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Abstract: Human alpha oscillation (7–13 Hz) has been extensively studied over the years for its
connection with cognition. The individual alpha frequency (IAF), defined as the frequency that
provides the highest power in the alpha band, shows a positive correlation with cognitive processes.
The modulation of alpha activities has been accomplished through various approaches aimed at
improving cognitive performance. However, very few studies focused on the direct modulation of
IAF by shifting the peak frequency, and the understanding of IAF modulation remains highly limited.
In this study, IAFs of healthy young adults were up-regulated through short-term neurofeedback
training using haptic feedback. The results suggest that IAFs have good trainability and are up-
regulated, also that IAFs are correlated with the enhanced cognitive performance in mental rotation
and n-back tests compared to sham-neurofeedback control. This study demonstrates the feasibility
of self-regulating IAF for cognition enhancement and provides potential therapeutic benefits for
cognitive-impaired patients.

Keywords: neurofeedback training; individual alpha frequency; cognitive performance; alpha
oscillation; peak performance

1. Introduction

The connection between human electroencephalogram (EEG) alpha oscillation (~10 Hz)
and cognitive processes has been a topic of interest for several decades [1–6]. Alpha
oscillations have been identified as a reflection of cortical processes involved in top-down
inhibitory control and timing [7–9]. The large inter-individual variability in alpha oscillation
has necessitated the adjustment of the alpha band for individual subjects based on their
dominant alpha frequency [1]. This anchor frequency is known as the individual alpha
frequency (IAF) or individual alpha peak frequency. The IAF is typically defined as the
frequency that provides the highest power in the alpha band ranging from 7 to 13 Hz.

The IAF has been extensively investigated as an EEG biomarker, revealing high
heritability [10,11], strong inverse correlation with age after adulthood [12,13], and a
shift to lower frequencies in cognitive-related neuropathological alterations such as mild
cognitive impairment, Alzheimer’s disease, and various types of dementia [14–18]. Positive
correlations between IAF and cognitive processes, including working memory [19–21]
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and attention [8,22,23], motor control [24], and general intelligence [25], suggest that
up-regulating IAF to higher frequencies could enhance cognitive performance. Such an
approach may alleviate cognitive symptoms in patients and enable peak performance in
healthy individuals.

The modulation of individual alpha activities has been explored through various
techniques, including neurofeedback [26–35], repetitive transcranial magnetic stimulation
(rTMS) [36–38], transcranial alternative current stimulation (tACS) [39], and rhythmic visual
stimulus [40]. Among these modulation approaches, neurofeedback, a kind of non-invasive
biofeedback that realizes self-regulation of brain functions by measuring neural activities
and providing feedback signals, has been the most widely employed, since it can achieve
endogenous neuromodulation with few side effects [41].

Numerous studies have reported improved cognitive performance by upregulating
individual upper alpha power [26,27,29,34]. However, direct modulation of the IAF by
shifting the peak frequency on the EEG spectrum remains underexplored compared to
power-related modulation. Angelakis et al. conducted a pilot study using neurofeedback
to modulate IAF, demonstrating the feasibility of self-regulating IAF for cognition enhance-
ment in three elderly participants [27]. Despite this, given the typically lower IAF and the
limited sample sizes of previous studies in elderly populations, whether neurofeedback
can modulate IAF in healthy young adults and whether this leads to enhanced cognitive
performance remains unclear.

The present study aimed to investigate the modulatory effect of a neurofeedback
system on IAFs in healthy young adults. Specifically, the neurofeedback system extracted
real-time IAFs from EEG spectra and provided haptic feedback for participants to self-
regulate IAF. The results revealed that IAFs are highly trainable via the two-day short-
term neurofeedback training compared to the sham-neurofeedback controls. Moreover,
the up-regulation of IAFs was found to be positively correlated with enhanced cognitive
performance in mental rotation and n-back tests, suggesting the potential of IAF modulation
for improving cognitive functioning.

2. Methods
2.1. Participants

This study recruited 33 college-aged subjects, 32 of whom completed all sessions. All
the participants had normal or corrected vision, were medication-free, and reported no
history of neurological or psychiatric disease. They provided written informed consent and
received financial compensation for their participation. The research protocol was carried
out in accordance with the Declaration of Helsinki and approved by the local research
ethics committee.

Participants were randomly assigned to either the experimental group (NF group:
16 subjects, 13 males and 3 females, mean age: 22.12 ± 3.31 years, range: 18–33) or the sham
control group (Sham group: 16 subjects, 10 males and 6 females, age: 21.19 ± 2.56 years,
range: 18–27). Both groups received identical experiment procedures and instructions,
except for the neurofeedback training session. In this session, the experimental group
received feedback based on their EEG signals, while the control group received sham
feedback from an experimental group participant whose IAF was successfully up-regulated
during training.

2.2. Experimental Design

The present study employed a short-term, two-day experimental design, with par-
ticipants completing five short neurofeedback training sessions per day. Baseline EEG
measures were recorded prior to and following the training sessions. Behavioral modifica-
tion was evaluated through cognitive tests conducted on the day following the first baseline
measure and the day following the final baseline session. The experimental timeline is
illustrated in Figure 1.
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Figure 1. Schematic of the experimental workflow.

During the EEG baseline-recording session, participants were instructed to keep their
eyes closed and avoid any eyeball movements. This session consisted of four epochs, each
comprising 30 s recording periods separated by 10 s rest periods. During the neurofeedback
training session, participants were provided with five training blocks, each containing
three one-minute training epochs, separated by 10 s of rest. Participants were instructed
to sit in a comfortable position, close their eyes, and place their two index fingers on a
haptic feedback device, a pair of vibration motors controlled by the recording computer.
Participants were informed that the vibration amplitude changed based on their brain
activities and were instructed to find the optimal mental strategy that maximized the
vibrating amplitude, making the vibration as large and long-lasting as possible. The
vibrating frequency was fixed at 100 Hz, and the vibrating amplitude was moderate and
had been tested by each participant before the training sessions to ensure that different
vibrating levels were distinguishable and perceptible.

Following completion of the post-training cognitive tests, participants were asked
to complete a set of questionnaires to evaluate their perceived levels of fatigue, any po-
tential adverse side effects, and the effectiveness of their mental strategies during the
neurofeedback training sessions. Fatigue levels were assessed using the Chalder Fatigue
Scale [42], with participants asked to report their current level of fatigue in comparison to
their pre-experiment baseline state.

2.3. Data Acquisition

During the experiment, participants sat comfortably in a quiet, dimly lit room, and
their EEG signals were recorded using 16 Ag/AgCl electrodes placed on an EEG cap
according to the international 10–20 system. The electrode locations were O1, Oz, O2, P3,
Pz, P4, C3, Cz, C4, T3, T4, F7, F3, Fz, F4, and F8. All recording electrodes were referenced
to the left mastoid and grounded to the FP2. The impedances of each electrode were kept
below 10 kΩ. The EEG signals were amplified by a bio-signal amplifier (g.USBamp, Guger
Technologies, Graz, Austria) with a sampling rate of 256 Hz through a band-pass filter
from 2 to 30 Hz, as well as a notch filter set to the unitality frequency to reduce power
line interference.

2.4. Training Protocol

In the NF training session, the self-regulated parameter was the mean IAF, computed
from the occipitoparietal area (channels: P3, Pz, P4, O1, Oz, O2) in the eyes-closed condition
due to the previous observation that alpha activities have higher power at occipitoparietal
region especially under the eyes-closed condition [1,26].

The IAF was extracted from each recording channel using a sliding fast Fourier
transform algorithm. A Hanning window with a length of 2 s, a 95% overlap, and 6 s
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of zero padding were used. The resulting IAF values were smoothed using a Savitzky-
Golay filter. The IAF was defined as the local maximum within the smoothed alpha-band
spectrum (7–13 Hz), with a frequency resolution of 0.125 Hz, and was updated every 100 ms
during the training for the neurofeedback. If the alpha peak was not distinctive due to low
alpha power or motion artifacts, the IAF feedback amplitude would not update.

The haptic feedback amplitude was computed based on the mean IAFs from the
occipitoparietal region, and manual thresholds were assigned according to the IAFs in
previous EEG baseline or training sessions. The vibration amplitude was calculated by
accumulating the net increase of real-time IAF that exceeded the threshold for a duration
of 500 ms. Initially, the threshold frequency was set at 0.1 Hz lower than the IAF obtained
in the eyes-closed EEG baseline and was adjusted after each training session.

To assess the training progress, the ratio of sliding-window time steps with real-time
IAF exceeding the threshold frequency to the total number of time steps was calculated
after each training block. If the real-time IAF was higher than the threshold frequency for
more than 70% of the time in the last training block, the threshold frequency would be
increased by 0.1 to 0.3 Hz. Conversely, if the real-time IAF was lower than the threshold
frequency for more than 30% of the time, the threshold frequency would be decreased by
0.1 to 0.3 Hz.

2.5. Cognitive Tests

In the cognitive assessment sessions, the participants began with one block of the
1-back test, followed by two blocks of the 3-back test, and concluded with two blocks
of the mental rotation test. Prior to taking the tests, participants were given detailed
instructions on how to respond to the stimuli by pressing two buttons on a keyboard with
their right index finger and right middle finger, and were provided with sufficient practice
opportunities to ensure familiarity with the task requirements.

The mental rotation test implemented in this study was developed based on two
previously established versions of mental rotation tests, namely IST70 [43] and A3DW [44].
Each trial of the MR test consisted of a 3-s central fixation cross followed by 8 s of stimulus
presentation, as shown in Figure 2. Participants were instructed to indicate whether
the displayed pair of cubic dice were congruently matched (Figure 2a) or mismatched
(Figure 2b) by pressing designated buttons as quickly and accurately as possible. The
test was administered in two blocks per day, each comprising 15 trials arranged in a
pseudo-random sequence with a 50% chance of presenting matched pairs. Performance
was evaluated by calculating the accuracy, reaction time, and reaction control, defined as
the standard deviation of the single-trial reaction time.
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The N-back tests were conducted with visuospatial stimuli [45,46], which consisted
of light blue squares appearing at one of eight slotted positions around a central fixation
cross on a black background (Figure 3). Each trial began with a fixation cross displayed at
the center of the screen for two seconds, followed by the stimulus presented for 250 ms.
Subjects were instructed to respond by pressing a button with their right index finger only
when a matching target had been presented one (1-back) or three (3-back) trials before.
The 3-back test included two blocks with 30 trials each, and the 1-back test included one
block with 28 trials. Stimuli were presented in pseudo-random sequences with a 33%
probability of presenting a matching target. Cognitive performance was evaluated by
measuring reaction time and reaction control, and accuracy was also calculated for the
3-back test by summing the hits (number of targets minus number of missed targets) and
correct rejections (number of distractors minus number of false alarms) and dividing by
the total number of trials.
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2.6. Data Processing and Statistical Analysis

In the offline data analysis, the IAFs for each session were computed by determining
the average IAF across all recording epochs. The EEG recordings over the epoch were first
segmented by a 2-s 50% overlapping sliding window, and then detrended by Savitzky–
Golay filter and zero-padded to reach a frequency resolution of 0.01 Hz. The IAFs were
calculated as the center of gravity frequency in the alpha band (7–13 Hz). The amplitude
of the individual alpha band was estimated by computing the power ratio between indi-
vidual alpha bands (IAF ± 1 Hz) and the overall spectrum (3–30 Hz). The IAF heatmaps
were generated by using the Talairach coordinate [47] and the Mitchell-Netravali filter
for interpolation.

The Shapiro-Wilk test was used to confirm the normality of the data, and non-
parametric methods were used when the normality was not satisfied, such as behavioral-
performance metrics. The initial IAFs during the first baseline session between the two
groups were compared using the independent-samples t-test. The change of IAFs over all
recording sessions was examined using mixed analysis of variance (ANOVA), with the
between-subject factor as group (NF vs. Sham) and within-subject factor as time (total of
14 baselines and training blocks). A pairwise multiple comparison with Holm-Bonferroni
correction was performed to determine the changing tendency of IAFs. The initial be-
havioral performances between the two groups were compared using a Mann-Whitney
U test, and the consequent changes were analyzed using the Friedman test, which is a
non-parametric alternative to the one-way ANOVA for repeated measures. For each subject,
the behavioral score was computed as the count of improved behavioral metrics before and
after training sessions. Spearman’s correlations were performed between the behavioral
scores and the cumulative changes of baseline IAFs for each day. The data analysis was
performed using custom python scripts with Scipy [48] and Pingouin [49] libraries.
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3. Results
3.1. Up-Regulated IAFs

Eyes-closed baseline IAFs and alpha ratios prior to the training session are displayed
in Figure 4. Subjects from both groups exhibited similar IAFs (Figure 4a; T(30) = 0.839,
p = 0.408) and individual alpha ratios (Figure 4b; T(30) = −0.357, p = 0.723), with a high
degree of overlap in the averaged spectra (Figure 4c).
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Through neurofeedback training, IAFs changed over sessions for both groups, as
depicted in Figure 5a. Consistent with the training objective, a mixed ANOVA revealed a
significant main effect of time (F(1,30) = 6.1812, p < 0.0001) and significant time × group
interaction (F(13,390) = 1.9515, p = 0.0236). Pairwise comparisons demonstrated significantly
increased IAFs in the NF group during the training sessions (pre baseline vs. NF block
10: T(15) = −5.854, p = 0.0027) and post-training baselines (pre baseline vs. post baseline:
T(15) = −4.303, p = 0.047), while no significant changes were observed in the Sham group.
The upregulation of IAFs was further illustrated by the averaged EEG baseline spectrum at
Oz, where neurofeedback training shifted the individual alpha peak (Figure 5b) and sham
training did not clearly cause changes in the spectrum (Figure 5c).

The self-regulation of occipitoparietal IAFs was accompanied by effects on other brain
regions, as demonstrated in the heatmaps in Figure 6. Compared to the initial baseline,
neurofeedback training increased IAFs by approximately 0.182 Hz evenly across all brain
regions during the final training session. However, during the post-training baseline
session, relatively larger changes in IAFs were observed near the central sulcus, with
approximately a 0.125 Hz increase at C3, Cz, C4, and around a 0.0859 Hz increase in the
remaining brain regions. The central IAFs exhibited a higher divergence between two
groups over sessions (Figure 7a) with more significant time × group interaction (mixed
ANOVA: F(13,390) = 2.1939, p = 0.0093) compared to the change in overall IAFs shown
in Figure 5a.
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The power ratio of the individual alpha band (Figure 7b) exhibited a significant change
with time in a mixed ANOVA (F(13,390) = 7.975, p < 0.0001), but there was no significance
in time × group interaction (F(13,390) = 1.316, p = 0.2002). Pairwise comparisons revealed
a significantly-attenuated alpha ratio between baselines and training sessions in the NF
group only (pre baseline vs. NF block 2: T(15) = 4.619, p = 0.0274), while no significant
differences were observed between baseline sessions in either group.

3.2. Enhanced Behavioral Performance

Subjects in both groups had similar initial performance in the mental rotation test
for accuracy (Figure 8a; U = 117.5, p = 0.705) and reaction time (Figure 8b; U = 155.0,
p = 0.318). After the training sessions, improved mental rotation accuracy was observed in
the NF group (Figure 8c left; Q = 4.571, p = 0.0324) but not in the Sham group (Figure 8c
right; Q = 0.067, p = 0.796). Both groups exhibited a significant reduction in reaction time
(Figure 8d; NF and Sham: Q = 6.25, p = 0.0124).

For the n-back test, no significant differences were found in the initial 1-back reaction
time (Figure 9a: reaction time: U = 118, p = 0.72), 3-back accuracy (Figure 9b: U = 108,
p = 0.462), or 3-back reaction time (Figure 9c: U = 179, p = 0.054). Neither group exhib-
ited significant improvements in 1-back reaction time after training (Figure 9d: Q = 0,
p = 1.0). However, both groups showed improved 3-back accuracy (Figure 9e: NF: Q = 6.25,
p = 0.0124; Sham: Q = 7.143, p = 0.00752) and shorter 3-back reaction times (Figure 9f: NF:
Q = 4, p = 0.0455; Sham: Q = 6.25, p = 0.0124).
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Figure 9. Behavioral performances of n-back test. (a–c) initial 1-back test reaction time (a), 3-back test
accuracy (b) and 3-back test reaction time (c) between the NF group (red dot) and the Sham group
(blue dot) (n.s.: p > 0.05; black bar: average). (d–f) before and after training change in 1-back test
reaction time (d), 3-back test accuracy (e) and 3-back test reaction time (f) (*: p < 0.05; **: p < 0.01;
red segments: improved pair for NF group subjects; blue segments: improved pair for Sham group
subjects; grey segments: unimproved pairs).
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Considering all task metrics together, the overall behavioral score, which is calculated
as the total count of improved task metrics for individual subjects, was found to be posi-
tively correlated with subjects’ cumulative change in IAFs in the NF group only (Figure 10a:
NF: r = 0.6355, p = 0.00814; Figure 10b: Sham: r = −0.0227, p = 0.9333). No direct correlation
was found between the percentage change of behavioral metrics and the percentage change
of IAFs.
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3.3. Fatigue and Adverse Side Effects

Subjective fatigue scores indicated that most subjects did not become tired from the
experiment. The majority of subjects reported their fatigue levels as “no more than usual”.
Three subjects in the NF group reported experiencing sleepiness much more than usual.
There was no statistical difference between the fatigue levels after training in the two
groups (Mann-Whitney U test: U = −1.537, p = 0.142).

No adverse side-effects were reported by 22 out of 32 participants. The most frequently
reported adverse side-effects after the experiment were itchy skin from six subjects, includ-
ing five from the NF group and one from the Sham group. One subject from each group
reported experiencing a slight headache during short periods. No significant differences
were found between the two groups in the rating of side effects (Mann-Whitney U test:
U = −0.879, Exact p = 0.467).

3.4. Mental Strategies

Recorded effective strategies were categorized into three types based on emotional
valences, i.e., positive (pleasant), neutral, and negative (unpleasant). Positive types com-
monly included concepts such as friends, family, entertainment, love, etc. Neutral types
comprised math calculations, recitations, counting numbers, etc. The negative type con-
sisted of sorrow, anger, quarrels, fear, etc. In the NFT group, 13 subjects listed positive
strategies, 10 subjects listed neutral strategies, and 1 subject listed negative strategies. In
the Sham group, 8 subjects listed positive strategies, 8 subjects listed neutral strategies, and
5 subjects listed negative strategies. In contrast, although most subjects were inclined to use
pleasant mental strategies during training, more pleasant strategies and fewer unpleasant
strategies were provided by subjects who received real NF than those who received Sham
feedback, as shown by the percentages listed in Figure 11. This implies higher occurrence
of positive mental strategies in neurofeedback training for up-regulating IAF.



Brain Sci. 2023, 13, 926 11 of 15

Brain Sci. 2023, 13, x FOR PEER REVIEW 10 of 14 
 

3.3. Fatigue and Adverse Side Effects 
Subjective fatigue scores indicated that most subjects did not become tired from the 

experiment. The majority of subjects reported their fatigue levels as “no more than usual”. 
Three subjects in the NF group reported experiencing sleepiness much more than usual. 
There was no statistical difference between the fatigue levels after training in the two 
groups (Mann-Whitney U test: U = −1.537, p = 0.142). 

No adverse side-effects were reported by 22 out of 32 participants. The most fre-
quently reported adverse side-effects after the experiment were itchy skin from six sub-
jects, including five from the NF group and one from the Sham group. One subject from 
each group reported experiencing a slight headache during short periods. No significant 
differences were found between the two groups in the rating of side effects (Mann-Whit-
ney U test: U = −0.879, Exact p = 0.467). 

3.4. Mental Strategies 
Recorded effective strategies were categorized into three types based on emotional 

valences, i.e., positive (pleasant), neutral, and negative (unpleasant). Positive types com-
monly included concepts such as friends, family, entertainment, love, etc. Neutral types 
comprised math calculations, recitations, counting numbers, etc. The negative type con-
sisted of sorrow, anger, quarrels, fear, etc. In the NFT group, 13 subjects listed positive 
strategies, 10 subjects listed neutral strategies, and 1 subject listed negative strategies. In 
the Sham group, 8 subjects listed positive strategies, 8 subjects listed neutral strategies, 
and 5 subjects listed negative strategies. In contrast, although most subjects were inclined 
to use pleasant mental strategies during training, more pleasant strategies and fewer un-
pleasant strategies were provided by subjects who received real NF than those who re-
ceived Sham feedback, as shown by the percentages listed in Figure 11. This implies 
higher occurrence of positive mental strategies in neurofeedback training for up-regulat-
ing IAF. 

 
Figure 11. Percentage of reported mental strategies with different emotional valence between two 
groups. 

4. Discussion 
The presented results demonstrate the feasibility of IAF upregulation through neu-

rofeedback, with good trainability that shifted resting-state baseline IAFs by 0.2 Hz 
through a total of 30 min of training sessions. This suggests greater flexibility of IAFs in 
young healthy adults compared to elderly people, for whom previous work reports a shift 
of 0.5–0.7 Hz through weeks of training, totaling around 15 h [27]. The resilience of the 
trained IAF is also apparent between day-1 post-training baselines and day-2 pre-training 
baselines, which implies higher flexibility and suggests that IAF neurofeedback studies 
with long-term training sessions and follow-up measurements are needed to further as-
sess trainability and estimate the saturation and ceiling levels. 

Figure 11. Percentage of reported mental strategies with different emotional valence between
two groups.

4. Discussion

The presented results demonstrate the feasibility of IAF upregulation through neuro-
feedback, with good trainability that shifted resting-state baseline IAFs by 0.2 Hz through a
total of 30 min of training sessions. This suggests greater flexibility of IAFs in young healthy
adults compared to elderly people, for whom previous work reports a shift of 0.5–0.7 Hz
through weeks of training, totaling around 15 h [27]. The resilience of the trained IAF is also
apparent between day-1 post-training baselines and day-2 pre-training baselines, which
implies higher flexibility and suggests that IAF neurofeedback studies with long-term
training sessions and follow-up measurements are needed to further assess trainability and
estimate the saturation and ceiling levels.

Subjects in the Sham group exhibited significant improvement in cognitive test perfor-
mance, although they did not upregulate IAFs with irrelevant feedback. This improvement
could be a result of training effects on the cognitive tests, or placebo effects, as neurofeed-
back may offer a potent psychological intervention and produce a super placebo effect [50],
which could give participants more confidence in making decisions in cognitive tests. There-
fore, as is frequently advocated in the field [51], sham neurofeedback controls are necessary
to separate the real behavioral modification outcomes from the trained protocol. Subjects
in the NF group not only demonstrated similar improvement in the metrics that improved
in the Sham group, such as faster reaction speed, but also showed significantly enhanced
accuracy in mental rotation tests and a positive correlation between IAF increments and
overall behavioral scores. These differences between the two groups could be regarded as
relative cognition enhancement through IAF neurofeedback training above the placebo and
training effects.

It is intuitive to think that direct IAF modulation could be mathematically equivalent to
other alpha modulation protocols, such as up-regulating upper alpha power [26,28,29,31,34]
or down-regulating theta(4–7 Hz)/beta(13–30 Hz) power ratio [52–54]. However, the
consequent effects of these protocols on IAFs showed discrepancies, where some studies
reported significant increases in IAFs after training [34,53], others reported no significant
changes in IAFs despite significant increases in upper alpha power [29,31]. In contrast,
the direct IAF modulation in our study showed increased IAFs with no changes in alpha
power and upper alpha power after training, and even significantly reduced power during
the training. This strongly suggests that different underlying neural mechanisms may exist
between various modulation protocols.

The modulation efficacy in the presented IAF neurofeedback may also be facilitated
by the haptic feedback scheme, which is relatively rare in traditional neurofeedback stud-
ies and occasionally employed in research related to motor imagery and stroke rehabil-
itation [55,56]. Subjects receiving haptic feedback could maintain better attention and
concentration during training, possibly because the boredom resulting from constant eye
contact in visual feedback and distraction or anxiety in auditory feedback can be effectively
avoided [57]. The type of feedback might also be connected to the underlying neural
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activities; for example, in our results, heat maps indicated the most significant changes
in trained IAF were from central electrodes (Cz, C3, C4), which are directly above the
somatosensory cortex and may be more sensitive to haptic information.

Participants in the NF group exhibited a significant increase in IAF and cognitive
performances relative to the Sham group through short-term neurofeedback training. This
investigation is the first study demonstrating the trainability of IAF through neurofeed-
back and verifying the feasibility of IAF modulation for cognitive enhancement in healthy
young adults. This thereby aligns with the conclusions of the previous pilot study of
IAF neurofeedback in three elderly individuals [27]. However, it is important to consider
certain limitations that may constrain the generalizability and extrapolation of these results.
The relatively short training time and the limited number of training sessions may not
adequately predict the long-term consequences of IAF neurofeedback in healthy young
adults, highlighting the need for more extended investigations. Additionally, the Sham
group exhibited learning effects in cognitive tests, indicating that future studies should in-
corporate a wider selection of cognitive tests to further examine which cognitive categories
are specifically sensitive to IAF neurofeedback. Successfully overcoming these limitations
could contribute to the development of practical applications using IAF neurofeedback for
cognitive enhancement and the possibility of clinical applications that could help alleviate
symptoms of cognitive impairments.

5. Conclusions

This study explored the feasibility and effectiveness of upregulating IAF through
neurofeedback training in young healthy adults to enhance cognitive performance. The
results demonstrated that IAFs were significantly increased through two days of short-
term training. Neurofeedback training also improved cognitive performance in both the
neurofeedback and sham groups; however, the improvement in the neurofeedback group
was more pronounced and correlated with the upregulation of IAFs. These findings
suggest that IAF modulation could be an effective neurofeedback training protocol for
cognitive enhancement.

Author Contributions: B.-Z.L., W.N., A.R. and F.W.: conceptualization; B.-Z.L., W.N., A.R. and
F.W.: methodology; B.-Z.L.: software; F.W.: resources; B.-Z.L.: data curation; B.-Z.L. and W.N.: data
analysis and visualization; B.-Z.L.: writing—original draft preparation; W.N., S.H.P., M.I.V., A.R. and
F.W.: writing—review and editing; S.H.P., A.R. and F.W.: supervision; W.N., S.H.P., M.I.V. and F.W.:
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: The National Key Research and Development Program of China under Grant (no.
2020YFB1313502; no. 2021ZD0201300); the Shenzhen-Hong Kong-Macau S&TProgram (Category
C) of SZSTI (SGDX20201103094002009); the University of Macau (File no. MYRG2022-00111-IME,
MYRG2020-00098-FST, MYRG2022-00197-FST); the Science and Technology Development Fund,
Macau SAR (File no. 0144/2019/A3, 0022/2020/AFJ, SKL-AMSV (FDCTfunded), SKL-AMSV-
ADDITIONAL FUND, SKL-AMSV(UM)-2023-2025; File no. 0045/2019/AFJ); the Lingyange
Semiconductor Inc. Zhuhai City, Guandong, China (CP-017-2022) (CP-031-2022); the Blue Ocean
Smart System (Nanjing) Limited (CP-003-2023); the Guangdong Basic and Applied Basic Research
Foundation (Grant No. 2023A1515010844); the National Natural Science Foundation of China
(no. 81901830).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of the University of Macau (RC Ref.
no. MYRG079(Y1-L2)-FST12-VMI, 09-28-2012).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The experimental data and analysis scripts are available upon reason-
able request.

Acknowledgments: Matthew Ridenour helped with the editing and proofreading.



Brain Sci. 2023, 13, 926 13 of 15

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Klimesch, W. EEG Alpha and Theta Oscillations Reflect Cognitive and Memory Performance: A Review and Analysis. Brain Res.

Rev. 1999, 29, 169–195. [CrossRef] [PubMed]
2. Buzsáki, G.; Draguhn, A. Neuronal Oscillations in Cortical Networks. Science 2004, 304, 1926–1929. [CrossRef] [PubMed]
3. Foxe, J.J.; Snyder, A.C. The Role of Alpha-Band Brain Oscillations as a Sensory Suppression Mechanism during Selective Attention.

Front. Psychol. 2011, 2, 154. [CrossRef] [PubMed]
4. Klimesch, W. Alpha-Band Oscillations, Attention, and Controlled Access to Stored Information. Trends Cogn. Sci. 2012, 16,

606–617. [CrossRef] [PubMed]
5. De Vries, I.E.J.; Slagter, H.A.; Olivers, C.N.L. Oscillatory Control over Representational States in Working Memory. Trends Cogn.

Sci. 2020, 24, 150–162. [CrossRef] [PubMed]
6. Chikhi, S.; Matton, N.; Blanchet, S. EEG Power Spectral Measures of Cognitive Workload: A Meta-analysis. Psychophysiology 2022,

59, e14009. [CrossRef]
7. Von Stein, A.; Chiang, C.; König, P. Top-down Processing Mediated by Interareal Synchronization. Proc. Natl. Acad. Sci. USA

2000, 97, 14748–14753. [CrossRef]
8. Klimesch, W.; Sauseng, P.; Hanslmayr, S. EEG Alpha Oscillations: The Inhibition–Timing Hypothesis. Brain Res. Rev. 2007, 53,

63–88. [CrossRef]
9. Riddle, J.; Scimeca, J.M.; Cellier, D.; Dhanani, S.; D’Esposito, M. Causal Evidence for a Role of Theta and Alpha Oscillations in the

Control of Working Memory. Curr. Biol. 2020, 30, 1748–1754.e4. [CrossRef]
10. Posthuma, D.; Neale, M.C.; Boomsma, D.I.; de Geus, E.J.C. Are Smarter Brains Running Faster? Heritability of Alpha Peak

Frequency, IQ, and Their Interrelation. Behav. Genet. 2001, 31, 567–579. [CrossRef]
11. Smit, C.M.; Wright, M.J.; Hansell, N.K.; Geffen, G.M.; Martin, N.G. Genetic Variation of Individual Alpha Frequency (IAF) and

Alpha Power in a Large Adolescent Twin Sample. Int. J. Psychophysiol. 2006, 61, 235–243. [CrossRef]
12. Roubicek, J. The Electroencephalogram in the Middle-Aged and the Elderly. J. Am. Geriatr. Soc. 1977, 25, 145–152. [CrossRef]
13. Richard Clark, C.; Veltmeyer, M.D.; Hamilton, R.J.; Simms, E.; Paul, R.; Hermens, D.; Gordon, E. Spontaneous Alpha Peak

Frequency Predicts Working Memory Performance across the Age Span. Int. J. Psychophysiol. 2004, 53, 1–9. [CrossRef]
14. Moretti, D. Individual Analysis of EEG Frequency and Band Power in Mild Alzheimer’s Disease. Clin. Neurophysiol. 2004, 115,

299–308. [CrossRef]
15. Bonanni, L.; Thomas, A.; Tiraboschi, P.; Perfetti, B.; Varanese, S.; Onofrj, M. EEG Comparisons in Early Alzheimer’s Disease,

Dementia with Lewy Bodies and Parkinson’s Disease with Dementia Patients with a 2-Year Follow-Up. Brain 2008, 131, 690–705.
[CrossRef]

16. Schumacher, J.; Thomas, A.J.; Peraza, L.R.; Firbank, M.; Cromarty, R.; Hamilton, C.A.; Donaghy, P.C.; O’Brien, J.T.; Taylor, J.-P.
EEG Alpha Reactivity and Cholinergic System Integrity in Lewy Body Dementia and Alzheimer’s Disease. Alz Res. Ther. 2020,
12, 46. [CrossRef]

17. Jafari, Z.; Kolb, B.E.; Mohajerani, M.H. Neural Oscillations and Brain Stimulation in Alzheimer’s Disease. Prog. Neurobiol. 2020,
194, 101878. [CrossRef]

18. Babiloni, C.; Noce, G.; Ferri, R.; Lizio, R.; Lopez, S.; Lorenzo, I.; Tucci, F.; Soricelli, A.; Zurrón, M.; Díaz, F.; et al. Resting State
Alpha Electroencephalographic Rhythms Are Affected by Sex in Cognitively Unimpaired Seniors and Patients with Alzheimer’s
Disease and Amnesic Mild Cognitive Impairment: A Retrospective and Exploratory Study. Cereb. Cortex 2022, 32, 2197–2215.
[CrossRef]

19. Klimesch, W. EEG-Alpha Rhythms and Memory Processes. Int. J. Psychophysiol. 1997, 26, 319–340. [CrossRef]
20. Wianda, E.; Ross, B. The Roles of Alpha Oscillation in Working Memory Retention. Brain Behav. 2019, 9, e01263. [CrossRef]
21. Ghazi, T.R.; Blacker, K.J.; Hinault, T.T.; Courtney, S.M. Modulation of Peak Alpha Frequency Oscillations During Working

Memory Is Greater in Females Than Males. Front. Hum. Neurosci. 2021, 15, 626406. [CrossRef] [PubMed]
22. Jann, K.; Koenig, T.; Dierks, T.; Boesch, C.; Federspiel, A. Association of Individual Resting State EEG Alpha Frequency and

Cerebral Blood Flow. NeuroImage 2010, 51, 365–372. [CrossRef] [PubMed]
23. Ramsay, I.S.; Lynn, P.A.; Schermitzler, B.; Sponheim, S.R. Individual Alpha Peak Frequency Is Slower in Schizophrenia and

Related to Deficits in Visual Perception and Cognition. Sci. Rep. 2021, 11, 17852. [CrossRef] [PubMed]
24. Hülsdünker, T.; Mierau, A.; Strüder, H.K. Higher Balance Task Demands Are Associated with an Increase in Individual Alpha

Peak Frequency. Front. Hum. Neurosci. 2016, 9, 695. [CrossRef]
25. Grandy, T.H.; Werkle-Bergner, M.; Chicherio, C.; Lövdén, M.; Schmiedek, F.; Lindenberger, U. Individual Alpha Peak Frequency

Is Related to Latent Factors of General Cognitive Abilities. NeuroImage 2013, 79, 10–18. [CrossRef]
26. Hanslmayr, S.; Sauseng, P.; Doppelmayr, M.; Schabus, M.; Klimesch, W. Increasing Individual Upper Alpha Power by Neurofeed-

back Improves Cognitive Performance in Human Subjects. Appl. Psychophysiol. Biofeedback 2005, 30, 1–10. [CrossRef]
27. Angelakis, E.; Stathopoulou, S.; Frymiare, J.L.; Green, D.L.; Lubar, J.F.; Kounios, J. EEG Neurofeedback: A Brief Overview and

an Example of Peak Alpha Frequency Training for Cognitive Enhancement in the Elderly. Clin. Neuropsychol. 2007, 21, 110–129.
[CrossRef]

https://doi.org/10.1016/S0165-0173(98)00056-3
https://www.ncbi.nlm.nih.gov/pubmed/10209231
https://doi.org/10.1126/science.1099745
https://www.ncbi.nlm.nih.gov/pubmed/15218136
https://doi.org/10.3389/fpsyg.2011.00154
https://www.ncbi.nlm.nih.gov/pubmed/21779269
https://doi.org/10.1016/j.tics.2012.10.007
https://www.ncbi.nlm.nih.gov/pubmed/23141428
https://doi.org/10.1016/j.tics.2019.11.006
https://www.ncbi.nlm.nih.gov/pubmed/31791896
https://doi.org/10.1111/psyp.14009
https://doi.org/10.1073/pnas.97.26.14748
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.1016/j.cub.2020.02.065
https://doi.org/10.1023/A:1013345411774
https://doi.org/10.1016/j.ijpsycho.2005.10.004
https://doi.org/10.1111/j.1532-5415.1977.tb00282.x
https://doi.org/10.1016/j.ijpsycho.2003.12.011
https://doi.org/10.1016/S1388-2457(03)00345-6
https://doi.org/10.1093/brain/awm322
https://doi.org/10.1186/s13195-020-00613-6
https://doi.org/10.1016/j.pneurobio.2020.101878
https://doi.org/10.1093/cercor/bhab348
https://doi.org/10.1016/S0167-8760(97)00773-3
https://doi.org/10.1002/brb3.1263
https://doi.org/10.3389/fnhum.2021.626406
https://www.ncbi.nlm.nih.gov/pubmed/33967720
https://doi.org/10.1016/j.neuroimage.2010.02.024
https://www.ncbi.nlm.nih.gov/pubmed/20156573
https://doi.org/10.1038/s41598-021-97303-6
https://www.ncbi.nlm.nih.gov/pubmed/34497330
https://doi.org/10.3389/fnhum.2015.00695
https://doi.org/10.1016/j.neuroimage.2013.04.059
https://doi.org/10.1007/s10484-005-2169-8
https://doi.org/10.1080/13854040600744839


Brain Sci. 2023, 13, 926 14 of 15

28. Escolano, C.; Aguilar, M.; Minguez, J. EEG-Based Upper Alpha Neurofeedback Training Improves Working Memory Performance.
In Proceedings of the 2011 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Boston,
MA, USA, 30 August–3 September 2011; pp. 2327–2330.

29. Zoefel, B.; Huster, R.J.; Herrmann, C.S. Neurofeedback Training of the Upper Alpha Frequency Band in EEG Improves Cognitive
Performance. NeuroImage 2011, 54, 1427–1431. [CrossRef]

30. Nan, W.; Rodrigues, J.P.; Ma, J.; Qu, X.; Wan, F.; Mak, P.-I.; Mak, P.U.; Vai, M.I.; Rosa, A. Individual Alpha Neurofeedback Training
Effect on Short Term Memory. Int. J. Psychophysiol. 2012, 86, 83–87. [CrossRef]

31. Escolano, C.; Navarro-Gil, M.; Garcia-Campayo, J.; Congedo, M.; Minguez, J. The Effects of Individual Upper Alpha Neurofeed-
back in ADHD: An Open-Label Pilot Study. Appl. Psychophysiol. Biofeedback 2014, 39, 193–202. [CrossRef]

32. Guez, J.; Rogel, A.; Getter, N.; Keha, E.; Cohen, T.; Amor, T.; Gordon, S.; Meiran, N.; Todder, D. Influence of Electroencephalography
Neurofeedback Training on Episodic Memory: A Randomized, Sham-Controlled, Double-Blind Study. Memory 2015, 23, 683–694.
[CrossRef]

33. Quaedflieg, C.W.E.M.; Smulders, F.T.Y.; Meyer, T.; Peeters, F.; Merckelbach, H.; Smeets, T. The Validity of Individual Frontal
Alpha Asymmetry EEG Neurofeedback. Soc. Cogn. Affect. Neurosci. 2016, 11, 33–43. [CrossRef]

34. Lavy, Y.; Dwolatzky, T.; Kaplan, Z.; Guez, J.; Todder, D. Neurofeedback Improves Memory and Peak Alpha Frequency in
Individuals with Mild Cognitive Impairment. Appl. Psychophysiol. Biofeedback 2019, 44, 41–49. [CrossRef]

35. Grosselin, F.; Breton, A.; Yahia-Cherif, L.; Wang, X.; Spinelli, G.; Hugueville, L.; Fossati, P.; Attal, Y.; Navarro-Sune, X.;
Chavez, M.; et al. Alpha Activity Neuromodulation Induced by Individual Alpha-Based Neurofeedback Learning in Ecological
Context: A Double-Blind Randomized Study. Sci. Rep. 2021, 11, 18489. [CrossRef]

36. Klimesch, W.; Sauseng, P.; Gerloff, C. Enhancing Cognitive Performance with Repetitive Transcranial Magnetic Stimulation at
Human Individual Alpha Frequency: RTMS and Individual Alpha Frequency. Eur. J. Neurosci. 2003, 17, 1129–1133. [CrossRef]

37. Weisz, N.; Lüchinger, C.; Thut, G.; Müller, N. Effects of Individual Alpha RTMS Applied to the Auditory Cortex and Its
Implications for the Treatment of Chronic Tinnitus: Effects of Individual Alpha RTMS. Hum. Brain Mapp. 2014, 35, 14–29.
[CrossRef]

38. Corlier, J.; Carpenter, L.L.; Wilson, A.C.; Tirrell, E.; Gobin, A.P.; Kavanaugh, B.; Leuchter, A.F. The Relationship between Individual
Alpha Peak Frequency and Clinical Outcome with Repetitive Transcranial Magnetic Stimulation (RTMS) Treatment of Major
Depressive Disorder (MDD). Brain Stimul. 2019, 12, 1572–1578. [CrossRef]

39. Helfrich, R.F.; Schneider, T.R.; Rach, S.; Trautmann-Lengsfeld, S.A.; Engel, A.K.; Herrmann, C.S. Entrainment of Brain Oscillations
by Transcranial Alternating Current Stimulation. Curr. Biol. 2014, 24, 333–339. [CrossRef]

40. Notbohm, A.; Herrmann, C.S. Flicker Regularity Is Crucial for Entrainment of Alpha Oscillations. Front. Hum. Neurosci. 2016,
10, 503. [CrossRef]

41. Rogel, A.; Guez, J.; Getter, N.; Keha, E.; Cohen, T.; Amor, T.; Todder, D. Transient Adverse Side Effects During Neurofeedback
Training: A Randomized, Sham-Controlled, Double Blind Study. Appl. Psychophysiol. Biofeedback 2015, 40, 209–218. [CrossRef]

42. Chalder, T.; Berelowitz, G.; Pawlikowska, T.; Watts, L.; Wessely, S.; Wright, D.; Wallace, E.P. Development of a Fatigue Scale.
J. Psychosom. Res. 1993, 37, 147–153. [CrossRef] [PubMed]

43. Rudolf, A. Intelligenz-Struktur-Test: IST 70; Verlag für Psychologie Hogrefe: Göttingen, Germany, 1970.
44. Gittler, G.; GmbH, S. Raumvorstellungsdiagnostikum: Adaptiver Dreidimensionaler Würfeltest; Beltz: Shibuya City, Tokyo, 1990.
45. Hockey, A.; Geffen, G. The Concurrent Validity and Test?Retest Reliability of a Visuospatial Working Memory Task. Intelligence

2004, 32, 591–605. [CrossRef]
46. Jaeggi, S.M.; Buschkuehl, M.; Perrig, W.J.; Meier, B. The Concurrent Validity of the N-Back Task as a Working Memory Measure.

Memory 2010, 18, 394–412. [CrossRef] [PubMed]
47. Koessler, L.; Maillard, L.; Benhadid, A.; Vignal, J.P.; Felblinger, J.; Vespignani, H.; Braun, M. Automated Cortical Projection of EEG

Sensors: Anatomical Correlation via the International 10–10 System. NeuroImage 2009, 46, 64–72. [CrossRef] [PubMed]
48. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;

Bright, J.; et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]
49. Vallat, R. Pingouin: Statistics in Python. JOSS 2018, 3, 1026. [CrossRef]
50. Thibault, R.T.; Lifshitz, M.; Raz, A. Neurofeedback or Neuroplacebo? Brain 2017, 140, 862–864. [CrossRef]
51. Ros, T.; Enriquez-Geppert, S.; Zotev, V.; Young, K.D.; Wood, G.; Whitfield-Gabrieli, S.; Wan, F.; Vuilleumier, P.; Vialatte, F.; Van

De Ville, D.; et al. Consensus on the Reporting and Experimental Design of Clinical and Cognitive-Behavioural Neurofeedback
Studies (CRED-Nf Checklist). Brain 2020, 143, 1674–1685. [CrossRef]

52. Bazanova, O.M.; Aftanas, L.I. Individual EEG Alpha Activity Analysis for Enhancement Neurofeedback Efficiency: Two Case
Studies. J. Neurother. 2010, 14, 244–253. [CrossRef]

53. Liu, Y.; Hou, X.; Sourina, O.; Bazanova, O. Individual Theta/Beta Based Algorithm for Neurofeedback Games to Improve
Cognitive Abilities. In Transactions on Computational Science XXVI; Gavrilova, M.L., Tan, C.J.K., Iglesias, A., Shinya, M., Galvez, A.,
Sourin, A., Eds.; Lecture Notes in Computer Science; Springer Berlin Heidelberg: Berlin/Heidelberg, Germany, 2016; Volume
9550, pp. 57–73. ISBN 978-3-662-49246-8.

54. Van Son, D.; Van Der Does, W.; Band, G.P.H.; Putman, P. EEG Theta/Beta Ratio Neurofeedback Training in Healthy Females.
Appl. Psychophysiol. Biofeedback 2020, 45, 195–210. [CrossRef]

https://doi.org/10.1016/j.neuroimage.2010.08.078
https://doi.org/10.1016/j.ijpsycho.2012.07.182
https://doi.org/10.1007/s10484-014-9257-6
https://doi.org/10.1080/09658211.2014.921713
https://doi.org/10.1093/scan/nsv090
https://doi.org/10.1007/s10484-018-9418-0
https://doi.org/10.1038/s41598-021-96893-5
https://doi.org/10.1046/j.1460-9568.2003.02517.x
https://doi.org/10.1002/hbm.22152
https://doi.org/10.1016/j.brs.2019.07.018
https://doi.org/10.1016/j.cub.2013.12.041
https://doi.org/10.3389/fnhum.2016.00503
https://doi.org/10.1007/s10484-015-9289-6
https://doi.org/10.1016/0022-3999(93)90081-P
https://www.ncbi.nlm.nih.gov/pubmed/8463991
https://doi.org/10.1016/j.intell.2004.07.009
https://doi.org/10.1080/09658211003702171
https://www.ncbi.nlm.nih.gov/pubmed/20408039
https://doi.org/10.1016/j.neuroimage.2009.02.006
https://www.ncbi.nlm.nih.gov/pubmed/19233295
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.21105/joss.01026
https://doi.org/10.1093/brain/awx033
https://doi.org/10.1093/brain/awaa009
https://doi.org/10.1080/10874208.2010.501517
https://doi.org/10.1007/s10484-020-09472-1


Brain Sci. 2023, 13, 926 15 of 15

55. Gharabaghi, A.; Kraus, D.; LeÃ£o, M.T.; SpÃ 1
4 ler, M.; Walter, A.; Bogdan, M.; Rosenstiel, W.; Naros, G.; Ziemann, U. Coupling

Brain-Machine Interfaces with Cortical Stimulation for Brain-State Dependent Stimulation: Enhancing Motor Cortex Excitability
for Neurorehabilitation. Front. Hum. Neurosci. 2014, 8, 122. [CrossRef]

56. Fleury, M.; Lioi, G.; Barillot, C.; Lécuyer, A. A Survey on the Use of Haptic Feedback for Brain-Computer Interfaces and
Neurofeedback. Front. Neurosci. 2020, 14, 528. [CrossRef]

57. Shabani, F.; Nisar, S.; Philamore, H.; Matsuno, F. Haptic vs. Visual Neurofeedback for Brain Training: A Proof-of-Concept Study.
IEEE Trans. Haptics 2021, 14, 297–302. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fnhum.2014.00122
https://doi.org/10.3389/fnins.2020.00528
https://doi.org/10.1109/TOH.2021.3077492

	Introduction 
	Methods 
	Participants 
	Experimental Design 
	Data Acquisition 
	Training Protocol 
	Cognitive Tests 
	Data Processing and Statistical Analysis 

	Results 
	Up-Regulated IAFs 
	Enhanced Behavioral Performance 
	Fatigue and Adverse Side Effects 
	Mental Strategies 

	Discussion 
	Conclusions 
	References

