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Objective: This study evaluates the efficacy of a P300-based brain-computer interface (BCI) with green/
blue flicker matrices for individuals with cervical spinal cord injury (SCI).

Methods: Ten individuals with cervical SCI (age 26-53, all male) and 10 age- and sex-matched able-bod-
ied controls (age 27-52, all male) with no prior BCI experience were asked to input hiragana (Japanese

l;grwords: alphabet) characters using the P300 BCI with two distinct types of visual stimuli, white/gray and
BMI green/blue, in an 8x10 flicker matrix. Both online and offline performance were evaluated.

P300 Results: The mean online accuracy of the SCI subjects was 88.0% for the white/gray and 90.7% for the
green/blue flicker matrices. The accuracy of the control subjects was 77.3% and 86.0% for the white/gray
and green/blue, respectively. There was a significant difference in online accuracy between the two types
of flicker matrix. SCI subjects performed with greater accuracy than controls, but the main effect was not
significant.

Conclusions: Individuals with cervical SCI successfully controlled the P300 BCI, and the green/blue flicker
matrices were associated with significantly higher accuracy than the white/gray matrices.

Significance: The P300 BCI with the green/blue flicker matrices is effective for use not only in able-bodied
subjects, but also in individuals with cervical SCI.

© 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

Chromatic change
Cervical spinal cord injury

reserved.,

1. Introduction

Brain-computer interfaces (BCI) or Brain-machine interfaces
(BMI) are devices that use neurophysiological brain signals to con-
trol external computers or machines (Wolpaw et al., 2002; Daly
and Wolpaw, 2008; Kansaku, in press). One approach to using
these devices, invasive BC, relies on electrical signals recorded di-
rectly from the cortical surface (electrocorticograph; ECoG) or a
single neuron (unit recording) (Kennedy et al., 2000; Leuthardt
et al, 2004; Hochberg et al., 2006). The other approach, non-
invasive BCI, uses electrical signals from the brain in the absence
of surgery. The primary approach for non-invasive BCl is electroen-
cephalography (EEG), where neurophysiological signals are
recorded from an array of scalp electrodes.

Several types of electrical brain activity have been proposed for
controlling EEG-based BCI. These include sensorimotor rhythm,

* Corresponding author. Address: Cognitive Functions Section, Department of
Rehabilitation for Sensory Functions, Research Institute of National Rehabilitation
Center for Persons with Disabilities, 4-1 Namiki, Tokorozawa, Saitama 359-8555,
Japan. Tel.: +81 4 2995 3100x2573; fax: +81 4 2995 3132,

E-mail address: kansaku-kenji@rehab.go.jp (K. Kansaku).

slow cortical potential, steady state visual evoked potential, and
P300 event-related potential. If the chosen communication system
results in more than 70% correct responses, it has potential for
practical use as a BCI system in people with disabilities (Sellers
et al.,, 2006; Kiibler and Birbaumer, 2008; Nijboer et al., 2008).
Some BCI systems have already reached this level. Thus, BCI sys-
tems based on P300 signals were tested in patients with amyotro-
phic lateral sclerosis (ALS) and other diseases either in a laboratory
setting (Piccione et al., 2006; Sellers and Donchin, 2006; Hoffmann
et al., 2008) or the patient’s home (Nijboer et al., 2008). The major-
ity of subjects used in these studies were patients with ALS, and no
studies have examined age- and sex-matched controls for
comparison.

Our research group recently developed a BCI system for envi-
ronmental control and communication (Komatsu et al., 2008;
Kansaku et al., 2010), in which we applied several flicker panels
that were modified from the “P300 speller” (Donchin et al.,
2000), which uses P300-like evoked signals. We previously
reported that a male volunteer quadriplegic SCI (C3/C4) patient
successfully controlled our device without significant training
(Komatsu et al., 2008). However, we sought to develop better
visual stimuli because the white/gray flicker stimuli used could

1388-2457/$36.00 © 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2010.08.021
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possibly induce discomfort or seizures, particularly in subjects
with a history of epilepsy. Parra et al. evaluated the safety of chro-
matic combinations for those with photosensitive epilepsy (Parra
et al,, 2007). Five single-color stimuli (white, blue, red, yellow,
and green) and four alternating-color stimuli (blue/red, red/green,
green/blue, and blue/yellow with equal luminance) of four fre-
quencies (10, 15, 20, and 30 Hz) were used as the visual stimuli.
Under white stimulation, flickering stimuli with higher frequen-
cies, especially those greater than 20 Hz, have been found to be
potentially provocative. Under the alternating-color stimulation
condition, as suggested by the Pokemon incidence, the 15-Hz
blue/red flicker was the most provocative. It is noteworthy that
the green/blue chromatic flicker emerged as the safest and evoked
the lowest rates of EEG spikes. Accordingly, we used the green/blue
chromatic combination for the visual stimuli used to elicit visually
evoked responses (Takano et al., 2009b). We prepared a white/gray
flicker matrix for the luminance flicker, a green/blue isoluminance
flicker matrix for the chromatic flicker, and a green/blue luminance
flicker for the luminance and chromatic flicker. We applied the
experiments to the able-bodied subjects, and showed that accuracy
rates were significantly higher in response to the luminance chro-
matic flicker condition than in response to the luminance or chro-
matic flicker condition. We also found that the green/blue
luminance flicker matrices significantly improved subjective feel-
ings of comfort in able-bodied subjects compared to the white/gray
flicker matrices (Takano et al., 2009a).

This study focuses on the efficacy of the P300 BCI in individuals
with chronic cervical SCI, who are potential users of the system
(Daly and Wolpaw, 2008). We compared individuals with chronic
cervical SCI and age- and sex-matched able-bodied controls. Sub-
jects had no prior experience with the P300 BCI and were required
to input hiragana (Japanese alphabet) characters using our P300
BCI system using either white/gray or green/blue luminance flicker
matrices. We show that the P300 BCI with the green/blue flicker
matrix is effective not only for use in able-bodied subjects, but also
in individuals with cervical SCL.

2. Materials and methods
2.1. Subjects

Ten individuals with chronic cervical SCI (age 26-53, mean 41.9,
all male) with no prior experience with BCI devices were recruited
as participants. The mean time since SCI was 18.2 years (range,
5.5-29.2 years). Five individuals were diagnosed with complete
tetraplegia according to the American Spinal Injury Association
(ASIA) impairment scale (Maynard et al.,, 1997) (summarized in Ta-
ble 1). All of the SCI patients had severe upper extremity dysfunc-
tion and needed the help of caregivers to use appliances for
emailing and other tasks, and most needed Alternative Augmenta-
tive Communication (AAC) devices (e.g., mouth stick). All SCI sub-

jects were outpatients and visited the laboratory in wheelchairs. In
addition, 10 age- and sex-matched able-bodied controls (age 27-
52, mean 42.1, all male) with no prior experience with BCI devices
were recruited. This study was approved by the Institutional Re-
view Board, and all subjects provided written informed consent
according to institutional guidelines.

3. Experimental procedure

We modified the so-called P300 speller (Farwell and Donchin,
1988). The P300 speller uses the P300 paradigm and involves the
presentation of a selection of icons arranged in a matrix. According
to this protocol, the participant focuses on one icon in the matrix as
the target, and each row/column, or a single icon of the matrix is
then intensified in a random sequence. The target stimuli are pre-
sented as rare stimuli (i.e., the oddball paradigm). We elicited P300
responses to the target stimuli and then extracted and classified
these responses with respect to the target.

All subjects sat approximately 100 cm away from a liquid crys-
tal display that displayed a flicker matrix and input window
(Fig. 1). SCI subjects used their own wheel chair, and control sub-
jects sat in a desk chair. We prepared an 8x10 hiragana matrix
for the P300 speller, modified from a 6x6 matrix using the English
alphabet (Takano et al., 2009b). We used two types of intensifica-
tion/rest flicker conditions, white/gray and green/blue. Luminance
was measured using a chromatic meter (CS-200, Konica Minolta
Sensing Inc., Osaka, Japan), and was 20 cd/cm(white)/6.5 cd/
cm(gray), and 20 cd/cm(green)/6.5 cd/cm(blue), for each condition.
The duration of intensification (green or white) was 100 ms, and
that of rest (blue or gray) was 75 ms (Blankertz et al., 2006; Sellers
et al., 2006). Each row and column of the matrix was intensified
once per sequence in random order and, according to the P300 par-
adigm, the target stimuli were presented as rare stimuli (i.e., the
oddball paradigm). One complete cycle of eight row and ten col-
umn intensifications constituted a sequence. Online performance
was evaluated, and each letter was selected in a series of 10 se-
quences (180 intensifications for each hiragana character).

We first collected EEG data to derive feature vectors for the sub-
sequent test session. All subjects were instructed to attend to six
successive letters of the matrix under each condition (training ses-
sion). In the test session, using the feature vectors, all subjects
were required to input 15 letters from the 8x10 hiragana matrix
under each flicker condition. The order of the experimental condi-
tions (white/gray or green/blue flicker matrix) was counterbal-
anced between subjects.

3.1. EEG recording and analysis
Eight-channel (Fz, Cz, Pz, P3, P4, Oz, PO7, and PO8) EEG data

were recorded with a g-Tec cap and g.USBamp acquisition system
(Guger Technologies OEG, Graz, Austria) (Krusienski et al., 2008;

Table 1
Summary of spinal cord injury subjects.
Age Sex Level of SCI at injury Time since injury (years) ASIA impairment Scale
SCl 37 M C3/4 16.3 Incomplete
45 M c2/3 55 Complete
43 M C5/6 253 Complete
40 M C4/5 15.9 Incomplete
42 M C4/5 104 Complete
37 M C3/4 205 Incomplete
48 M C4/5 271 Complete
48 M C5/6 218 Incomplete
26 M C4/5 9.9 Complete
53 M C5/6 29.2 Incomplete
Mean 41.9 18.2

48
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Fig. 1. Task timing for hiragana spelling. Two types of matrix were presented (white/gray and green/blue). The stimulus onset asynchrony was 175 ms, consisting of 100 ms
intensification and 75 ms rest. EEG data were collected and used for classification over 10 sequences (180 intensifications). Averaged ERP data (Pz) of the SCI group for the

green/blue condition are shown in red (target: thick line, non-target: dotted line).

Takano et al., 2009b). EEG signals were band-pass filtered (0.1-
50 Hz), digitized at 256 Hz, and stored. All channels were refer-
enced to Fpz and grounded to AFz. Recorded EEG data were down-
sampled to 21 Hz for analysis. A total of 800 ms of EEG data were
segmented according to the timing of flash onset. The first
100 ms, occurring just prior to flash onset, was used for baseline
correction, and the remaining 700 ms was used for classification.
In the training session, feature vectors were derived for each con-
dition (white/gray and green/blue). During the test session, using
these feature vectors, target and non-target characters were dis-
criminated using Fisher’s linear discriminant analysis. The result
of this classification, as the maximum of the summed scores for
the each row and column, was used to determine the icon to which
the subjects were attending. The intersection of the calculated row
and column was regarded as the target.

During online performance, the percentage of ‘characters en-
tered correctly was defined as the classification accuracy and was
also translated into bit rate (Wolpaw et al., 2002). Correlations be-
tween SCI subjects’ accuracy and their demographic characteristics
(age, time since injury, ASIA impairment scale score) were evalu-
ated using Spearman'’s rank correlation coefficient. The effects of
patient group (SCI vs. control) and type of flicker matrix (white/
gray vs. green/blue) on online accuracy were examined using
two-way repeated-measure analysis of valiance (ANOVA).

For offline analysis, the accuracy for each sequence was calcu-
lated. The effects of subject group (SCI vs. control), type of flicker

matrix (white/gray vs. green/blue), and sequence on accuracy in each
sequence were evaluated by three-way repeated-measure ANOVA
followed by post hoc paired t-tests with Bonferroni correction.

4. Results
4.1. Online performance

All subjects completed the 15-letter spelling task in both the
white/gray and green/blue conditions. The mean online accuracy
of all subjects was 82.7% for the white/gray condition and 88.3%
for the green/blue condition. Under the white/gray condition, the
mean accuracy was 77.3% for the control group and 88.0% for the
SCI group. Under the green/blue condition, the mean accuracy
was 86.0% and 90.7% for control and SCI groups, respectively
(Fig. 2). For the SCI group, the mean bit rates (Wolpaw et al.,
2002) were 9.8 bit/min and 10.2 bit/min under the white/gray
and green/blue conditions, respectively (Table 2). Note that the
time interval between character selections was not included for
the bit rate calculation. The mean bit rates for controls were 8.4
bit/min and 9.6 bit/min for the white/gray and green/blue condi-
tions, respectively. No significant correlations were observed be-
tween the accuracy or bit rate of SCI subjects and demographic
characteristics (age, time since injury, ASIA impairment scale
score; Spearman’s rank correlation coefficient, p > 0.05).
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Fig. 2. Online accuracy of subject groups (SCI and controls) for each condition
(white/gray and green/blue). Squares, control group; circles, SCI group. Error bars
indicate S.E.M.

Table 2
Offline accuracy, bit rate and letter/min during the tenth, eighth, and fifth sequences
in SCI subjects.

Sequence (times) White/gray Green/blue
Accuracy (%) bit/min Accuracy (%) bit/min
10 88.0 9.8 90.7 10.2
8 80.4 10.9 90.4 12.8
5 77.2 16.2 81.7 175

We used a two-way repeated-measure ANOVA to examine the
effects of group (SCI vs. control) and of condition (white/gray vs.
green/blue) on online accuracy. ANOVA revealed a main effect of
flicker matrix condition (F(1,9)=5.2, p<0.05). A trend toward
greater accuracy in the SCI group compared to controls was ob-
served; however, no main effect of group (F(1,9)=1.2, p=0.30)
and no significant interaction (F(1,9)=0.61, p=0.45) was found.
These results did not basically change if bit rate was substituted
for accuracy.

4.2, Offline evaluation

Fig. 3 shows the results of the offline analysis of subject groups
for each condition. We conducted a three-way repeated-measure
ANOVA with group (SCI vs. controls), condition (white/gray vs.
green/blue), and sequence number (1-10) as factors. Main effects
of condition (F(1,9)=9.4, p<0.05) and sequence (F(9,81)=93.2,
p<0.001) were significant, but no main effect of group
(F(1,9)=1.9, p=0.20) and no significant interaction (F(9,81)=
0.89, p = 0.54) was found. Thus, the P300 BCI with the green/blue
flicker matrix is effective not only in able-bodied subjects but also
in individuals with cervical SCI. Accuracy in the first through sev-
enth sequences was significantly lower than that in the tenth se-
quence, as revealed by post hoc testing (p < 0.05, Bonferroni
correction).

In the SCI group, the mean online bit rate was 9.8 bit/min and
10.2 bit/min for the white/gray and green/blue conditions, respec-
tively, as calculated from the tenth sequence accuracy (Table 2). In
the fifth sequence, the mean accuracy of the SCI group exceeded

Fig. 3. Offline evaluation for each sequence. Mean accuracy of the control group
and SCI group are plotted using squares and circles; the dotted line indicates white/
gray, and the solid line indicate green/blue conditions. Accuracy in the first through
seventh sequences was significantly lower than that in the tenth sequence, as
revealed by post hoc testing (p < 0.05, Bonferroni correction). Error bars indicate
S.EM.

70% under both conditions (77.2% for white/gray, 81.7% for
green/blue), and the mean bit rate was 16.2 bit/min and 17.5 bit/
min for the white/gray and green/blue conditions, respectively (Ta-
ble 2). In the fifth sequence, the bit rate was significantly higher
than in the tenth sequence, but accuracy was significantly lower
under both conditions (paired t-test, p < 0.05). By contrast, in the
eighth sequence, accuracy was not significantly different from that
in the tenth sequence (80.4% for white/gray, 90.4% for green/blue),
and the bit rate was 10.9 bit/min and 12.8 bit/min for white/gray
and green/blue, respectively. This bit rate was significantly greater
than that in the tenth sequence for green/blue (paired t-test,
p <0.001), but not for white/gray (paired t-test, p > 0.05). Thus,
the green/blue flicker matrix was more effective than the white/
gray flicker matrix by the eighth sequence.

5. Discussion

We investigated the accuracy of P300-based BCI performance in
individuals with chronic cervical SCI using white/gray and green/
blue flicker matrices. SCI patients successfully controlled our BCI
system without significant training, and the green/blue flicker ma-
trix provided higher accuracy than the white/gray matrix.

5.1. Effect of the color combination in P300 BCI

A number of studies have attempted to increase P300 BCI per-
formance accuracy, primarily by examining classification methods
(Donchin et al., 2000; Kaper et al., 2004; Krusienski et al., 2006;
Bashashati et al., 2007; Hoffmann et al., 2008). Other studies have
examined modifying matrix size and inter-stimulus intervals (Sell-
ers et al., 2006), type of flash (Guger et al., 2009; Townsend et al.,
2010) and background colors (Salvaris and Sepulveda, 2009). We
recently reported that a green/blue luminance and chromatic flick-
er matrix provided higher accuracy than a white/gray luminance
flicker matrix and a green/blue isoluminance flicker matrix (Tak-
ano et al., 2009b). In the present study, the mean accuracy among
both able-bodied and cervical SCI subjects was significantly higher
under the green/blue condition than under the white/gray
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condition. No accuracy difference between SCI and able-bodied
groups was found.

Online performance of the SCI group reached 90% accuracy and
a bit rate of 10.2 bit/min (1.9 letter/min) under the green/blue con-
dition, comparable to previous reports studying disabled subjects
(Piccione et al., 2006; Sellers and Donchin, 2006; Hoffmann et al.,
2008; Nijboer et al., 2008). This performance is thought to be suf-
ficient for satisfactory use of a BCI, which requires greater than 70%
accuracy (Sellers et al., 2006; Kiibler and Birbaumer, 2008; Nijboer
et al., 2008). Offline analysis showed that number of sequences can
be reduced from 10 to 8 while preserving accuracy and signifi-
cantly increasing the bit rate. This effect was not apparent under
the white/gray condition. Thus, the green/blue flicker matrix was
more effective for fast communication.

5.2. BCI performance in SCI subjects

P300-based BCI has been examined in SCI subjects in two previ-
ous reports of one cervical SCI patient each (Piccione et al., 2006;
Hoffmann et al., 2008). One patient controlled a four-choice P300
BCI with an online accuracy of 75.7% (Piccione et al., 2006), and
the other controlled a six-choice P300 BCI with an offline accuracy
of 100% (Hoffmann et al., 2008). The main BCI method used with
SCI subjects is sensorimotor rhythm (SMR) for binary choice
(Pfurtscheller et al., 2000; Krausz et al., 2003; McFarland et al.,
2005; Kauhanen et al., 2007; Kiibler and Birbaumer, 2008). Kauha-
nen et al. (2007) reported that the mean online accuracy for bin-
ary-choice SMR BCI with five cervical SCI subjects was 48%.

Although the brain remains intact in SCI subjects, the deafferen-
tation of sensory input that occurs after SCI can result in brain reor-
ganization and altered scalp EEG activity compared with able-
bodied controls (Green et al., 1998; Tran et al., 2004; Herbert
et al., 2007). Accordingly, SMR BCI, which uses beta or mu waves
from sensory motor areas, would be more affected by this reorga-
nization. Indeed, Kauhanen et al. (2007) reported that the binary-
choice SMR BCI performance of five cervical SCI subjects was worse
than that of able-bodied subjects (not matched for age and sex). In
the present study, individuals with cervical SCI controlled the P300
BCI with similar accuracy to able-bodied individuals. Although the
data are limited, the P300 BCI may be easier for SCI subjects to use.

5.3. Toward clinical applications

For practical use of the P300 BCI, the system has to be accurate,
fast, and reliable. We used 10 sequences for EEG data acquisition
for online analyses, but offline analyses showed that the green/blue
flicker matrix was more effective than the white/gray flicker ma-
trix by the eighth sequence. Further reducing the number of se-
quences to five still provided greater than 70% accuracy with a
higher bit rate. The mean accuracy at the fifth sequence became
lower than that at the tenth sequence, so if the users needed to
complete their sentences by correcting misspelled characters, it
would take a longer time (Townsend et al., 2010). The sequence
times may be determined by individual user preference, as some
prefer to control devices quickly with lower fidelity, whereas oth-
ers prefer to communicate precisely and more slowly (Sellers and
Donchin, 2006).

The severity of the patient impairment may also have implica-
tions for practical BMI use. Kiibler and Birbaumer (2008) reviewed
a number of BCI studies using P300, SMR, and slow cortical poten-
tial (SCP) and reported a relationship between physical impair-
ment [subdivided into minor, moderate, major, locked-in state
and complete locked-in state (CLIS)] and BCI performance. When
they included CLIS patients, they found a strong correlation be-
tween impairment and BCI performance; however, after removing
the CLIS patients, the correlation disappeared. Nijboer investigated

the efficacy of a P300 BCI in eight advanced ALS patients (Nijboer
et al., 2008) and showed that online BCI performance was not cor-
related with the degree of disability according to the ALS Func-
tional Rating Scale (Cedarbaum and Stambler, 1997). Thus, for
patients with ALS, it is suggested that BCI be applied before the on-
set of CLIS (Birbaumer, 2006; Kiibler and Birbaumer, 2008). In the
present study, we found no correlation between performance and
ASIA impairment scale score (complete or incomplete) in SCI pa-
tients, nor did we observe a correlation between performance
and time since injury. We previously reported that the BMI perfor-
mance of subacute SCI subjects, whose time since injury was less
than a year, was worse than that of chronic SCI subjects (Ikegami
et al,, 2009). Further investigation is required to determine the
optimal time for applying BCI to individuals with SCI.

In conclusion, the P300 BCI system for environmental control
and communication with a green/blue flicker matrix provided bet-
ter accuracy than that with a white/gray flicker in individuals with
cervical SCI, and future studies may aid the development of practi-
cal BCI for these individuals to expand their range of activity and
communication.
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