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Abstract The minimization of the non-specific fac-
tors of neurofeedback (NF) is an important aspect to
further advance in the understanding of the effects of
these types of procedures. This paper investigates the
NF effects of a single session (25 minutes) of individual
upper alpha enhancement following a sham-controlled
experimental design (19 healthy participants). We mea-
sured immediate effects after the training and one-day
lasting EEG effects (eyes closed resting state and task-
related activity), as well as the event-locked EEG effects
during the execution of a mental rotation task. These
metrics were computed in trained (upper alpha) and
non-trained EEG parameters (lower alpha and lower
beta). Several cognitive functions were assessed such as
working memory and mental rotation abilities. The NF
group showed increased upper alpha power after train-
ing in task-related activity (not significantly sustained
one day after) and higher pre-stimulus power during the
mental rotation task. Both groups improved cognitive
performance, with a more prominent improvement for
the NF group, however a single session seems to be in-
sufficient to yield significant differences between groups.
A higher number of training sessions seems necessary
to achieve long-lasting effects on the electrophysiology
and to enhance the behavioral effects.
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Introduction

Neurofeedback (NF) promotes the self-regulation of
brain activity by means of an operant conditioning
paradigm. NF consists in measuring the brain activity
(e.g., via electroencephalogram, EEG) and providing
the subjects with real-time feedback covarying with the
brain patterns of interest. Several EEG-based NF stud-
ies have reported its efficacy in the treatment of neu-
rological and psychological disorders such as attention
deficit hyperactivity disorder (ADHD) and depression,
among others (Niv 2013; Bagar and Giintekin 2008).
NF research on healthy users has focussed on cognitive
enhancement, in many cases by regulating the alpha
rhythm (see Gruzelier 2013, for a review).

Alpha is the dominant rhythm in the human EEG,
which is characterized by a ‘peak’ in the (7-13) Hz
power spectra, and seems to be related to cognitive
functions such as cognition (Palva and Palva 2007) and
working memory (Freunberger et al 2011; Klimesch et al
2007; Klimesch 1999; Sauseng et al 2009). The cognitive
effects of regulating this rhythm by means of NF have
been already explored (Gruzelier 2013; Vernon 2005).
Despite the accumulated evidence on this procedure,
the reliability and specificity of the effects at both be-
havioral and electrophysiological level remain a com-
mon limitation (Gruzelier 2014; Vernon 2005). Some
authors point out that such a limitation could be due to
the high inter-subject variability of the alpha frequency
band and the unspecific behavioral effects of regulating
the entire band (Klimesch 1999).
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Recent alpha-based NF studies have tried to over-
come these limitations by adjusting the alpha band in-
dividually (i.e., per subject) using the Individual Alpha
Frequency (IAF) as an anchor point (Klimesch 1999)
instead of using a fixed band, and focusing on the up-
per section of the alpha band, (IAF, IAF+2) Hz range,
as it is hypothesized to selectively respond to cogni-
tive demands (Klimesch 1999). For instance, in a single-
session NF study (Hanslmayr et al 2005) the subjects
performed combined trials of theta suppression and up-
per alpha enhancement (within-subjects design) and
those who succeeded in enhancing upper alpha activ-
ity improved performance in a mental rotation task. In
other studies the subjects performed a series of train-
ing sessions and cognitive improvements were reported
on working memory (Escolano et al 2011; Nan et al
2012), mental rotation abilities (Zoefel et al 2011) and
a variety of cognitive functions (Alexeeva et al 2012).

This paper builds on the aforementioned evidence
on NF training procedures with the main objective of
minimizing the non-specific factors of the training to
further advance in the understanding of the effects of
these types of procedures (common limitation to NF
studies, see a discussion on Brandeis 2011). An exten-
sive evaluation of the effects on the electrophysiology
was performed. Note that NF literature still lacks an
extensive evaluation of the electrophysiological effects,
especially on non-trained EEG parameters and during
the execution of cognitive tasks, although some studies
have partially addressed these issues (Zoefel et al 2011;
Hanslmayr et al 2005).

This paper investigates the effects of a single-
session NF procedure (25 minutes of training) for
cognitive enhancement, which follows a double-blind
sham-controlled experimental design with healthy sub-
jects. Preliminary results were reported in Escolano
et al (2012, 2013). The NF procedure focused on up-
regulating the individual upper alpha power measured
over the parieto-occipital area of the scalp. Non-specific
factors were minimized by including a sham-feedback
control group and by the short duration of the training.
Note that a sham-controlled study provides a better
consideration of non-specific factors such as motivation,
expectancy and practice effects (Enriquez-Geppert et al
2013). A series of psychological tests and a cognitive
task measured the effects on cognitive functions (work-
ing memory, attention, executive functions and mental
rotation abilities). EEG analysis measured the effects
on resting state and task-related activity immediately
pre- and post- NF and one day after, as well as dur-
ing training. Also, the effects on the event-locked EEG
recorded during the pre- and post- executions of a men-
tal rotation task were assessed. These effects were mea-
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Fig. 1 Experimental design of the study, executed in three
consecutive days. The NF training was performed on Day 2,
with an EEG screening and a cognitive task executed imme-
diately before and after NF training. An EEG screening was
also executed on Day 3. Each EEG screening recorded eyes
closed resting state activity and eyes open task-related activ-
ity. Psychological tests were executed on Day 1 and Day 3.
Note that there is a numerical code for each EEG screening,
cognitive task and training trial.

sured on the trained parameter (upper alpha), as well
as in the surrounding frequency bands (lower alpha and
lower beta).

Methods
Participants and experimental design

19 engineering students of the University of Zaragoza
participated in the study. Participants were randomly
assigned either to the NF group (n = 10, 3 females,
mean + SD age: 25.8 + 4.1 years) or control group (n
=9, 2 females, 24.3 4 3.7 years). Participants were in-
formed about the protocol of the study before signing
the informed consent forms. They were told that all
participants would perform a single session NF train-
ing to investigate the effects on cognitive performance.
Participants were not informed about the existence of
two groups to avoid biases (lack of motivation or ef-
fort since NF requires the active engagement of partic-
ipants). Both groups performed the same experimental
design with the only difference that the control group
received sham feedback. Finally, participants were de-
briefed at the end of the study. The study was approved
by the regional Ethics Board.

The design of the study is shown in Figure 1. In the
first and third days, the psychological tests were carried
out. In the second day, the NF training was performed
with a pre- and post- EEG screening, and a pre- and
post- execution of the cognitive task (EEG was recorded
during the cognitive task). Finally, an EEG screening
was also performed on the third day to assess one-day
lasting effects on the EEG.
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Psychological tests and cognitive task

Psychological data collection comprised four tests: (7)
Paced Auditory Serial Addition Task (PASAT, Gron-
wall 1977) evaluated working memory and processing
speed. This test is sensitive to minimal changes in neu-
rocognitive performance and presents high levels of in-
ternal consistency and test-retest reliability (Tombaugh
2006). The test scores were the number of errors and
elapsed time. (ii) Rey Auditory Verbal Learning Test
(RAVLT, Rey 1964), Spanish version (Miranda and Va-
lencia 1997), evaluated retention and immediate evoca-
tion, verbal learning, remembering items after an in-
terference task, and recognition (Lezak 2004). The test
score was the number of recognized words. (ii¢) Trail
Making Test (TMT, Reitan 1958) evaluated the infor-
mation on visual search, scanning, processing speed,
mental flexibility and executive functions. The test is
composed of two parts: part A measured attention and
concentration, and part B measured executive functions
such as planning and mental flexibility. The scores were
the elapsed time to complete each part of the test. (iv)
Stroop Color-Word Test (STROOP, Stroop 1992) eval-
uated attention, concentration, resistance to interfer-
ence, and individual capacity to solve cognitive stress,
inhibit interferences and process complex data (Lezak
2004). The test score was the interference.

The cognitive task was adapted from a visuospatial
Spanish test (Yela 1969) and EEG was recorded during
its execution. In each trial, a target and a test figure
were presented one above the other, and the subjects
had to indicate (by pushing a button) whether the test
figure corresponded to a rotated version of the target.
Subjects were instructed to answer as quickly and ac-
curately as possible. The test consisted of two phases of
25 trials each, with an inter-trial interval of 2.5 s. Each
trial lasted 7.5 s and was composed of two time inter-
vals: rest interval (-1.5, 0) s, in which a fixation cross
was displayed on the center of the screen, and task in-
terval (0, 6) s, in which the figures were presented for
6 s. Note that (t=0) s denotes figures onset. The test
scores were the number of correct responses and reac-
tion time. Responses within the task interval plus the
inter-trial interval were taken into account and reaction
times were computed for the correct responses.

Two-way repeated-measures ANOVA was sepa-
rately conducted for each score with the between-
subject factor Group (NF, Control) and the within-
subject factor Time (Pre, Post). Paired samples ¢-tests
were performed for within-group (pre vs post) compar-
isons.

EEG recording and neurofeedback procedure

EEG data was recorded from 16 electrodes placed at
FP1, FP2, F3, Fz, F4, C3, Cz, C4, P7, P3, Pz, P4,
P8, O1, Oz and O2 (subset of the 10/10 system), with
the ground and reference electrodes on FPz and on the
left earlobe, respectively. EEG was amplified and digi-
tized using a g.tec amplifier (Guger Technologies, Graz,
Austria) at a sampling rate of 256 Hz, power-line notch-
filtered at 50 Hz and (0.5-60) Hz band-pass filtered.
EEG recording and the NF procedure were developed
using software of BitédBrain Technologies, SL.

EEG screenings

EEG screenings were carried out immediately before
and after the NF training on Day 2, as well as on Day
3. For each EEG screening we recorded three-min of
eyes closed resting state activity and three-min of eyes
open task-related activity. In the latter, subjects faced
a computer screen showing a square that changed satu-
ration color randomly from gray to red or blue (gradu-
ally). Participants were instructed to count the number
of saturation changes from gray to red as a cognitive
challenge (Zoefel et al 2011).

Neurofeedback procedure

The NF training focused on the increase of upper al-
pha (UA) power averaged over parieto-occipital loca-
tions (P3, Pz, P4, O1 and 02, referred to as feedback
electrodes). The procedure consisted of two steps: cal-
ibration to individualize the training for each subject,
and online training (5 trials of 5 min each). In both
steps, EEG power was calculated through a short-term
FFT with 1 s hamming window, 30 ms of overlapping,
and zero-padded to 1024 points (0.25 Hz resolution).
In the calibration step, the pre-NF task-related
EEG screening (Day 2) was filtered from artifacts:
we automatically filtered out the blinking component
by Independent Component Analysis (ICA) using the
FastICA algorithm (Hyvarinen 1999) and removed the
epochs with amplitude larger than 200V at any elec-
trode. UA band was defined as the (IAF, IAF+2) Hz
frequency range, where the Individual Alpha Frequency
(IAF) was computed on the power spectra of the fil-
tered EEG data as the frequency bin with the maximum
power value in the (7-13) Hz alpha range (Klimesch
1999). Note that when no clear alpha peak was found,
the UA band was computed on resting state activity in-
stead. Finally, the baseline was computed as the mean
UA power averaged across the feedback electrodes, and
(5th-95th) percentiles established the lower and upper
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limits, respectively. After the calibration, the subjects
performed the training trials. During training, EEG
data was online filtered from blinking artifacts (through
the aforementioned ICA filter) and a visual feedback
was then displayed every 30 ms on a computer screen
in the form of a square with changing saturation colors.
UA power values above the baseline were displayed in
a red color scale with increasing saturation. Similarly,
power values below the baseline were displayed in a blue
color scale. The color scales ranged from 0% saturation
(baseline in gray color) to 100% saturation in both blue
and red color scales set by the lower and upper limits,
respectively.

Before the beginning of the study we recorded the
EEG of a healthy subject performing the same NF pro-
cedure. In our study, the NF group and the control
group performed the same NF procedure except for the
fact that all participants of the control group received
feedback according to the aforementioned EEG record-
ing, thus receiving the same feedback.

EEG analysis
Offtine EEG pre-processing

The EEG data of each Day was cleaned from artifacts
using a three-step procedure: filtering of the blinking
component by FastICA (Hyvarinen 1999), epoch re-
jection by a time-domain threshold (> 150uV) at any
electrode, and epoch rejection by a frequency-domain
threshold. In the latter step, we computed the power
values for each epoch in the bands (1-4) Hz and (20-30)
Hz, commonly affected by ocular and muscular arti-
facts (Delorme et al 2007), and outliers (z-score > 2)
at any electrode were removed. In the case of the EEG
collected during the cognitive task, we applied an ICA
filter, and we further applied epoch rejection in both
time and frequency domains on a trial basis (instead of
on an epoch basis).

Analysis of EEG screenings and NF trials

Immediate and one-day lasting effects were assessed in
resting state and task-related activity. Immediate ef-
fects were measured as the power comparison between
the pre- vs post- EEG screening of Day 2 (SCR.1 vs
SCR.2, Figure 1). One-day lasting effects were mea-
sured as the power comparison between the pre-NF
EEG screening vs EEG screening of Day 3 (SCR.1 vs
SCR.3). In addition, training progress evaluated the
power enhancement during training, measured as the
power comparison between the baseline (task-related
activity in pre-NF EEG screening) vs training trial five.

We performed the analysis in the trained parameter
(i.e., UA power) and an exploratory analysis in the fol-
lowing bands, based on Klimesch (1999): lower alpha 1,
LA, = (IAF-4, TAF-2); lower alpha 2, LAy = (TIAF-2,
TAF); and lower beta, LB = (IAF+2, IAF+4).

Analysis of event-locked EEG during the cognitive task

The power in the pre- and post- executions of the cog-
nitive task was computed in rest interval (-1.5, 0) s, and
task interval (0, 6) s. Note that (t=0) s represents the
figures onset. Power was computed for each trial and
averaged across trials. In addition, we computed the
power desynchronization between rest and task inter-
vals using two metrics: (i) absolute power desynchro-
nization, computed as the power in task interval minus
the power in rest interval, and (i7) event-related desyn-
chronization (ERD), computed as the power in task in-
terval minus the power in rest interval, normalized by
the power in rest interval (Pfurtscheller and Lopes da
Silva 1999). Thus, the NF effects on the event-locked
EEG were assessed by the pre- vs post- power compar-
ison in rest and task intervals, and by the pre- vs post-
power desynchronization comparison measured using
the absolute metric and the relative metric (ERD). We
performed the analysis in the trained parameter and an
exploratory analysis in LA, LAy and LB bands.

Statistical analysis

Between-group statistical significance was assessed by
independent samples t-tests on change scores. Paired
samples t-tests were performed for within-group (pre
vs post) comparisons. Power vales were log-transformed
prior statistical testing. Regarding the exploratory
analysis in LA;, LA, UA and LB bands, a non-
parametric randomization method using the t-max
statistic was used to correct for the number of bands,
i.e., to control the familywise type I error rate (FWER,
Holmes et al 1996). Following this method, the null dis-
tribution of the maximum absolute t-value across all
bands was estimated by 5000 random permutations.
Then the absolute observed t-value for each band was
tested against the (1 — «)th percentile of the null dis-
tribution. The FWER was set at o = .05.

EEG results

This section analyzes the NF effects on the EEG: the
effects in the EEG screenings and NF trials, and the
event-locked EEG effects during the execution of the
cognitive task. Groups did not differ statistically in
baseline TAF. Mean + SD IAF in resting state was
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9.8 £ 0.2 Hz for the NF group and 10.3 &+ 0.3 Hz for
the control group (independent samples ¢-test: t17 =
—1.50,p = .15); and in task-related activity it was
10.2 £ 0.2 Hz for the NF group and 10.6 + 0.3 Hz for
the control group (17 = —1.05,p = .3).

Analysis of EEG screenings and NF trials

We first assessed the NF effects in the trained param-
eter (UA power). Regarding the resting state, no sig-
nificant difference appeared between groups (on change
scores) either immediately after the training or the fol-
lowing day. Figure 2A displays the UA power in task-
related activity and during training. Task-related ac-
tivity showed a between-group difference at statistical
trend immediately after the training (t;7 = 1.88,p =
.077). Post-hoc t-tests showed a significant increase for
the NF group (t9 = 3.42,p < .01), with an aver-
age increase of 13.08%. These effects were not signif-
icantly sustained the following day. Training progress
showed a between-group difference at statistical trend
(t17 = 1.81,p = .089). Post-hoc t-tests showed a statis-
tical trend for the NF group (tg = 1.94,p = .084), with
an average increase of 51.22%. The higher effects in the
latter metrics were found in posterior areas of the scalp.
In addition to that, we measured the training progress
as the trend (slope of a fitted regression line) of the
power values of the baseline and five NF trials (see Fig-
ure 2A). The average slope was 0.11 for the NF group
(significantly higher than zero, tg = 1.86,p = .048) and
0.02 for the control group (non significant, n.s.).

We assessed the EEG effects in three alpha sub-
bands and lower beta (LA, LAy, UA, LB). Figure 2B
displays the pre- and post- EEG power spectra in im-
mediate and one-day lasting effects, as well as the train-
ing progress. Note that the statistical results below re-
ported were corrected for the multiple bands using a ¢-
max randomization procedure (Holmes et al 1996). No
significant between-group differences (on change scores)
appeared in resting state either immediately after train-
ing or the following day. Regarding the immediate ef-
fects in task-related activity, we found a significant
between-group difference in LA, band (threshold ¢ =
2.80%, t = 3.69,p = .01). Post-hoc t-tests showed a sig-
nificant increase for the NF group (threshold ¢t = 2.98,
t = 4.06,p < .01), with an average increase of 50.93%.
No significant one-day lasting effects appeared in task-
related activity. Finally, a between-group difference in
training progress appeared in LAs band at statistical
trend (threshold t = 2.74, ¢ = 2.45,p = .085). Post-hoc

1 The ¢ thresholds reported throughout this paper (for the
t-max randomization procedure) were computed at (a = .05).

t-tests showed a significant increase for the NF group
(threshold t = 2.69, t = 4.14, p < .005), with an average
increase of 74.55%. No significant pre- vs post- changes
appeared for the control group.

Analysis of event-locked EEG during the cognitive task

We first assessed the NF effects in UA power. Figure 3A
depicts the UA power time-course: absolute power time-
course and ERD metric. Note that the absolute power
time-course allows to observe the pre- and post- power
changes in each trial interval (rest, task). The UA power
in rest interval showed a between-group difference (on
change scores) at statistical trend (t17 = 1.96,p =
.067). Post-hoc t-tests showed a significant increase for
the NF group (t9 = 3.97,p < .005), with an average in-
crease of 16.61%. The higher effects were found in pos-
terior areas of the scalp. No significant effects appeared
for the task interval. A desynchronization pattern was
apparent, showing an UA power decrease after the fig-
ures onset for both groups and pre- and post- executions
(Figure 3A). This pattern is in line with other studies
performing similar mental rotation tasks (Hanslmayr
et al 2005; Klimesch et al 2003). A between-group dif-
ference at statistical trend was found in absolute power
desynchronization (t17 = —1.99,p = .063). Post-hoc
t-tests showed a significant increase for the NF group
(to = —2.53, p = .032), with an average increase of
2.2uV2. Note that a positive difference denotes an in-
crease in desynchronization.

We assessed the EEG effects in three alpha sub-
bands and lower beta (LA;, LAy, UA, LB). Figure
3B displays the time-frequency analysis in the (IAF-4,
IAF+4) Hz range, showing the initial and change (pre
vs post) absolute power values for each group. Note that
the statistical results below reported were corrected for
the multiple bands (Holmes et al 1996). We did not
found significant differences between groups (on change
scores) in any band and metric. We further conducted
pre- vs post- t-tests within each group. A significant in-
crease appeared in LAy band for the NF group in rest
interval (threshold ¢ = 3.17, t = 4.52,p = .006), with
an average increase of 29.9%; as well as in task interval
(threshold ¢t = 3.01, ¢ = 4.10,p = .007), with an aver-
age increase of 12.1%. These effects in LAs power can
be observed in Figure 3B. No significant pre- vs post-
changes appeared for the control group.

Behavioral results

This section analyzes the NF effects on cognitive per-
formance measured by a battery of psychological tests
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Fig. 2 NF effects on the EEG screenings and NF trials. (A) displays the UA power in the task-related EEG screenings (blue
squares) and training trials (black dots). Values are normalized per subject to the power in the pre-NF EEG screening. Vertical
bars indicate SEM. The gray line represents the training progress. Topoplots display the power difference (V' 2) with regard to
the pre-NF EEG screening. (B) displays the pre- and post- EEG power spectra for the immediate and one-day lasting effects
on both resting state and task-related activity, as well as the training progress. Average and SEM power values are displayed
(solid and dashed lines, respectively). Note that for illustration purposes, the pre- and post- power spectra were normalized
per subject to the power in the pre-spectra IAF bin, and averaged across subjects. The (IAF-4, IAF+4) Hz frequency range
is displayed (covering LA, LAy, UA, and LB frequency bands). UA band is shaded in gray color.
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(A) EVENT-LOCKED EEG EFFECTS: UA POWER
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Fig. 3 NF effects on event-locked EEG during the pre- and post- executions of a cognitive task. (A) displays the UA power
time-course. Upper figures show the ERD measurement (Pfurtscheller and Lopes da Silva 1999): UA power in each time instant
was normalized to the power in rest interval. Bottom figures show the absolute UA power. Topoplots display the averaged pre-
and post- power difference (©V'?2) in both rest and task intervals. (B) displays the absolute power time-frequency maps in the
initial (pre- execution) and change scores (pre- vs post- execution) for each group. The (IAF-4, IAF+4) Hz frequency range is
displayed (covering LA1, LA2, UA, and LB frequency bands).
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Table 1 Pre- and change scores (mean + SEM) on the behavioral results for each group. The ¢- and p-values of the paired-
samples t-tests are shown for each group (pre vs post changes), as well as the F- and p-values of the Group x Time interaction
in the ANOVAs. Significant effects are marked bold (p < .05)

Test Control Paired-samples ¢-test ANOVA

scores Pre Change Pre Change NF Control GxT

mean (SEM) mean (SEM) mean (SEM) mean (SEM)  t-val p-val t-val p-val F-val p-val

PASAT

# errors 6.70(1.03)  —3.10(1.02)  4.11(1.03)  —1.33(0.90) -3.05 .014 —149 176 167 214

time (s) 199.93(18.12) —42.09(7.97) 174.24(19.83) —33.47(8.72) -5.28 <.001 -3.84 .005 0.53 475
RAVLT

# recognized words 13.90(0.41) 0.90(0.35) 13.67(0.53) 0.89(0.54) 2.59 .029 1.65 137 0.00  .986
TMT

part A, time (s) 27.16(3.59) —6.15(3.03) 27.07(3.92) —6.64(2.69) —2.03 .073 -2.47 .039 0.01 .905

part B, time (s) 53.98(4.11)  —17.24(4.04)  36.10(3.54)  —7.27(2.07) -4.26 .002 -3.52 .008 4.51 .049
STROOP

interference 3.17(1.94) 3.60(3.66) 10.54(3.07) 2.69(1.38) 0.98 .351 1.95 .088 0.05 .826
COGN.TASK

# correct responses 41.20(1.40) 4.00(1.20) 39.00(0.99) 2.33(0.65) 3.33 .009 3.61 .007 1.40 .253

reaction time (s) 4.49(0.32) —0.68(0.13)  4.14(0.22) —0.44(0.22) -5.18 <.001 —2.02 .078 093 .349

(targeting functions such as working memory, episodic
memory, attention, concentration, and executive func-
tions) and the cognitive task (mental rotation abilities).
Table 1 summarizes the scores in the psychological tests
and cognitive task.

We assessed the between-group differences by the
GroupxTime interaction in the ANOVAs. A significant
effect appeared in part B of TMT test (F} 17 = 4.51,
p = .049). Post-hoc t-tests showed that both groups im-
proved performance (NF: tg = —4.26, p < .005; Control:
ts = —3.52,p < .01), with a higher improvement for the
NF group. No significant between-groups differences ap-
peared for the other scores. We further conducted pre-
vs post- t-tests within each group as an exploratory
analysis. PASAT test showed a decrease in the num-
ber of errors for the NF group only (t9 = —3.05,p =
.014), whereas the time elapsed decreased for both
the NF (t9 = —5.28,p < .001) and control group
(ts = —3.84, p = .005). The number of recognized words
in the RAVLT test increased for the NF group only
(tg = 2.59,p = .029). Part A of the TMT test improved
for the control group only (ts = —2.47,p = .039). The
interference score in the STROOP test did not signif-
icantly change for any group. Regarding the cognitive
task, the number of correct responses increased for both
the NF (t9 = 3.33,p < .01) and the control group
(ts = 3.61,p < .01). The reaction time decreased for
the NF group only (tg = —5.18,p < .001).

Discussion

This manuscript reports the results of a single-session
NF procedure for cognitive enhancement in healthy

subjects. The NF training aimed at enhancing the in-
dividual upper alpha power measured over parieto-
occipital locations. A double-blind sham-controlled
study was designed within a short procedure (25 min-
utes of training) to minimize the non-specific factors of
the training, which is a common claim to NF studies
(Brandeis 2011). To the best of our knowledge, there
is not a standard procedure to compute/provide sham
feedback. In the current study, all participants in the
control group received the same feedback based on the
EEG signal of a single subject (not included in the
study). The objective of the study was to investigate
the NF effects on several cognitive functions (working
memory, episodic memory, attention, concentration, ex-
ecutive functions and mental rotation abilities) and to
perform an extensive evaluation of the effects on the
electrophysiology. Note that the reliability and speci-
ficity of the NF effects at behavioral and electrophys-
iological level remain a common limitation (Gruzelier
2014; Vernon 2005).

EEG results

The EEG analysis of the EEG screenings and NF trials
showed that upper alpha power was enhanced for the
NF group only, measured immediately after training in
task-related activity, and during training. The higher
effects were found in posterior areas of the scalp. These
effects were not restricted to the upper alpha band:
lower alpha 2 showed a higher increase than the corre-
sponding increase in upper alpha (in the same metrics).
These effects may be due to a 0.1 Hz decrease in the TAF
immediately after training (independent samples t-test:
t17 = —2.33,p = .03), which reduced the effects on up-
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per alpha while increasing the effects on the lower sec-
tions (see Figure 2B). Note that Escolano et al (2011)
also reported an IAF decrease immediately after train-
ing. The TAF decrease was not sustained one day after,
which is consistent with previous studies (Escolano et al
2011; Zoefel et al 2011). No significant one-day lasting
effects appeared for any group. Eyes closed resting state
activity was not significantly modified for any group,
which suggests that this procedure presents lower ef-
fects on this type of activity. In relation to other works,
upper alpha NF studies reported no modifications in
lower alpha and lower beta (Escolano et al 2011; Zoefel
et al 2011), however they followed a different definition
for the frequency bands (herein the most common def-
inition was adopted, Klimesch 1999).

The analysis of the event-locked EEG effects dur-
ing the execution of the mental rotation task showed
that the NF group enhanced upper alpha power in the
rest interval (pre-stimulus) immediately after training.
Power in task interval was not significantly modified for
any group. As a consequence, the NF group increased
upper alpha desynchronization measured using absolute
power measurements. Note that this desynchronization
increase was already suggested to be positively related
to cognitive performance (Klimesch et al 2007). These
results are in line with a previous study involving a
mental rotation task (Hanslmayr et al 2005). Similarly
to the effects in the EEG screenings and NF trials, lower
alpha 2 power showed a significant increase for the NF
group (no significant between groups) in both rest and
task intervals (see Figure 3B).

Behavioral results

The NF group performed better than the control group
in all the scores (except for part A of TMT test), but
with no significant difference between groups (except
for part B of TMT test, in which the NF group per-
formed significantly better). In addition to that, some
scores were improved for the NF group only such as the
number of errors in the PASAT test (working memory
is suggested to be related to alpha rhythm, Freunberger
et al 2011; Klimesch et al 2007), the number of recog-
nized words in the RAVLT test and the reaction time
in the mental rotation task. However, the improvement
in these scores was not significantly superior to the im-
provement observed in the control group.

These effects in cognitive performance might be ex-
plained by a strong learning effect due to repeated mea-
surements (30 min between test-retest in the cognitive
task, and one day in the psychological tests) and by
the short duration of the training, which might be in-
sufficient to yield significant differences between groups.

Note that NF effects on the EEG were not sustained at
the post-NF administration of the psychological tests,
which may have diminished the behavioral effects. In re-
lation to other works, a previous study (Hanslmayr et al
2005) comprising a single-session training of combined
trials of theta suppression and upper alpha enhance-
ment (within-subjects design) led to improved perfor-
mance in a mental rotation task for the subjects that
responded to the upper alpha NF. The difference to the
results herein presented may be due to the fact that a
within-subject design could have better dealt with the
between-group variability in baseline scores.

Limitations

Deception was used to blind the participants to the ex-
perimental condition. When debriefing the participants
we could have asked them to “guess” the condition they
were assigned. This point should be considered in fu-
ture studies. A limitation of the behavioral analysis was
the high baseline scores (e.g., the number of correct re-
sponses in the cognitive task was 41.2/50 and 39/50 for
the NF and control group), which left little margin for
improvement. The degree of difficulty of the psycholog-
ical tests or cognitive tasks should be adapted to the
participants in future studies, and cut-off scores could
be established. Finally, a larger sample size would be
desirable to increase the statistical power.

Conclusions

This paper showed that 25 minutes of NF training
produced electrophysiological effects for the NF group
only, showing an upper alpha power enhancement im-
mediately after the training in task-related activity
(not sustained one day after), and during training. The
NF group presented higher pre-stimulus upper alpha
power during the mental rotation task and consequently
higher event-locked power desynchronization. Regard-
ing the behavioral results, the NF group showed higher
performance improvement than the control group, how-
ever no significant difference between groups was ob-
tained. Thus, although the electrophysiological basis
supporting the cognitive enhancement can be obtained
in a single session, 25 minutes of NF training seem not
enough to produce sustained effects on the EEG and
to reach significance level (between groups) in cogni-
tive performance. A higher number of training sessions
is thus necessary to achieve long-lasting effects on the
electrophysiology and enhance the behavioral results.
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