase II Phase I Phase II Phase I Phase II

A 20 14 1.2 (1.4) 1.5 (1.8) 5.1 (5.7) 4.8 (5.5) 87.8 76.1
B 20 7 1.2 (1.4) 2.7 (3.5) 2.1 (2.4) 9.8 (12.7) 51.3 77.9
D 20 13 1.2 (1.4) 1.6 (1.9) 1.8 (2.0) 4.9 (5.7) 45.9 69.6
F 20 4 1.2 (1.4) 4.1 (6.1) 3.9 (4.4) 19.2 (29.0) 75.1 91.6

Mean 20 9.5 1.2 (1.4) 2.1 (3.3) 3.2 (3.6) 9.7 (13.38) 65.0 78.8
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ters. Mean classification accuracy across participant and
session was entered into the statistical analyses of Phase
I. Classification accuracy was defined the same way in
Phase II of the study; however, the number of characters
that each participant copied was reduced to a minimum
of 10. This change was made to allow the participant to
have more time to produce unique spontaneous messages.

3. Results

3.1. Phase I: copy spelling

Our first hypothesis was that the response ERPs to the
desired matrix item can be discriminated from the
responses to the other matrix items accurately enough to
be used for communication. Thus, we examined classifica-
tion accuracy both online and offline. Our second hypoth-
esis was that classification accuracy does not change over
time. To test both hypotheses, we conducted a two-way
analysis of variance (ANOVA) including the factors of
analysis mode using online vs. offline conditions on ses-
sions 1–10. The online condition reflects actual perfor-
mance. The offline condition reflects the performance
expected if classification coefficients had been derived using
the expanded feature space suggested by Krusienski et al.
(2006).

We found a main effect of analysis mode, but no main
effect of session and no interaction. Mean classification
rates for the online and offline conditions were 61.98%
and 81.51%, respectively (F1,9 = 22.68, P < 0.01). As shown
in Fig. 2, all six participants performed better in the offline
analysis that used the expanded feature space. This result
indicates that we could have expected an increase in accu-
racy of approximately 20% had we initially used the more
suitable coefficients online.

In addition, during online performance, the classifica-
tion accuracy of only two out of six participants was ade-

quate to use a BCI (i.e., greater than 70%). In contrast,
the offline analysis suggested that five of the six participants
could perform well enough to use a BCI. Fig. 3 depicts
accuracy across the 10 feedback sessions as a function of
the online and offline classification coefficients. The figure
illustrates the stability of online and offline classification
accuracy across time.

Our third hypothesis was that the amplitude or latency
or both of the P300 ERP would not change over time.
To test this hypothesis we performed a one-way ANOVA
on the amplitude and latency of each participant’s P300
response at electrode Cz for copy-spelling sessions 1–10.
Amplitude was defined as the most positive voltage
between 200 and 600 ms minus the voltage at 0 ms. Latency
was defined as the time point at which the peak amplitude
occurred. The mean amplitude of the P300 response aver-
aged across subjects and sessions was 4.06 lV (range
3.66–4.26). The amplitude ANOVA did not detect a signif-
icant difference across sessions (F5,9 < 1.0, P = 0.93).
Fig. 4A shows amplitude values averaged across partici-
pants for each of the 10 sessions as a proportion of the
amplitude for copy-spelling session 1. The mean latency
of the P300 response averaged across subjects and sessions
was 359.43 ms (range 305.83–401.5 ms). The latency
ANOVA did not detect a significant difference across ses-
sions (F5,9 < 1.0, P = 0.62). Fig. 4B shows latency values
averaged across participants for each of the 10 sessions.
The amplitude and latency data illustrate that the response
is quite stable in amplitude and latency for up to 40 weeks.
Similar findings have been reported in healthy adults (e.g.,
Krusienski et al., 2008).

3.2. Phase II: free spelling

The results of Phase I suggested that classification accu-
racy could be improved by approximately 20% by choosing
classification coefficients derived using the method sug-
gested by Krusienski et al. (2006). Thus, Phase II had three
objectives: first, to examine if the expected 20% increase in

Fig. 2. Online (open bars) and offline (shaded bars) accuracy for each of
the six participants averaged across all 10 copy-spelling feedback sessions.
The offline analysis, which used optimized classification coefficients,
provided higher accuracy.

Fig. 3. Online (solid line) and offline (dotted line) accuracy for each of the
10 feedback sessions averaged across all participants. Offline accuracy is
higher for all sessions.
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performance could be realized; second, to increase the
speed of the system (if possible); and third, to allow the
participants to produce messages of their own choice.
Spelling speed was increased by reducing the number of
sequences, i.e., the number of times each letter flashed.
Table 2 gives, for each Phase II participant, a comparison
of Phase I and Phase II online performance regarding the
number of sequences used, character/min, bits/min, and
mean copy-spelling accuracy for the copy spelling runs.
Participant A unfortunately passed away during Phase II
of the experiment before the expanded feature space was
used for the classifier; thus, participant A did not benefit
from the classification improvements made between Phase
I and Phase II of the study. However, the number of
sequences was reduced based on offline analyses to
decrease character selection time. The selection time was
reduced by 12.6 s per selection for participant A, which
resulted in decreased accuracy.

For participants B, D, and F used the expanded feature
space suggested by Krusienski et al. (2008), online accuracy
increased by an average of 22%. This increase in online
classification accuracy confirms what the offline analysis
of Phase I suggested. In addition, the number of sequences
was reduced by approximately 50% allowing for nearly
twice as many selections per minute (after accounting for
the time between successive selections). Moreover, all par-
ticipants were able to produce unique spontaneous mes-

sages. Table 3 shows examples of communicated
messages and the number of errors.

4. Discussion

Previously, Sellers and Donchin (2006) found that both
healthy volunteers and volunteers with advanced ALS
could use a P300-based four-choice matrix with auditory
and/or visual stimuli; and Sellers et al. (2006b)) reported
that several ALS patients could use the P300-based BCI
and that two patients could use a 6 � 6 matrix to copy text.
The present study substantially extends this initial work by
demonstrating that individuals with severe paralysis caused
by ALS can use a P300-based BCI that employs a variable-
sized matrix for cued and spontaneous text production and
that performance does not degrade over weeks and
months. Furthermore, variability in P300 latency and
amplitude over time was modest and did not markedly
affect BCI performance.

4.1. P300 classification accuracy and classification methods

Results from the offline analyses conducted during
Phase I indicated that an increase in the number of EEG
channels together with an increase in the total number of
features entered into the SWLDA solution would likely
result in a 20% increase in classification accuracy. Using
this information to update parameters in Phase II resulted
in a 22% increase in classification accuracy. These offline

Fig. 4. Average P300 amplitude (A) and latency (B) for all participants for
each copy-spelling session. Amplitude values are shown as proportion of
the average amplitude for the first session.

Table 3
Examples of messages (in German with English translation) from the
participants and the number of errors made

Participant Session Message (number of characters
including spaces)

Number
of errors

A 17 Maria eine liebe Frau (21) 0
Maria a sweet woman

18 in die Stadt zum Einkaufen (26) 0
in the city to buy groceries

B 25 Rot, gelb, weiss und viele andere Farben
(46)

3

red, yellow, white and a lot of different

colors

27 Leben ist immer spannend, wertvoll und
schön! (67)

11

Life is always exciting, valuable and

beautiful!

D 14 Wo ist die Katze? (25) 4
Where is the cat gone?

F 25 Ich war am Samstag in Freiburg. Ich habe
mir neue Klamotten gekauft. (76)

4

I was in Freiburg last SaturdayI have

bought new clothes

27 Vielleicht fliegen wir nach Mauritius. Dort
hat es nur 25 Grad. (79)

8

Maybe we fly to Mauritius. It is only 25�
there

1914 F. Nijboer et al. / Clinical Neurophysiology 119 (2008) 1909–1916
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analyses were prompted by the findings of two recent stud-
ies (Krusienski et al., 2006, 2008). Krusienski et al. (2006)
compared classification methods based on Pearson’s corre-
lation method (PCM), Fisher’s linear discriminant (FLD),
SWLDA, linear support vector machines (LSVM), and
Gaussian support vector machines (GSVM). Their results
showed that the FLD and SWLDA classifications per-
formed significantly better than the other methods. The
SWLDA method was used for Phase II of the current
study.

The other features used in Phase II were suggested by
Krusienski et al. (2008). Using a SWLDA classifier, the
authors compared among spatial channel selection, refer-
ence, decimation, and number of model features, to deter-
mine optimal settings for P300 speller data. The results
indicated that the only variable that produced a statistically
significant improvement in classification accuracy was
channel set. Increasing the number of channels from six
to 19 did not significantly improve performance (Krusien-
ski et al., 2008). Moreover, pilot studies have shown that
increasing the number of channels from 19 to 64 does
not result in a significant improvement in classification
accuracy. The current results show that increasing the
channel set to Fz, Cz, Pz, Oz, P3, P4, PO7, and PO8, from
Fz, Cz, and Pz, yields significant improvements in classifi-
cation accuracy. This result is consistent with the previous
work that suggests six to eight channels are optimal for
classification accuracy (Krusienski et al., 2006, 2008). In
addition, for severely disabled populations, fewer channels
should be considered if possible because of difficulties
encountered with setup and cleanup.

4.2. Bit rate

In Phase I of the study, online bit rate was a function
of accuracy because the number of sequences was 20 for
all participants in all sessions. In Phase II of the study,
bit rate averaged 11.3 bits/min when the 5-s interval
between characters is taken into account and 15.8 bits/
min when the time between characters is removed (par-
ticipants B, D, and F only). These bit rates are compa-
rable with previous online studies conducted with
healthy participants (13.3 bits/min; Serby et al., 2005)
or healthy participants and wheelchair bound but other-
wise healthy adults (5.5 bits/min; Donchin et al., 2000).1

Several previous P300-based BCI studies have presented
bit rate with the time between characters selections
removed (e.g., Donchin et al., 2000; Kaper et al.,
2004; Meinicke et al., 2002; Serby et al., 2005); there-
fore, we have presented it both ways. However, it seems
that the appropriate way to report bit rate would be to
include the necessary and actual time between character
selections. In addition, some previous studies have

reported bit rate without regard for accuracy (Kaper
et al., 2004; Meinicke et al., 2002) and to disregard
accuracy is inappropriate because accuracy of at least
70% is needed for effective communication (Sellers
et al., 2006a).

4.3. BCI use and level of disability

Recent data presented by Piccione et al. (2006), using a
four-choice directional task suggested that although indi-
viduals with severe paralysis could use a P300-based BCI,
there may be a relationship between degree of impairment
and performance. In contrast, data from this study showed
that the correlation between the degree of impairment (as
measured by the ALS Functional Rating Scale (Cedar-
baum and Stambler, 1997) and online BCI performance
(r = 0.314, P = 0.544)) did not reach statistical significance.
However, additional study is needed to clarify the impact
of individual differences, progress of disease, and diagnosis,
on BCI use.

4.4. Practical considerations of BCI use

This study is the first to demonstrate that BCI technol-
ogy can be moved out of the laboratory and into a home
environment. The participants in this study received a great
deal of support from highly trained laboratory members;
however, one subject chose to withdraw from the study
because the process of experimental setup and cleanup
was too onerous. For BCI to become a practical technol-
ogy embraced by many, the required amount of expert
supervision and the time required for setup and cleanup
must be reduced; improvements in the comfort level and
robustness of the equipment are also required (for further
discussion see Vaughan et al., 2006). Moreover, at present,
the speed of online BCI systems is slow and requires
patience from the user to effectively operate the system.
In the current study, the mean number of online selections
per minute ranged from 1.5 to 4.1, in Phase II of the study.
This rate of performance reflects the 5-s period that was
used between trials to allow the participants time to attend
to the next selection. It may be possible to significantly
reduce this amount of time and increase the number of
selection per minute without a reduction in classification
accuracy.

5. Conclusions

The data presented in this study support the hypothesis
that individuals severely disabled by ALS can use a P300-
based BCI for writing text and that performance was stable
for many months in terms of the ERP response, and in
terms of classification accuracy. We expect that BCI
devices are poised to make significant and meaningful con-
tributions in the daily lives of those who are severely dis-
abled by ALS or other devastating neuromuscular
disorders.

1 These bit rates are estimates derived from information contained in the
respective papers.
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