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Abstract The minimization of the non-specific factors 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 min) of individual upper alpha
enhancement following a sham-controlled experimental
design (19 healthy participants). We measured immediate
effects after the training and 1-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 training in task-related activity (not signifi-
cantly sustained 1 day after) and higher pre-stimulus power
during the mental rotation task. Both groups improved
cognitive performance, with a more prominent improve-
ment for the NF group, however a single session seems to
be insufficient to yield significant differences between
groups. A higher number of training sessions seems nec-
essary to achieve long-lasting effects on the electrophysi-
ology 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 studies have reported
its efficacy in the treatment of neurological and psycho-
logical 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 regu-
lating 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 behavioral and electro-
physiological level remain a common 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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Fig. 1 Experimental design of the study, executed in three consec-
utive days. The NF training was performed on Day 2, with an EEG
screening and a cognitive task executed immediately before and after
NF training. An EEG screening was also executed on Day 3. Each

Recent alpha-based NF studies have tried to overcome
these limitations by adjusting the alpha band individually
(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 upper section of the alpha
band, (IAF, TIAF+2) Hz range, as it is hypothesized to
selectively respond to cognitive demands (Klimesch 1999).
For instance, in a single-session NF study (Hanslmayr et al.
2005) the subjects performed combined trials of theta
suppression and upper alpha enhancement (within-subjects
design) and those who succeeded in enhancing upper alpha
activity improved performance in a mental rotation task. In
other studies the subjects performed a series of training
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 proce-
dures (common limitation to NF studies, see a discussion
on Brandeis 2011). An extensive evaluation of the effects
on the electrophysiology was performed. Note that NF
literature still lacks an extensive evaluation of the elec-
trophysiological 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 min of training) for cognitive enhancement,
which follows a double-blind sham-controlled experimen-
tal design with healthy subjects. Preliminary results were
reported in Escolano et al. (2012, 2013). The NF procedure
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EEG screening recorded eyes closed resting state activity and eyes
open task-related activity. 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

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 moti-
vation, expectancy and practice effects (Enriquez-Geppert
et al. 2013). A series of psychological tests and a cognitive
task measured the effects on cognitive functions (working
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 1 day after, as well as during training. Also, the
effects on the event-locked EEG recorded during the pre-
and post-executions of a mental rotation task were asses-
sed. These effects were measured 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 3.7 years). Participants were informed
about the protocol of the study before signing the informed
consent forms. They were told that all participants would
perform a single session NF training to investigate the
effects on cognitive performance. Participants were not
informed about the existence of two groups to avoid biases
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(lack of motivation or effort since NF requires the active
engagement of participants). Both groups performed the
same experimental design with the only difference that the
control group received sham feedback. Finally, participants
were debriefed at the end of the study. The study was
approved by the regional Ethics Board.

The design of the study is shown in Fig. 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 1-day lasting effects on the EEG.

Psychological Tests and Cognitive Task

Psychological data collection comprised four tests: (i)
Paced Auditory Serial Addition Task (PASAT, Gronwall
1977) evaluated working memory and processing speed.
This test is sensitive to minimal changes in neurocognitive
performance and presents high levels of internal consis-
tency 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 Valencia 1997),
evaluated retention and immediate evocation, verbal
learning, remembering items after an interference task,
and recognition (Lezak 2004). The test score was the
number of recognized words. (iii) Trail Making Test
(TMT, Reitan 1958) evaluated the information 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) evaluated attention, concentra-
tion, resistance to interference, 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 cor-
responded to a rotated version of the target. Subjects were
instructed to answer as quickly and accurately 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 intervals: rest interval (—1.5, 0) s, in
which a fixation cross was displayed on the center of the
screen, and task interval (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
reaction 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 separately
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) comparisons.

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
02 (subset of the 10/10 system), with the ground and ref-
erence electrodes on FPz and on the left earlobe, respec-
tively. EEG was amplified and digitized using a g.tec
amplifier (Guger Technologies, Graz, Austria) at a sam-
pling 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 Bit&Brain
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 saturation color
randomly from gray to red or blue (gradually). 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 alpha
(UA) power averaged over parieto-occipital locations (P3,
Pz, P4, O1 and O2, referred to as feedback electrodes). The
procedure consisted of two steps: calibration to individu-
alize the training for each subject, and online training (5
trials of 5 min each). In both steps, EEG power was cal-
culated through a short-term FFT with 1 s hamming win-
dow, 30 ms of overlapping, and zero-padded to 1,024
points (0.25 Hz resolution).

In the calibration step, the pre-NF task-related EEG
screening (Day 2) was filtered from artifacts: we auto-
matically filtered out the blinking component by Indepen-
dent Component Analysis (ICA) using the FastICA
algorithm (Hyvarinen 1999) and removed the epochs with
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amplitude larger than 200uV at any electrode. UA band
was defined as the (IAF, IAF+2) Hz frequency range,
where the Individual Alpha Frequency (IAF) was com-
puted on the power spectra of the filtered 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 instead. Finally, the baseline was
computed as the mean UA power averaged across the
feedback electrodes, and (5¢h-95th) percentiles established
the lower and upper limits, respectively. After the cali-
bration, the subjects performed the training trials. During
training, EEG data was online filtered from blinking arti-
facts (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 O % 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 procedure. In
our study, the NF group and the control group performed
the same NF procedure except for the fact that all partic-
ipants of the control group received feedback according to
the aforementioned EEG recording, thus receiving the
same feedback.

EEG Analysis
Offline 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 rejection 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 artifacts (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 rejec-
tion 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 1-day lasting effects were assessed in
resting state and task-related activity. Immediate effects
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were measured as the power comparison between the pre-
versus post-EEG screening of Day 2 (SCR.1 vs. SCR.2,
Fig. 1). One-day lasting effects were measured as the
power comparison between the pre-NF EEG screening
versus EEG screening of Day 3 (SCR.1 vs. SCR.3). In
addition, training progress evaluated the power enhance-
ment during training, measured as the power comparison
between the baseline (task-related activity in pre-NF EEG
screening) versus training trial five. We performed the
analysis in the trained parameter (i.e., UA power) and an
exploratory analysis in the following bands, based on
Klimesch (1999): lower alpha 1, LA, = (IAF-4, TAF-2);
lower alpha 2, LA, = (IAF-2, IAF); 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 cognitive
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 desyn-
chronization between rest and task intervals using two
metrics: (i) absolute power desynchronization, computed
as the power in task interval minus the power in rest
interval, and (ii) event-related desynchronization (ERD),
computed as the power in task interval 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-
versus post-power comparison in rest and task intervals,
and by the pre- versus 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, LA,
and LB bands.

Statistical Analysis

Between-group statistical significance was assessed by
independent samples #-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 randomi-
zation method using the #-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 distribution of the maximum absolute z-
value across all bands was estimated by 5,000 random
permutations. Then the absolute observed 7-value for each
band was tested against the (1 — a)th percentile of the null
distribution. The FWER was set at oo = .05.
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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 (uV?) with regard to the pre-NF EEG screening. b
Displays the pre- and post-EEG power spectra for the immediate and
1-day lasting effects on both resting state and task-related activity, as

EEG Results

This section analyzes the NF effects on the EEG: the effects
in the EEG screenings and NF trials, and the event-locked

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 normal-
ized 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, LA;, UA, and LB frequency bands). UA band is
shaded in gray color

EEG effects during the execution of the cognitive task.
Groups did not differ statistically in baseline IAF. Mean +
SD IAF in resting state was 9.8 £ 0.2 Hz for the NF group
and 10.3+0.3 Hz for the control group (independent
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samples z-test: t;7 = —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 parameter (UA
power). Regarding the resting state, no significant difference
appeared between groups (on change scores) either imme-
diately after the training or the following day. Figure 2a
displays the UA power in task-related activity and during
training. Task-related activity showed a between-group
difference at statistical trend immediately after the training
(t17 = 1.88,p = .077). Post-hoc r-tests showed a significant
increase for the NF group (f9 = 3.42,p<.01), with an
average increase of 13.08 %. These effects were not sig-
nificantly 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 statistical
trend for the NF group (ty = 1.94, p = .084), with an average
increaseof 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. 2a). The average slope was 0.11 for the NF
group (significantly higher than zero, t9 = 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, LA, UA, LB). Figure 2b displays the
pre- and post-EEG power spectra in immediate and 1-day
lasting effects, as well as the training progress. Note that
the statistical results below reported were corrected for the
multiple bands using a 7-max randomization procedure
(Holmes et al. 1996). No significant between-group dif-
ferences (on change scores) appeared in resting state either
immediately after training or the following day. Regarding
the immediate effects in task-related activity, we found a
significant between-group difference in LA, band (thresh-
old r = 2.80', r = 3.69, p = .01). Post-hoc r-tests showed a
significant increase for the NF group (threshold 7 = 2.98,
t = 4.06,p < .01), with an average increase of 50.93 %. No
significant 1-day lasting effects appeared in task-related
activity. Finally, a between-group difference in training
progress appeared in LA, band at statistical trend (thresh-
old r =2.74, t = 2.45, p = .085). Post-hoc #-tests showed a
significant increase for the NF group (threshold ¢ = 2.69,
t =4.14,p <.005), with an average increase of 74.55 %.
No significant pre- versus post-changes appeared for the
control group.

' The ¢ thresholds reported throughout this paper (for the r-max
randomization procedure) were computed at (« = .05).

@ Springer

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 (7,7 = 1.96,p = .067). Post-hoc
t-tests showed a significant increase for the NF group
(t¢ = 3.97,p <.005), with an average increase of 16.61 %.
The higher effects were found in posterior areas of the
scalp. No significant effects appeared for the task interval.
A desynchronization pattern was apparent, showing an UA
power decrease after the figures onset for both groups and
pre- and post-executions (Fig. 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 difference at statistical trend was found in absolute
power desynchronization (f;7 = —1.99,p = .063). Post-
hoc #-tests showed a significant increase for the NF group
(ty = —2.53, p = .032), with an average increase of
2.2uV?. Note that a positive difference denotes an increase
in desynchronization.

We assessed the EEG effects in three alpha sub-bands and
lower beta (LA, LA, 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- versus post- t-tests within each group. A significant
increase appeared in LA, 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 ¢ = 3.01, t = 4.10,p = .007), with an average
increase of 12.1 %. These effects in LA, power can be
observed in Fig. 3b. No significant pre- versus 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
(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.
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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.

We assessed the between-group differences by the
Group x Time interaction in the ANOVAs. A significant
effect appeared in part B of TMT test (Fy 7 =4.51,

-1.5-1-050051152253354455556 -15-1-050051152253354455556

Time (s)

Topoplots display the averaged pre- and post-power difference (uV?)
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 LA, LA,, UA, and LB frequency bands)

p = .049). Post-hoc r-tests showed that both groups
improved performance (NF: ty = —4.26, p <.005; Control:
t3 = —3.52, p <.01), with a higher improvement for the NF
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Table 1 Pre- and change scores (mean = SEM) on the behavioral results for each group

Test NF Control Paired-samples r-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) 259 .029 1.65 .137 0.00 .986
T™MT

Part A, time (s) 27.16 (3.59) —6.15 (3.03)  27.07 (3.92) —6.64 (2.69) —2.03 073 —-247 .039 0.01 .905

Part B, time (s) 5398 (4.11) —17.24 (4.04) 36.10 (3.54) —7.27(2.07) —-426 .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) 333 .009 3.61 .007 140 253

Reaction time (s) 4.49 (0.32) —0.68 (0.13) 4.14 (0.22) —044 (0.22) -518 <.001 -2.02 .078 093 349

The ¢- and p-values of the paired-samples z-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)

group. No significant between-groups differences appeared
for the other scores. We further conducted pre- versus post-
t-tests within each group as an exploratory analysis. PA-
SAT test showed a decrease in the number of errors for the
NF group only (9 = —3.05,p = .014), whereas the time
elapsed decreased for both the NF (g = —5.28, p <.001)
and control group (3 = —3.84,p = .005). The number of
recognized words in the RAVLT test increased for the NF
group only (g = 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 signifi-
cantly change for any group. Regarding the cognitive
task, the number of correct responses increased for both the
NF (%9 =3.33,p<.01) and the control group (f3 =
3.61, p <.01). The reaction time decreased for the NF group
only (t = —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 individual upper
alpha power measured over parieto-occipital locations. A
double-blind sham-controlled study was designed within a
short procedure (25 min 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
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of a single subject (not included in the study). The objec-
tive of the study was to investigate the NF effects on
several cognitive functions (working memory, episodic
memory, attention, concentration, executive functions and
mental rotation abilities) and to perform an extensive
evaluation of the effects on the electrophysiology. Note
that the reliability and specificity of the NF effects at
behavioral and electrophysiological level remain a com-
mon 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 corresponding increase
in upper alpha (in the same metrics). These effects may be
due to a 0.1 Hz decrease in the IAF immediately after
training (independent samples z-test: t17 = —2.33,p = .03),
which reduced the effects on upper alpha while increasing
the effects on the lower sections (see Fig. 2b). Note that
Escolano et al. (2011) also reported an IAF decrease
immediately after training. The IAF decrease was not
sustained 1 day after, which is consistent with previous
studies (Escolano et al. 2011; Zoefel et al. 2011). No sig-
nificant 1-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
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lower effects 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 defini-
tion was adopted, Klimesch 1999).

The analysis of the event-locked EEG effects during 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 conse-
quence, the NF group increased upper alpha desynchroni-
zation 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 Fig. 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 performed 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 recognized 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 improvement observed in the control group.
These effects in cognitive performance might be
explained by a strong learning effect due to repeated
measurements (30 min between test—retest in the cognitive
task, and 1 day in the psychological tests) and by the short
duration of the training, which might be insufficient 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 relation to other
works, a previous study (Hanslmayr et al. 2005) compris-
ing a single-session training of combined trials of theta
suppression and upper alpha enhancement (within-subjects
design) led to improved performance 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 exper-
imental condition. When debriefing the participants we
could have asked them to “guess” the condition they were
assigned. This point should be considered in future studies.
A limitation of the behavioral analysis was the high base-
line scores (e.g., the number of correct responses 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 psychological tests or cog-
nitive 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 sta-
tistical power.

Conclusions

This paper showed that 25 min of NF training produced
electrophysiological effects for the NF group only, show-
ing an upper alpha power enhancement immediately after
the training in task-related activity (not sustained 1 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 desyn-
chronization. Regarding the behavioral results, the NF
group showed higher performance improvement than the
control group, however no significant difference between
groups was obtained. Thus, although the electrophysio-
logical basis supporting the cognitive enhancement can be
obtained in a single session, 25 min of NF training seem
not enough to produce sustained effects on the EEG and to
reach significance level (between groups) in cognitive
performance. A higher number of training sessions is thus
necessary to achieve long-lasting effects on the electro-
physiology and enhance the behavioral results.

Acknowledgments This research has been partially supported by
Spanish Ministry of Science projects HYPER-CSD2009-00067 and
DPI2009-14732-C02-01, DGA-FSE, grupo T04.

References

Alexeeva, M. V., Balios, N. V., Muravlyova, K. B., Sapina, E. V., &
Bazanova, O. M. (2012). Training for voluntarily increasing
individual upper alpha power as a method for cognitive
enhancement. Human Physiology, 38(1), 40-48.

Basar, E., & Giintekin, B. (2008). A review of brain oscillations in
cognitive disorders and the role of neurotransmitters. Brain
Research, 1235, 172-193.

Brandeis, D. (2011). Neurofeedback training in ADHD: More news
on specificity. Clinical Neurophysiology, 122(5), 856-857.
Delorme, A., Sejnowski, T., & Makeig, S. (2007). Enhanced detection
of artifacts in EEG data using higher-order statistics and indepen-

dent component analysis. Neuroimage, 34(4), 1443—-1449.

@ Springer



236

Appl Psychophysiol Biofeedback (2014) 39:227-236

Enriquez-Geppert, S., Huster, R. J., & Herrmann, C. S. (2013).
Boosting brain functions: Improving executive functions with
behavioral training, neurostimulation, and neurofeedback. Inter-
national Journal of Psychophysiology, 88(1), 1-16.

Escolano, C., Aguilar, M., & Minguez, J. (2011). EEG-based upper
alpha neurofeedback training improves working memory per-
formance. In International conference of the IEEE Engineering
in Medicine and Biology Society (EMBC), Boston (USA),
pp. 2327-2330.

Escolano, C., Olivan, B., Lopez-del-Hoyo, Y., Garcia-Campayo, J., &
Minguez J. (2012). Double-blind single-session neurofeedback
training in upper-alpha for cognitive enhancement of healthy
subjects. In International conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), San Diego (USA),
pp. 4643-4647.

Escolano, C., Olivan, B., Lopez-del-Hoyo, Y., Garcia-Campayo, J., &
Minguez, J. (2013). Upper-alpha neurofeedback training for
cognitive enhancement: A single-session study. In Converging
clinical and engineering research on neurorehabilitation,
Springer, pp. 1281-1286.

Freunberger, R., Werkle-Bergner, M., Griesmayr, B., Lindenberger,
U., & Klimesch, W. (2011). Brain oscillatory correlates of
working memory constraints. Brain Research, 1375, 93-102.

Gronwall, D. M. A. (1977). Paced auditory serial-addition task: A
measure of recovery from concussion. Perceptual and Motor
Skills, 44(2), 367-373.

Gruzelier, J. H. (2013). EEG-neurofeedback for optimising perfor-
mance. I: A review of cognitive and affective outcome in healthy
participants. Neuroscience & Biobehavioral Reviews, 44,
124-141.

Gruzelier, J. H. (2014). EEG-neurofeedback for optimising perfor-
mance. III: A review of methodological and theoretical consid-
erations. Neuroscience & Biobehavioral Reviews, 44, 159-182.

Hanslmayr, S., Sauseng, P., Doppelmayr, M., Schabus, M., &
Klimesch, W. (2005). Increasing individual upper alpha power
by neurofeedback improves cognitive performance in human
subjects. Applied Psychophysiology and Biofeedback, 30, 1-10.

Holmes, A. P., Blair, R., Watson, G., & Ford, 1. (1996). Nonpara-
metric analysis of statistic images from functional mapping
experiments. Journal of Cerebral Blood Flow & Metabolism,
16(1), 7-22.

Hyvarinen, A. (1999). Fast and robust fixed-point algorithms for
independent component analysis. IEEE Transactions on Neural
Networks, 10(3), 626-634.

Klimesch, W. (1999). EEG alpha and theta oscillations reflect
cognitive and memory performance: A review and analysis.
Brain Research Reviews, 29(2-3), 169-195.

@ Springer

Klimesch, W., Sauseng, P., & Gerloff, C. (2003). Enhancing
cognitive performance with repetitive transcranial magnetic
stimulation at human individual alpha frequency. European
Journal of Neuroscience, 17(5), 1129-1133.

Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG alpha
oscillations: The inhibition-timing hypothesis. Brain Research
Reviews, 53(1), 63-88.

Lezak, M. D. (2004). Neuropsychological assessment. New York:
Oxford University Press.

Miranda, J. P., & Valencia, R. R. (1997). English and Spanish
versions of a memory test: Word-length effects versus spoken-
duration effects. Hispanic Journal of Behavioral Sciences, 19(2),
171-181.

Nan, W., Rodrigues, J. P., Ma, J., Qu, X., Wan, F., Mak, P. L, et al.
(2012). Individual alpha neurofeedback training effect on short
term memory. International Journal of Psychophysiology, 86(1),
83-87.

Niv, S. (2013). Clinical efficacy and potential mechanisms of
neurofeedback. Personality and Individual Differences, 54(6),
676-686.

Palva, S., & Palva, J. M. (2007). New vistas for alpha-frequency band
oscillations. Trends in Neurosciences, 30(4), 150-158.

Pfurtscheller, G., & Lopes da Silva, F. H. (1999). Event-related EEG/
MEG synchronization and desynchronization: Basic principles.
Clinical Neurophysiology, 110(11), 1842-1857.

Reitan, R. M. (1958). Validity of the Trail Making Test as an
indicator of organic brain damage. Perceptual and Motor Skills,
8(3), 271-276.

Rey, A. (1964). L’examen clinique en psychologie. Paris: Presses
Universitaires de France.

Sauseng, P., Klimesch, W., Heise, K. F., Gruber, W.R., Holz, E., Karim,
A., et al. (2009). Brain oscillatory substrates of visual short-term
memory capacity. Current Biology, 19(21), 1846-1852.

Stroop, J. R. (1992). Studies of interference in serial verbal reactions.
Journal of Experimental Psychology: General, 121(1), 15.
Tombaugh, T. N. (2006). A comprehensive review of the Paced
Auditory Serial Addition Test (PASAT). Archives of Clinical

Neuropsychology, 21(1), 53-76.

Vernon, D. J. (2005). Can neurofeedback training enhance perfor-
mance? An evaluation of the evidence with implications for
future research. App Psychophysiology and Biofeedback, 30,
347-364.

Yela, M. (1969). Rotacion de figuras macizas [Rotation of solid
figures]. Madrid: TEA.

Zoefel, B., Huster, R. J., & Herrmann, C. S. (2011). Neurofeedback
training of the upper alpha frequency band in EEG improves
cognitive performance. Neurolmage, 54(2), 1427-1431.



	The Effects of a Single Session of Upper Alpha Neurofeedback for Cognitive Enhancement: A Sham-Controlled Study
	Abstract
	Introduction
	Methods
	Participants and Experimental Design
	Psychological Tests and Cognitive Task
	EEG Recording and Neurofeedback Procedure
	EEG Screenings
	Neurofeedback Procedure

	EEG Analysis
	Offline EEG Pre-processing
	Analysis of EEG Screenings and NF Trials
	Analysis of Event-Locked EEG During the Cognitive Task
	Statistical Analysis


	EEG Results
	Analysis of EEG Screenings and NF Trials
	Analysis of Event-Locked EEG During the Cognitive Task

	Behavioral Results
	Discussion
	EEG Results
	Behavioral Results
	Limitations

	Conclusions
	Acknowledgments
	References


