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Abstract Mindfulness meditation (MM) and EEG-alpha
neurofeedback (NFB) have both been shown to improve at-
tentional performance and increase full 8–12-Hz EEG alpha
amplitude, but no studies have compared MM and NFB on
their effects for modulating EEG alpha or attentional control.
Sixty-one university students were randomized to a 15-min
single-session MM (n = 24), NFB (n = 17), or sham-NFB
(SHAM; n = 20) intervention and were compared on EEG
alpha full and sub-band amplitudes during completion of a
single 15-min session of either intervention across 5 succes-
sive 3-min epochs, as well as during performance of the
Stroop test. MM and NFB participants demonstrated higher
global full-band alpha amplitude when compared with SHAM
participants during the final intervention epoch, whereas no
group differences were observed for sub-band amplitudes. In
the absence of group differences in behavioral performance,
MM participants exhibited a lower ERD of the upper alpha-
band within frontal cortex 200–400 ms post-stimulus on the
Stroop task, an effect that correlated with upper alpha ampli-
tudes demonstrated during the intervention. Future research
directions are discussed.

Keywords Mindfulness meditation (MM) . Neurofeedback
(NFB) . EEG alpha . Attentional control . Stroop task .

Event-related desynchronization (ERD)

Introduction

In its simplicity, focused attention forms of mindfulness med-
itation (MM) essentially involve teaching an individual to
better sustain their attention toward an intended object (e.g.,
the sensation of respiration) and away from external (e.g.,
sounds) or internal sources of distraction (e.g., thoughts,
Bmind wandering^). Upon becoming aware of lapses away
from the intended object, the MM practitioner non-
judgmentally redirects attention back to the intended source.
Studies in cognitive neuroscience find that repeated practice
of this seemingly relatively simple series of events can devel-
op one’s capacity for attentional control (e.g., Lutz et al. 2008)
and other cognitive functions (Eberth and Sedlmeier 2012;
Sedlmeier et al. 2012). For example, in experiencedMMprac-
titioners, performance of the Stroop task correlated with aver-
age daily minutes spent meditating (Chan and Woollacott
2007) and individual differences in self-reported measures of
mindfulness (Moore and Mailnowski 2009).

The most replicated electro-neurophysiological correlates
of MM include tonic increases in the amplitude of EEG alpha
(8–12 Hz) oscillations duringMM practice and increased rest-
ing EEG alpha amplitude (reviewed by Cahn and Polich 2006;
Chiesa and Serretti 2010; Lomas, Ivtzan, and Fu 2015; e.g.,
Aftanas and Goloshekin 2003). Thus, MM practitioners not
only exhibit dynamic shifts associated with being in a mindful
state during meditation practice but also stable elevations in
baseline alpha rhythm, often seen over posterior, central, and
midline frontal cortex (Cahn and Polich 2006; Chiesa and
Serretti 2010; Lomas, Ivtzan, and Fu 2015; e.g., Lagapolous
et al. 2009). The alpha rhythm is known to play a role in
attentional processes including internalized attention and
top-down attentional control (Cooper et al. 2003; Klimesch
et al. 2007); therefore, these findings are also consistent with
a hypothesized role for MM in regulating attentional function.
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However, research attributes unique neurocognitive functions
to lower (8–10 Hz) and upper (10–12 Hz)-alpha sub-bands
(Klimesch 1999). As reviewed by Klimesch et al. (2007),
whe r e a s 8–10 -Hz os c i l l a t i on s a r e known to
desynchronize during task periods that require selective
attention, alertness, and vigilance, 10–12-Hz oscillations
desynchronize during semantic and working memory
processes.

A further question of interest is whether the direct self-
regulation of EEG alpha oscillations, via brain-computer in-
terface technology, would have similar benefits to MM for
attentional processes. EEG neurofeedback (NFB) involves re-
cording and displaying to participants their EEG in real-time
in the form of visual and/or auditory feedback stimuli, thereby
providing the opportunity for participants to attempt to mod-
ulate such signals through various attentional strategies.
Indeed, NFB rewarding an increase of the amplitude of the
full alpha band (8–12 Hz) successfully produced increases in
alpha amplitude in prior research (van Boxtel et al. 2012;
Dekker et al. 2014; Egner and Gruzelier 2004; Zoefel et al.
2011), while NFB rewarding a decrease of alpha amplitude-
suppressed alpha amplitude relative to sham (placebo) control
(Ros et al. 2013). Referring to attentional outcomes, improve-
ments following NFB have also been documented in Stroop
performance and sustained attention (go/no-go task)
(Angelakis et al. 2007) and in a mental rotation working-
memory task (Hanslmayr et al. 2005; Zoefel et al. 2011).

Whereas most intervention studies of the effects of MM
and NFB involve multiple sessions taking place over the
course of several weeks, an emerging literature has investigat-
ed the subjective and neural effects of brief, single-session
interventions. With regard to MM, a few studies have de-
scribed successful modulation of emotional regulation capac-
ities (Arch and Craske 2006), deautomization (Wenk-Sormaz
2005), and resistance to the sunk-cost fallacy (Hafenbrack,
et al. 2014) after only single, 15–20-min sessions of MM
practice. However, attentional capacities were not primarily
investigated in these studies. Indeed, research on the benefits
of MM on attention used a minimum of 5 days of training, in
addition to combining MM with other elements (Tang et al.
2007). Referring to NFB, single 20-min NFB training sessions
on increasing the upper alpha band amplitude have been re-
ported to improve cognitive performance in the mental rota-
tion task (Hanslmayr et al. 2005) as well as psychomotor
reactivity (Bazanova et al. 2007). Moreover, Ros et al. found
that a single session of NFB rewarding a decrease of alpha
amplitude was associated with increased states of wellbeing,
decreased alpha amplitude, and modulation of resting-state
functional connectivity between neural networks associated
with mind wandering in a neuroimaging study of first-time
NFB practitioners (Ros et al. 2013). Of particular relevance
to the present study, van Lutterveld et al. (2016) also found
that participants were able to modulate the real-time NFB

signal within the gamma-frequency range within posterior
cortex (posterior cingulate) using meditation practices, where
a reduction in amplitude was associated with the experience of
effortless awareness; correlated effects were also observed
within the alpha frequency range, among others.

Taken together, we are aware of no previous studies that
examined the effects of MM practice separately for the lower
and upper alpha sub-bands. In addition, to our knowledge, the
form of change in alpha full- and sub-band amplitudes across
the duration of a MM sitting, whether linear or non-linear, has
not yet been studied. Finally, no prior studies have directly
compared MM and EEG-alpha NFB therapies with regard to
their effects on neurocognition, especially regarding the po-
tential for a single 15-min session to unfold potential advan-
tages in attentional capacity. We therefore conducted a ran-
domized controlled pilot trial evaluating the immediate out-
comes of a single 15-min session of either MM or EEG-alpha
NFB with sham (Bplacebo^) NFB control on EEG alpha os-
cillations and attentional Stroop performance. Outcomes on
the EEG were investigated separately for the full- (8–12 Hz),
lower (8–10 Hz), and upper (10–12 Hz) alpha sub-bands
across five 3-min epochs across the course of each interven-
tion, allowing investigation of the trajectory of change, wheth-
er linear or non-linear (in the present case, restricted to inves-
tigation of quadratic curves). Referring to response to the
Stroop task, we measured indicators of behavioral perfor-
mance (accuracy and reaction time) as well as measures of
neurocognitive processing, specifically, alpha event-related
desynchronization (ERD) in the lower and upper alpha sub-
bands. Finally, where corresponding effects were found to be
significant in the case of both amplitude change over the
course of intervention epochs and behavioral performance or
ERD, we correlated these measures to determine whether
changes occurring during the intervention were directly asso-
ciated with neurocognitive outcomes for attentional control. In
general, in comparison with the sham (Bplacebo^NFB) group,
we predicted that participants randomized to either MM and
true NFB would experience a more positive emotional state
and exhibit greater EEG alpha during their intervention, as
well as demonstrate improved behavioral performance and a
diminished ERD in response to the Stroop task. By contrast,
comparisons between the MM and NFB groups were
exploratory.

Method

Participants

Seventy-four healthy adults aged 18–25 were recruited from
the University ofWestern Ontario (UWO) undergraduate psy-
chology research participation pool and received partial
course credit for completing the study. Inclusion criteria were
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a lack of prior experience with MM practice or NFB.
Participants were randomly assigned to either the mindfulness
meditation group (MM; n = 25), EEG-alpha NFB group
(NFB; n = 25), or were randomized to a control (Bplacebo^)
sham-NFB group (SHAM; n = 24)1. Participants were exclud-
ed from final analyses based on obtained z-scores ≥3.0 relative
to the sampling distribution for any variable. As such, a single
participant was removed from the MM group (due to EEG
contamination), 8 individuals were removed from the NFB
group (4 due to EEG contamination, 3 due to DASS, and 2
due to POMS), and 4 were removed from the SHAM group
(all due to EEG contamination). Therefore, after addressing
outliers, a total of 61 participants were included in the final
analysis (MM, n = 24; NFB, n = 17; SHAM, n = 20). The
study procedure was administered within a dedicated electro-
physiology laboratory. Participants voluntarily consented to
participate after being provided with detailed information re-
garding the potential benefits and risks of the study interven-
tions. No participants were withdrawn from the study and no
adverse events were recorded.

Procedure

Interventions

Mindfulness Meditation (MM) Participants in the MM
group were introduced to a simple mindful breathing medita-
tion administered using previously published procedures
(Frewen et al. 2008, 2011, 2014). Participants were instructed
to focus their attention toward the sensation of their breathing
at their nostrils. They were asked to refrain frommanipulating
their breathing in any form and instead to allow their natural
breathing rhythm to occur. They were instructed that whenev-
er they became aware that their attention had wandered from a
focus on breathing sensation, they should simply redirect their
attention back to the sensation of their breathing without judg-
ing themselves critically. In addition to focusing their attention
toward their breath, participants were instructed to observe
any distracting thoughts, feelings, or sensations without judg-
ing, evaluating, or elaborating on them. These meditation in-
structions are consistent with recent psychological conceptu-
alizations of MM that emphasize the development of atten-
tional abilities combined with a specific, non-judgmental atti-
tude toward the different mental experiences that may arise
during MM (Lutz et al. 2008; Slagter et al. 2011). The MM
was performed with eyes closed in seated position for 15-min.
At approximate 3-min intervals, while keeping their eyes
closed, participants also pressed a computer keyboard button
resting upon their laps upon hearing a meditation bell, indicat-
ing whether or not, at such moments, they were attending
toward their breathing or if instead they had become distract-
ed, in accordance with published procedures for collecting
Meditation Breath Attention Scores (Frewen et al. 2008,

2011, 2014). Three consecutive meditation bells marked the
beginning and ending of the MM. Of the 24 participants in the
MMgroup, 3 did not correctly respond to theMBAS bell. The
mean MBAS score for the remaining participants was 3.48
(SD = 0.93).

EEG-Alpha Neurofeedback (NFB) Participants in the NFB
group were trained to enhance their EEG-alpha amplitude at
their scalp Pz site (midline parietal cortex, in accordance with
the International 10–20 system), where the EEG-alpha rhythm
is typically maximal (e.g., Ergenoglu 2004). Prior to electrode
placement, skin was prepared with a mildly abrasive skin
cleaner to help improve impedance and conductance of elec-
trodes. Electrodes were affixed with adhesive conductive
paste. The electrode was connected to a Spectrum4 amplifier
(J&J Engineering, USA) interfacing with EEGer 4.3
neurofeedback software (EEG Spectrum Systems, CA).
Ground and reference electrodes were placed on the right
and left earlobes, respectively. Impedances were checked to
be ≤5 kΩ. Each session involved 15 min of continuous
neurofeedback, where participants were asked to close their
eyes for the duration of the training. For the purpose of NFB
training, the raw EEG signal at Pz was bandpass filtered using
the infinite impulse response function to extract the alpha (8–
12 Hz) amplitude with an epoch size of 0.5 s.

The protocol was such that participants were guided toward
continually increasing their absolute EEG-alpha amplitude
beyond a moving threshold calculated every 0.5 s.
Thresholds in NFB are typically set in such a way that the
participant achieves a certain level of success that is neither
too high nor too low (Demos 2005). As such, the initial thresh-
old was set such that their EEG-alpha amplitude would tem-
porarily exceed the moving threshold at random 65 % of the
time above the initial 1-min average; by contrast, participants
would fail to receive feedback 35 % of the time. Positive
feedback was provided as a low-frequency auditory tone; be-
ing that the sounding of the tone itself is not intrinsically
rewarding, it must be assumed that participants are motivated
by their own self-efficacy and/or the intrinsically rewarding
properties of the targeted neurophysiological state (i.e., an
increased 8–12-Hz amplitude within their EEG).
Participants, with their eyes closed, were not given explicit
strategies for producing the tones but were instead asked to
focus their attention continuously toward the tones for
guidance.

Sham Neurofeedback (SHAM) All set-up and training pro-
cedures applied to the SHAMgroup were identical to those for
the real EEG-alpha NFB group. Instructions were also identi-
cal and all participants completed 15 min of sham NFB in
which participants similarly attempted to produce the audio
tones. However, whereas the real NFB group heard auditory
feedback that validly reflected their own brain activity, the
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SHAM group heard a pre-recorded session that involved the
identical tones that the real NFB group was exposed to
(Raymond et al. 2005). Pre-recorded sessions were created
by placing a digital voice recorder beside the computer speak-
er during alpha-NFB training sessions, recording their audito-
ry feedback tones. The pre-recorded session was then played
back to SHAM participants using Windows Media Player
(Microsoft, USA) after digital processing omitted background
noise and ensured an identical audio volume as actual feed-
back sessions. In this way, the feedback given to the sham
group bore no relation to the participants’ actual own brain
activity but still mimicked the feedback that would typically
occur during a true NFB session.

Self-Report Measures For descriptive purposes, participants
completed standard, well-validated measures of symptoms of
depression, anxiety, and stress (Depression Anxiety Stress
Scales [DASS]; Lovibond and Lovibond 1995) and
mindfulness-related traits (Five Facet Mindfulness
Questionnaire [FFMQ]; Baer et al. 2006). In order to assess
the immediate outcomes of the interventions on mood and
state mindfulness, participants also completed the Profile of
Mood States-Short Form (POMS; McNair et al. 1971; Curran
et al. 1995) and the Toronto Mindfulness Scale (TMS; Lau
et al. 2006).

Study Protocol Participants were randomly assigned to MM,
NFB, or SHAM. Whereas participants were blinded with re-
gard to their randomization to NFB vs. SHAM, experimenters
were not blinded. Pre-intervention baseline DASS, POMS,
and FFMQ were administered following EEG electrode cap
setup. The EEG cap was worn throughout the session,
allowing for continuous EEG recording for all conditions.
Additionally, participants in the NFB and SHAM groups were
affixed with three additional electrodes at the Pz site, left, and
right earlobes, used for NFB/SHAM. A pre-intervention base-
line EEG measurement was recorded for 3 min, where partic-
ipants were asked to close their eyes and allow their minds to
naturally wander. Each participant then underwent their re-
spective interventions for 15 min. All interventions were con-
ducted with eyes closed. Participants then completed the
POMS and TMS self-reports, followed by the Stroop task.

Measures

Behavioral Measures: Stroop Task Design and Stimuli

Stimuli in the Stroop task were the four color words BRED^,
BBLUE^, BGREEN,^ and BYELLOW.^ These words were
presented in the same color-ink as the written word in congru-
ent trials (e.g., RED presented in red ink) and in different
colors for incongruent trials (e.g., RED presented in blue
ink). The task was presented on a 21-inch CRT-monitor

(100Hz vertical refresh rate, 1024 × 768 resolution) and run-
ning in the E-Prime 2.0 environment (Psychology Software
Tools Inc., USA). Words were presented in Arial font (font
size 48 pt) and viewed at a distance of approximately 70 cm.
Incongruent stimuli appeared in each of the three other colors
with equal frequency, whereas the ratio of congruent to incon-
gruent trials was 1:1. Participants were instructed to indicate
the color each word was presented in, while ignoring the se-
mantic meaning of the word, as fast and as accurately as pos-
sible. Four keys on a standard QWERTY keyboard were used
to enter their responses. The keys were color coded using
circular colored stickers, with the key Bs^ for red, Bc^ for
yellow, Bm^ for blue, and Bl^ for green. The keys were chosen
to provide optimum comfort for the participant while
responding with the index and middle finger of both hands.
Stimuli were presented on the screen for 1500ms, followed by
a variable ITI ranging between 1500 and 1800 ms, during
which a centrally located fixation cross was presented. The
stimulus word always appeared centrally on the screen, replac-
ing the fixation cross.

The experiment began with a color-to-key acquisition
phase which consisted of 48 trials presenting the four words
but in black ink only (e.g. RED in black ink); completion of
such trials resulted in all participants learning the key-color
associations with high speed and accuracy. Indeed, all the
participants were able to improve their overall accuracy and
reaction time from the first 12 trials (accuracyM = 0.91, SD =
0.17; reaction time M = 771.5 ms, SD = 228.27 ms) to the last
12 trials (accuracy M = 0.94, SD = 0.12; reaction time M =
580.66 ms, SD = 112.56 ms). This was followed by a practice
phase where 32 trials were presented to the participant, which
were identical to those used in the experimental blocks.
During the acquisition and practice phases, response accuracy
feedback was given following each trial. The experimental
phase consisted of three blocks of 48 trials, for a total of 144
trials, with 72 congruent and 72 incongruent trials. The entire
task lasted for approximately 8 min.

Electrophysiological Measures: EEG Recording EEG was
recorded using a custom elastic cap and the ActiveTwo
BioSemi amplifier system (BioSemi, Amsterdam,
Netherlands). Cap sizes varied and were chosen based on
participant head circumference. Recordings were taken from
32 Ag/AgCl electrodes following the international 10–20 sys-
tem. Two electrodes were placed on the left and right mas-
toids. Electrooculogram generated from blinks and eye move-
ments was recorded from five facial electrodes: two approxi-
mately 1 cm above and below the participant’s left eye, one on
the nose bridge, one approximately 1 cm to the left of the left
eye, and one approximately 1 cm to the right of the right eye.
As per BioSemi’s design, the ground electrode during acqui-
sition was formed by the common mode sense-active elec-
trode and the driven right leg-passive electrode (see www.
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biosemi.com/faq/cms&drl.htm for details). For further offline
analysis, the average reference was used. All bioelectric
signals were digitally filtered at 0.1–100 Hz (24 dB/octave
roll-off) and amplified on a laboratory computer using
ActiView software (BioSemi), sampled at 512 Hz and stored
for offline analysis. With respect to impedances, BioSemi uses
an active electrode system in which the electrode itself
provides for impedance transformation. EEG voltages are
typically not influenced due to the high input impedance,
whereas the output impedance is very low (<1 Ohm). As
such, interference currents are prevented from generating
significant voltages due to current flow via low impedances
of the active electrode output. EEG recording occurred during
a pre-intervention 3-min baseline and continued through the
study duration.

Data Analyses

Note that all results are reported as exploratory and without
correction for multiple comparisons.

Data Reduction and Offline Analyses Following EEG re-
cording, all EEG data were preprocessed using routines avail-
able via EEGLab v12, an open source toolbox running in the
MATLAB environment for electrophysiological signal pro-
cessing (Delorme and Makeig 2004; http://sccn.ucsd.
edu/eeglab/). After being imported into MATLAB, the
continuous EEG data were re-referenced using a common-
average head reference algorithm, where an average of EEG
activity at every electrode site is used as a reference, thereby
removing noise common to all sites. Data were then digitally
filtered depending on our experimental condition as will be
described.

EEG Baseline Analyses Baseline continuous EEG measure-
ments taken before, during, and after the interventions were
filtered with a low cutoff value of 1 Hz and a high cutoff value
of 30 Hz using a finite impulse response (FIR) filter.
Continuous EEG data were then segmented into 1-s epochs
used for artifact rejection. We excluded epochs with abnor-
mally large amplitudes (over ±75 μV). Epochs contaminated
by spurious gross-movement and other non-stereotyped arti-
facts were also identified by visual inspection and additionally
rejected. Participants were included in analyses of EEG base-
lines if they retained >40 % of the 1-s epochs after artifact
rejection and pre-processing, calculated within each 3-min
segment independently (e.g., pre-intervention 3-min baseline,
first 3 min of intervention, etc.). Full data were available for 24
MM, 17 NFB, and 20 SHAM participants.

Spectral Analysis for Continuous EEG at Baseline and
During Intervention EEG power was calculated by using
Welch ’s power spec t ra l dens i ty es t imate in the

Neurophysiological Biomarker Toolbox, an open-source tool-
box running inMATLAB (NBT; Hardstone et al. 2012; www.
nbtwiki.net). Continuous EEG was fast Fourier transformed
(FFT) and averaged in the frequency domain using a hamming
window (1024 sampling points). The FFTs were then grouped
into lower (8–10 Hz), upper (10–12 Hz), and overall alpha (8–
12Hz) frequency bands and log-transformed. Amplitude mea-
sures during the 15-min intervention were calculated in five 3-
min segments.

For the purposes of presentation, the 32-channel EEG data
were collapsed into nine clusters, resulting in regional means:
left frontal (Fp1, AF3, F7, F3), mid frontal (Fz, FC1, FC2),
right frontal (Fp2, AF4, F8, F4), left central (T7, FC5, C3,
CP5), mid-central (Cz), right central (T8, FC6, C4, CP6), left
posterior (P7, P3, PO3, O1), mid-posterior (CP1, CP2, Pz),
and right posterior (P8, P4, PO4, O2). The average amplitude
values across the respective electrode sites were calculated for
these regional means for lower (8–10 Hz), upper (10–12 Hz),
and full-band alpha (8–12 Hz) frequencies as observed during
each experimental condition. In statistical analyses, effects for
location (left hemisphere [LH], midline, and right hemisphere
[RH]) and lobe (frontal, central, posterior) were determined
independently.

Event-Related Desynchronization During Stroop Task
Event-related changes in the EEG-alpha band power were
calculated using the ERD method originally proposed by
Pfurtscheller and Lopes da Silva (1999). Before calculating
ERD, data were digitally bandpass filtered, squared (in order
to obtain simple power estimates), and averaged separately
between congruent vs. incongruent trials. ERD is defined as
the percentage of a decrease (ERD; desynchronization) or
increase (ERS; synchronization) in the band (alpha) power
during a post-stimulus interval (A) as compared to a baseline
reference interval (R) as follows: ERD/S% = (A − R) / R ×
100 %. As such, positive values reflected an increase in alpha
power following stimulus presentation relative to pre-stimulus
baseline, termed ERS, whereas negative values reflected a
decrease in alpha power, termed ERD, in percentage units of
the alpha power observed during the pre-stimulus baseline.
The time window of −750 to −250 ms prior to stimulus onset
was used as the baseline reference interval. Post-stimulus test
intervals were two equivalent consecutive (short and late) time
intervals between 200 and 600 ms post-stimulus onset (i.e.,
200–400, and 400–600ms). The 400–600-ms time period was
used as this usually pertains to the late negative ERP compo-
nent that typically reflects the behavioral interference effect in
the Stroop task and tends to correlate with behavioral perfor-
mance (Hanslmayr et al. 2008; Liotti et al. 2000). Conversely,
the 200–400-ms time period was aimed at observing the ear-
lier aspects of stimulus processing that, in themselves, may
not be a source of behavioral Stroop interference effect (Ilan
and Polich 1999). For statistical comparisons, data were
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collapsed into the lower alpha (8–10Hz) and upper alpha (10–
12 Hz) sub-bands. ERD values were measured separately for
the nine cortical regions as described previously.

Statistical Analysis Missing data was noted as follows: two
individuals failed to complete either the POMS or DASS (one
each from the NFB and SHAM groups), three individuals
failed to complete the TMS (two from the MM and one from
the SHAM group), and two individuals failed to complete the
Stroop (one each from theMM and SHAMgroups). Referring
to those remaining participants for which complete data was
available, prior to statistical analysis confirmed that no signif-
icant differences between groups were observed at baseline in
reference to depression, anxiety, or stress symptoms (DASS),
trait mindfulness (FFMQ), mood state (POMS), or global
EEG alpha.

Results

Group Differences at Baseline

Table 1 reports participant demographics and group differ-
ences in self-reported depression, anxiety, stress scales
(DASS), profile of mood states (POMS), and EEG alpha-
power at baseline, pre-intervention.

Effects of Intervention on Self-Reported Mood and State
Mindfulness

Figure 1 shows that, across groups, participants reported less
depression, vigor, anger, tension, confusion, and fatigue fol-
lowing the interventions on the POMS (all univariate main
effects had ps ≤ .05). Main effects for group randomization
were non-significant and, contrary to our hypotheses, all in-
teractions with group were also null except in the case of
POMS confusion (F(2, 53) = 3.40, p = .041, η2-partial =
0.11). Follow-up tests of the latter effect indicated that, where-
as pre-post differences were statistically significant for all
three groups, confusion decreased more so in the MM and
SHAMgroups than in the NFB group. Group differences were
neither observed post-intervention on the TMS referring to
self-reported state mindful curiosity (p = .71) or decentering
(p = .83). We therefore conclude that, overall, MM and NFB
failed to influence self-reported mood and state mindfulness
more so than did SHAM.

Effects of Intervention on EEG-Alpha Amplitudes

Figure 2 illustrates effects observed for the global (whole-
brain) and lobe-specific alpha amplitudes across the five 3-
min intervention epochs. Table 2 summarizes the observed
effects on alpha-amplitudes between- andwithin-group during
the intervention; Supplementary Fig. S1 further differentiates

Table 1 Participant
demographics and baseline
differences in self-report mea-
sures Depression, Anxiety, Stress
scale (DASS), Profile of Mood
States (POMS),
and EEG-alpha amplitude

Measure EEG-alpha NFB MM Sham-NFB

Gender

Female 10 17 15

Male 7 7 5

M SD M SD M SD Statistical values

DASS

Depression 2.53 1.81 2.33 2.22 3.63 3.56 F(2, 59) = 1.419, p = 0.250

Anxiety 3.88 3.14 3.08 2.68 3.79 3.36 F(2, 59) = 0.442, p = 0.645

Stress 6.00 3.45 5.17 3.96 7.32 3.53 F(2, 59) = 1.806, p = 0.174

POMS

Depression 5.06 3.96 4.21 3.27 6.84 5.87 F(2, 58) = 1.898, p = 0.159

Vigor 9.88 3.28 12.21 4.21 11.53 4.15 F(2, 58) = 1.688, p = 0.194

Anger 5.00 3.78 4.46 3.09 5.89 3.40 F(2, 58) = 0.959, p = 0.389

Tension 9.50 5.02 8.00 4.86 9.53 4.53 F(2, 58) = 0.708, p = 0.497

Confusion 6.56 2.66 6.17 3.66 7.00 3.78 F(2, 58) = 0.308, p = 0.736

Fatigue 7.62 4.16 6.42 4.07 8.26 3.78 F(2, 58) = 1.182, p = 0.314

TMD 23.88 18.28 17.04 18.04 26.00 19.07 F(2, 58) = 1.393, p = 0.257

Alpha Power (μV)

Global 0.268 0.070 0.268 0.077 0.313 0.094 F(2, 58) = 1.46, p = 0.240

Frontal 0.265 0.065 0.318 0.133 0.319 0.120 F(2, 58) = 1.36, p = 0.265

Central 0.268 0.111 0.284 0.081 0.308 0.124 F(2, 58) = 0.69, p = 0.508

Parietal 0.270 0.055 0.293 0.085 0.311 0.083 F(2, 58) = 1.29, p = 0.282
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these effects by location (left, right, midline) into the nine
corresponding ROIs. Multivariate main effects and various
interactions were statistically significant for intervention ep-
och, lobe, and location across groups (ps < .01). Group
interacted significantly at the multivariate level with epoch ×
lobe × hemisphere (F(96, 20) = 1.49, p = .002, η2 = 0.05). At
the univariate level, an effect approached significance only in

the case of lower (8–10 Hz) alpha amplitudes (F(32, 896) =
1.75, p = .073, η2 = 0.06) and upper (10–12 Hz) alpha ampli-
tudes (F(32, 896) = 1.45, p = .10, η2 = 0.05). Nevertheless,
follow-up tests were performed at the final 3-min intervention
period, showing that both MM participants (t(41) = 1.65,
p = .05, Cohen’s d = 0.52) and NFB participants (t(33) =
1.75, p = .04, Cohen’s d = 0.61) demonstrated higher global

Fig. 1 Profile of mood state (POMS) self-report scores before and after each
respective intervention: a MM, b NFB, and c SHAM. Across all groups,
participants reported less depression (D), vigor (V), anger (A), tension (T),
confusion (C), and fatigue (F) following respective interventions (univariate

main effects all p< 0.05). However, main effects and interactions for group
randomization were not significant. In regard to the Toronto Mindfulness
Scale (TMS), post-intervention self-reports on states of mindful curiosity
(Cr) and decentering (Dc) showed no group differences

Fig. 2 Observed effects of global (whole brain) and lobe-specific a full
alpha 8–12 Hz, b lower alpha sub-band 8–10 Hz, and c upper alpha sub-
band 10–12Hz power during the 15-min intervention, divided into five 3-
min epochs (Global:G1–G5; Frontal: F1–F5; Central: C1–C5; Parietal:

P1–P5). Note axes are scaled to maximize visualization of EEG-alpha
changes during intervention. *p < 0.05: between group effects indicate
that by the end of the intervention, MM and NFB full alpha band (8–
12 Hz) amplitudes were greater than SHAM
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full-band alpha amplitude when compared with SHAM par-
ticipants, whereas MM and NFB participants did not differ
(t(38) = 0.17, p = .87). In comparison, there were no signifi-
cant differences between groups at the first epoch (all p-
s ≥ .489). We therefore conclude that, consistent with hypoth-
eses, by the end of the intervention, MM and NFB had mod-
ulated EEG full-band alpha amplitude more so than did
SHAM. However, differences in alpha magnitude between
first and last 3-min periods between groups revealed no sig-
nificant differences (all p’s > 0.05).

In comparison, and contrary to hypotheses, analyses of
between-group differences in reference to lower and upper alpha
amplitudes yielded non-significance at all electrode sites.
Significant interactions were therefore investigated within-
groups. In brief, within-group follow-up tests inMMparticipants
revealed that lower alpha amplitudes demonstrated significant
linear decreases across all electrode sites except for within left
central cortex for which p< .10; quadratic effects were observed
only in the case of mid-central cortex (F(1, 23) = 4.79, p= .04,
η2 = 0.17). In comparison, upper alpha amplitudes differed
across intervention epochs only within posterior cortex, where
both linear decreases (F(1, 23) = 8.06, p = .009, η2 = 0.26) and
quadratic effects were observed (F(1, 23) = 5.45, p = .029, η2 =
0.19). We therefore conclude MM practice was associated with
linear or quadratic decreases in both lower and upper alpha sub-
bands depending on electrode location.

Interestingly, largely similar effects were obtained in the
case of the SHAM intervention. Specifically, the three-way
interaction was significant in SHAM participants with refer-
ence to lower alpha amplitudes (F(16, 288) = 3.06, p = .02,
η2 = 0.15). However, in the case of upper alpha amplitude
intervention, epoch interacted only with lobe across location
(F(8,144) = 3.59, p < .01, η2 = 0.17). Referring to lower alpha
amplitudes, linear decreases, or quadratic effects were ob-
served across frontal electrode sites, and linear decreases were
observed within posterior electrode sites, whereas no signifi-
cant effects were observed at central electrode sites. In com-
parison, referring to upper alpha amplitudes, amplitudes dif-
fered across intervention epochs only within posterior cortex,
where both a linear decrease (F(1, 18) = 13.85, p = .002, η2 =
0.44) and a marginally significant quadratic effect were

observed (F(1, 18) = 4.25, p = .054, η2 = 0.19). Thus, once
again, we conclude that SHAM-NFB was associated with
linear or quadratic decreases in both lower and upper alpha
sub-bands depending on electrode location. However, in strik-
ing contrast with results obtained from MM and SHAM par-
ticipants, no intervention effects were observed for NFB on
either the lower or upper alpha sub-bands.

Effects of Intervention on Stroop Task

Stroop Behavioral Performance

As can be expected, main effects for Congruency were found
for both reaction time (F(1, 56) = 128.24, p <0.001, η2 = 0.70)
and accuracy (F(1, 56) = 25.29, p < 0.001, η2 = 0.31), with
incongruent trials associated with increased errors and slower
reaction time. However, in contrast with hypotheses, the main
effect of Group and the interaction between Group and
Condition were non-significant. We must therefore conclude
thatMM and NFB failed to influence the behavioral indicators
of attentional control more so than did SHAM.

Stroop Event-Related Alpha Desynchronization
and Synchronization (ERD/S)

Referring to ERD, in reference to both the lower and upper
alpha-bands, various multivariate main effects and interactions
were statistically significant across groups as referring to time
of measurement (200–400, or 400–600 ms post-stimulus), trial
type (congruent/incongruent), lobe, and hemisphere (ps < .01).
In summary, results indicated an overall stronger ERD for the
lower than upper alpha sub-band, a stronger ERD within pos-
terior than frontal or central cortex, and a stronger ERD for
midline electrodes than for those placed at left or right lateral
cortex. Concerning the effect of time of measurement post-
stimulus, effects in central and posterior cortex tended to be
stronger for the later 400–600-ms measurement, whereas this
temporal effect was less prominent within frontal cortex.

Referring to the effects of group, only a non-significant mul-
tivariate interaction was obtained with measurement time, trial
type, and hemisphere, across lobe (F(8, 200) = 1.86, p = .07,

Table 2 Summary table of
observed effects on alpha
amplitude changes during
intervention, between, and within
group

Electrode region Alpha amplitude change Significance

Between group

MM vs. SHAM Global MM> SHAM p = 0.05

NFB vs. SHAM Global NFB > SHAM p = 0.04

Within group

MM Frontal and posterior Lower alpha 8–10H z: decrease in amplitude p < 0.05

MM Posterior Upper alpha 10–12 Hz: decrease in amplitude p = 0.009

SHAM Frontal and posterior Lower alpha 8–10 Hz: decrease in amplitude p < 0.05

SHAM Posterior Upper alpha 10–12 Hz: decrease in amplitude p = 0.002
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η2 = 0.07). Further, at the univariate level, the interaction
approached significance only in the case of upper alpha ERD
(F(4, 100) = 2.30, p = .07, η2 = 0.08) while not for lower alpha
ERD (F(4, 100) = 1.88, p = .13). However, further follow-up
tests suggested that the effect of measurement time by hemi-
sphere on upper alpha ERD was not statistically significant in
the case of congruent trials (F(4, 100) = 0.62, p = .65) or in the
case of incongruent trials (F(4,100) = 0.62, p = .99).

It should be noted, however, that the strongest effect in-
volving group at the univariate level was rather an interaction
with time of measurement and lobe, irrespective of trial type
(F(4, 100) = 2.73, p = .03, η2 = 0.10). Examining the effect of
group on time of measurement separately within each lobe, it
was found that, whereas frontal cortex amplitude approached
significance (F(2, 51) = 2.85, p = .07, η2 = 0.10), effects were
clearly null within central (F(2, 51) = 0.20, p = .82) and pos-
terior cortex (F(2, 51) = 0.45, p = .64). Follow-up tests of the
effect within frontal cortex within each intervention group
indicated that, whereasMMparticipants demonstrated a lesser
upper alpha ERD at the earlier than at the later measurement
period (t(21) = 2.84, p = .01, Cohen’s d = 1.24), no such effect
was observed in the NFB participants (t(13) = 1.26, p = .23) or
SHAM participants (t(17) = 0.37, p = .72). The upper alpha
frontal ERD observed 200–400 ms post-stimulus in MM par-
ticipants was also less significant than that observed in central
(t(21) = 4.36, p < .001, Cohen’s d = 1.90) or posterior cortex
(t(21) = 4.36, p < .001, Cohen’s d = 1.90). Finally, between-
group tests indicated that the MM group demonstrated less
ERD in frontal cortex 200–400 ms post-stimulus in compari-
son with both SHAM (t(38) = 1.71, p = .048, Cohen’s d =
0.55) and NFB participants (t(34) = 1.65, p = .055, Cohen’s
d = 0.57), whereas the latter two groups did not differ
(t(30) = 0.32, p = .98). At the later stage of post-stimulus pro-
cessing (400–600 ms), however, no group differences
approached statistical significance. We therefore conclude
that, in partial support for our hypothesis, MM (but not
NFB) modulated the upper alpha ERD during Stroop perfor-
mance relative to SHAM, although effects depended on elec-
trode location and time of measurement post-stimulus. These
results are illustrated in Fig. 3.

Correlations Between Alpha Amplitudes
During Intervention and ERD

Given that group effects on ERD during performance of the
Stroop were observed only in reference to the upper alpha
band within frontal cortex, we examined correlations between
upper alpha sub-band frontal-ERD during performance of the
Stroop and upper alpha sub-band frontal amplitudes observed
across intervention epochs; significant correlations were ob-
served at both the 200–400-ms (r = −.31, p = .01) and 400–
600-ms, (r = −.25, p = .04) measurement time points, post-
stimulus onset. Taking into account the negative sign of an

ERD effect, these negative correlation coefficients indicate
that greater upper alpha amplitudes measured during the inter-
vention were associated with greater ERD of the upper alpha
amplitude during performance of the Stroop task. This asso-
ciation was evident when measured separately at each of the
five intervention epochs (rs ranged from −.20 to −.34) and
within all intervention groups.

Discussion

The results of this pilot study contribute to a growing literature
associating the practice of MM and NFB with effects on the
EEG-alpha rhythm and attentional processing. Whereas the
practice of MM is thought to directly train attention while
indirectly modulating the EEG alpha rhythm, NFB directly
modulates the alpha rhythm through a brain-computer inter-
face with anticipated downstream effects on attentional pro-
cessing. A novel aspect of this pilot study was to examine the
intervention effects of both MM and NFB (vs. SHAM-NFB)
not only for the full (8–12 Hz) but further for the lower (8–
10 Hz) and upper (10–12 Hz) alpha sub-bands, which have
been attributed to different cognitive functions (Klimesch
1999; Klimesch et al. 2007). We also assessed the immediate
effects of each intervention for attentional control by admin-
istering the Stroop task. Preliminary conclusions of this pilot
study include that, although insufficient to influence subjec-
tive mood state, state mindfulness, or behavioral performance
indicative of attentional control more so than SHAM, single
15-min sessions MM and NFB were sufficient to modulate
EEG alpha activity during intervention performance.
Moreover, MM modulated the upper alpha ERD during per-
formance of the Stroop task more so than did NFB or SHAM,
while the degree of the obtained upper alpha ERD significant-
ly correlated with alpha amplitudes observed at the conclusion
of the intervention.

In reference to the full alpha band, consistent with hypoth-
eses, by treatment end,MM and NFB participants demonstrat-
ed higher amplitudes than did SHAM participants when di-
rectly comparing the final 3 min of intervention. However, as
alternative analyses of alpha-change differences between the
first and last periods of the intervention revealed no significant
group differences, this conclusion is limited and warrants fur-
ther investigation. However, among the most significant find-
ings of the current study is the contrast of effects observed
across the three interventions for the full versus upper and
lower alpha sub-bands. Specifically, whereas full-band alpha
amplitudes demonstrated clear quadratic effects across the in-
tervention epochs particularly within MM and NFB partici-
pants, first decreasing from 3 to 6 min and then increasing
particularly in the final epoch between 12 and 15 min, lower
sub-band amplitudes tended to decrease linearly with time but
particularly so across early intervention epochs, while upper
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band amplitudes either demonstrated null effects or similarly
decreased with time, particularly at posterior sites. These dis-
tinct effects of the interventions on the full vs. lower and upper
alpha sub-bands suggest the importance of further differenti-
ating intervention effects on the sub-bands in future studies of
MM and NFB. Interestingly, within-group analyses tended to
reveal greater similarities between MM and NFB participants
with regard to full-band alpha amplitudes, while greater sim-
ilarities (i.e., amplitude decreases) were observed between
MM and SHAM participants in reference to the lower and
upper alpha sub-bands, where null effects were observed for
NFB participants. Given that our NFB intervention targeted
increasing the full-band alpha amplitude, it is interesting that
NFB effects appeared to be relatively selective to that brain
rhythm.Whether NFB can differentially modulate the full- vs.
sub-bands of the alpha frequency range when directly targeted
is therefore a question for future research.

Although our study was underpowered to detect between-
group differences simply as a result of low sample size, that
significant between-group differences on subjective and be-
havioral measures failed to emergemay also allude to the need
for multiple sessions of intervention training in order to induce
lasting and detectable changes on self-report and behavioral
indices that are correlated with effects on the EEG. Moreover,
stronger effects on the EEG itself may also require repeated
training. Indeed, MM practice is usually linked with increases
in EEG-alpha amplitude in studies sampling participants that
have received multiple sessions of meditation practice or are
experienced meditators from a wide array of contemplative
practices and techniques (Cahn and Polich 2006). This is also
true in reference to NFB; most studies have suggested that
multiple sessions are needed for the participant to establish

associative relations between modifications in their EEG-
alpha amplitude and changes to internal states (Vernon et al.
2009; Konareva 2005). This is consistently reported in studies
describing changes in EEG-alpha after multiple NFB sessions
taking place over a period of weeks (Angelakis et al. 2007;
van Boxtel et al. 2012; Dekker et al. 2014; Zoefel et al. 2011).
Nevertheless, a recent study reported significant changes in
the full EEG-alpha band following a single NFB session in-
volving alpha-suppression training (Ros et al. 2013), and
others have reported successful single-session NFB training
of the alpha rhythm as well (Bazanova et al. 2007; Hanslmayr
et al. 2005).

Probably the most salient feature distinguishing the single-
session NFB paradigm used in our study from these others,
however, is that of an eyes-closed vs. eyes-open NFB training
protocol, where previous single-session studies have tended to
use the latter condition. Given that the alpha amplitude is
normally seen as a function of reduced sensory input from
the thalamic nuclei to the cortex (e.g., Vernon et al. 2009), it
has long been known that keeping the eyes open will naturally
suppress alpha amplitude relative to an eyes-closed condition,
providing a lower baseline from which to attempt to increase
the alpha amplitude, thereby presumably more amenable to
intervention effects via NFB. Aware of such considerations,
we nevertheless elected to conduct NFB with eyes-closed to
ensure comparability with MM which is most often practiced
with eyes closed. Future studies would do well to compare
MMwith NFB in both eyes-open and eyes-closed conditions.

Moreover, the present study did not take note of partici-
pants’ individual alpha frequency (IAF). The use of the IAF,
defined as the frequency exhibiting the greatest EEG ampli-
tude within the extended alpha range (Klimesch 1999),

Fig. 3 Event-related desynchronization (ERD) for a lower 8–10 Hz and
b upper 10–12 Hz alpha sub-bands, either 200–400 or 400–600 ms post-
stimulus in the Stroop task across frontal (F), central (C), and parietal (P)

electrode sites. Only congruent trials are displayed. MM participants
displayed lower ERD in their frontal cortex during 200–400 ms post-
stimulus, relative to the SHAM group (p = 0.048)
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has become increasingly popular as an estimate of alpha
activity (Angelakis et al. 2007; Hanslmayr et al. 2005;
Zoefel et al. 2011). This is primarily due to the high
inter-individual variability in alpha frequency. Indeed,
studies have noted that the alpha rhythm varies across
a wider frequency range than the traditional 8–12-Hz
band, and by using this fixed frequency band, bias
may be introduced against certain subjects, especially
those with an IAF beyond this band (Haegens et al.
2014). The present study nevertheless opted to define
the alpha band using the traditional 8−12-Hz frequency
range, primarily in keeping with the greater meditation
literature which has generally investigated effects on the
8–12-Hz band (Cahn and Polich 2006). We acknowl-
edge the exclusion of implementing the IAF as a poten-
tial study limitation, and it will be necessary to incor-
porate IAF-informed upper and lower alpha sub-band
designation in future trials of the effects of MM vs.
NFB.

Referring to performance of the Stroop, overall we repli-
cated the well-known behavioral pattern of facilitation and
interference that has been described for congruent vs. incon-
gruent trials, as well as a greater ERD for incongruent trials.
Additionally, participants who had practiced MM demonstrat-
ed less frontal upper alpha ERD during early stages of cogni-
tive processing (200–400 msec) than did NFB or SHAM par-
ticipants, while degree of frontal upper alpha ERD was corre-
lated with the same amplitude when observed across interven-
tion epochs. Althoughwe observed such effects in the absence
of intervention effects on behavioral performance, these re-
sults suggest that the modulation of EEG alpha rhythms is a
possible partial mediator of the effects of MM on attentional
control. However, the extent of ERD is typically seen to pos-
itively correlate with cognitive performance (Klimesch 1999;
Klimesch et al. 2007), interpreted as a correlate of increased
cellular excitability in thalamocortical systems during cortical
information processing (e.g., Pfurtscheller and Lopes da Silva
1999). In this context, previous studies have interpreted reduc-
tions in ERD as decreased cognitive effort necessary to per-
form a task (Pfurtscheller and Lopes da Silva 1999; Romero
et al. 2008), in the present study, possibly also reflecting a
reduction in effort needed by MM participants to perform
the Stroop task adequately. To corroborate such an interpreta-
tion, future studies should administer neurocognitive tasks
with a greater sensitivity to performance-linked changes in
EEG parameters. It is worthwhile to note that in the frame-
work of MM studies, our findings are in line with a study by
Lutz et al. (2009) who also showed a reduction in ERD for
MM practitioners during a selective attention dichotic listen-
ing task relative to controls which was also interpreted as
possibly indicative of correspondingly reduced cognitive ef-
fort, effected via more efficient brain resource allocation as
produced by MM training (Slagter et al. 2007). It should be

noted, however, that in the present study, MM effects on ERD
were observed for earlier (200–400 ms) rather than later (400–
600 ms) stages of processing, and that it is rather EEG mea-
sures obtained during the later post-stimulus time period that
best predict the Stroop interference effect (Ilan and Polich
1999; Liotti et al. 2000). Given the absence of an MM effect
on behavioral performance of the Stroop, the similar absence
of an effect of MM practice on the ERD observed at later
temporal stages of processing, however, thus provides congru-
ent findings.

In addition to those already mentioned, further consider-
ation of the limitations of the current pilot study can assist
in providing possible directions for future research. First,
our sample size was small and, as we have noted previous-
ly, was underpowered to detect between-group differences
that were less than large in effect size; indeed a number of
results reported herein fall below conventionally accepted
thresholds for statistical significance. The susceptibility of
our analyses to type-2 errors thus seems large. This point
notwithstanding, we also conducted several analyses with-
out correction for multiple comparisons, rendering suscep-
tibility to type-1 error also large. As our study was under-
powered to examine effects following further statistical con-
trol for multiple comparisons, replication in larger samples
is strongly advisable. Moreover, our sample was composed
only of primarily educated, non-meditating young adults;
future studies should evaluate the generalizability of the
present results to groups of a differing demographic, in-
cluding practiced meditators. Additionally, a certain number
of our participants had to be removed due to outlying
scores, the influence of which on our present results, and
ability to fully generalize to populations of interest, is pres-
ently unknown. Moreover, as already noted, we recommend
future studies evaluate participants across multiple interven-
tion sessions using a longitudinal design rather than only as
a single-session trial and, in particular, conduct of a ran-
domized within-subject cross-over design would provide
the opportunity to evaluate the potential benefit of NFB
following MM practice and vice versa. In addition, whereas
the present study employed only single blinding of partic-
ipants randomized to NFB vs. SHAM, a stronger design
would involve blinding of clinicians administering the in-
terventions as well. Inclusion of long-term MM and NFB
practitioners would also help elucidate the significance of
effects observed in novices here. Finally, use of a comput-
erized version of the Stroop task, with collection of manual
button presses rather than vocal responses as the dependent
measure, can also be considered a limitation given that
several authors have highlighted that response formats im-
plemented when administering the Stroop task influence
behavioral performance and the sensitivity of interference
effects in particular (Kindt et al. 1996; Salo et al. 2001).
Although verbal responses are more likely to generate EEG
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artifacts, Liotti et al. (2000) showed that different response
formats in the Stroop task (verbal, covert, or button press
responses) yield differential scalp distributions of ERPs.

We conclude that, to our knowledge, this pilot study is the
first to demonstrate together the independent outcomes of a
single session of MM and NFB distinctly on the full vs. lower
and upper sub-bands of the EEG-alpha rhythm, as well as in
regard to neurocognitive performance of the Stroop task. We
recommend further investigation of the potential of treatments
such as MM and NFB that target the EEG-alpha rhythm to
improve attentional abilities and other neurocognitive
functions.
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