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Abstract

Objective: Brain–computer interface (BCI) systems using steady state visual evoked potentials (SSVEPs) have allowed healthy subjects to
communicate. However, these systems may not work in severely disabled users because they may depend on gaze shifting. This study
evaluates the hypothesis that overlapping stimuli can evoke changes in SSVEP activity sufficient to control a BCI. This would provide
evidence that SSVEP BCIs could be used without shifting gaze.
Methods: Subjects viewed a display containing two images that each oscillated at a different frequency. Different conditions used over-
lapping or non-overlapping images to explore dependence on gaze function. Subjects were asked to direct attention to one or the other of
these images during each of 12 one-minute runs.
Results: Half of the subjects produced differences in SSVEP activity elicited by overlapping stimuli that could support BCI control. In all
remaining users, differences did exist at corresponding frequencies but were not strong enough to allow effective control.
Conclusions: The data demonstrate that SSVEP differences sufficient for BCI control may be elicited by selective attention to one of two
overlapping stimuli. Thus, some SSVEP-based BCI approaches may not depend on gaze control. The nature and extent of any BCI’s
dependence on muscle activity is a function of many factors, including the display, task, environment, and user.
Significance: SSVEP BCIs might function in severely disabled users unable to reliably control gaze. Further research with these users is
necessary to explore the optimal parameters of such a system and validate online performance in a home environment.
� 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Many people with motor disabilities cannot use conven-
tional interfaces such as mice or keyboards. Although some
of these users can use other interfaces such as eye trackers
or EMG switches (Cook and Hussey, 2002), some severely
disabled users require a means of communication that does
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not rely on motor control at all. Brain–computer interface
(BCI) systems translate direct measures of brain activity
into messages or commands. A variety of BCI systems have
been described in the literature and typically are catego-
rized according to the cognitive and neural activity needed
for control (for review, see Kübler et al., 2001; Wolpaw
et al., 2002; Allison, 2003; Kübler and Neumann, 2005;
Jackson et al., 2006; Allison et al., 2007).

One type of BCI utilizes changes in steady state visual
evoked potentials (SSVEPs). In this approach, a subject
views one or more stimuli that each oscillate at a different
constant frequency. When the subject focuses attention on
gy. Published by Elsevier Ireland Ltd. All rights reserved.
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one such stimulus, EEG activity may be detected over
occipital areas at corresponding frequencies. Hence, an
SSVEP BCI can infer user intent by measuring EEG activ-
ity at a specific frequency or frequencies over occipital
areas. Although SSVEP BCIs work with healthy subjects
(e.g., Middendorf et al., 2000; Cheng et al., 2002; Lalor
et al., 2005) and subjects with moderate disabilities (Sutter,
19921; Wang et al., 2004), they have not been validated
with subjects unable to control gaze.

The prevailing view in the BCI literature is that SSVEP
BCIs would not work in such subjects. SSVEP BCI articles
typically note that subjects were told to shift gaze (Sutter,
1992; Middendorf et al., 2000; Cheng et al., 2002; Gao
et al., 2003). Two BCI reviews (Kübler et al., 2001; Wolpaw
et al., 2002) define SSVEP BCIs as ‘‘dependent’’ BCIs, mean-
ing that they use EEG features that depend on muscle activ-
ity and thus would not work in patients without control over
that activity. SSVEP BCI development would then be less
important, as other assistive technologies based on gaze
direction might be more effective (Cook and Hussey, 2002).

However, strong evidence from the visual attention liter-
ature suggests that people can shift attention among visual
stimuli without shifting gaze. This phenomenon, called cov-
ert attention, has been verified in many human studies in
which gaze shifting was carefully measured (e.g., Van Voor-
his and Hillyard, 1977; Regan, 1989; Mangun and Buck,
1998; Golla et al., 2005). It has also been shown in SSVEP
studies in which covert attention to an oscillating region or
regions resulted in increased SSVEP activity at correspond-
ing frequencies (Müller et al., 1998, 2003; Müller and Hill-
yard, 2000). These SSVEP studies were designed to rule
out the possibility that results could be explained by shifting
gaze. MEG work also shows that humans can produce
changes in brain activity by attending to one of two overlap-
ping images (Chen et al., 2003). Thus, an independent BCI
based on covert attention may be a viable communication
system even for users without gaze control.

The main goal of the study was to determine whether
selective attention to one of two overlapping images would
produce enough change in SSVEP activity to control an
online BCI. This study compares an SSVEP display using
non-overlapping checkerboxes to displays using overlap-
ping stimuli. To determine whether color would help distin-
guish overlapping stimuli, two types of overlapping stimuli
were used: colored and black/white (BW).
2. Methods and materials

2.1. Subjects

Subjects were 14 healthy adults (8 women, 6 men; age
range 18–29 years, mean = 19.7, SD = 2.9), 11 of whom
1 Sutter’s approach uses m-sequence encoding, which is not a steady
state stimulus and does not produce a classic steady state response.
However, his 1992 article is typically grouped with SSVEP BCIs since this
approach is somewhat similar.
were undergraduate students at Georgia State University.
All subjects were free of neurological or psychiatric disor-
ders or medications known to adversely affect EEG record-
ing. None had prior experience with EEG recording or
BCIs. All subjects signed a consent form and earned credit
in a psychology course or $10/hour for their participation.
The nature and purpose of the study was explained to each
subject before preparation for EEG recording. No subjects
were excluded from the study nor chose not to participate.
Everyone who asked to be a subject was a subject, and all
data collected from these subjects are reported below. The
study was reviewed and approved by the Georgia State
University IRB.

2.2. Data collection

Subjects wore a 64-channel electrode cap (Electro-Cap
International) using the International 10-20 system of elec-
trode placement (Scharbrough et al., 1990). EEG channels
were referenced to an electrode attached to the right ear-
lobe, and a ground electrode was placed behind the right
mastoid. All impedances were kept below 10 kX. Data were
sampled at 160 Hz, band-pass filtered between 0.1 and
50 Hz, and amplified 20,000· on an SA Instruments biosig-
nal amplifier. The BCI2000 software package (Schalk et al.,
2004) was used for all data acquisition. Stimuli were pre-
sented using Presentation (Neurobehavioral Systems) and
analyzed using BCI2ASCII (Wadsworth Center) and Mat-
lab Release 12 (Mathworks). Data were collected in a busy
office area with occasional uncontrolled distractions, rather
than a shielded room, as this represents a more realistic
environment for BCI use.

2.3. Display and procedure

After being prepared for EEG recording, subjects were
seated in a comfortable leather chair about 3 ft from a
2100 ViewSonic CRT monitor with a 60 Hz refresh rate.
In all conditions, subjects viewed two images that each
oscillated at a different frequency (see below). All subjects
participated in 12 one-minute runs that were separated
by breaks of 30–60 s (see Table 1). Subjects completed
questionnaires after the last run.

Fig. 1 illustrates the images used in the three conditions.
For half the subjects, the first eight runs involved spatially
overlapping images called ‘‘lineboxes’’ that each consisted
of parallel vertical or horizontal lines against a black back-
ground (Chen et al., 2003). During these runs, the two
images appeared at the same location in the center of the
monitor. All lineboxes were about 8.5 in. tall by 8 in. wide
and subtended about 10� of user-centered space. The image
containing horizontal lines oscillated at 10 Hz, and the
image containing vertical lines oscillated at 12 Hz. This
was achieved by presenting each image for two frames fol-
lowed by either three or four frames without that image.
During frames in which both images appeared, an image
that represented the superposition of both images was



Table 1
The protocol used in this study

Run Image 1 and frequency Image 2 and frequency Target Color?

1 Horizontal linebox 10 Hz Vertical linebox 12 Hz Horizontal NO
2 Horizontal linebox 10 Hz Vertical linebox 12 Hz Vertical NO
3 Horizontal linebox 10 Hz Vertical linebox 12 Hz Horizontal YES
4 Horizontal linebox 10 Hz Vertical linebox 12 Hz Vertical YES
5 Horizontal linebox 10 Hz Vertical linebox 12 Hz Horizontal NO
6 Horizontal linebox 10 Hz Vertical linebox 12 Hz Vertical NO
7 Horizontal linebox 10 Hz Vertical linebox 12 Hz Horizontal YES
8 Horizontal linebox 10 Hz Vertical linebox 12 Hz Vertical YES
9 Left checkerbox 6 Hz Right checkerbox 15 Hz Left NO

10 Left checkerbox 6 Hz Right checkerbox 15 Hz Right NO
11 Left checkerbox 6 Hz Right checkerbox 15 Hz Left NO
12 Left checkerbox 6 Hz Right checkerbox 15 Hz Right NO

Subjects viewed two images that oscillated at different frequencies. Before each run began, subjects were asked to attend to the image in the ‘‘Target’’
column.
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presented. During runs 1, 2, 5, and 6, the lineboxes used
alternating dark gray and white lines (top row of Fig. 1).
During runs 3, 4, 7, and 8, the lineboxes used alternating
colored (red or green) and dark gray lines (second row of
Fig. 1). The dark gray lines used in these images appeared
slightly different from the black background of the monitor
to eliminate the possibility that subjects could ignore one of
the line boxes by fixating on a particular region of the mon-
itor. That is, there was no region of the monitor that dis-
played only one of the images.

The bottom row of Fig. 1 shows the display used in runs
9–12. The left and right sides of the monitor contained a
tall rectangular black and white checkerbox that oscillated
between two reversed images at 6 Hz and 15 Hz, respec-
tively. The checkerboxes were separated by about 7 in.
Each checkerbox was about 2 in. wide by 8.5 in. tall and
consisted of a 4 · 18 matrix of squares each measuring
about .5 in. long. Thus, the entire display used in runs
9–12 was about 11 in. (or 12.9�) wide by 8.5 in. (or 10�) tall.
Fig. 1. The top row presents the three images used in the BW linebox
condition, and the middle row contains three images used in the color
linebox condition. The four images used in the BW checkerbox condition
are on the bottom row. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Seven subjects (four women) were placed in group one
and used the protocol shown in Table 1. The remaining
seven subjects, placed in group two, used an identical
protocol except that the four runs using checkerboxes
occurred first. Before each run began, subjects were
asked to focus on one of the two images, called the
‘‘target image,’’ and maintain this focus throughout the
run. Subjects were given no instructions regarding eye
fixation.

2.4. Pilot testing

Six subjects participated in a pilot version of this study
to determine optimal stimulus frequencies. Subjects partic-
ipated in several runs comparing combinations of 6, 10, 12,
15, 20, and 30 Hz with both overlapping and non-overlap-
ping stimuli. These frequencies were chosen to match
reports of successful experiments in the SSVEP literature
(e.g., Regan, 1989; Cheng et al., 20022; Beverina et al.,
2003; Gao et al., 2003; Pastor et al., 2003). Although there
were substantial differences between subjects, SSVEP dif-
ferences were most apparent with checkerboxes at 6 and
15 Hz and lineboxes at 10 and 12 Hz. Pilot subjects initially
reported that it was easier to ignore the red lineboxes than
the green ones, and hence the colors used in that display
were adjusted until the pilot subjects reported that bias
was eliminated.

2.5. Data analysis

In the pilot and full studies, the two one-minute runs
that used the same display and target image were grouped
and divided into 80 1.5-s epochs. For example, both runs in
which the subject attended to horizontal colored lines –
runs 3 and 7 for group one, or runs 7 and 11 for group
two – were grouped and epoched. The power at each
2 Cheng et al. (2002) do not describe the stimulation frequencies used;
they were in the range of 7–20 Hz (S. Gao, personal communication,
2005).
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integer frequency between 1 and 65 Hz was computed for
each 1.5 s epoch as the average of 5 spectra within that
epoch that were each calculated using an autoregressive
spectral analysis with model order 25, a window size of
0.5 s, and 50% overlap. This analysis produced 80 spectral
estimates at each frequency and each site. The autoregres-
sive approach was chosen because the AR approach was
found more effective than an FFT with a similar SSVEP
BCI approach (Lalor et al., 2005).

Data from these two runs were then compared to data
from the runs that used the same display and different tar-
get image. Hence, the two runs in which horizontal colored
lines were designated as the target image were compared to
the two runs in which the vertical colored lines were
attended. R2, the proportion of the signal variance that
was accounted for by the task of attending to the horizon-
tal and vertical lines, was computed for each electrode site
and frequency. These analyses led to six topographic
images, one for each of the two stimulation frequencies
and the second and third harmonics of each, in which color
represented R2 values at that location. These images were
visually reviewed to ensure there was no excess artifact
and to determine whether the R2 activity appeared consis-
tent with SSVEP activity. R2 spectra for sites O1 and O2
were also computed.

Statistical analysis began with converting R2 values into
F values using the formula: F = R2/((1.0 � R2)/(N � 1)). N

was equal to 80 since each comparison utilized one group
of 80 epochs compared to another group of 80 epochs.
To limit the total number of comparisons, this was only
done for sites O1 and O2 for the two stimulation frequen-
cies and the second and third harmonics of each. F values
were also used to calculate p values.

Each subject’s highest R2 value for each of the three con-
ditions at the six frequencies and two sites studied was used
to categorize SSVEP differences as low, moderate, high, or
very high (see Table 2). Subjects rated as Low did not attain
an R2 value greater than .08. Moderate subjects had a peak
R2 value between .08 and .15. High subjects had a peak R2

value of .15–.3. Subjects with a peak R2 value of greater
than .3 were considered Very High. These values were cho-
sen based on our prior work, which established that offline
R2 analyses of EEG power spectra could effectively predict
online control (Sheikh et al., 2003).
Table 2
SSVEP differences across the three conditions

Condition Low
(R2 below .08)

Moderate
(R2 .08 –.15)

High
(R2 .15–.30)

Very high
(R2 above .30)

BW checker-
box

1 1 5 7

BW linebox 6 4 4 0
Color linebox 7 4 2 1

Subjects’ SSVEP differences were grouped into one of four categories
based on the maximum R2 difference produced by selective attention to
one of two images. These groups correspond to a maximum R2 difference
of less than .08 (low), .08–.15 (medium), .15–.30 (high), and above .30
(very high). Numbers reflect how many subjects were in each category for
each display type.
Online control was estimated using 100,000 simulations
with R2 values of .08, .15, and .3. These simulations
assumed Gaussian noise and continuous control in a 2 tar-
get task with a trial length of 1.5 s. R2 values of .08, .15,
and .3 corresponded to accuracies of 61%, 66%, and 74%,
which would yield information throughput of .04, .07,
and .17 bits per trial, respectively. If an online version of
this system included a 1 s delay between each trial, and
hence allowed one selection every 2.5 s, subjects could com-
plete 24 trials per minute. These three values would corre-
spond to about .96, 1.68, or 4.18 bits per minute.

3. Results

3.1. Statistical analysis

Table 2 summarizes results for all subjects for each
condition.

Averaged across all subjects, the three conditions
(checkerbox, BW linebox, and color linebox) produced
maximum R2 values of .34, .10, and .12, respectively. Sub-
jects in group two produced slightly greater differences to
the checkerbox and color linebox display, and slightly
smaller differences in the BW linebox condition, than sub-
jects in group one. Female subjects produced greater differ-
ences than male subjects in all conditions. The effects of
color, group, and gender were not significant due largely
to the high variance between subjects.

3.2. Examples of individual analyses for each condition

Fig. 2 shows spectral power and R2 activity for one sub-
ject from the BW checkerbox condition. Like most sub-
jects, this subject showed a stronger difference at 15 Hz
than any other frequency. In this subject, differences are
significant to p < .0001 over sites O1 and O2 at 6, 12, and
30 Hz. Selective attention produced broad bilateral occipi-
tal differences in the topographies, which was seen in some
other subjects for this condition.

Fig. 3 shows spectral power and R2 for one subject from
the BW linebox comparison. In this subject, differences are
most apparent at 10 Hz at site O2 (p < .004) and at 12 Hz
at sites O1 (p < .006) and O2 (p < .014). This subject’s
topographies showed relatively narrow differences focused
more over the central occipital area.

Fig. 4 shows an example of spectral power and R2 activ-
ity for one subject from the color linebox comparison. In
this subject, differences are most apparent at 12 and
24 Hz, both of which were significant to p < .0001 at sites
O1 and O2. This subject’s topographies showed fairly
broad occipital differences as well as some activity from
the right temporal region.

This right temporal activity is probably EMG noise
because of its spatial distribution and the fact that power
spectra over that region revealed strong broadband high
frequency activity consistent with EMG (Allison, 2003;
Goncharova et al., 2003; McFarland et al., 2005). It is clear



Fig. 2. Spectral power and R2 values for subject R. (a and c) The power spectra over sites O1 and O2 from 0 to 65 Hz when the subject focused on the 6 Hz
checkerbox (solid line) or the 15 Hz checkerbox (dotted line). (b and d) The R2 between the two lines in (a) and (c). (e) A topographic map of R2 differences
at all sites for that subject over six frequencies: the two stimulation frequencies (6 and 15 Hz) and the second and third harmonics of each. Please note that
this figure presents data derived with different stimulation frequencies than the subsequent figures.
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from both the topographies and spectra that this noise did
not affect SSVEP results. The topographies show that the
EMG noise does not spatially overlap the occipital activity
characteristic of SSVEP, and spectra show that the peaks
at 12 and 24 Hz are independent of the broadband high fre-
quency activity.

3.3. Atypical spectra

Fig. 5 shows an example of spectral power and R2 activ-
ity for a different subject from the color linebox compari-
son. In this figure, differences are not significant at 10 or
12 Hz. However, this subject produced a high difference
at 24 Hz (p < .01 at site O1; p < .0001 at site O2). This sub-
ject’s topographies at 24 Hz are consistent with SSVEP
Fig. 3. Spectral power and R2 values for subject J. (a and c) The power spectra o
and white 10 Hz linebox (solid line) or the 12 Hz linebox (dotted line). (b and d
of R2 differences at all sites for that subject over six frequencies: the two stimu
each.
activity, while almost no activity is apparent at either stim-
ulation frequency.

This phenomenon is not unusual among subjects in this
study. Two subjects showed a greater difference at the sec-
ond or third harmonic than the stimulation frequency in all
three conditions. Four other subjects showed a greater dif-
ference at one of these harmonics than the stimulation fre-
quency in one or two conditions. Three subjects showed
differences at frequencies that were not related to the stim-
ulation frequency.

Although SSVEP BCI papers typically use site O1 or O2
for control, other work (Beverina et al., 2003) suggests that
sites PO7 or PO8 may be best for an SSVEP BCI. Hence,
the analyses were repeated with sites PO7 and PO8 to
determine whether selective attention produced greater
ver sites O1 and O2 from 0 to 65 Hz when the subject focused on the black
) The R2 between the two lines in panels (a) and (c). (e) A topographic map
lation frequencies (10 and 12 Hz) and the second and third harmonics of



Fig. 4. Spectral power and R2 values for subject A. (a and b) The power spectra over sites O1 and O2 from 0 to 65 Hz when the subject focused on the
colored 10 Hz linebox (solid line) or the 12 Hz linebox (dotted line). (c and d) The R2 between the two lines in panels (a) and (c). (e) A topographic map of
R2 differences at all sites for that subject over six frequencies: the two stimulation frequencies (10 and 12 Hz) and the second and third harmonics of each.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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differences there. In five subjects, the R2 differences result-
ing from selective attention were larger over PO7 or PO8
than at O1 or O2 for at least one of the frequencies studied
in one of the conditions. However, the site that produced
the greatest difference was O1 or O2 for all subjects except
one.
3.4. Questionnaires

All subjects drank at least one caffeinated beverage per
day (mean = 2.1) and reported little or no use of alcohol,
tobacco, or other recreational drugs. Several questions
could be answered on a 1–5 scale, with a 1 meaning a
strong ‘‘no’’ and a 5 meaning a strong ‘‘yes.’’ When asked
if they felt tired after the study, subjects generally said no
Fig. 5. Spectral power and R2 values for subject K. (a and c) The power spect
colored 10 Hz linebox (solid line) or the 12 Hz linebox (dotted line). (b and d) T
R2 differences at all sites for that subject over six frequencies: the two stimulatio
(For interpretation of the references to color in this figure legend, the reader
(mean = 1.83). Subjects said they could perform additional
runs (mean = 3.83).

There was no significant correlation between EEG
measures and gender, age, substance use, or any other
questions asked in the questionnaire except one. All sub-
jects reported that they did not play video games, with
three exceptions. These three subjects each reported play-
ing games for either one or two hours a day. Subject K
had a high difference in both linebox conditions and a
very high difference in the checkerbox condition. Subject
J had a high difference in the color linebox condition,
low difference in the BW linebox condition, and moder-
ate difference in the BW checkerbox condition. Subject A
had a high difference in the BW linebox and checkerbox
conditions, and a very high difference in the color line-
box condition.
ra over sites O1 and O2 from 0 to 65 Hz when the subject focused on the
he R2 between the two lines in panels (a) and (c). (e) A topographic map of
n frequencies (10 and 12 Hz) and the second and third harmonics of each.

is referred to the web version of this article.)
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4. Discussion

This study explored SSVEP activity elicited by attention
to one of two images. In about half the subjects, selective
attention to one of two overlapping images produced
SSVEP differences robust enough to allow effective com-
munication in an online BCI (Sheikh et al., 2003). Further
research is warranted to validate an online adaptation of
this BCI approach in a real world environment, ideally in
typical users’ homes.
4.1. Display type and gaze shifting

Subjects’ SSVEPs resulting from selective attention to
colored lines were similar to those resulting from selective
attention to black and white lines. Therefore, this form of
stimulus should work with subjects who have impaired
color vision. However, color may affect results with differ-
ent SSVEP displays (Mullen, 1985; Regan, 1989; Arakawa
et al., 1999).

Subjects produced a much stronger response to the
checkerboxes than the lineboxes, probably because the
checkerboxes did not overlap, and thus subjects could shift
gaze between images. Gaze shifting would likely improve
performance with an SSVEP BCI, but is not required, at
least for some users (Kelly et al., 2005a,b; Lalor et al.,
2005). The importance of gaze shifting depends heavily
on the display and task. For example, if targets are numer-
ous or located outside the fovea, gaze shifting may be
essential. The need for gaze shifting may also depend on
other factors such as the user’s head position and atten-
tional abilities, training, lighting, equipment, analysis
parameters, fatigue, medication, and motivation. The latter
comments probably apply to P300 BCIs as well, since they
also rely on selective attention. Although P300 BCIs are
considered independent,3 this assumption has been ques-
tioned (Allison, 2003; Kaper et al., 2004).
4.2. Inter-subject differences and implications for BCIs

The considerable variety in SSVEP activity across sub-
jects suggests that SSVEP BCIs should customize parame-
ters used to translate SSVEP activity into control for each
subject based on initial screening (e.g., Middendorf et al.,
2000; Beverina et al., 2003). Fig. 5 shows that the same fre-
quencies that other subjects might use for control, 10 or
12 Hz, would not have allowed this subject to control a
BCI. While other BCI studies have also reported that sub-
jects may show stronger activity over the first, second, or
even third harmonic (Gao et al., 2003; Müller-Putz et al.,
2005), it is unclear whether this difference occurs due to
3 Donchin et al. (2000) state that a P300 BCI needs an inter-trial interval
to allow for ‘‘shifting gaze between characters.’’ This suggests that
Donchin considers his P300 BCI dependent. However, Donchin meant to
say shifting attention, not shifting gaze, and considers P300 BCIs
independent (Donchin, personal communication, 2002).
natural variation among subjects, display and task param-
eters, different attentional strategies, or other factors.

The stimulation frequencies used in this study were
based on pilot studies, which did not yield universal results
across all subjects. Some subjects performed best with
checkerboxes at 10 and 15 Hz, as in Beverina et al.
(2003). Further research should identify optimal stimula-
tion frequencies and groups of frequencies.

The observation that subjects who play video games
every day perform better on a visual attention task is con-
sistent with other reports (Green and Bavelier, 2003; Alli-
son and Pineda, 2006), and has two implications for
BCIs that utilize selective attention. First, subjects who
have a background playing video games or performing sim-
ilar activities might be better suited to certain types of
BCIs. Second, subjects can be trained to perform better
on tasks of visual attention. Thus, subjects who did not
produce SSVEP differences robust enough for effective
communication might be trained to perform better. These
implications should be explored further with more gamers
and more rigorous evaluation of their gaming
backgrounds.

The questionnaires also suggested that subjects inter-
preted instructions differently. Although the request to
focus attention on a stimulus may seem straightforward,
it is not. Subjects were asked how they focused on one
image and ignored the other. Some subjects said they
focused on a specific part of the image, some looked for
imaginary movement in the image, some looked at the
whole image, and two (who did not produce strong differ-
ences) said they ‘‘just zoned out.’’ Thus, the attentional
strategy that subjects use may affect their SSVEP activity
within and perhaps across recording sessions. Allison
et al. (2006) reported that one reason that SSVEP perfor-
mance improved with practice was development of new
attentional strategies. Similarly, subjects who utilized
first-person movement imagery learned mu BCI control
better than subjects who were told to adopt third-person
movement imagery (Neuper et al., 2005).

The inter-subject differences in numerous measures rele-
vant to BCI control suggest that parameters should be cus-
tomized to each subject like most other types of BCIs.
Initial run(s) may characterize the best site(s), stimulus pre-
sentation frequency or frequencies, frequency or frequen-
cies used to detect differences, power threshold necessary
for control, and other parameters. If EEG activity is not
consistent within or across sessions, adaptive mechanisms
will need to be developed and incorporated. Without sub-
ject customization, performance will be excellent in some
subjects but poor in others.

4.3. Implications for online control

The principal aim of this study was to explore the
hypothesis that some displays, which do not allow gaze
shifting and might be adapted for online BCI systems, could
elicit SSVEP activity sufficient for effective communication.
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Online control might be more or less effective than the esti-
mations provided above. Subjects in this study did not
receive feedback reflecting their SSVEP activity nor how
this activity might effect control, which might improve per-
formance. Training with SSVEP BCIs (Middendorf et al.,
2000; Allison et al., 2006) or other demanding visual atten-
tion tasks such as FPS games (Allison and Pineda, 2003,
2006; Green and Bavelier, 2003) should also help. How-
ever, subjects who use a BCI online would probably need
to switch attention between targets more rapidly than sub-
jects in this study, who had 30–60 s to do so. The addi-
tional mental activity needed for an online system, such
as processing a moving cursor or identifying errors, could
distract subjects and impair performance. Despite these
concerns, R2 values derived from data collected offline have
been used to infer online BCI control in prior work (Sheikh
et al., 2003), and extensive and ongoing research in the
Wadsworth research laboratory has shown that such offline
estimates are reasonably accurate predictors of online
control.

Both the trial length and inter-trial delay used to esti-
mate control are realistic values for a 2 target task based
on continuous spectral analysis of EEG data, with both
mu (McFarland et al., 1997) and SSVEP (Allison et al.,
2006) BCI systems. Allison et al. (2006) demonstrated aver-
age accuracy above 80% in an online SSVEP BCI using a 2
target task, with trial times shorter than 2.5 s and more
than 24 selections per minute, despite extreme environmen-
tal noise and extensive distractions. However, gaze shifting
was allowed in that study. Other work (Kelly et al.,
2005a,b) further supports the argument that covert atten-
tion can be used for online SSVEP BCI control, although
these studies used substantially different displays (which
did not overlap) and a different paradigm.

The information throughput estimated in this article
compares poorly with some modern BCIs. Other articles
have reported information throughput of the order of
30–40 bits per minute (for mu BCIs; Wolpaw and McFar-
land, 2004) or 68 bits per minute (for SSVEP BCIs; Gao
et al., 2003). However, these articles both allowed gaze
shifting and used an elite subset of subjects. Subjects run
at the Wadsworth lab are first prescreened to evaluate their
mu activity, and fewer than 20% are selected for further
training (Vaughan, personal communication). Of these,
only the best subjects were selected for the 2D training
reported in Wolpaw and McFarland (2004). The perfor-
mance reported in Gao et al. (2003) was from the best sub-
ject found during that group’s prior work (Cheng et al.,
2002), which reported information throughput as low as
.76 bits per minute. Indeed, very many BCI articles pre-
screen subjects, exclude subjects who perform poorly, or
fail to report these or other selection factors that might
result in a much lower mean information throughput
(Jackson et al., 2006).

A remaining question is whether information through-
put as low as .96 bits per minute does in fact constitute
effective communication. This might allow a patient to
answer one yes/no question per minute or spell one letter
every 5 min. Articles by groups with patient experience
have described even slower systems that patients chose to
continue using (e.g., Kübler et al., 2001; Kübler et al.,
2001). However, a brief unpublished anecdote might pro-
vide a more direct response to this question.

Patient A1 was a retinal surgeon before developing
ALS. Between 2002 and 2006, the first and fifth authors
each made several visits to his home to try to develop an
effective BCI for him. These efforts were not consistently
successful, nor were attempts by at least two other BCI
research groups (e.g., Birbaumer et al., 2003). The fifth
author later developed a galvanic skin response (GSR)
communication system that did work, although it was very
slow, ranged from 60% to 80% correct, and allowed effec-
tive information throughput more than an order of magni-
tude slower than .96 bits per minute (Moore and Dua,
2004). A1 rarely communicated, leading to concern about
his remaining cognitive abilities. One day, A1 spelled
‘‘EYE.’’ On subsequent days, he spelled ‘‘R EYE,’’ then
his night nurse’s name with an X before and after it, then
the name of a medication. His mother installed a hidden
camera and summoned his doctor. It was found that
A1’s night nurse neglected to apply eyedrops. A1’s doctor
found an infection in his right eye, prescribed the same
medication that A1 had suggested, and stated that he had
been in extreme pain and would have lost vision in his right
eye without this medication.

4.4. Future directions with SSVEP BCIs

Many other important questions involving practical
long-term use of SSVEP BCIs have not been addressed.
Training with SSVEP BCIs can improve performance
(Middendorf et al., 2000; Allison et al., 2006), but the best
feedback type, training schedule, and other parameters are
not known. Training with other tasks requiring selective
attention, such as playing certain types of computer games,
may also improve performance with SSVEP or other BCIs
(Green and Bavelier, 2003; Allison and Pineda, 2006). Sub-
jects might learn to use an SSVEP or other BCI effectively
while using another interface (perhaps a second type of
BCI) or otherwise multitasking.

Cautious optimism about the future of SSVEP BCIs is
warranted. They can exhibit good information throughput
relative to other BCIs (Sutter, 1992; Cheng et al., 2002;
Gao et al., 2003; Müller-Putz et al., 2005). They can oper-
ate in challenging environments with uncontrolled distrac-
tion and electrical noise (Cheng et al., 2002; Wang et al.,
2004; Lalor et al., 2005; Allison et al., 2006; Trejo et al.,
2006) and hence could work well in homes or hospital set-
tings. The approach used here does not produce significant
fatigue. People can voluntarily modulate SSVEP activity
without shifting gaze using a display and task that could
be adapted to a BCI. Many avenues toward improvement
that have been successful with other BCIs, such as
improved referencing, filtering, subject and classifier train-
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ing, task and display optimization, noise rejection, incorpo-
ration of additional signal features, spectral analysis
parameters, and other parameters, have not yet been fully
explored (McFarland et al., 1997, 1998, 2005, 2006; Wol-
paw et al., 2002; Allison, 2003; Birbaumer et al., 2003;
Kübler and Neumann, 2005; Neuper et al., 2005; Allison
and Pineda, 2006). Initial efforts have suggested that some
of these avenues may be useful in SSVEP BCI systems
(Wang et al., 2004; Kelly et al., 2005a,b; Lalor et al.,
2005; Müller-Putz et al., 2005; Trejo et al., 2006).

Dependence on muscle control is best regarded as a facet
of individual BCIs, rather than a whole category of them.
User and environmental factors are also important. Hence,
the labels ‘‘dependent’’ and ‘‘independent’’ might be best
regarded not as absolutes, but endpoints of a continuum.
Some SSVEP BCIs should work with severely disabled
users unable to control gaze.
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