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ABSTRACT
Non-invasive brain–computer interface (BCI) technology can restore communication for those 
unable to communicate due to loss of muscle control. Nonetheless, compared to augmentative 
and alternative communication (AAC) devices requiring muscular control, BCIs provide relatively 
slow communication. Therefore, implementing techniques improving BCI speed and accuracy is 
important. Previous studies indicate that facial stimuli elicit N170 and N400 components, in addition 
to the P300 component associated with P300 BCI. These additional components can increase speed 
and accuracy. Our study investigated the influence of image size and content using four conditions: 
large face, small face, large non-face, and small non-face. We predicted faces would provide higher 
accuracy than non-face stimuli and larger stimuli would provide higher accuracy than small stimuli. 
We found no significant difference in performance between conditions; however, significant 
waveform differences were found in each condition.

1. Brain-computer interfaces

The uses of EEG recorded signals to operate brain-com-
puter interfaces (BCIs) range from controlling external 
devices such as a robotic arm [1] to creating art [2]. BCIs 
have been found to be especially effective systems of com-
munication for individuals who retain cognitive function 
but have lost the ability to communicate due to loss of 
muscle control. This loss of communication has a very 
negative impact on individuals with amyotrophic lateral 
sclerosis (ALS), brainstem stroke, or traumatic brain 
injury who now must rely on caretakers for activities of 
daily living. BCIs can be useful systems of communication 
for these individuals as they require no muscular move-
ment [3]. The current state of BCI research is focused on 
making the systems used in laboratories more accessible 
and functional for in-home use [4]. While there has been 
great improvement in the operation of the P300 BCI, there 
is still more research required to increase functionality 
for those who may benefit from BCI use. Thus, speed and 
accuracy of word selection and increasing user friendli-
ness remain primary goals of BCI research.

The P300 speller has been one of the most promising 
non-invasive BCIs; it is a modified oddball task and is 
fundamentally central to the P300 speller. Participants are 
presented a matrix on a computer monitor made up of 
characters such as letters, numbers, and various symbols, 
like that of a computer keyboard. Each of the characters 

in the matrix flashes randomly at different intervals. In 
order to select a character in the matrix, the participant 
pays attention to the character he or she wishes to select, 
and every time the character flashes the participant keeps 
a mental count. Each time the participant attends to the 
flashing of the desired character, a P300 component is 
elicited. By examining P300 responses, the P300 speller 
is able to discriminate target versus non-target items (i.e. 
letters the participant is trying to select versus letters the 
participant is not trying to select).

Different positive and negative ERPs are produced in 
response to different stimuli and events. The N170 and 
N400 components are two negative components that are 
considered to contribute to recognition and processing 
of faces. The N170 occurs around approximately 170 ms 
at the lateral temporal electrode sites following the pres-
entation of facial stimuli [5–7]. The N400 occurs approx-
imately between 200 ms and 600 ms [8] over the right 
hemisphere electrode sites. These components have been 
observed using unaltered facial images, inverted facial 
images, and even dummy faces [9,10].

Recently, face stimuli and the N170 and N400 com-
ponents have been incorporated in the P300 speller. In 
2011, Kaufmann et al. [11] investigated famous familiar 
faces as potential stimuli for P300 speller character matri-
ces. This was done in the hope that in addition to the 
P300 component elicited by character flashes, using facial 
stimuli would produce an N170 and an N400 component 
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Since the initial use of faces as stimuli in P300 speller 
paradigms, the positive effects of faces on BCI perfor-
mance has continued to be supported. Geronimo and 
Simmons [16] examined whether the ERPs produced by 
the use of facial stimuli could maintain the high-perfor-
mance effects shown in previous studies even with cogni-
tive decline. Although the P300 speller using facial stimuli 
did result in high performance despite cognitive decline, 
they suggest the result may not be due to face-specific 
components such as the N170, which appears to decline 
in amplitude.

1.1. Present study

In the past few years, the face paradigm has shown to be 
a viable alternative to the more typical letter flash para-
digm. The most common explanation for these results, 
as discussed above, is that the additional N170 and N400 
components are responsible for improved performance. 
Nonetheless, there are possible alternative explanations 
for the improved performance. In addition, not all of 
these studies have provided definitive evidence that the 
face paradigm produces significantly different N170 
and N400 responses from other stimuli. For example, 
Kaufmann et al. in 2011 [11] found that facial stimuli 
produced significantly different P300 ERPs compared 
to control stimuli, but observed no differences in the 
N170 and N400 responses produced by the facial images 
and a pixelated control. Kaufmann et al. in 2013 [14] 
observed similar results, with differences observed in the 
P300 response between facial stimuli and classic char-
acter flashing, but no significant differences in the N170 
or N400.

We propose that other physical properties of the face 
stimuli may be responsible for the observed increases in 
performance. Oftentimes the size of the Albert Einstein 
face image is much larger than the letters in the matrix 
(e.g. Figure 1). Therefore, we propose to examine the 
relationship between image size and stimulus type. If the 
face stimulus is producing the effects, then performance 
should remain the same despite the size of the image. 
Similar to Kaufmann et al. [11], we use a control condi-
tion that takes the face image we are interested in looking 
at and changes the image so that it retains the brightness, 
contrast, and chromatic information of the original image, 
but is unrecognizable as a face. In the present study, we 
compare four conditions: large face stimuli, small face 
stimuli, large non-face stimuli, and small non-face stim-
uli. Based on the results of previous studies, we predicted 
that faces would provide higher accuracy than non-face 
stimuli and larger stimuli would provide higher accuracy 
than small stimuli.

[11]. Using the familiar, famous image of Albert Einstein, 
and a familiar, famous image of Che Guevera, Kaufman 
et al. [11] superimposed the facial images so that they 
would flash over the characters in the matrix. Instead 
of the characters themselves in the matrix flashing, the 
Einstein image would flash. To create a control image, 
Kaufmann [11] took the facial images and pixelated the 
facial images to retain the physical characteristics of a face 
while still creating an indistinguishable and obviously 
different image from the original Albert Einstein face. A 
unique control condition was used based on the findings 
of [12], who found that physical features of stimuli such as 
chromatic differences, brightness, or contrast can impact 
BCI performance. Using the row-column flash pattern to 
investigate the influence of face stimuli on performance 
measures, they compared the face image paradigms to the 
pixelated image paradigm and the classic flashing of letter 
in the matrix typically used in the P300 speller [11]. The 
offline analyses conducted by Kaufmann et al. [11] indi-
cated that flashing faces instead of flashing letters signifi-
cantly decreased the number of flashes required to reach 
100% accuracy. The reason behind this significant increase 
in performance is thought to be due to face-sensitive ERPs 
[13]. By eliciting face-sensitive components such as N170 
and N400, as well as the P300 component, it is thought 
that discriminating between target and non-target items 
is made easier for the BCI system.

In 2013, Kaufmann et al. [14] compared familiar per-
sonally known faces, familiar famous faces, and a classic 
character flash condition. In healthy participants, per-
formance was significantly better for the face conditions 
than the classic character flash condition, but there was 
no significant difference between the two face conditions. 
In the patient sample, there were two patients who were 
unable to use the BCI using the character flash stimuli. 
However, when using the face stimuli, one patient was able 
to spell with an average accuracy greater than 80%. The 
other patient was able to spell with no errors [14]. These 
findings are important because it indicates that those who 
seem to be inefficient in using the BCI may be able to use 
the system when face images are used as stimuli.

To increase the speed of target selection, Kaufmann 
and Kubler [15] introduced a paradigm that implemented 
a simultaneous presentation of two very different stimuli 
in the four quadrants of the matrix. The image of Einstein 
was presented in the top left and bottom right quadrants, 
and a yin-yang symbol was presented in the top right and 
bottom left quadrants. The two-stimulus presentation 
was compared to the standard row-column. The results 
showed that the two-stimulus paradigm was able to make 
selections more quickly than the one-stimulus paradigm, 
despite a decrease in accuracy [15].



32   M. R. KELLICUT-JONES AND E. W. SELLERS

The overarching goal of the current study is not to 
introduce a new paradigm that will increase overall speed 
and accuracy of BCI performance. The goal is to examine 
hypotheses related to why the Face Speller is superior to 
the traditional flashing paradigm. By examining the role 
of the ERPs produced by facial images, as well as the effect 
that size may have on performance and ERPs, we may have 
a further understanding of the relationship between the 
use of faces as stimuli and increased BCI performance.

2. Methods

2.1. Participants

Twenty able-bodied participants (7 men, 13 women; age 
range 18–49) completed the study. Three of the partic-
ipants had prior BCI experience, the rest were naïve to 
BCI use. The study was approved by the East Tennessee 
State Institutional review board and each participant gave 
informed consent prior to the beginning of the study.

Figure 1. example of the four stimulus presentation matrices: Large face (top left), small face (bottom left), Large Crystallized (top right), 
and small Crystallized (bottom right). using a checkerboard flash pattern, the face images or crystallized images are intensified or ‘flash’ 
over the characters in the matrix. participants are instructed to keep a mental count of the number of times the image flashes over the 
desired character in the matrix. (the picture of einstein was used as the stimulus in the face conditions. the picture is not used in the 
present figure due to copyright restrictions.)
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During calibration the number of target flashes was 
fixed at 14. For online testing, the number of target flashes 
was determined by each participant’s maximum written 
symbol rate (WRS), which was calculated from the cali-
bration data [22,23]. The WSR is a conservative measure 
of the optimal number of target flashes because it assumes 
the BCI user would choose to correct all errors.

2.4. Experiment stimuli and matrix

In previous studies examining the use of facial stimuli, 
the famous image of Albert Einstein sticking his tongue 
out has been used. To remain consistent with previous 
study, we also used the familiar image of Albert Einstein. 
Based on the results of previous studies, we predicted 
that faces would provide higher accuracy than non-face 
stimuli. To test this hypothesis, we designed four condi-
tions: large face stimuli, small face stimuli, large non-face 
stimuli, and small non-face stimuli (see Figure 1). For the 
large face condition, we used the same image size found 
in previous studies. For the small conditions the images 
used were 25% the size of the large condition images. The 
two large images presented were 77 × 96 pixels in size, 
and the two small images were 39 × 48 pixels in size. The 
non-face image was constructed using a crystallize filter 
(Photoshop CS5.5) and rotating the image by 180 degrees, 
thereby preserving the image content while making the 
stimulus unrecognizable as a face. The large non-face 
image was the size equivalent of the large face image and 
the small non-face image was the size equivalent of the 
small face image.

The row-column flash pattern used by Kaufmann 
[11,14] has been shown to be associated with higher error 
rates due to the flashing of adjacent non-target rows or col-
umns when a user is attempting to make a target selection. 
To reduce the errors associated with adjacent flashing, 
the checkerboard paradigm developed by [22] was used.

2.5. Experiment design

Participants completed two experimental sessions. Two of 
the four conditions were tested in each session. To con-
trol for order effect a Latin square design was used to 
determine the order in which the conditions would be 
presented. Every session contained a calibration phase 
for each of the two conditions being tested in the ses-
sion. Each calibration phase was followed by an online 
copy-spelling phase that corresponded to the calibration 
condition. For each of the four phases, participants spelled 
three 6-letter words from the English Lexicon Project [24]. 
A Matlab script was used to randomly select the words.

Participants were seated approximately 90  cm away 
from a computer monitor that displayed an 8 × 9 matrix 

2.2. Data acquisition and processing

Electroencephalograph (EEG) signals were recorded using 
a cap (Electro-Cap International, Inc.) embedded with 32 
tin electrodes. The right mastoid was used as the reference 
electrode and the left mastoid was used as the ground 
electrode. Only eight electrodes were used for online 
classification. The eight electrodes were subject-specific 
and determined by the jumpwise algorithm (described in 
Section 2.3; Colwell et al. [17]). The signal was digitized 
at 256  Hz and bandpass-filtered to [0.5  Hz, 30  Hz] by 
two16-channel g.tec g.USBamp amplifiers. BCI2000 was 
used for stimulus presentation and data collection [18].

2.3. Classification and determining the optimal 
number of sequences

The classification technique known as stepwise linear 
discriminate analysis (SWLDA) as described by [19] was 
used to determine classification coefficients. SWLDA 
has previously been shown to be an efficient method of 
classification for BCI research [17,20,21]. By using for-
ward regression and backward regression, the SWLDA 
algorithm selects the spatiotemporal features that account 
for the most unique variance. Features are weighted by 
ordinary least-squares regression. Beginning with no fea-
tures in the model, the feature that is the most statistically 
significant (p < .1) is added. A backward stepwise analysis 
then removes features that are found to be the least signif-
icant (p > .15). There is a predetermined number of fea-
tures included in the model, so that the process is repeated 
until the maximum number of features are included in the 
model (which is 60 features), or no more features meet 
the criterion for entry or removal. Once the classification 
coefficients for each feature are produced, they are applied 
to the ERPs corresponding to each of the characters in 
the matrix. The character that has the highest sum of the 
coefficients is selected as the target item.

To improve upon classification performance, multiple 
electrodes at various locations distributed over the scalp 
are used. A limitation to using a system with a larger num-
ber of electrodes is that the systems are more expensive 
and require more time to set up for at-home users [17]. 
A filter method known as jumpwise selection is used to 
improve upon classification through optimal channel 
selection. Jumpwise selection uses a variant of SWLDA 
that selects electrodes instead of electrode-specific fea-
tures. Once the most statistically significant channels are 
selected, a SWLDA, as described above, is conducted on 
the specific features contained within the jumpwise-de-
fined electrode set. The advantage of jumpwise selection 
is that it reduces the feature space to a unique set of fea-
tures that are chosen from electrode locations that are 
optimized for each individual participant.
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Bit rate takes into account the number of possible targets 
(N) and the probability that the target is classified accu-
rately (P). Dividing B by the trial duration in minutes 
results in the bit rate. The comparisons were made using 
repeated-measures analysis of variance (ANOVA) within 
participants with Greenhouse-Geisser corrections.

3. Results

Mean scores on the surveys were calculated for each of 
the four conditions, and the mean scores were statistically 
similar across all four of the conditions. Overall, the par-
ticipants rated each condition a 5 on the 7-point Likert 
scale.

A two-way repeated-measures analysis of the variance 
(ANOVA) was conducted to compare the effect of stimulus 
condition on accuracy, bitrate, and selections per minute. 
Additional offline analyses were conducted to determine 
if the performance measures could be improved upon; 
however, these analyses were statistically equivalent to the 
online analyses. Thus, the offline data are not reported. A 
repeated-measures ANOVA was also used to investigate 
the effects of stimulus condition on the waveforms by 
examining the positive amplitudes and latencies as well 
as the negative amplitudes and latencies. Online means 
and standard deviations for performance measures are 
shown in Table 1.

3.1. Accuracy

In the analysis of effect of condition on accuracy, Mauchly’s 
test of sphericity was found to be significant (p = .031), 
indicating a violation of the assumption of sphericity. 
Using Greenhouse-Geisser corrections, the analysis indi-
cated that condition had no significant effect on accuracy 
F(2.172,41.259) = 1.372, p = .266. Post-hoc tests using 

of letters and numbers. The speller matrix was adapted 
from a BCI2000 system used in a patient’s home. After 
the participant was fitted for the electrode cap, the 8 × 
9 matrix of letters and characters was presented on the 
computer monitor. For the calibration phase, participants 
were asked to focus their attention on a specific charac-
ter in the matrix and to count how many times the letter 
flashed, while ignoring the images flashing over the other 
characters in the matrix. For example, as shown in Figure 
1, the top left side of the display would show a word (e.g. 
BICYCLING!) and the letter they should attend to was 
shown in parentheses at the end of the word. After a pre-
determined amount of flashes of each character (in this 
case 14) the matrix would stop flashing and after a 4-s 
pause the letter in parentheses would change to the next 
letter in the word (e.g. (I)).

During the calibration phase, participants did not 
receive feedback on character selection. Once the calibra-
tion phase was completed, the participants completed the 
online copy-spelling phase. During the online copy-spell-
ing phase, feedback was presented directly under the word 
the subject was spelling. Participants were instructed not 
to correct errors made by the BCI. Following the calibra-
tion phase of each condition in the two sessions, each 
participant completed a survey to indicate preference of 
condition. Each survey consisted of three questions eval-
uated on a Likert scale ranging from 1 to 7, with 1 indi-
cating strongly disagree and 7 indicating strongly agree. 
The items on the survey were: (1) I was able to focus on 
the target item, (2) Non-target items were distracting, (3) 
It was difficult to see all the target flashes. These surveys 
were given following the calibration phase to eliminate 
potential bias for a condition based on the participants’ 
accuracy of character selection.

2.6. Statistical analyses

Comparisons between the four conditions were made 
based on the online accuracy, bit rate, selections per min-
ute, and ERP amplitudes and latencies. Spelling accuracy 
of online testing was calculated as the percentage of cor-
rectly selected letters for each word. To determine the 
number of target selections required to make a selection, 
sets per sequence for online testing were optimized for 
each participant using calibration data. Selections per 
minute were calculated based on total selections made 
correctly or incorrectly in a given minute. Bit rate was 
calculated using the formula described by Pierce [25]:

BR = log2 N + Plog2P + (1 − P)log2
[

(1 − P)∕(N − 1)
]

Table 1. online means and standard deviations (in parentheses) 
for performance measures for the Large face (Lf), small face (sf), 
Large non-face (CL), and small non-face (Cs) conditions in the 
online test phase of the experiment.

  Accuracy
Target 
flashes

Selec-
tions per 
minute Bit rate Survey

Lf 98.30 (3.6) 3.75 (1.2) 4.00 (0.77) 23.97 
(5.01)

4.90 (1.22)

sf 95.45 (7.4) 3.65 (1.2) 4.14 (1.03) 23.73 
(7.12)

4.67(1.16)

CL 97.45 (4.2) 3.80 (1.2) 4.00 (0.98) 23.63 
(6.07)

5.18 (0.98)

Cs 94.65 (8.6) 3.65 (1.2) 4.06 (0.74) 23.01 
(5.07)

5.40 (0.96)
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by examination of the grand mean waveforms. Means 
and standard deviations for amplitudes and latencies are 
shown in Table 2. All analyses used a 2 × 2 repeated-meas-
ures ANOVA with Greenhouse-Geisser correction, and 
post-hoc tests used Bonferroni corrections.

3.5.1. P300
The ANOVA examining P300 amplitudes at electrode 
Pz indicated significant differences between the four 
conditions at electrode Pz (F(3,57) = 31.529, p < .001). 
Post-hoc tests indicated large face amplitude to be sig-
nificantly higher than both crystallized conditions 
(Large Crystallized(p = .021; Small Crystallized p < 
.001). In addition, Small Face amplitude was higher than 
Small Crystallized amplitude (p < .001), and the large 
Crystallized condition was significantly higher than the 
Small Crystallized condition, p < .001.

The ANOVA examining positive amplitudes at elec-
trode Cz found significant differences between the 
four conditions, F(3,57) = 25.569, p < .001. The pattern 
of results was the same as that found on electrode Pz. 

Bonferroni corrections revealed no significant differences 
in accuracy between any of the four conditions.

3.2. Target flashes

The analysis of effect of condition on target flashes 
required to make a character selection, Mauchly’s test of 
Sphericity was not significant (p = .954). With spheric-
ity assumed, the analyses showed no significant effect of 
condition on target flashes required to make a selection, 
F(3,57) = .111, p = .954. Post-hoc tests using Bonferroni 
corrections also revealed no significant differences in tar-
get flashes between any of the four conditions.

3.3. Selections per minute

For the analysis of effect of condition on selections per 
minute, Mauchly’s test of sphericity was not significant 
(p = .341). With sphericity assumed, the analysis showed 
that there was also no significant effect of condition on 
selections per minute, F(3,57) = .158, p = .924. Post-hoc 
tests using Bonferroni corrections also revealed no sig-
nificant differences in accuracy between any of the four 
conditions.

3.4. Bit rate

For the analysis of effect of condition on bit rate, Mauchly’s 
test of sphericity was not significant (p = .436), indicat-
ing no violation of the assumption of sphericity. With 
sphericity assumed, the ANOVA showed that there was 
no significant difference in bit rate between conditions 
F(3,57) = .135, p = .939. Post-hoc tests using Bonferroni 
corrections revealed no significant differences in accuracy 
between any of the four conditions.

3.5. Waveforms

Significant differences were not observed between any of 
the conditions on BCI performance; however, each of the 
four stimuli did produce distinctly different waveforms. 
Figures representing the waveforms averaged across all 
participants for each of the four conditions are shown 
in Figures 2 and 3. As with the analyses of performance 
measures, a two-way repeated measures ANOVA was 
used to examine the statistical differences between the 
waveforms elicited by each of the four conditions at elec-
trode locations Pz and Cz. The specified time windows 
to examine the P300 amplitudes and latencies were set 
to 190–290 ms. The specified time windows to examine 
the N170 and N400 amplitudes and latencies were set to 
128–195 ms for the N170 component, and 351–425 ms for 
the N400 component. The time windows were determined 

Figure 2.  participant waveforms: target waveforms for all 20 
participants for electrode locations Cz, pz, po7, and po8 (from left 
to right) for each Large face (Lf; solid blue line), small face (sf; 
dashed blue line), Large Crystallized (CL; solid red line), and small 
Crystallized (Cs; dashed red line) conditions.
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Face condition p < .001; Large Crystallized p < .001) 
and the Small Crystallized, p = .002). Significant differ-
ences were not found, however, between the remaining 
conditions.

The ANOVA, to examine P300 latencies at electrode 
Cz indicated significant differences between the four 
conditions, F(3,57) = 25.569, p < .001. Post-hoc tests 
indicated significantly earlier latencies for the Large Face 
condition than the Small Face condition (p < .001), and 
both Crystallized conditions (Large Crystallized p < .001; 
Small Crystallized p = .002). Significantly earlier latencies 
were also observed for the Small Face condition than the 
two crystallized conditions (Large Crystallized p < .001; 
Small Crystallized p < .001). No significant differences 
were found between the Large Crystallized and Small 
Crystallized conditions.

3.5.2. N170
The ANOVA used to examine N170 amplitudes at elec-
trode Pz indicated significant differences between the 
four conditions, F(3,57) = 19.903, p < .001. Post-hoc 
tests indicated significantly larger amplitude for the 
Large Face condition than the two small image condi-
tions (Small Face p < .001; Small Crystallized p < .001), 
and larger amplitude for the Large Crystallized condition 
than the two small image conditions (Small Face p < .008; 
Small Crystallized p = .001). No significant differences in 
amplitude were found between the Large Face and Large 
Crystallized conditions or between the Small Face and 
Small Crystallized conditions. Furthermore, no significant 
differences were observed in the N170 latencies for any of 
the four conditions.

The ANOVA used to examine N170 amplitudes at 
electrode Cz indicated significant differences between 

Specifically, Large Face amplitude was significantly higher 
than both Crystallized conditions (Large Crystallized p < 
.001; Small Crystallized p < .001). Small Face amplitude 
was higher than Small Crystallized amplitude (p < .001), 
and the Large Crystallized amplitude was significantly 
higher than Small Crystallized amplitude, p < .001.

The ANOVA used to examine P300 latencies at elec-
trode Pz indicated significant differences between the 
four conditions, F(3,57) = 10.3328, p < .001. Post-hoc 
tests indicated significantly earlier latencies for the Large 
Face condition than both Crystallized conditions (Small 

Figure 3. Grand average erp response: topographical representation averaged across all 20 participants for Large face (Lf), small face 
(sf), Large Crystallized (CL), and small Crystallized (Cs) conditions.

Table 2.  Waveform amplitudes and latencies produced by the 
Large face (Lf), small face (sf), Large Crystallized (CL), and small 
Crystallized (Cs) conditions in positive time window 190–290 ms 
(p300), and negative time windows 128–195 (n170) ms and 351–
425 ms (n400).

pz amplitudes 190–290 ms 128–195 ms 351–425 ms
Lf 4.16 (2.08) −2.56 (1.33) −0.69 (1.99)
sf 4.22 (2.34) −1.45 (0.09) −2.3 (1.96)
CL 1.68 (1.70) −2.31 (1.32) 0.40 (1.62)
Cs 1.56 (1.69) −1.1 (0.82) −0.37 (1.30)
pz
Latencies 190–290 ms 128–195 ms 351–425 ms
Lf
230.6 (12.8) 166.6 (15.1) 383.9 (26.4)
sf 248.8 (16.8) 172.0 (23.4) 386.7 (27.3)
CL 254.6 (18.8) 168.5 (19.8) 377.1 (25.2)
Cs 260.7 (37.0) 166.2 (26.2) 378.1 (29.7)
Cz amplitudes 190–290 ms 128–195 ms 351–425 ms
Lf 4.64 (2.70) −2.88 (1.6) −0.45 (2.52)
sf 4.37 (2.66) −1.8 2(1.15) −2.33 (2.51)
CL 1.65 (1.84) −3.02 (1.43) 1.19 (1.86)
Cs 1.59 (1.69) −1.67 (1.00) 0.43 (1.98)
Cz
Latencies 190–290 ms 128–195 ms 351–425 ms
Lf 236.6 (22.6) 166.9 (16.5) 388.8 (29.0)
sf 255.8 (18.4) 172.6 (22.1) 385.9 (26.9)
CL 255.0 (28.1) 168.5 (21.8) 381.0 (27.3)
Cs 264.4 (35.6) 168.7 (24.0) 369.7 (25.1)
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be appropriate because the stimuli were not matched to 
the facial stimuli for brightness and contrast. By creating 
a new control image, we believe we were better able to 
understand how important the face itself is for increasing 
speed and accuracy. Having four conditions, Large Face, 
Small Face, Large Crystallized, and Small Crystallized, we 
could examine the possible effect of size of stimuli on BCI 
performance. Based on previous literature, we predicted 
that that the facial stimuli would lead to better perfor-
mance than the non-facial stimuli. We also predicted that 
the larger stimuli would lead to better performance than 
the smaller stimuli.

Contrary to our hypotheses, we found no significant 
differences in performance between any of the four con-
ditions. Measures of accuracy, target flashes required to 
make a character selection, selections per minute, and bit 
rate all indicated that the facial stimuli did not produce 
significantly better BCI performance than non-facial 
stimuli, and that the larger stimuli did not produce sig-
nificantly better BCI performance than smaller stimuli. 
Although the performance results were not consistent 
with our hypotheses, our findings were also not consistent 
with previous literature that has found that facial stimuli 
lead to significantly better BCI performance than non-fa-
cial stimuli. Furthermore, we conducted offline analyses to 
determine whether a dynamic stopping algorithm would 
reveal differences between conditions. Offline analyses 
supported our findings and did not result in statistical 
differences in any of the four conditions.

Despite no significant differences in BCI performance 
across the four conditions, each of the four images pro-
duced distinctly different ERPs. Waveform analyses 
indicated that the face conditions produced more robust 
P300 ERPs than the two crystallized conditions, similar 
to the results observed by Kaufmann et al. [11,14]. In the 
examination of the N170, which is traditionally consid-
ered a facial-specific component, we observed a more 
robust N170 to the large stimuli than the N170 elicited 
by the small stimuli. There was not a significant difference 
between the face images and the crystallized images; this 
finding is similar to the findings of Kaufmann et al. [11], 
who compared familiar faces to classic character flashing 
and a pixelated version of the face image. Although we 
did not include a comparison of N170 responses pro-
duced by classic character flashing, face and crystallized 
images, this finding is also consistent with the findings of 
Kaufmann et al. [11]. This finding was unexpected, as we 
observed N170 responses to the crystallized images. The 
N170 elicited by the non-face images may be explained 
by the fact that early ERPs are often considered to reflect 
processing of the physical properties of a stimulus [26]. 
It is possible when participants viewed the crystallized 
images they were trying to determine whether the images 

the four conditions, F(3,57) = 15.819, p < .001. Post-
hoc tests indicated significantly larger amplitude for the 
Large Face condition than the two small image condi-
tions (Small Face p < .002; Small Crystallized p < .004), 
and larger amplitude for the Large Crystallized condition 
than the two small image conditions (Small Face p <. 008; 
Small Crystallized p <.001). No significant differences in 
amplitude were found between the Large Face and Large 
Crystallized conditions or between the Small Face and 
Small Crystallized conditions. Furthermore, no significant 
differences were observed in the N170 latencies for any of 
the four conditions.

3.5.3. N400
The ANOVA used to examine N400 amplitudes at elec-
trode Pz showed significant differences between the four 
conditions, F(3,57) = 18.260, p < .001. Post-hoc tests indi-
cated a significantly larger amplitude for the Small Face 
condition than the other three conditions (Large Face 
condition p < .001; Large Crystallized condition p < .001; 
Small Crystallized p = .001). No significant differences 
were observed, however, in latencies for any of the four 
conditions.

The ANOVA used to examine N400 amplitudes at elec-
trode Cz indicated significant differences between the four 
conditions, F(3,57) = 31.397, p < .001. Post-hoc tests indi-
cated a significantly larger amplitude for the Small Face 
condition than the other three conditions (Large Face p 
< .001; Large Crystallized p < .001; Small Crystallized p 
= .001). Significantly larger amplitude was also observed 
for the Large Crystallized condition than the Large Face 
condition, (p = .002), and the Small Crystallized condi-
tion, p = .008.

The ANOVA was used to examine N400 latencies at 
electrode Cz between the four conditions, F(3,57) = 4.579, 
p = .010. Post-hoc tests, however, indicated no significant 
differences between the four conditions.

4. Discussion

Previous studies have proposed that the additional infor-
mation that facial stimuli provide, the N170 and N400 
components in addition to the P300 component, should 
increase the speed and accuracy of character selection 
[11,14,15]. To further investigate the factors contributing 
to these effects, we conducted a study manipulating and 
testing the size of facial stimuli used in previous stud-
ies, and compared these stimuli to a control image. We 
observed that the facial stimuli used in previous stud-
ies were larger than the characters in the matrix them-
selves, and hypothesized that perhaps the size of the 
image had an impact on performance. Furthermore, we 
felt that the control stimuli used in other studies may not 
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Facial images appear to produce different P300 ERPs 
compared to traditional character flashes, but not N170 
and N400 ERPs. Perhaps there are alternative classes of 
stimuli that may elicit more differential ERPs than images 
of faces. Kaufmann et al. [23] introduced the idea of a 
two-stimulus presentation paradigm using images of faces 
and symbols. The use of facial stimuli and an alternative 
class of stimuli used to elicit additional ERPs to the P300 
may lead to better target discrimination in a two-stimulus 
paradigm than images of faces and stimuli.

5. Conclusions

The goal of the current study was to test hypotheses as to 
why the Face Speller is superior to the traditional flash-
ing P300 speller. Most P300 speller studies have a narrow 
focus – to improve the speed and accuracy of the system. 
Improvements are achieved through paradigm manipu-
lation or signal-processing techniques. Often, the work is 
exploratory in nature. The Face Speller is different than 
most previous work in that face stimuli have been shown 
to elicit components related to processing of facial infor-
mation, specifically the N170 and N400 components. The 
rationale driving the Face Speller paradigm is that these 
additional components will be elicited by facial stimuli 
and provide additional discriminatory information to 
be used by the classification algorithm. Thus, the addi-
tional features will result in superior performance of the 
Face Speller as compared to the traditional flashing of 
characters.

The current work is a departure from previous work 
focusing on paradigm manipulation and signal-process-
ing improvements. In this study we examined hypothe-
ses as to why the Face Speller is superior to the standard 
flashing paradigm. Face Speller studies typically use facial 
stimuli that are larger than the flashing character stimuli. 
Thus, we hypothesized that the size of the stimuli – not 
the content – may be responsible for improved perfor-
mance. To test this hypothesis we predicted, regardless of 
content, larger stimuli would provide higher performance. 
In addition, based on prior evidence, we also predicted 
that facial stimuli would provide higher performance than 
non-facial stimuli. To test these hypotheses we included 
four conditions in the study: large facial stimuli, small 
facial stimuli, large contrast-matched non-face stimuli, 
and small contrast-matched non-face stimuli. The results 
of our study are significant in that the face-specific ERPs 
that are hypothesized to contribute to better target dis-
crimination were also observed in response to non-facial 
images and we did not find differences in speed and accu-
racy between any of the four conditions. Further inves-
tigation is necessary to determine why previous research 
has found facial stimuli to be so effective.

resembled a face, which may explain the observed early 
N170 response to the crystallized images.

In addition to a ‘face-specific’ N170, we only observed a 
significantly larger N400 response to the small face stimu-
lus, which is only partially consistent with our hypothesis. 
The N400 response has traditionally been considered to 
be associated with processing semantic information [27], 
and has also been observed when viewing ‘familiar’ and 
‘unfamiliar’ faces [28].

Thus, based on the results of the current study, the 
relationship between BCI performance and facial stim-
uli remains unclear. Further investigation into the use of 
novel stimuli to elicit additional ERPs for classification 
may provide a better understanding of how facial stimuli 
affect BCI performance.

4.1. Limitations

It is possible that using an undergraduate sample to test 
our hypotheses may have had an influence on the results 
of our findings, such that testing with an ALS popula-
tion may lead to different findings and conclusions. ALS 
patients have been shown to have lower P300 amplitudes 
than healthy individuals [8]. We may have created a ceil-
ing effect, as most healthy undergraduate participants 
are already good at operating the BCI without the added 
facial stimuli. Finding no differences in performance 
between the four conditions may be due to participants 
being already efficient enough at the task that they would 
achieve high levels of performance regardless of the type 
of stimuli presented.

Furthermore, previous studies using facial stimuli uti-
lized row-column flash patterns, whereas we utilized the 
checkerboard flash pattern developed by [29]. The check-
erboard flash pattern eliminates the problem of adjacent 
character flashes that can impact BCI performance when 
using row-column. Due to the increase in performance 
when using checkerboard compared to row-column, it 
is possible that the high performance produced by the 
checkerboard flash pattern could overshadow the effects 
of using facial stimuli, thus possibly making it unnecessary 
to use facial stimuli in addition to a checkerboard flash 
pattern.

4.2. Future directions

Replication of this study using a patient sample could 
provide greater insight into the use of facial stimuli for 
BCI operation. The healthy undergraduate sample showed 
comparable BCI performance in all four conditions, 
whereas using a sample of patients, who have been shown 
to produce ERPs different from healthy participants, could 
show greater performance due to facial stimuli.
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