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1. Introduction

The brain-computer interface (BCI) or brain-machine interface
(BMI) is an interface technology that enables communication with
others and control of the environment or of a prosthesis without
any muscle movement (Weolpaw et al, 2002 Birbaumer and
Cohen, 2007; Daly and Wolpaw, 2008). In this decade, the use of
BCI technology has become widespread, mainly for preclinical re-
search, due to technical and mechanical improvements, and new
technology been designed to help individuals with severe neuro-
logical disabilities, especially motor difficulties such as amyotro-
phic lateral sclerosis (ALS), spinal cord injury (SCI), and cerebral
stroke,

Scalp electroencephalography (EEG)-based BCI devices are non-
invasive and easy to use in daily life, Several methods have been
developed for their use based on slow cortical potentials (SCP)
(Birbaumer et al., 1999, Kiibler et al,, 1999), sensorimotor rhythms
(SMR) (Pfurtscheller et al., 2000; Wolpaw and McFarland, 2004),
steady-state visual evoked potentials (SSVEP) (Milller-Putz et al,,
2005; Allison et al, 2008), and P300 even-related potentials
(Farwell and Donchin, 1988; Sellers and Donchin, 2006). Training
is needed to control SCP or SMR, and the efficacy of higher fre-
quency bands of SMR has been reported using invasive methods
(Leuthardt et al,, 2004; Hochberg et al, 2006; Yanagisawa et al,
2012). In recent invasive P300 BCI studies, electrocorticographic

(ECoG) electrodes were placed around the parietal and occipital

lobes, allowing successful operation of the visual P300 speller
(Brunner et al,, 2011, Krusienski and Shih, 2011).

The P300 responses were evoked by attention to random rare
stimuli (i.e., the oddball paradigm). The response was easily de-
tected from the scalp EEG as a positive potential occurring about
300 ms after stimulus onset (Sutton et al., 1965; Polich, 2007). Far-
well and Donchin (1988) used this response to develop the P300
speller, which presents a selection of icons arranged in a matrix
with row or column intensification. Importantly, minimal training
was required to use the P300 BCI (Donchin et al,, 2000; Wolpaw
et al,, 2002; Kaper et al., 2004; Krusienski et al,, 2006, 2008; Sellers
et al, 2006; Takano et al, 2009b). Some visual P300 BCl systems
that were modified from the P300 speller have aiready been tested
with tetraplegia patients, including ALS patients (Piccione et al,
2008; Sellers and Donchin, 2006; Hoffmann et al, 2008; Kubler
ani Birbaumer, 2008; Nijboer et al, 2008; Silvoni et al., 2009;
ikegami ot al, 2011, Kaufmann et al,, 2013).

However, some difficulties with the use of conventional
row/column P300 spellers have been reported. The overlap and
refracto -y effects influence the P300 ERP components and decrease
t-rzet classification accuracy (Martens et al, 2009; Townsend
=t al, 2010). Non-target flashes in the row or column adjacent to
the attended target attract the participant’s attention and may pro-
duce P300 responses (Fazel-Rezai, 2007; Townsend et al, 2010).
Improvements in visual presentation are therefore required.
Recently, two- (and higher)-level paradigms (including region-
based, hex-o-spell or multi-menu paradigms) have been
introduced (Fazel-Rezai and Abhari, 2008; Treder and Blankertz,
2010: larmolowska et al, 2013). Townsend et al. produced a
“heckerboard paradigm and demonstrated improvements in BCl
performance for three ALS subjects (Townsend et al,, 2010).

Our research group recently developed a visual P300 BCI system
and added chromatic change to conventional luminance change in
a flicker matrix. We showed that stimuli employing chromatic and
luminance change for the visual P300 speller were associated with
a better subjective feeling of comfort compared with the conven-
tional luminance stimuli (Takano et al., 2009a). Moreover, we also
found that the flicker matrix using both chromatic and luminance
change was associated with better performance (Takano et al,

2009b). The visual P300-BCI system was also used successfully
by patients with cervical spinal cord injury (Jkegami et al,, 2011).

Difficulties in spelling with the P300 Speller for ALS patients
have previously been reported (Sellers et al., 2003; McCane et al,
2009). These patients had a difficulty seeing the speller matrices,
presumably due to decreased visual performance (e.g., ptosis, nys-
tagmus); however, a P300-like wave was elicited from these pa-
tients in an oddball task. To account for this, a four-choice
oddball paradigm was used with a previously reported initial BCI
test in ALS patients (Sellers and Donchin, 2006). Another group
developed their own visual P300 BCI systems and reported the suc-
cessful use of the P300 speller matrix with conventional row/column
intensification in individuals with ALS (Mijhoer et al,, 2008); in their
study the mean ALS Functional Rating Scale (ALSFRS) score of the
patients was 12 (range 4-20) of 40. However, the relationship be-
tween the P300 BCI performance of ALS patients and their ALSFRS
scores has yet to be elucidated.

Recently, we started a BCI project that included patients with ALS.
In a preliminary study, a 61-year-old ALS patient with an ALSFRS
score of O reported that small icons on the RC speller may be difficult
to see. We therefore modified the RC speller matrix using a region-
based two-step procedure. We divided a 6 x 9-hiragana (Japanese
character) matrix into six circled background regions including nine
characters each. First, as each of these circles was intensified, the sub-
ject attended to the background circle including the target character.
When the circled region was selected, the speller matrix moved to the
second step. In the second step, each character was intensified within
the circled background region, similar to the first step, and the sub-
jects then selected the target character (two-step procedure).

In this study, we focused on the effectiveness of visual P300 BClin
ALS patients whose ALSFRS scores were relatively low, and who
were relatively elderly, comparing their performance to that of
age- and sex-matched able-bodied controls. Subjects were
required to input hiragana characters using two types of input
paradigm, traditional row/column (RC) and two-step conditions,
using our P300 BCI with visual flicker stimuli that employed
green/blue luminance changes as well as chromatic changes. By
comparing the two, we showed that the modified visual P300 BCl
was effective for ALS patients.

2. Methods
2.1. Subjects

Seven patients with ALS (age 59-68 years, mean 64.1 years,
three men) with no prior training with BCI devices were recruited
as participants (surnmarized in Table 1). The mean ALSFRS-revised
(ALSFRS-R) (Cedarbaum and Stambler, 1997) score was 9.4 (range
0-38, median 6). The mean time since onset was 6.1 (range 2.2~
16.2, median 5.3) years. Six patients had gastrostomas, and five
had undergone tracheostomies. Six of the ALS patients used alter-
native augmentative communication (AAC) devices to communi-
cate with others using residual muscle movement (e.g., brow
twitch). One patient was an outpatient and was tested in his home
environment, and the others were tested at Yoka Hospital. Seven
age- and sex-matched able-bodied controls (age 58-68 years,
mean 64.0 years, three men) with no prior experience with BCI de-
vices were recruited. This study received approval from the institu-
tional review board, and all subjects provided written informed
consent according to institutional guidelines.

2.2. Visual stimuli

The conventional P300 speller was based on the visual oddball
paradigm and used random intensification of each row/column to
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Table 1
Summary of amyotrophic lateral sclerosis patients.
No. Age Sex ALSFRS-R Time since onset (years) Gastrostoma NPPV TPPV AAC devices
1 61 Male 0 16.2 Y N Y Y
2 65 Female 0 6.2 Y N Y Y
3 67 Male 1 7.2 Y Y Y Y
4 68 Male 6 2.2 Y Y Y Y
5 63 Female 8 53 Y N Y Y
6 66 Female 13 29 Y N N Y
7 59 Female 38 2.5 N Y N N

AAC, augmentative and alternative communication.

ALSFRS-R, amyotrophic lateral sclerosis functional rating scale-revised.
TPPV, tracheotomy positive-pressure ventilation.

NPPV, non-invasive positive-pressure ventilation.

select one character arranged in a matrix (Farwell and Donchin,
1988). This P300 speller used a 6 x 6 matrix of icons consisting
of 26 English alphabet and 10 numeric character or symbols. To
input Japanese hiragana characters, we prepared a 6 x 9 matrix
for the P300 speller (Fig. 1). The matrix consisted of 48 hiragana
characters and four other symbols and thus had fewer items than
our previous 8 x 10 matrix (Takano et al,, 2009b; Ikegami et al,,
2011). The traditional visual stimulus in a visual P300 BCI was a
luminance change in the icons (Farwell and Donchin, 1988). Previ-
ously, we showed that the addition of a green/blue chromatic
change to the luminance change improved performance on the
P300 speller (Takano et al.,, 2008b; lkegami et al., 2011). Therefore,
we used green/blue chromatic and luminance changes in this
study. The duration of intensification was 100 ms, and the rest per-
iod was 75 ms, as in previous studies (Blankertz et al., 2006; Sellers
et al., 2006; Takano et al,, 2008b; Ikegami et al, 2011).

We prepared two types of speller conditions. One was a stan-
dard row/column (RC) speller condition. Under the RC condition,
according to the P300 speller protocol, each row/column in the ma-
trix intensified randomly, and the participant focused on one icon
as the target (Fig. 1a). One complete cycle of intensification of six
rows and nine columns constituted a sequence (two target stimuli
and 13 non-target stimuli). The target stimuli were presented as
rare stimuli (i.e, the oddball paradigm) and elicited P300 re-
sponses, whereas the other non-target rows and columns did not.
During a sequence, we recorded and analyzed EEG data online,
and the intersection of the classified row and column was regarded
as the target.

The other condition used a two-step process (two-step condi-
tion), which was modified from previous reports (Fazel-Rezai,
2007; Treder and Blankertz, 2010). We divided the 6 x 9 matrix
into six circled regions including nine characters each. First, each
region was individually intensified, and the subject attended to
the background circle that included the target character. When
the region was selected, the speller matrix moved to the second
step (Fig. 1b). In the second step, each character was intensified
within the circled background region, similar to the first step,
and the subjects then selected the target character. The first step
used 2 x 3 regions, and the second step used 3 x 3 regions. The
bottom row was empty in the first step. Thus, if in practice, a user
requested a function (e.g., a button to return to the top level for an
error correction), the icons could be included there. Under this con-
dition, the circles intensified one by one in random order. One
complete intensification cycle of six regions for the first step and
nine regions for the second step constituted a sequence (one target
stimulus and five non-target stimuli in the first step, one target
stimulus and eight non-target stimuli in the second step).

Each letter (or circle) was selected in a series of eight sequences
(one trial), including 120 intensifications for each hiragana charac-
ter in the RC condition and 48 (first step) + 72 (second step) circle
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intensifications in the two-step condition. The intensification dura-
tion was set identically for both conditions; however, because of
classification intervals for first step, the time required to input
one letter was longer in the two-step condition than in the RC
condition.

2.3. EEG recording and analysis

Eight-channel (Fz, Cz, Pz, P3, P4, Oz, PO7, and PO8; Krusienski
et al, 2008; Takano et al., 2009b; Ikegami et al.,, 2012) EEG data
were recorded with an in-house cap and an in-house amplifier
(Toyama et al, 2012). EEG signals were band-pass filtered
(0.1-50 Hz), digitized at 1024 Hz, and stored. All channels were
referenced to Fpz and grounded to AFz. Recorded EEG data were
downsampled 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 period, occurring just prior to flash onset, was used for
baseline correction, and the remaining 700 ms was used for classi-
fication. In the training session, feature vectors were derived for
each condition (RC and two-step). During the test session, using
these feature vectors, target and non-target characters were
discriminated using Fisher’s linear discriminant analysis. The result
of this classification, the maximum of the summed scores, was
used to determine the icon or circle to which the subjects
were attending. Under the RC condition, the intersection of the
calculated row and column was regarded as the target.

2.4. Procedure

Six of seven ALS subjects lay supine on a bed because of their
clinical condition. A liquid crystal display (LCD) that displayed
visual stimuli and an input window was set approximately
100 cm away from their face using a flexible monitor arm. Another
ALS subject and all control subjects sat in a desk chair
approximately 100 cm away from a standard LCD monitor. We first
collected EEG data to derive feature vectors for a subsequent
spelling session. Under the RC condition, subjects were instructed
to attend to six successive icons to derive the feature vectors.
Under the two-step condition, we used the 3 x 3 matrix of the sec-
ond step and subjects were instructed to attend to nine regions
sequentially to derive the feature vectors. Thus, fewer data were
collected for the classifier under two-step conditions than under
RC conditions. During a trial, all subjects were instructed to attend
to a target letter. In the spelling session, all subjects were required
to input six successive characters (six trials) under each speller
condition. The percentage of characters entered correctly was de-
fined as the classification accuracy. The order of the experimental
conditions (RC or two-step) was randomized among subjects. The
aim of this project was to apply BCls for patients with ALS as a
possible alternative method of communication. No ALS subject
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Fig. 1. Task timing for two types of hiragana speller paradigms: (A) a conventional row/column (RC) speller and (B) a region-based two-step speller. The stimulus onset
asynchrony was 175 ms, including 100 ms of intensification and 75 ms of rest. EEG data were collected and used for classification over eight sequences. Representative ERP
waves of a subject from each group in response to a target stimulus are shown at the bottom of (A) and (B).

had better accuracy under RC conditions than under the two-step et al., 2008), but was enhanced with the new speller in the first
conditions in the first experiment. Therefore, we provided experiment. Then, we evaluated the performance of the P300-BCI
additional experience using our P300-BCI system approximately speller under the two-step condition after 1 year of additional use.
once every 2 months for 1 year to those ALS subjects whose perfor- We evaluated the online performance for ALS and control sub-
mance was not sufficient for practical use, defined as >70% jects under each RC and two-step condition. Correlations between
accuracy (Sellers et al,, 2006; Kubler and Birbaumer, 2008; Nijboer ALS subjects’ accuracy and their demographic characteristics (age,
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time since onset, ALSFRS-R score) were evaluated using Spear-
man’s rank correlation coefficient. Because the sample size was
too small for parametric statistics, we used the Kruskal-Wallis test
to compare the online accuracy of the groups (ALS vs. control) un-
der each condition and the conditions (RC vs. two-step) for each
group.

3. Results
3.1. Online performance

All subjects completed the six-letter spelling task under both
the RC and two-step conditions. The mean online accuracy of all
subjects was 47.6% for the RC condition and 69.0% for the two-step
condition. Under the RC condition, the mean accuracy was 71.4%
for the control group and 23.8% for the ALS group. Under the
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Fig. 2. Online accuracy of each (A) ALS patient and (B) control subject for each
condition (RC and two-step) was plotted with a box plot. The central red line
represents the median, the edges of the box are the 25th and 75th percentiles, and
the whiskers extend to the most extreme data points. The two-step condition
resulted in better accuracies than the RC condition among ALS patients, and a
significant difference was shown between the two conditions (paired t-test,
p<0.05).
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two-step condition, the mean accuracy was 83.3% and 54.8% for
control and ALS groups, respectively (Fig. 2).

The Kruskal-Wallis test revealed a significant difference be-
tween ALS and control subjects under RC conditions [x%(1)=
6.51, p=0.011] but not under the two-step conditions [}*(1)=
3.50, p=0.061]. Importantly, the accuracy of ALS subjects
improved significantly under two-step conditions compared with
RC conditions [x%(1) = 3.95, p = 0.047]. However, these effects were
not significant in control subjects.

No significant correlations were observed between accuracy
under two-step conditions and demographic characteristics (age,
time since onset, and ALSFRS-R score). However, a significant cor-
relation was found between accuracy under the RC condition and
the time since onset (Spearman’s rank correlation coefficient,
p <0.05). Two of seven ALS subjects (ages 61 and 63, a male and
a female) participated in subsequent experiment using the two-
step paradigm (approximately once every 2 months), and their
mean accuracy increased to 92% (100% and 83%; Table 2).
Therefore, four ALS patients in total, including these two subjects,
successfully controlled the region-based two-step speller (i.e.,
>70% correct (Sellers and Donchin, 2006; Kubler and Birbaumer,
2008; Nijboer et al.,, 2008)).

3.2. Errors in both paradigms

Fig. 3 lists the number of errors relative to the target characters
for both groups under the RC condition (Fazel-R=7ai, 2007;
Townsend et al., 2010). Numbers outside the box show distances
from the target characters (asterisk in the center of the shaded
area). Eighty-one percent of all errors of the ALS group occurred
in the same row or column (the shaded area). This result was similar
to the previous data from able-bodied (Fazel-Rezai, 2007; Townsend
et al., 20710) and from our control subjects (Fig. 3, below). Under the
two-step condition, the error rate was 21% for the first step (six
choices) and 40% for the second step (nine choices); this difference
was not significant (Table 3). The accuracy at each step was similar
to accuracies reported in the previous studies.

4. Discussion

We investigated the visual P300-based BCI performance in indi-
viduals with amyotrophic lateral sclerosis using two types of visual
P300 speller. ALS patients controlled our P300 BCI system, and the
two-step procedure provided higher accuracy at each step than the
conventional RC speller, as well as age- and sex- matched control
subjects.

4.1. BCI performance in ALS patients

Previous studies had described the offline and online BCI perfor-
mance of ALS subjects (summarized in Tables 2 and 3; Piccione
et al, 2006; Sellers and Donchin, 2006; Hoffmann et al, 2008;
Nijboer et al.,, 2008; Silvoni et al., 2009; Townsend et al., 2010;
Kaufmann et al, 2013). Our ALS subjects had relatively low ALS-
FRS-R scores (range 0-38; median 6), and six of the seven patients
remained in bed for most of the day due to their clinical condition.
Although most of the subjects in previous BCI studies were tested
in a sitting position, for these subjects, we presented the visual
stimuli via a LCD monitor fixed by a flexible arm as they lay in a
supine position. In previous reports, the physical impairments of
ALS patients did not affect P300 BCI performance (Kubler and
Birbaumer, 2008; Nijboer et al,, 2008), nor was the BCI perfor-
mance influenced by disease progression (Silvoni et al, 2009).
Kubler and Birbaumer (2008) reviewed previous reports of BCI
performance in disabled subjects and investigated the relationship
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Table 2
Online P300-BCI speller performance.
No. of subjects Age (mean) ALSFRS-R {mean) Level of impairment” Speller type No. of choices Mean accuracy (%) Reference
8 36-67 6-17" 2-4 RC 36° 62 Mijboer et al. (2008)
(48.5) (12.3) 36/49¢ 80
3 N.A, NA 4 RC 72 45-70° Townsend et al. (2010)
B 75-89°
4 48-51 N.A. 1-3 RC 36 55 Kaufmann et al. (2013)
(54.3) 100°
7 59-68v(64.1) 0-38 2-4 RC 54 24 Present study
(9.4) two step 55
9231

RC = row/column speller; CB = checkerboard speller; N.A. = data not available
2 Kubler and Birbaumer (2008,
b ALSFRS-R.
¢ Six of eight patients.

Three of eight patients.

Data estimated from figure.

Classic character flashing.

¢ Famous face flashing.

" Two of seven patients after additional experience.

d
e
r

A. ALS patients
-8 -7 -6 -5 -4 -3 -2 - 2 3 4 5 5 6 71 8

B. Control subjects
-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 5 6 7 8

Fig. 3. Errors occurred in the RC condition for ALS subjects {A) and for control subjects (B). The number of errors relative to the target characters for ALS and control subjects
under the RC condition is shown in each box. Numbers outside the table indicate distance from the target characters (asterisk at the center of the shaded area). The errors
among ALS and control subjects had similar distributions.

Table 3
Performance of single icon flickering matrix P300-BCl for ALS patients.

No. of subjects  Age (mean) ALSFRS-R (mean)  Level of impairment®  No. of choices ~ Mean accuracy (%)  Online/offline  Published in

3 37-50(43.7) NA. 2-3 4 72 Offline Seliers and Donchin (2006)
1 75 N.A. 3 4 80 Offline Piccione et al, {2006)
1 47 N.A. 3 6 100 Offline Hoffmann et al. {2008)
21 29-73 (55.6) 19-43(32.2) 1-3 4 79 Online Silvoni et al, (2009)
7 59-68 (64.1) 0-38 (9.4) 2-4 6 79 Online Present study
9 60

N.A. = data not shown.
4 Kubler and Birbaumer (2008).
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between performance and physical impairment. With the excep-
tion of patients with complete locked-in syndrome (CLIS), they
found no correlation between level of impairment and perfor-
mance; however, when CLIS patients were included, a strong cor-
relation was detected. We included two patients whose ALSFRS-R
score was 0 in our subjects, and our results showed no correlation
betweern: ALSFRS-R and P300 BCI performance.

The mean age of our ALS subjects was 64.1 (range 59-68) years.
Agind is known to influence P300 (Picton et al., 1984; Friedman
et al,, 1997, Fjell and Walhovd, 2001) and color percepticn (Suzuki
et al, z@ﬂﬁ), and the BCI performance of our control subjects (age
58-68 years, mean 64.0 years) was similar to previous results
(Takano et al,, 2008b; Tkegami et al,, 2011). Although Silvoni et al.
(2009) reported that aging influenced BCI performance in ALS
patients, we saw no age differences in the BCI performance of our
ALS patients. The mean time since onset in our ALS subjects was
6.1 (range 2.2-16.2) years. Our results showed that the duration of
disease was associated with decreased RC speller performance.

For ALS patients, the two-step procedure provided significantly
increased accuracy compared with a conventional RC speller. Fur-
thermore, the accuracy was significantly lower in the ALS patients
than in the control subjects under the RC condition, although the
new visual stimuli significantly increased accuracy in these pa-
tients. Using the new speller, two ALS patients showed initial accu-
racy sufficient for practical use (>70%); two other ALS patients who
performed better using the new speller in the first trial partici-
pated further, and their mean accuracies increased to 92%. The ex-
tended experience was required to train subjects as well as their
caregivers, especially in preparation and cleanup (Zickler et al,
2011). The ALS patients showed increased accuracy following the
extended BCI experience. We feel that it took time to become
familiar with the BCI system, and we suggest that it may be bene-
ficial to introduce the system to candidates as early as possible
(Birbaumer, 2006; Kubler and Birbaumer, 2008).

4.2. Effect of visual stimuli in the P300 speller

In the conventional row/column P300 speller paradigm, each
row and column is intensified randomly, and the overlap and
refractory effects (Martens et al, 2009), double flash errors
(Townsend et al., 2010) or errors of the non-target icons adjacent
to attended target (Fazel-Rezai, 2007; Townsend et al., 2010) have
been reported. These errors decrease the accuracy of target classi-
fication. Errors in the same row and column of the attended target
(Fazel-Rezai, 2007; Townsend et al, 2010) were observed in ALS
patients as well as control subjects (see Fig. 3). This error occurred
because of subjects’ attention to the non-target adjacent to the tar-
get (Townsend et al,, 2010).

To reduce these types of errors, two-step paradigms such as re-
gion-based (Fazel-Rezai and Abhari, 2008) or hex-o-spell (Treder
and Blankertz, 2010) paradigms have been introduced, and
improvement in BCI performance compared with conventional
RC paradigms has been reported among able-bodied subjects.
One of these paradigms, a checkerboard paradigm was tested in
three ALS patients. Using this approach, Townsend et al. reported
the successful use of their BCI (Townsend et al,, 2010). Recently,
Kaufmann et al. proposed a face-flashing (FF) paradigm for the
RC P300 speller, in which each row and column were simply high-
lighted with well-known faces (Kaufmann et al, 2013). Impor-
tantly, the FF paradigm significantly improved spelling
performance compared with the conventional RC speller in both
able-bodied and disabled subjects. This simple modification of
visual presentation for P300 BCI may therefore be effective to avoid
these types of errors. In the present study, the mean accuracy of
our relatively elderly ALS subjects with low ALSFRS scores was
significantly higher under two-step than under RC conditions.
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The visual presentation in the two-step paradigim was more easily
discriminated by our ALS patients, suggesting that these visual
stimuli may enhance P300 performance due to men relatively ease
of visualization (Polich, 1987; Ikegami et ol )

2.

Guger et al. {2009) reported that able-b a)dmé subiects achieve
higher accuracy on their P300 BCI system with the 8 x 6 matrix
using an RC paradigm than with a single-character paradigm that
flashed each character individually. Seilers and Donchin (2006)
choose the single-character paradigm with four choices in their ini-
tial BCI test with ALS patients and reported a mean performance
rate of 72% (see Table 3). Jarmolowska et al. {2013) reported a
“multi-menu” system that arranged a small matrix of words. The
3 x 3 multi-menu used in their study enabled faster communica-
tion than conventional RC spellers while providing the same level
of accuracy as the 6 x 6 matrices. In the present study, the mean
accuracy was higher under the two-step condition than under
the RC condition among ALS subjects. Under the two-step condi-
tion, the accuracy for the first step (six choices) was 79%, and that
for the second step (nine choices) was 60. When using a single-
character paradigm for the P300 speller the lower number of
choices resulted in increased accuracy in ALS patients. Some ALS
patients had ptosis and were easily fatigued. It has been reported
that the gaze control of the operators affects their BCI performance
(Brunner et al, 2010; Treder and Blankertz, 2010). Therefore, the
relatively low performance of ALS patients may be partly explained
by their gaze control.

We have been developing BCl for ALS patients as a potential
alternative communication option. For the practical use of P300
BCI, accurate and fast communications with ease of use are re-
quired (Zickler et al,, 2011). This study demonstrated that the
two-step speller improved the P300 BCI performance of the ALS pa-
tients. Furthermore, we are currently developing a BCI system that
includes non-adhesive solid-gel electrodes for easier use (Toyama
et al,, 2012). A rapid communication speller incorporating such
electrodes would contribute to the practical utility of P300 BCL

In summary, this study developed a region-based two-step pro-
cedure for a visual P300-based BCI hiragana speller for ALS pa-
tients. The two-step speller may be beneficial for some ALS
patients who are not skilled at using conventional RC spellers.
The extended experience resulted in improved performance,
although additional studies are required to aid the development
of a practical BCI that will allow these individuals to expand their
range of activities.
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The visual P300 brain—computer interface (BCl), a popular system for electroencephalog-
raphy (EEG)-based BCI, uses the P300 event-related potential to select an icon arranged
in a flicker matrix. In earlier studies, we used green/blue (GB) luminance and chromatic
changes in the P300-BCl system and reported that this luminance and chromatic flicker
matrix was associated with better performance and greater subject comfort compared
with the conventional white/gray (WG) luminance flicker matrix. To highlight areas involved
in improved P300-BCl performance, we used simultaneous EEG-fMRI recordings and
showed enhanced activities in bilateral and right lateralized parieto-occipital areas. Here,
to capture coherent activities of the areas during P300-BCl, we collected whole-head 306-
channel magnetoencephalography data. When comparing functional connectivity between
the right and left parieto-occipital channels, significantly greater functional connectivity in
the alpha band was observed under the GB flicker matrix condition than under the WG
flicker matrix condition. Current sources were estimated with a narrow-band adaptive spa-
tial filter, and mean imaginary coherence was computed in the alpha band. Significantly
greater coherence was observed in the right posterior parietal cortex under the GB than
under the WG condition. Re-analysis of previous EEG-based P300-BCI data showed sig-
nificant correlations between the power of the coherence of the bilateral parieto-occipital
cortices and their performance accuracy. These results suggest that coherent activity in the
bilateral parieto-occipital cortices plays a significant role in effectively driving the P300-BCI.

Keywords: BMI, magnetoencephalography, imaginary coherence, P300 speller, chromatic stimuli

INTRODUCTION

The brain—machine interface (BMI) or brain-computer interface
(BCI) is an interface technology that uses neurophysiological sig-
nals from the brain to control external machines or computers (1—
3). Electroencephalography (EEG), in which neurophysiological
signals are recorded using electrodes placed on the scalp, represents
the primary non-invasive methodology for studying BMI.

Our group has used EEG and developed a BMI-based system
for environmental control and communication (4). In our sys-
tem, we modified a P300 speller (5). The P300 speller uses the
oddball paradigm and involves the presentation of a selection of
icons arranged in a matrix. According to this protocol, the par-
ticipant focuses on one icon in the matrix as the target, and each
row/column or individual icon in the matrix is then intensified
in a random sequence. The targets are presented as rare stimuli
(i.e., the oddball paradigm). We elicited P300 responses to the tar-
get stimuli and then extracted and classified these responses with
respect to the target.

We prepared a green/blue (GB) flicker matrix because this color
combination was considered the safest in a photosensitive epilepsy
study (6). We showed that the GB flicker matrix was associated
with a better subjective feeling of comfort than was the white/gray

(WGQG) flicker matrix, and we also found that the GB flicker matrix
was associated with better performance (7, 8). The BMI system was
used satisfactorily by individuals with cervical spinal cord injury
(9,10).

To highlight areas involved in improving P300-BCI perfor-
mance, we used simultaneous EEG-fMRI recordings; that is, we
sought to identify brain areas that showed greater enhancement in
the GB flicker matrix than in the WG flicker matrix. The P300 in the
EEG data was detected under both conditions, and the peak ampli-
tudes were larger at the parietal and occipital electrodes, particu-
larly in the late components, under the GB condition than under
the WG condition. fMRI data showed activation in the bilateral
parietal and occipital cortices, and these areas, particularly those in
the right hemisphere, were more activated under the GB condition
than under the WG condition. The parietal and occipital regions
more involved under the GB condition were among the areas
involved in conventional P300s, suggesting the importance of the
parietal and occipital regions, especially in the right hemisphere,
for the operation of P300-BCI with the GB flicker matrix (11).

Our fMRI-EEG study suggested the importance of the pari-
etal and occipital regions, especially in the right hemisphere, for
the operation of P300-BCI with the GB flicker matrix. Analysis of
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coherence between these regions was expected to show how these
regions cooperate in enhancing task performance (12). However,
we did not conduct a detailed investigation of coherent activity in
these areas because the EEG data were recorded from 27 channels,
and the data included severe artifacts due to fMRI scanning. Thus,
it was difficult to investigate coherent regional activity in detail.

In this study, we used 306-channel whole-head magnetoen-
cephalography (MEG), which has high spatial resolution com-
pared with EEG, to investigate coherent activity in these areas
during the P300-BCI operation. In the coherence analysis, we
specifically focused on the alpha band because it has been sug-
gested to be involved in attentional mechanisms (13, 14). In fact,
alpha-band oscillation is relevant to visual attention (15-17).
Treder and colleagues showed that the alpha power of EEG signals
(Po3, Po4) during eye closing in a session before BCI operation
was positively correlated with the accuracy of the BCI operation
(18). Furthermore,a meaningful shape induces greater alpha-band
coherence than a meaningless shape (19).

To capture the coherent activities, we first applied sensor-based
analysis. The sensor position and angle can be rearranged for a
virtual sensor. We further used a narrow-band adaptive spatial
filter to transform the sensor to voxels. We used the imaginary
coherence of MEG signals between voxels to investigate func-
tional connectivity when the P300 speller was used. Imaginary
coherence uses the imaginary part of the coherence between the
channels or between the voxels. It can remove spurious results
due to leakage of the imaging algorithm, and thus gives more
accurate results without blur (20~22). In recent clinical stud-
ies, imaginary coherence was utilized in the preoperative MEG
evaluation (23, 24), and these studies have suggested the biologi-
cal significance of imaginary coherence for evaluating functional
connectivity. To highlight brain area(s) that may help improve
P300-BCI accuracy, we used mean imaginary coherence (MIC)
(25). In our previous EEG-fMRI study, we showed that greater
activity was elicited in the right inferior parietal lobule by GB
than by WG flicker (11). Based on that study, here, we defined a
spherical region of interest (ROI) at the coordinates in the parietal
area.

Finally, we reanalyzed some previous EEG-based P300-BCI
data, and further investigated the coherence of the power spec-
trum between bilateral parieto-occipital cortices and performance
accuracy.

MATERIALS AND METHODS

SUBJECTS

Thirteen healthy subjects (mean age: 22.9 years, all men, right-
handed) participated. One subject’s data were rejected because
of excessive noise. All subjects were neurologically normal and
right-handed according to the Edinburgh Inventory.

This study received approval from the Institutional Review
Board at the National Rehabilitation Center for Persons with
Disabilities, Tokorozawa, Japan. All subjects provided written
informed consent according to institutional guidelines.

TASK
During the experiment, each participant sat on a chair. Visual
stimuli were projected on a screen located in front of participants.

The stimulus and triggers that indicated the onset of each trial
were presented using Presentation (Neurobehavioral Systems, Inc.,
Albany, CA, USA).

We used two types (GB luminance chromatic condition and
WG luminance condition) of visual-flicker stimuli in a 6 x 6
alphabet flicker matrix, modified from the “P300 speller” (5). We
prepared a white (20 cd/cm)/gray (6.5 cd/cm) matrix for the WG
condition, and a green (20 cd/cm)/blue (6.5 cd/cm) matrix for the
GB condition; the luminance was measured using a chromatic
meter (CS-200, Konica Minolta Sensing, Inc., Osaka, Japan) on
the computer screen, as in our previous study (11). That is, the
same luminance change was used under both GB and WG condi-
tions as in the study. We used 100 ms of intensification and 100 ms
of rest, because recent visual P300-BCI studies have usually used
about 125-300 ms for stimulus-onset asynchrony (SOA) to facil-
itate rapid communication. Each row/column of the matrix was
intensified in random order (Figure 1).

Green/Blue

White/Gray

160 m_s-émi

Hinon.
!-—»-‘—h”'kaw”«»«s-
ot b oo T

EEE

FIGURE 1 | Experimental setting. Two types of matrices were used: one
for the green/blue (GB) condition and the other for the white/gray (WG)
condition. Stimuli were presented in chromatic (GB) and luminance (WG)
flickering patterns. Subjects were required to gaze at and attend to the
target letter. Event-related fields from a representative subject under the
GB condition are shown. The red lines indicate the averaged ERF elicited by
the non-target stimuli, whereas the blue lines show the averaged ERF
elicited by the target stimuli.
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One complete cycle of six rows and six columns consti-
tuted a sequence (two target stimuli and 10 non-target stimuli),
and 10 sequences constituted a trial. During a trial, partici-
pants were asked to focus on one of the icons as the target
in the matrix. The target stimuli were presented as rare stim-
uli (20 target stimuli and 100 non-target stimuli in one trial)
to elicit P300 responses (i.e., the oddball paradigm). We con-
ducted six trials during a session under both the GB and WG
conditions and simultaneously recorded MEG signals during
each session. The order of the experimental conditions (GB or
WG) was counterbalanced among participants. We thus recorded
120 segmented data points of the target and 600 segmented
data points of the non-target from each participant in each
condition.

MEG DATA ACQUISITION

For 306-channel whole-head MEG recording, we used a Neuro-
mag Vectorview (Flekta AB, Helsinki, Finland). This system has
102 sensor triplets, with each triplet containing one magnetometer
and two gradiometers. Brain activities were sensed and digitized
at a rate of 1000 Hz and filtered with a band-pass filter of 0.1~
330 Hz. Additionally, four head position indicator (HPI) coils
were placed on the subjects’ scalp to record head position rela-
tive to the MEG helmet at the beginning of each session. Three
cardinal points (nasion, left and right preauricular) were digitized
and used for co-registration with structural MRI data and spatial
filtering.

MEG DATA ANALYSES

Sensor-based analyses

We preprocessed the wave data from 204 gradiometers, extracted
using FieldTrip (Donders Centre for Cognitive Neurcimaging).
These data were then filtered with Signal Space Projections (SSP)
and 50-Hz notch and 100-Hz low-pass filters. As described in our
previous studies (8, 10), filtered data from 800 ms of the MEG
were segmented, starting at 100 ms before intensification. Data
from the initial 100 ms (just before the intensification) were used
for baseline correction.

We then computed the coherence using FieldTrip software (26).
The coherence between left and right parieto-occipital channels
was computed from the segmented data using only 204 gradiome-
ters. The alpha band (8-12 Hz) was used as the target frequency.
We computed the power spectrum density and cross-spectrum
density. We combined the 204 gradiometers into 102 channels by
calculating the norm. Using these spectra, we computed coher-
ence between channels limited to the bilateral parieto-occipital
area. Thus, the number of the channel combinations was 196
(14 x 14 channels). Then, we tested the differences in the coher-
ence between the GB and WG conditions using a paired-sample
t-test with a Bonferroni correction (Figure 2).

Voxel-based analyses

We preprocessed the wave data from the 204 gradiometers and
102 magnetometers using FieldTrip software. These data were fil-
tered with SSP and 50-Hz notch and 100-Hz low-pass filters. As

T A k!
i Sapcar Dt Calculation spatial
Aaw Sersor DAty fiter weights
 ‘Preprocessing
Source
reconstriction’
: e Compﬁﬁa maginary
Compute Coherence cobererce
¥- g
Statistics Statistics:
. . A : o
Sensor-based analysis Voxel-based analysis
FIGURE 2 | Data processing. Two processes were used: sensorbased sensor data were first projected to voxel space. Second, the mean imaginary
analysis and voxel-based analysis. In the sensorbased analysis, the coherence was computed. Finally, the projected data were transformed to a
coherence between sensors was computed. In the voxel-based analysis, the standard brain.
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described in our previous studies (8, 10), filtered data from 800 ms
of the MEG were segmented, starting at 100 ms before intensifica-
tion. Data from the initial 100 ms were used for baseline correction.
We specifically focused on around 10 Hz for analysis as explained
in the Section “Introduction.”

To project the sensor data to voxel space, we used an adap-
tive beamformer (27) to transform to individual voxel space. The
T1 MRI of each participant was used for co-registration. The
voxel size was 7.7 mm x 7.7 mm x 7.7 mm. To clarify functional
connectivities, we applied imaginary coherence (20-22). Imagi-
nary coherence allows unambiguous detection of brain interaction
from EEG/MEG data by retaining only the imaginary part of the
cross-spectrum. In the voxel-based analysis, we evaluated the MIC
as an index of functional connectivity. MIC is the average coher-
ence between a seed voxel and all the other voxels across the entire
brain (>0). With MIC, we estimated the magnitude of connec-
tivities between the seed voxel and all the other voxels. Voxel data
were normalized using SPMS8 in MATLAB (MathWorks, Natick,
MA, USA). We used the canonical MRI data to create a trans-
formation matrix. We computed MIC from the segmented data
of target and non-target for all voxels under each condition. We
mapped the difference between MIC of the target and non-target
at all voxels (MIC map). We evaluate the differences in the MIC
map between the GB and WG conditions. In our previous EEG-
fMRI study, we showed greater activation in the parieto-occipital
areas under chromatic conditions, and we observed the peak fMRI
activation at (x =32, y = —53,z=41) (11). We thus defined a 10-
mm-radius spherical ROI following the study. Differences between
the two MIC maps (GB versus WG) obtained from each individual
(n=12) were tested using a paired-sample t-test (Figure 2).

RE-ANALYSES OF P300-BCI EEG DATA

‘We re-analyzed previous P300-BCI EEG data (n = 20) to evaluate
relationships between coherence and accuracy with the P300-BCL
The data used in this reanalysis have been published previously (8,
10). In these studies, we prepared an 8 x 10 hiragana (a Japanese
character) matrix for the P300 speller, and subjects were required
to input 15 hiragana characters with P300-BCI under GB and WG
conditions. These data were recorded from eight electrodes (Fz, Cz,
P3, Pz, P4, PO7, Oz, and PO8). The data were segmented in the
same manner as in the MEG experiments, and the same target fre-
quency was used. The segmented data were also used for P300-BCI
evaluation. We used the waveform as a feature vector. The seg-
mented data using a sampling rate of 21 Hz correspond to 15 data
points, and data were collected with eight EEG channels. Thus,
the feature vector had 120 dimensions. We used Fischer’s linear
discriminant analysis for the feature vector to obtain classification
accuracy. We evaluated the correlation between the coherence of
the EEG signals and accuracy of the P300-BCI.

RESULTS

MEG DATA ANALYSES

Sensor-based analyses

We analyzed the alpha-band coherence between MEG sensors of
the bilateral parieto-occipital areas (Figure 3). We set the ROI in
the parieto-occipital area because P300 responses had been pref-
erentially observed in these areas according to previous reports

using EEG and fMRI data (11, 28-31). Further, there are reports
showing alpha-band parieto-occipital activation and coherence in
response to meaningful visual stimuli (19).

The alpha-band coherence between a sensor combination
[ch2622 42623 and chl1732+ 1733, two-tailed #(11)=28.07,
p=0.0006, Bonferroni-corrected] was significantly greater under
the GB condition than under the WG condition. In contrast,
significantly greater coherence was not observed under the WG
condition compared to the GB condition.

Voxel-hased analyses

Figure 4 shows the difference in the MIC of the power between
the GB and WG conditions. Significantly greater coherence was
observed in the right inferior parietal lobule under the GB [x = 42,
y = —48, z = 44; two-tailed £(11) = 3.60, p = 0.0253 Bonferroni-
corrected| than under the WG condition. The power distribu-
tion in this voxel did not show significant difference [two-tailed
t(11) = 0.05, p = 0.9595, uncorrected]. In the WG condition, no
coherence greater than that of the GB condition was observed
[two-tailed £(11) =0.01, p = 1.0, uncorrected].

RE-ANALYSES OF P300-BCI EEG DATA

We re-analyzed the P300-BCI EEG data (8, 10) and computed the
coherence between left (P3, PO7) and right channels (P4, PO8);
this was done because, in our previous studies, we observed that
the electrodes in the parieto-occipital areas play an important role
in the P300-BCI operation. We performed a coherence analysis
with the EEG data too because a close relationship between MEG
data coherence and EEG data coherence has been reported (32).
The change in coherence from the non-target to the target condi-
tion was used for analysis. A significant correlation was observed
between the mean accuracy of each subject and the difference in
coherence (target-non-target) (between P4 and PO7; Pearson’s
coefficient of correlation, p = 0.009, uncorrected) under the GB
condition (Figure 5). No significant correlation was observed
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FIGURE 3 | Sensor-based coherence. The blue lines indicate significantly
greater coherence between sensors under the GB than under the WG
condition. Significantly greater coherence (p < 0.05, with Bonferroni
correction) under the WG than under the GB condition was not observed.
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FIGURE 4 | Mean imaginary coherence. The inferior parietal area showed
higher MIC under the GB than under the WG condition (GB >WG).
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FIGURE 5 | Scatter plot of coherence and accuracy. (A) Scatter plot of
coherence and accuracy under the WG condition. (B) Scatter plot of
coherence and accuracy under the GB condition. The horizontal axis shows
coherence between P4 and Po7 and the vertical axis shows accuracy
during the P300-BCl task. A significant correlation was observed under the
GB condition.

between other channel combinations (P3 and P4, P3 and POS,
PO7 and PO8). No significant correlation was observed during
WG conditions.

We further investigated the relationship between coherence and
correct/incorrect responses at the single-trial level. We calculated
the coherence between P4 and PO7 in each trial, and then the
data were evaluated separately with respect to correct or incorrect
responses. This analysis revealed a significant difference between
the correctand incorrect responses in the GB condition [two-tailed

£(298) = 3.80, p < 0.001], but not in the WG condition [two-tailed
£(298) = 1.79, p = 0.0746].

DISCUSSION

Magnetoencephalography activity during P300-BCI use was inves-
tigated. When comparing functional connectivity between the
right and left occipital channels, significantly greater functional
connectivity in the alpha band was observed under the GB than
under the WG flicker matrix condition. Application of MIC
revealed that coherence was significantly greater in the right pos-
terior parietal cortex under the GB than under the WG condition.
Re-analysis of previous EEG-based P300-BCI data showed a sig-
nificant correlation between the power of the coherence between
bilateral parieto-occipital electrodes and performance accuracy.

COHERENT ACTIVITY AND GB FLICKER

In the sensor-based analysis, by specifically focusing on the alpha
band, according to former reports (13, 14, 19), greater coherence
between bilateral parieto-occipital areas was observed under the
GB than under the WG condition. This result suggests that chro-
matic stimuli elicited activity in the parietal attentional system
more effectively than conventional WG stimuli did. These results
are also consistent with our previous study, in which we showed
that EEG channels in the lateral parietal areas were more important
for P300-BCI operation (33).

We also investigated differences between the GB and WG con-
ditions in the MIC of the power. Significantly greater coherence
was observed in the right parieto-occipital area under the GB than
under the WG condition (11). In a previous fMRI study, chromatic
visual stimuli activated the right occipital and parietal areas (34).
In our earlier study, we made simultaneous EEG-fMRI recordings
during GB and WG conditions, and the peak of the positive wave
in the EEG data was detected under both conditions. The peak
amplitudes were larger at the parietal and occipital electrodes,
particularly in the late components, under the GB versus the WG
condition. fMRI data showed activation in the bilateral parietal
and occipital cortices, and these areas, particularly in the right
hemisphere, were more activated under the GB than under the WG
condition (11). As discussed in that paper, the right hemisphere
may be more involved in color detection. Indeed, a psychophys-
ical study suggested the superiority of the right hemisphere for
detecting color (35).

P300-BCI ACCURACY AND COHERENT ACTIVITY
Increasing accuracy in P300-BCI operation is a major topic in
this field of research. The classification methods of EEG and the
optimization of the target of classification have been investigated
extensively, and analyses relying on stepwise LDA (36), ICA (37)
and common spatial patterns have been applied. Other studies
have tested various aspects of visual stimuli, such as their position,
pattern, and number to increase accuracy (38—41).

Our re-analysis of previous EEG-based P300-BCI data showed
a significant correlation between the power of the coherence
between the bilateral parieto-occipital cortices and performance
accuracy, suggesting that increasing the power of the coherence
between bilateral parieto-occipital cortices may be key to increas-
ing the accuracy of the P300-BCI operation. GB flicker may con-
tribute to increasing the power of the coherence. In this study,
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we investigated the effects of chromatic stimuli for the P300-BCI,
and we found coherence in the right inferior parietal lobule. These
coherence features may be useful for classification to improve the
accuracy of the P300-BCl, and the coherence values may be usable
for neurofeedback training with the P300-BCI.

There are several limitations to this study. First, we were not
able to evaluate P300-BCI accuracy during the MEG experiments
because, as reported in a previous MEG-BMI study (42), the sen-
sor location showing the highest P300-BCI accuracy varies among
participants. Because of this variation, it is difficult to differentiate
between the effect of channel selection and the effect of chromatic
stimuli when examining the relationship between the imaginary
coherence of the MEG data and the P300 performance. Second, we
did not collect simultaneous EEG data, and did not evaluate online
and offline performance during the P300 tasks. These activities
were omitted because a real-time EEG system was not available,
and also because the positions of the EEG electrodes available in
the simultaneous EEG-MEG recording system are different than
in the conventional P300-BCI system. However, it is important to
note that a positive relationship was observed between P300 per-
formance and coherence of the EEG data, which was revealed in
the comparison between the GB flickering condition and the WG
flickering condition.

In our previous research, we found that chromatic visual stimuli
improved accuracy in P300-BCI operations (8); in this previous
study, the EEG waveform was used to classify the target stim-
uli. Furthermore, in our previous EEG-fMRI study, we found
that peak EEG amplitudes were larger under the GB condition
than under the WG condition at the parietal and occipital elec-
trodes (11). These results suggest the ease with which changes
can be detected under the GB flicker condition, which is consis-
tent with Polich’s observation that the P300 amplitude is smaller
in response to more difficult than to easier tasks (43). Thus,
the GB visual stimuli may have allowed participants to detect
changes more readily. Furthermore, inter-hemispheric neuronal
coherence was improved when the object was recognized (19).
We suggest that our chromatic stimuli preferentially elicited right-
dominant activation in cooperation with the coherent activities
of the bilateral occipital and parietal areas. Taken together, these
data support the conclusion that coherent activity in the bilateral
parieto-occipital cortices may play a significant role in effectively
driving P300-BCI. '
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