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Abstract 
In this study, we examined the effects of a short mindfulness meditation induction (MMI) on 
the performance of a P300-based brain–computer interface (BCI) task. We expected that MMI 
would harness present moment attentional resources, resulting in two positive consequences 
for P300-based BCI use. Specifically, we believed MMI would facilitate increases in task 
accuracy and promote the production of robust P300 amplitudes. Sixteen-channel 
electroencephalographic data were recorded from 18 subjects using a row/column speller task 
paradigm. Nine subjects participated in a 6 min MMI and an additional nine subjects served as 
a control group. Subjects were presented with a 6 × 6 matrix of alphanumeric characters on a 
computer monitor. Stimuli were flashed at an SOA of 125 ms. Calibration data were collected 
on 21 items without providing feedback. These data were used to derive a stepwise linear 
discriminate analysis classifier that was applied to an additional 14 items to evaluate accuracy. 
Offline performance analyses revealed that MMI subjects were significantly more accurate 
than control subjects. Likewise, MMI subjects produced significantly larger P300 amplitudes 
than control subjects at Cz and PO7. Discussion focuses on the potential attentional benefits of 
MMI for P300-based BCI performance. 

1. Introduction 

Brain–computer interfaces (BCIs) are communication and 
control devices that allow users to convey intent and execute 
computer commands via variations in brain signals [1]. Users 
are thereby capable of communicating by non-traditional 
means (e.g., spoken words). Many BCIs utilize non-invasively 
recorded brain signals from a subject’s electroencephalogram 
(EEG, [2]) and implement classification of various brain 
signals into external outputs. As noted by Farwell and Donchin 
[2], one means of recording EEG non-invasively targets the 
P300 component of the ERP. The P300 is a positive deflection 
in the EEG that peaks approximately 300 ms after the 
presentation of a specific target stimulus that is presented with 
a low probability. The P300 manifests a distinct amplitude, 
post-stimulus latency, and scalp distribution of time-locked 
and averaged responses; typically, the response is largest 

1 Author to whom any correspondence should be addressed. 

at posterior scalp locations (electrode Pz), and decreases at 
more anterior electrode locations along the midline (e.g., 
electrode Cz and Fz) e.g., [3–6]. Farwell and Donchin used 
the P300 to create the first P300-based spelling program, 
with the idea of providing a viable communication option 
for people with severe neuromuscular disabilities. A number 
of studies now report that people with amyotrophic lateral 
sclerosis (ALS), who have lost all muscle control (i.e. they 
have become ‘locked-in’), can communicate via P300-based 
BCI with minimal system training because of response’s 
robust nature [7–10]. However, P300-based BCIs are not 
without their problems. In fact, users need to be at least 
70% accurate for successful BCI use, yet some individuals 
cannot meet this threshold [11, 12]. Accordingly, recent 
studies have targeted optimizing electrode montages [13], 
stimulus properties [10, 14], signal processing methods [15], 
and presentation paradigms [16–21] in efforts to optimize 
users’ speller performance. Nonetheless, attentional errors, 
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including general lapses of attention, mind wandering, and 
lack of focused attention can all undermine performance in 
non-BCI tasks [22]. Similarly, task demands and distractions 
reduce P300 amplitudes [23–26] and may contribute to BCI 
errors [16, 21, 27]. Thus, inducing a state that would 
heighten attentional resources and reduce distractibility may 
improve BCI performance. In this research, we examined 
the possibility that inducing mindfulness (via meditative 
mindfulness induction or MMI) may be a means of increasing 
attentional focus and continuity, and thereby improving P300­
based BCI performance. 

Mindfulness is an attentional construct that entails 
purposeful and focused attention to what is happening in the 
present moment. Mindfulness is both a state of consciousness 
as well as a dispositional trait that varies in the degree to 
which people are purposefully cognizant of their immediate 
experience [28]. In both forms, mindfulness can be brought 
to bear in a therapeutic or meditative context; indeed, a 
basic tenet of meditative practice is that situationally inducing 
heightened state levels of mindfulness facilitates increases in 
short-term attentional resources at the state level as well as 
enduring increases in trait mindfulness [29, 30]. Several 
lines of converging behavioral and neurological evidence point 
to mechanisms that may explain these increases. PET scan 
and fMRI data, for example, demonstrate that MMI activates 
neural systems such as the dorsolateral prefrontal cortex, 
fronto-parietal pathways, cingulate cortex, and striatum, which 
combine to facilitate orienting of attention and concentration, 
organization, behavioral regulation and inhibition, and other 
executive functioning and control processes [31–34]. Relative 
to controls, those who have undergone MMI training are 
better able to detect subtle visual differences in the immediate 
environment (e.g., flashes of light) due to enhanced processing 
of visual stimuli [35]. MMI training can even reduce the 
duration of the attentional blink, which occurs when subjects 
have trouble detecting a stimulus 200–500 ms after a prior 
stimulus [36]. When conscious attention is directed toward 
a target, those with MMI are more vigilant because they 
process information more efficiently than those without MMI 
[31, 37–39]. Interference on Stroop tasks is also reduced 
through MMI training [40]. Moreover, EEG-based studies 
attest to differences in spatiotemporal characteristics of EEG 
spectra for those with MMI relative to controls, [36, 41, 42] 
especially in the theta and alpha bandwidths [35, 41, 43–45]. 
After minimal MMI training, these differences also include 
significantly higher P300 amplitude [36, 37]. 

In light of this evidence, which strongly suggests that 
increases in MMI improve several aspects of attention, 
including cue sensitivity [33–36], distraction inhibition [40], 
and vigilance [31–33, 37–39], we hypothesized that MMI 
would provide two important, albeit somewhat interrelated, 
benefits for P300-based BCI users. Specifically, because of 
their attunement to target items, which decreases the likelihood 
of distraction by non-target items, we believed that those 
undergoing MMI would be more accurate than controls. We 
also believed that individuals undergoing MMI would produce 
significantly higher amplitude P300 responses, which would 
provide a proxy measure of attentional focus. 

2. Methods 

2.1. Subjects 

Eighteen able-bodied adults (11 females, 7 males; age 
range 18–33) were recruited from the East Tennessee State 
University undergraduate psychology subject pool. All were 
naı̈ve to BCI use and all reported no prior experience with 
meditative practice. All subjects had normal or corrected-to­
normal vision and no known cognitive deficits. The study was 
approved by the East Tennessee State University Institutional 
Review Board. 

2.2. Data acquisition 

EEG was recorded with a 16-channel tin electrode cap 
(Electro-Cap International, Inc.). All channels were 
referenced to the right mastoid and grounded to the left 
mastoid. Impedance was reduced to below 10.0 kQ before 
recording. A g.tec (Guger Technologies) 16-channel USB 
biosignal amplifier was used to record EEG data, which were 
digitized at 256 Hz, and bandpass filtered from 0.5 to 30 Hz. 
Only electrodes Fz, Cz, P3, Pz, P4, PO7, PO8, and Oz [46] 
were used for BCI operation [15]. BCI2000 [47] controlled 
stimulus presentation, data collection, and online processing. 

2.3. Procedure 

Following provision of informed consent, subjects were seated 
in a comfortable chair approximately 1.5 m from a computer 
monitor. The monitor displayed the stimulus presentation 
of a 6 × 6 matrix comprising alphanumeric characters. 
Nine subjects underwent a meditative mindfulness induction 
(MMI), while an additional nine subjects comprised a non-
MMI control group (STD). All subjects were instructed to 
focus their attention to a specific item in the matrix and 
mentally note each time this item flashed. Stimuli were flashed 
in the form of an entire row or column (12 flashes, 6 row 
flashes and 6 column flashes comprised a sequence) at an 
SOA of 125 ms (62.5 ms inter-stimulus interval and 62.5 ms 
stimulus duration), and each item was flashed 26 times (13 
sequences containing two flashes of each item). We collected 
data on 21 items without providing the subject feedback. 
These data were used to derive a stepwise linear discriminate 
analysis (SWLDA) classification algorithm. Subjects then 
completed an additional 14 items for which they received 
online performance feedback. Thirteen sequences of flashes 
were also used in the online portion of the study. 

We employed a mindfulness induction technique that 
has been successfully used by a number of researchers 
to increase mindfulness, thereby harnessing state-level 
attentional resources [33, 48–51]. Over a period of 6 min, 
the induction introduces attentional control via concentrative 
meditation techniques. The goal was to promote concentrative 
attention, such that conscious attunement to an immediate 
situation, task, or target occurs without attentional disruptions 
that are due to external or internal distractions. After hearing 
the task instructions, MMI subjects were asked to close their 
eyes, take a few deep breaths, and turn their attention to their 
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thoughts, though they were instructed to just ‘observe them 
and let them go.’ The experimenter guided subjects through 
a series of attentional alterations, moving from subjects’ 
thoughts, to the breath, to the abdomen, to bodily sensations 
that occur with each breath, and ultimately to the computer 
screen and the target. During this time, the experimenter 
reiterated instructions about the task, including directions to 
note mentally each time the target flashed, told subjects to 
close their eyes and turn their attention back to their breath 
during the 15 s break between trial blocks and to focus their 
full attention to the computer screen and the target when they 
reopened their eyes. The experimenter mentioned that it was 
‘okay’ if they found their minds wandering; they should just 
note the thought and return their full attention to the target. At 
the end of this induction, the experimenter told MMI subjects 
the word and first target letter, and instructed them to open 
their eyes, find the target in the matrix, pay full attention to the 
letter, and note each time it flashes. 

After hearing instructions, STD subjects in the control 
condition were told to relax, find a comfortable position, 
and take a few moments to breathe. During this time of 
relaxation, the experimenter reiterated the task instructions, 
including directions to mentally note each time the target 
flashed. Subjects in the control group were told to just relax 
during the 15 s break between trial blocks, and to focus on the 
next letter when it began again. They were told that if they 
found their minds wandering, they should try harder to focus 
on the task. Once STD subjects indicated their readiness to 
begin the task, the experimenter told them the word and first 
target letter, and instructed them to concentrate on the target 
and note each time it flashes. 

2.4. Dependent measures 

Accuracy was analyzed offline and performance was estimated 
after each of the 13 sequences of flashes for each target. 
Performance was analyzed between experimental conditions 
(MMI and STD). Waveform morphology differences were 
analyzed by examining peak amplitude and latency between 
100 and 400 ms for the positive peak, and between 400 and 
650 ms for the negative peak at electrodes Cz, Pz, PO7, and 
PO8. A power spectrum density (PSD) examined between-
group differences using the mean values for three electrode 
clusters (frontal [F3, Fz, P4], central [C3, Cz, C4], posterior 
[P3, Pz, P4]) and four spectra bandwidths (delta [2–4 Hz], 
theta [4–7 Hz], alpha [8–12 Hz], beta [13–24 Hz]). Prior to 
statistical analyses, volume conducted blink correction was 
performed using an independent component analysis (ICA) 
to extract independent signals from the EEG signals. Fast 
Fourier transform was applied to the independent components 
and the features were extracted. One-second epochs, with 50% 
overlap (1.004 Hz resolution, range 128 Hz, 256 points), were 
removed from the continuous recording of the experimental 
tasks. Thereafter, data were high-pass filtered (at 1 Hz, 
24 dB) and artifacts were rejected on a ±100 μV criteria. 
All epochs were baseline corrected and cosign tapered over 
the entire epoch, and a natural log was applied to the grand 
mean bands. 

3. Results 

3.1. Offline accuracy 

We analyzed accuracy using a 2 (attentional condition: MMI 
& STD) X 13 (number of sequences: 1–13) repeated 
measures mixed factorial ANOVA, with Greenhouse–Geisser 
corrections for within-subjects effects. Statistically significant 
main effects emerged for both attentional condition and 
number of sequences. See figure 1(A). Overall, MMI subjects 
were significantly more accurate than controls (F(1,16) = 5.47, 
p = 0.03, η2 = 0.26) and accuracy increased as subjects were 
presented more stimuli (F(4.2,67.5) = 65.71, p < 0.01, η2 = 
0.80). 

Most importantly, we also found a statistically significant 
interaction (F(4.2,67.5) = 2.74, p < 0.03, η2 = 0.15, 
1 − β = 0.50). Compared to the STD condition, MMI 
accuracy improved rapidly. Indeed, MMI subjects were only 
slightly below (67.8%) the minimum accuracy threshold for 
BCI use (70%) in the second sequence, and they surpassed 
this threshold in the third sequence (76.8%) [e.g., 12]; 
STD subjects did not surpass this minimum performance 
standard until the seventh sequence (74.6%). For the sake 
of completeness, we conducted t-tests at each sequence, 
and found that MMI subjects evidenced significantly greater 
accuracy (all ps < 0.05) than their control group counterparts 
in all but three sequences (7, 8, & 12). 

At first glance of figure 1(A), it appears that each group 
met a relative plateau around the eighth sequence and that 
they performed relatively congruently over the remaining 
sequences. However, the difference in average accuracy across 
this plateau (from sequence 8 to sequence 13) was 9.4%; MMI 
subjects averaged 93.6% accuracy while STD averaged 84.2%. 
A visual inspection of figure 1(A) also suggests that MMI 
subjects’ responses were less variable (i.e. more reliable) than 
those in the control, especially among later sequences. To 
examine this possibility, we conducted a t-test of the standard 
deviations for each group across all sequences; MMI average 
responses were significantly more consistent (p < 0.001) than 
those of control subjects. Collectively, these results support 
the contention that MMI’s attentional benefits are not just 
immediate (though these benefits are particularly strong); 
rather, MMI also seems to provide enduring performance 
benefits for P300-based BCI use. 

3.2. Waveform morphologies 

In figure 1(B), individual and grand mean waveforms indicate 
that MMI subjects produced significantly higher positive 
amplitude peaks at Cz (M = 3.37 μV; SD = 1.17) than 
the STD subjects (M = 2.39 μV; SD = 1.04, t(16) = 2.20, 
p < 0.04, d = 1.10, 1−β = 0.59). Also, MMI subjects 
produced significantly higher positive amplitude peaks at PO7 
(M = 1.89 μV; SD = 1.55) than the STD subjects (M = 
0.08 μV; SD = 0.67, t(16) = 2.10, p < 0.05, d  = 1.05, 1−β = 
0.55). These results provide a proxy measure of task-devoted 
concentration. No differences in non-target amplitudes were 
observed on the electrodes of interest. 
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Figure 1. (A) Offline accuracy was analyzed by taking the grand average of all subjects compared between groups for every sequence from 
1 to 13. Each stimulus sequence represents two item flashes. (B) Grand mean waveforms for all 18 participants at electrode locations Cz, 
Pz, PO7, and PO8. The top row compares target responses for both conditions (n = 9 in each condition). 

3.3. Power spectrum density analysis 

A 2 (Attentional Condition, MMI & STD) X 3 (electrode 
cluster location: frontal, central, & posterior) X 4 (spectral 
bandwidth: delta, theta, alpha, & beta) repeated measures 
mixed factorial ANOVA was used to analyze PSD. No 
differences in power were observed between the two 
experimental conditions. 

4. Discussion 

4.1. General discussion 

BCIs utilize non-invasively recorded brain signals, such 
as the P300, from subjects’ EEGs and convert these into 
external outputs. BCI technology allows many with severe 
neuromuscular disabilities to communicate [7–10]; however, 
the technology is still in a nascent stage. Because these systems 
require sustained focused attention, problems such as general 
attentional lapses and mind wandering can undermine user 
performance. With this in mind, we examined if increasing 
attentional resources via a short MMI could improve P300 
speller performance. A number of important findings emerged. 
Subjects who underwent MMI performed significantly better 
than their control group counterparts. Specifically, MMI 
subjects’ accuracy increased relatively immediately, they 
were consistently more accurate overall, and their responses 
evidenced significantly less variability across the course of 
trial sequences. Differences also emerged in the waveform 

morphologies of the two groups. Relative to controls, 
MMI subjects produced significantly higher amplitude P300 
responses at electrode locations Cz and Po7. We expand on 
the importance of these findings below. 

4.2. Implications of MMI for BCI use 

Significantly higher accuracy in the MMI condition supports 
the contention that increasing user mindfulness provides 
increases in concentrative resources. These increases seemed 
to facilitate immediate attunement to the BCI task at hand, 
and helped to overcome distractions that prevent optimal task 
performance. The reliability of MMI subjects’ responses 
also speaks to its potential to mitigate the effects of task-
specific or external distractions. Previous neurophysiological 
research likewise demonstrates that MMI serves to increase 
attentional focus, inhibit mind wandering, and decrease the 
extent to which irrelevant stimuli lead to distraction [e.g., 
35, 40]. These attentional benefits may be attributable to 
a number of different neurological systems, including those 
directly involved in attention regulation [e.g., 31, 33] as well as  
those that may indirectly influence attention. For example, one 
of the cortical benefits of MMI is that of effective amygdala 
modulation in the face of negative stimuli [52, 53]. Given 
its role in limbic system emotional processing, modulating the 
amygdala presumably underlies why MMI relates to decreases 
in cortisol, a sympathetic nervous system marker of the 
stress response, and improvements to vagal tone, a marker 

4 



J. Neural Eng. 8 (2011) 000000	 C E Lakey  et al 

of parasympathetic nervous system activation and relaxation 
[54, 55]. To the extent that relaxation promotes attentional 
focus, MMI may indirectly affect attention via alterations in 
emotion-relevant, biological stress responses.2 

Perhaps most importantly, we found evidence that MMI 
subjects surpassed minimal accuracy thresholds more quickly 
than controls and sustained higher accuracy over the course 
of the task. This finding may be of particular relevance 
to BCI users who have been diagnosed with diseases like 
ALS. Indeed, over an extended period, users could incur 
significant timesavings by minimizing the number of flashes 
necessary for accurate BCI use. Moreover, the significant 
differences in waveform morphology (i.e. increased P300 
amplitude for MMI subjects) not only cohere with previous 
research and theory [e.g., 36], but they also suggest that 
MMI training could improve disabled users’ likelihood of 
successful BCI performance even with minimal training. 
Stated differently, these findings offer further support that 
state-level mindfulness, and the concentrative focus it entails, 
can be induced with relatively minimal effort to increase 
performance on attention-relevant tasks, and they suggest that 
MMI may be a means to allow BCI use for those who might 
otherwise be unable to do so. 

More broadly, these findings highlight the fact that BCI 
researchers must be cognizant of factors that may promote user 
focus on, or divert user attention from, BCI tasks (whether in 
the laboratory or in a real-world setting). For instance, it is 
possible that forceful appeals for subjects to pay attention 
may actually undermine user performance. That is, even 
if these appeals cause subjects to concentrate (which might 
create short-term benefits), they will also likely increase 
subjects’ negative emotional states, which would thereby 
diminish long-term BCI performance even further. Our results 
suggest that a more adaptive approach might be to incorporate 
a brief MMI into research protocol, which may bolster 
subjects’ performance by increasing their concentration and 
task engagement and by preventing or attenuating general 
lapses of attention. 

4.3. Limitations and future directions 

Though we found that MMI improved P300-based BCI 
performance, there are a number of limitations to our 
conclusions and important avenues for future research. For 
example, the spectral analysis results did not replicate 
those reported in the mindfulness literature [35, 41, 43– 
45]; however, this study utilized a much shorter (6 min) 
mindfulness induction technique than typically used and 
the P300 speller paradigm employs a task that is quite 

2 We do not mean to suggest that being relaxed and being mindful are 
synonymous states (or that the experience of stress occurs only in the absence 
of mindfulness). Consider, for instance, the moments immediately prior 
to falling asleep: the body is physically relaxed but not mentally aware 
of and attentive to the present moment. Mindfulness, on the other hand, 
seems to entail a state of mental acuity coupled with physical relaxation. 
This distinction aligns with previous research and theory [e.g., 32, 49] as  
well as the present results. Accordingly, we are not asserting that physical 
relaxation would fully explain MMI’s attentional benefits; only that relaxation 
due to limbic system modulation may be an indirect means of attentional 
improvement. 

different from studies that conduct spectral analyses. Also, 
because we employed a between-group design and used a 
MMI that entailed a single, short induction, we cannot draw 
conclusions about any long-term attentional benefits beyond 
the time necessary for completion of the BCI speller task we 
employed. Accordingly, it will be useful to conduct long­
term (longitudinal), within-group studies with larger samples 
to examine the enduring benefits MMI training might afford 
for BCI use. We are limited in drawing firm conclusions 
about the benefits for BCI use among individuals with severe 
neuromuscular difficulties, who may differ in response to MMI 
relative to the able-bodied participants used in this study. Thus, 
future longitudinal research should aim to include clinical 
populations as subjects, hopefully within a randomized control 
trial (RCT) framework. Relative to the current study, a RCT 
would afford greater experimenter control and power to detect 
significant performance differences. In concert with other 
evidence of MMI’s enduring attentional benefits [31, 37–39], 
as well as evidence that long-term MMI training increases [56] 
or at least staves off the degradation of gray matter [37], we 
suspect that the effects of longitudinal MMI for BCI use will 
be even more robust than the effects found in short-term MMI, 
especially among those with clinical issues like ALS whose 
attentional capabilities wane with disease progression. Finally, 
even though the row/column paradigm currently represents the 
gold standard of P300 speller presentation, recent advances 
in other presentation paradigms surpass the row/column 
paradigm in usability [e.g., 21]. Thus, it will be important 
to pair MMI training with these other presentation paradigms 
to examine benefits for user performance. Collectively, these 
next steps will allow researchers to understand and maximize 
fully the benefits of MMI for BCI use. 
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