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Fifty healthy participants took part in a double-blind placebo-controlled study in which they were either
given auditory alpha activity (8–12 Hz) training (N=18), random beta training (N=12), or no training at
all (N=20). A novel wireless electrode system was used for training without instructions, involving water-
based electrodes mounted in an audio headset. Training was applied approximately at central electrodes.
Post-training measurement using a conventional full-cap EEG system revealed a 10% increase in alpha activity
at posterior sites compared to pre-training levels, when using the conventional index of alpha activity and a
non-linear regression fit intended to model individual alpha frequency. This statistically significant increase
was present only in the group that received the alpha training, and remained evident at a 3 month
follow-up session, especially under eyes open conditions where an additional 10% increase was found. In
an exit interview, approximately twice as many participants in the alpha training group (53%) mentioned
that the training was relaxing, compared to those in either the beta (20%) or no training (21%) control
groups. Behavioural measures of stress and relaxation were indicative of effects of alpha activity training
but failed to reach statistical significance. These results are discussed in terms of a lack of statistical
power. Overall, results suggest that self-guided alpha activity training using this novel system is feasible
and represents a step forward in the ease of instrumental conditioning of brain rhythms.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Keeping upwith the pace ofmodern society seems to be increasingly
difficult for many people. It has been estimated that work-related
stress negatively affects at least 40 million workers in 15 countries
of the European Union, costing 20 billion Euros annually (European
Commission, Employment and Social Affairs, 1999, cited in Mental
health policies and programmes in the workplace, WHO, 2005).
Strategies for copingwith such stress can be diverse, for instance, sitting
in a comfortable chair with eyes closed and listening tomusic, practising
yoga, mindfulness training or other meditative techniques, or un-
dergoing a physical massage. Here we initiated a program which
explored whether instrumental conditioning of alpha activity (alpha
neurofeedback) could help people to relax in an enjoyable way at low
cost.
y, Tilburg University, P.O. Box
662492; fax: +31 13 4662370.
tel).

rights reserved.
1.1. Alpha activity1

Although the functional significance of brain rhythms in the alpha
range is not exactly known, an increase in alpha activity has often
been related to a decrease in cortical activity. Right from the discovery
of the alpha rhythm it was clear that it was greater with eyes closed,
and blocked when the eyes were opened. Presumably, the absence of
input to the visual cortex led the brain to exhibit an “idling” rhythm.
More recent theories (e.g., Klimesch et al., 2007) focus on the concept
of cortical inhibition. This perhaps gives alpha activity a more active
connotation, but still assumes a relationship between cortical inactivity
and increased alpha activity, which is further supported by research si-
multaneously recording EEG and fMRI (Goldman et al., 2002).

In the light of these theories it comes as no surprise that alpha activity
in humans has often been related to relaxation at the behavioural level.
Berger (1929) already observed that alpha activity could be blocked by
1 In line with Shaw (2003), we use the term ‘alpha activity’ to denote brain rhythms
in the alpha frequency range, including the traditional posterior alpha rhythm, the cen-
tral mu rhythm, and the temporal tau rhythm.
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attention or mental effort — the opposite of relaxation. Lindsley (1960)
related brain rhythms to arousal states, from coma to overactivity, and
assumed that alpha activity corresponded to a state of “relaxed wakeful-
ness”, in which attention wanders, free associative thought is favoured,
but which is still characterised by behavioural efficiency. Increasing
alpha activity by instrumental conditioning has been reported to
increase subjective feelings of relaxation and well-being (Hardt and
Kamiya, 1978; Nowlis and Kamiya, 1970; Watson et al., 1978; Rice et
al., 1993). One of the first systematic studies in this field is that of
Nowlis and Kamiya (1970). They asked participants to voluntarily
produce alternate intervals with either as much or as little alpha as
possible. Alpha levels differed between those trials, as did the verbal
labelling that the participants attached to the trials. For high alpha
levels, verbal reports included relaxation, awareness of breathing,
letting go, not focusing, floating, feelings of pleasure, security, and
warmth. For low alpha levels, reports included being alert and vigilant,
tension, agitation, and visual attentiveness. A similar pattern was
reported by Hardt and Kamiya (1978) who found that enhancing
alpha activity was associated with a reduction in anxiety levels,
but only for those with initially high levels. Since that time many
studies and reviews have been published on the relationship be-
tween alpha activity and topics like relaxation (e.g., Gruzelier,
2002), meditation (e.g., Cahn and Polich, 2006), and hypnosis (e.g.,
Perlini and Spanos, 1991; Gruzelier, 2002). Unfortunately, much of
the research focusing on manipulating alpha to enhance mood has
suffered from methodological difficulties such as the absence of ad-
equate control conditions (e.g., see the review of Vernon et al., 2009,
for a discussion).

1.2. Double-blind, placebo-controlled study design

In recent years there has been much improvement in the ease
with which brain potentials can be recorded, and in the speed of
computers that make it possible to calculate on-line feedback based
on these potentials. Thus, more elaborate studies have become possible,
and adequate control conditions have become much more feasible,
as well as the use of a double-blind, placebo controlled design, in
which both the participants and the experimenters are uninformed
about the experimental conditions. An important question in the
design of this type of study is what constitutes an adequate control
for alpha activity training. Many studies have used ‘treatment-as-
usual’ in which the control group does not come to the laboratory
for training, or a ‘no feedback’ condition, in which the participants
just sit and relax but receive no training. Such control conditions
are often very dissimilar to the training condition, and therefore
not ideal for a vigorous test. Alternatively, ‘mock’ training has
been used (e.g., Egner et al., 2002), in which the participants receive
feedback of a ‘typical’ training session or the feedback of another
participant, which is not temporally linked to the brain potentials
recorded in the actual session. Such a control condition is clearly
an improvement over no feedback conditions, because the control
usually resembles the training much more. An interesting design
was recently proposed by Hoedlmoser et al. (2008). They wanted
to train the sensorimotor rhythm (SMR; 12–15 Hz), and used train-
ing of random frequencies (bins of 3 Hz) between 7 and 20 Hz, ex-
cluding the target frequency range of 12–15 Hz. Hence, the real
training group always received feedback based on SMR, but the
control group received feedback based on one of the other bins,
and also a different bin in each training session. Thus, their control
group received real feedback training, as did the experimental
group, just not in the frequency band of interest. We consider this
design to be an improvement over the mock feedback set-up because
the control group receives real training in a situation that is otherwise
identical to the experimental group. Hence, we incorporated this into
our design in which alpha training could be compared to random beta
training.
1.3. Alpha activity training system

An important motivation for our study concerns the valorisation of
scientific knowledge.Wewanted to investigate whether instrumental
conditioning of alpha activity could be applied in a consumer product
aimed at normal, healthy, everyday users. For instance, we pictured a
person commuting on the train, wearing a device similar to an MP3
player, with earplugs or a headset, listening to his or her favourite
music while at the same time receiving relaxation therapy. This ambi-
tion resulted in various important design choices. First, we used audi-
tory feedback for training, because this would resemble an MP3-like
device. Specifically, because we wanted people to listen to their
own favourite music, this also meant that the feedback needed to be
a manipulation of music characteristics. The three aspects of sound
waves are amplitude (perceived as loudness), frequency (perceived
as pitch), and complexity (perceived as timbre). Pilot work showed
that a simple high-pass filter on the sound greatly affected music
quality, making the music sound very distant and thin. This turned
out to be the basis of a very intuitive form of feedback, especially be-
cause people know their own favourite music very well. In fact, the
feedback was so intuitive that no instructions were needed to be
given to the participants for training to occur. Using auditory feed-
back is also the reason for incorporating a third condition in our de-
sign — a group of participants who did nothing else other than
listening to their favourite music. In this way, we hoped to assess
any differences of alpha activity training not only in comparison to a
well-controlled beta training condition, but also relative to listening
to music only. Listening to music is perceived by many people as
relaxing, and for a new device to be successful it should add value
to that already relaxing experience.

Secondly, if such a device is to be used outside of the laboratory in
real-life situations, the measurement of alpha activity should be
greatly simplified. It goes without saying that using electrodes that
require conductive gel or paste are out of the question. Innovation
is required to reach our ambition of valorisation. Our ultimate aim is
to use dry electrodes connected (with or without wires) to a record-
ing system built into an MP3-like device. However, as an intermediate
step, here we used water-based electrodes mounted into the connec-
tion band of a consumer-style auditory headset, connected to a porta-
ble amplifier that transmitted the signals via Bluetooth to a computer
that controlled the feedback (in the future the computer could be
replaced by an MP3-like device or smartphone). Using this set-up,
the participants could apply the headset by themselves, and the com-
puter software would give them feedback about signal quality. For the
purpose of this study, an experimenter applied some control signals
such as ECG and EOG that could be disposed of in real life situations.
Nevertheless, such a set-up enabled us to investigate whether such a
water-based electrode system, which is likely to result in signals of
lower quality then with a conventional system, would be sufficiently
sensitive to enable adequate alpha activity training which in turn
would increase relaxation. Our system already represents a big im-
provement over conventional neurofeedback equipment, which is
mostly gel-based and can only be used by trained personnel.

The brain rhythm that can be measured over the central scalp is
called the mu or sensorimotor rhythm (SMR), and is often of a slightly
higher frequency than the alpha rhythm. Functionally, it is thought to
be similar to the alpha rhythm in that it blocks in response to motor
action, just as the alpha rhythm blocks in response to visual input
(Pfurtscheller and Aranibar, 1979). Thus, we wanted to know wheth-
er training at central sites is related to subjectively experienced relax-
ation, just as training at more posterior sites is thought to be, and also
whether central training generalises to other brain areas. There is
some, but not much, evidence that training of brain rhythms may
generalise over the scalp (e.g., Egner et al., 2004).

To summarise, we investigated the effect of alpha activity training
at central locations on alpha activity itself, measures of heart rate
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variability, and subjectively experienced relaxation.Weused an innova-
tive set-up with water-based electrodes in young healthy participants,
and relatively short training periods in 15 sessions on consecutive
days. Using short training periods in young participants (mostly college
students) who might be considered already very relaxed perhaps
means that the chances of finding strong effects are not very high. On
the other hand,we reasoned that such a situation constitutes a powerful
test, and that finding such effects would be quite meaningful and
important.

2. Methods

2.1. Participants

Participants were recruited by means of a website that explained
the procedures involved in the research in great detail. A total num-
ber of 171 persons (48 male, 123 female) indicated on the website
that they wanted to participate in the research. Their age ranged
from17 to 27 years (mean20.5 years). One personwas rejected because
of hearing problems; 109 persons either did not follow up on our
request, turned out to be unavailable at the time of the research,
or decided to cancel their participation. The remaining 62 provided
written informed consent and were randomly assigned to one of
three groups (see Design and procedure): alpha training (A), random
beta training (B), or control (C, music only). Twelve persons had to be
excluded from the final analyses, either because they failed to complete
the training sessions (N=5), or because of technical problems during
the sessions (N=7). The final group consisted of 50 participants
(36 female, 14 male), mostly psychology students, all right handed
and in good health with normal or corrected-to-normal vision and
hearing. They were distributed over the three groups as follows: A
(alpha training): N=18 (12 female), mean age 20.68 years (18–25,
S.D. 1.79 years); B (random beta training): N=12 (9 female), mean
age 20.59 years (19–23, S.D. 1.50 years); C (control, music only):
N=20 (15 female), mean age 21.02 years (18–25, S.D. 2.06 years).
The three groups did not differ statistically in mean age (F(2,47)
=0.26, p=.775). All participants were paid about € 300 plus travel
expenses for their participation.

Although the participants were informed about the overall purpose
of the study, details such as the different conditions were not revealed.
The participants as well as the experimenters were blind to the experi-
mental condition that a particular participantwas randomly assigned to
(double-blind design).

2.2. Design and procedure

An overview of the experimental design can be found in Fig. 1a.
After signing in on the website, participants filled in a medical ques-
tionnaire, and performed on-line versions of a Sternberg memory
task and a 2D mental rotation task. The medical questionnaire was
screened for a history of psychiatric or neurological disease by qualified
personnel.

2.2.1. Pre-training, post-training and follow-up measurements
The neurofeedback training period (see neurofeedback training) was

immediately preceded and followed by a quantitative EEG (qEEG)
session that lasted about 4 h. The same recording was again con-
ducted at a follow-up 3 months after the second measurement. We
aimed to achieve a one week delay between the first qEEG session
and the start of training and between the end of training and the second
qEEG session.

The qEEG recording sessions were conducted in a dimly-lit and
quiet experimental chamber that was not electrically shielded. The
measurements consisted of a qEEG including neuropsychological
tests according to the protocol developed by the Brain Resource
Company (Brain Resource, Inc.). EEGwas acquired using a Neuroscan
system using a Quickcap and 40 channel NuAmps recording from 26
electrodes located according to a 10–10 system from the following
sites: Fp1, Fp2, F7, F3, Fz, F4, F8, FC3, FCz, FC4, T3, C3, Cz, C4, T4,
CP3, CPz, CP4, T5, P3, Pz, P4, T6, O1, Oz and O2, referred to algebraically
linked ears. Horizontal eye movements were recorded from electrodes
placed 1.5 cm lateral to the outer canthus of each eye. Vertical eye
movements were recorded with electrodes placed 3 mm above the
middle of the left eyebrow and 1.5 cm below the middle of the left
bottom eye-lid. In addition, facialmuscle activitywas recorded bilateral-
ly from the orbicularis oculus and the masseter muscles. Electrodermal
activity was recorded from the left index finger. Heart rate was recorded
from an electrode placed on the left wrist, and R–R intervals were
detected by a computer algorithm that was manually checked and
corrected if necessary. EEG data was recorded relative to the virtual
ground and referenced offline to linked mastoids; EMG and heart
rate data was recorded using a bipolar set-up. Electrode impedance
was kept below 5 kΩ. Data was low-pass anti-aliasing filtered at
100 Hz (12 dB/octave roll-off) and then sampled at 500 Hz using a
22 bit A/D converter.

The EEG was recorded during periods of 2 min eyes open and eyes
closed, and the data recorded in these intervals is used in the present
report. Event-related potentials in an auditory oddball task, Go/NoGo
task, and continuous performance task were also recorded, but are
not reported here. Also not included here are the data collected
from the neuropsychological testing module (IntegNeuro).

After the second and third qEEG sessions, interviewswere conducted
with each participant individually and these were recorded.

2.2.2. Training sessions
In the 3 weeks after the first qEEG measurement, the participants

came to the lab to undergo the neurofeedback training on 15 consec-
utive working days. This turned out to be practically impossible for
some participants, but everyone completed the 15 training sessions
within 4 weeks. The training sessions took place in a normal office
room, in which each participant was seated in a comfortable reclining
chair in front of a small table with a laptop on it. There were five such
chairs and tables with laptops in the room, separated by wooden par-
titions, so that 5 participants could be trained at the same time by a
single experimenter. The whole training session was automated as
much as possible. The experimenter supervised the whole training
session, and only took action in case something was wrong (usually
bad electrode contacts, which were automatically signalled).

The participants were given a set of headphones that they used for
listening to their favourite music. Participants could either bring their
own music for that particular day on an MP3 player, or they could select
that day's music from a playlist containing thousands of songs from a
myriad of artists. Therewas no limitation to the kind ofmusic participants
could listen to. Categories included genres like hard rock, easy listening
and classical music.

EEG was measured using Ag/AgCl ring electrodes (outer diameter:
12 mm; inner diameter: 5 mm), mounted at the inner side of the
band connecting the ear covers of the headphone. The electrodes
were positioned roughly over C3 (measured against A1, mounted in
the left ear cover) and C4 (measured against A2, mounted in the
right ear cover). Tap water was used to optimise the contact between
the electrodes and the skin. No impedance checks were made, but the
quality of the data was assessed on-line via the ratio of the power in
the 49–51 Hz (noise) range, relative to the power in the 4–35 Hz (signal)
range. The signals were amplified (DC-400 Hz) and sampled at a rate
of 1024 Hz by a 24 bit A/D converter on a Nexus-10 portable device
(MindMedia B.V., The Netherlands). The signals were transmitted
via Bluetooth to a PC that controlled the experiment, and at the
same time stored the data on a flash SD card for off-line analysis.

Horizontal and vertical EOG was measured from electrodes at the
outer canthi and above and below the left eye, respectively. The electro-
cardiogram (ECG) was recorded from electrodes attached to the left



Fig. 1. Schematic representation of the time line of the whole experiment (a), and of a single neurofeedback training session (b).
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and right wrists for ease of electrode application. Skin conductance
and respiration were also measured, but are not reported here. All
these signals were amplified and sampled by means of the Nexus-10
device.

The neurofeedback protocol was applied as follows. Eight times
per second (each 125 ms) a segment of the preceding 4 s was filtered
by a third-order Butterworth band-pass filter from 4 to 35 Hz, and a
first order notch filter at 50 Hz. To be usable for a feedback update,
this segment should fulfil three criteria: (i) no clipping or overflow
of the amplifier; (ii) peak-to-peak of at most 200 μV; (iii) the ratio be-
tween the line noise (49–51 Hz) and EEG power (4–35 Hz) should be
smaller than 1.0. The feedback update depended on the group that a
particular participant was assigned to:

A. Alpha training. For each channel (C3–A1, C4–A2), the relative
alpha power was calculated as the sum of the power in the alpha
band (8–12 Hz), divided by the sum of total power (4–35 Hz). A
low cut-off frequency of 4 Hz was used in the calculation of total
power to be relatively free of slow drift artefacts. If both channels
showed a good epoch of 4 s, then the average of the two channels
was used. If only one channel yielded a good epoch, then only that
channel was used. If neither channel resulted in a good epoch,
then no feedback update was given. The relative alpha measure
was filtered by a first-order IIR filter with a time constant of 4 s.
In this way, the speed of the changes in the feedback was
smoothed somewhat, and did not go back and forth too quickly.
The feedback measure was used to drive the cut-off frequency of a
first-order high-pass filter built into the audio path of the music
played through the headphones. This cut-off frequency equalled
2 Hz if the current alpha level was greater than the maximum
alpha level for the previous part, and 2000 Hz if the current
alpha level was lower than the minimum alpha level for the pre-
vious part. For intermediate levels, a linear interpolation was
done in such a way that the cut-off frequency was high for low
current alpha levels and low for high alpha levels. Using the fol-
lowing formula: fc=2000−(2000−2)∗(alpha−min_alpha) /
(alpha_max−alpha_min), where fc=audio cut-off frequency,
alpha=current alpha level, min_alpha=minimum alpha level,
and max_alpha=maximum alpha level. This procedure resulted
in a very intuitive feedback mechanism in which a person's own
well-known favourite music sounded thin and distant if alpha
levels were low because the low tones were removed. When
alpha levels were high, however, the music sounded rich and
full, as the participants were used to hearing it.

B. Random beta training. The procedure for this condition was exactly
the same as for the alpha group, except for the EEG frequency used
to drive the audio filter, which was always in the beta range. The
beta level was a 4 Hz bin (same bin width as the alpha range),
randomly chosen on each day (session) between 14 and 30 Hz.
Beta bands on different days did not overlap. The minimum and
maximum beta levels were calculated from the first eyes open
measurement of that day in the band that was chosen for that
day. Thus, the random beta group also received training, but not
in a fixed frequency band, and not in the alpha range.

C. Control: no feedback (music only). In this condition, the quality of the
music did not vary as a function of an EEG rhythm. The participants in
this group always listened to their favourite music in full quality.
Thus, there was no training in this condition, but the participants
did complete all tasks just like the participants in the other two
conditions.

Importantly, all participants received no instructions about the
training. They were not told that they were expected to increase the
quality of the music; they were only asked to ‘sit back and relax’.

A training session on a particular day always consisted of the same
sequence of tasks. After the signals were determined to be valid, a base-
line measurement of 5 min rest with eyes opened was recorded, fol-
lowed by 5 min with eyes closed. After that, 3 neurofeedback training
intervals of 8 min duration were interspersed by cognitive tasks lasting
about 5 min each. The (fixed) sequencewas:flanker task, neurofeedback
training 1, stop-signal task, neurofeedback training 2, Stroop task, neuro-
feedback training 3, N-back task. The purpose of this sequence, which is
depicted in Fig. 1b, was fourfold. First, we wanted to avoid participants
falling asleep during one long neurofeedback session in which they
simply listened to their favourite music in a comfortable reclining
chair. Secondly, we wanted to assess the effects of alpha training
on simple cognitive tasks administered longitudinally. Thirdly, by al-
ternating conditions of relaxation and cognitive work, we hoped to
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capture details relating to the dynamics of the alpha rhythm. Finally,
it allowed us to match alpha levels to the audio filter.

2.2.3. Questionnaires and subjective data
We also assessed possible effects of the neurofeedback training on

mood, perceived stress, sleep quality, and general quality of life. The
participants were asked to fill in questionnaires on the first, middle
and last training sessions, as well as in the follow-up session. Because
the first and last training sessions were close in time to the pre- and
post-training qEEG sessions, we used the questionnaire data from
those sessions to match the alpha power and heart rate variability
(HRV) data on the pre- and post-training qEEG sessions. The ques-
tionnaires that the participants filled in were:

Mood: we used the abbreviated Dutch version of the Profile of
Mood States (POMS; Van der Ark et al., 2006).
Stress: the tension subscale of the POMS was used as a measure of
subjectively perceived stress. In addition, we used the Dutch ver-
sion of the Perceived Stress Scale (PSS, Cohen et al., 1983).
Sleep: a Dutch translation of the Karolinska Sleepiness Scale (KSS;
Akerstedt, 1990) was administered. The participants also filled in
the Dutch version of the Sleep-50 questionnaire (Spoormaker
et al., 2005).
Quality of life: the Dutch WHOQoL-bref is an abbreviated version
of the WHO Quality of Life questionnaire that correlates well
with the full version (Trompenaars et al., 2005).
Subjective relaxation: at the beginning of each training session, the
participants also indicated their momentary subjective relaxation
state using a visual analogue scale (VAS) presented on the computer
screen, onwhich they had to position a vertical mark on a horizontal
line using the computer mouse. They also did this after each sepa-
rate phase of a training session (eyes open, eyes, closed, training
periods, cognitive tasks). Thus, there were 10 subjective relaxation
measurements taken in each of the 15 training sessions.

2.3. Data analysis

2.3.1. qEEG measurements
The signal analysis in the alpha frequency domain in the pre-

training, post-training, and follow-up sessions was computed on
2 min eyes open and 2 min eyes closed segments. Alpha power
spectral density was estimated using the Welch (1967) method
on digitally filtered EEG. The EEG and EOG data channels were
first off-line filtered with a 50 Hz first order (6 dB down per octave)
notch filter for removing line noise, and then by a third-order
(18 dB down per octave) Butterworth high-pass filter at 1 Hz and
low-pass at 65 Hz. EEG spectra were computed and the EEG record
was then segmented in 75% overlapping intervals of 4 s. Thus, each
epoch was shifted 1 s forward in time, and there were 120 segments
in total. Horizontal and vertical EOG channels were used to correct the
EEG signal for eyemovement artefacts using a linear regressionmethod
with separate coefficients for horizontal and vertical eye movements
(cf. Verleger et al., 1982). This correction was only applied if the
EOG in a particular segment exceeded 60 μV. The segments were
then transformed to the frequency domain using a Hanning window
for tapering. The FFT power values were then transformed to a log10
scale and all frequency components (0.25 Hz resolution)were averaged
to form the frequency bands Alpha (8–12 Hz), Beta (15–30 Hz), and
Total Power (4–35 Hz). Relative alpha and beta power were calculated
as the ratio between alpha or beta and total power.

We also used a novel method to estimate the individual alpha peak
(IAF). Peak alpha varies as a function of cognitive performance andmay
represent a permanent functional parameter (e.g., Klimesch, 1997),
and is therefore a useful and acceptable measure. This method is
more fully described in Appendix A, and used in the Results section
as an addendum, not a replacement, of alpha power measured as
the mean in the 8–12 Hz band. However, we feel that it captures
the essential features of the peak alpha concept better than traditional
methods.

2.3.2. Heart rate variability
The raw R–R intervals were exported to the Kubios package for

HRV analysis (Tarvainen et al., 2009). This package produced a cardiota-
chogram, which was again checked by eye for any remaining artefacts
(there were none). The package calculates time domain measures
HRV, of which we used the following: the standard deviation of the
RR intervals (SDNN), the root mean square of successive differences
(RMSSD), the number of successive intervals differing more than
50ms (NN50), the corresponding relative amount of these intervals
(pNN50), and the HRV triangular index. The frequency domain mea-
sures we used were: low frequency power (LF; 0.04–0.15 Hz), high
frequency power (HF; 0.15–0.4 Hz), also in normalised units (nLF
and nHF, relative to total power), the LF/HF power ratio, and peak
frequencies for each band. All measures were calculated based on
FFT transformed heart period series, and on autoregressive models
of the series. Finally, the following non-linear methods of HRV
were used: the SD1 and SD2 axes of the Poincaré plots, approximate
entropy (ApEn), sample entropy (SampEn), detrended fluctuation
analysis (DFA), and the correlation dimension D2. All measures,
which followed international recommendations (Malik et al., 1996;
Berntson et al., 1997) were log10 transformed to make their sampling
distributions Gaussian.

2.3.3. Statistical analysis
Before statistical analysis, we checked all measures for normality of

the sampling distribution, and log-transformed the data if necessary.
We then computed linear mixed models with fixed between-subjects
factor Group (levels A=alpha, B=beta, C=control), and random
within-subjects factors Sessions (levels 1=pre-training, 2=post-
training, 3=follow-up), and Participant. For tests involving different
electrodes, we defined further appropriate fixed factors as necessary.
Covariance structure was determined based on the information criteria
given by the statistical output, but did not differ very much between
covariance types. We always used an autoregressive (1) pattern with
random intercept and random slope, because that seemed the best
match to our design with three sessions. Mixed models have the
advantage being able to cope withmissing values. Because of a varying
number of missing values for each dependent variable, the number of
degrees of freedom for identical tests may vary somewhat between
dependent variables. Observed power was calculated at an alpha
level of 0.05. All calculations were done using SAS PROC MIXED 9.1.

3. Results

3.1. Alpha power recorded with qEEG and with the novel system

Fig. 2 shows the full power spectra of all participants as measured
with the novel headset on the first training day. These data resemble
spectra recorded with conventional EEG systems quite well, and the
alpha peak is clearly discernible around 10 Hz. Fig. 3 shows grand
average spectra recorded from C3 and C4 with the conventional
full-cap EEG system on the first qEEG measurement, together with
spectra recorded with the novel system on the first training day.
This figure shows that the systems were remarkably alike in the
alpha frequency range; the difference at higher frequencies arises
because of the different ways that 50 Hz line noise was filtered.
Alpha power (8–12 Hz) recorded with the qEEG system and with
the novel system could not be distinguished statistically (qEEG versus
headset: F(1,43)=1.67, n.s.; eyes open versus eyes closed: F(1,43)=
9.87, pb0.01; C3 versus C4: F(1,43)=0.28, n.s.). In addition, the



Fig. 2. Full power spectra of all participants, recorded with the novel EEG system using
water based electrodes mounted into the headset. Electrode C3–A1, eyes closed. Note
the prominent alpha peak around 10 Hz.

Fig. 4. Percentage of participants who – unprompted – explicitly mentioned that the
training was relaxing in the exit interview, as a function of group.
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correlations between the alpha power values recorded with the two
systems were always between 0.8 and 0.9 (C3, eyes open: 0.88; C3,
eyes closed: 0.80; C4 eyes open: 0.88; C4, eyes closed: 0.84). In sum,
the novel system allowed recording and thus training alpha activity
very well.
3.2. Guided interviews

As a qualitative measure of the way in which the participants per-
ceived the training sessions, we examined how many participants in
each group indicated that the sessions were relaxing, without them
being prompted. We did not inform the participants that this study
was about relaxation, and asked them neutrally about how they expe-
rienced the training. We then counted the number of people that
reported spontaneously that they thought the training was relaxing.
The resulting percentages are depicted in Fig. 4. In the alpha training
group (A), 53% of the participants spontaneously remarked that they
experienced the training sessions as relaxing, as opposed to 20% in
the random beta group (B) and 21% in the music only control group
Fig. 3. Grand average power spectra of C3–A1 (left) and C4–A2 (right), recorded under ey
headset.
(C). Hence, about twice as many in the alpha training group sponta-
neously mentioned relaxation compared to the control groups.

3.3. Behavioural data (questionnaires)

Statistical tests on the questionnaires are given in Table 1. As can
be seen in the table, there were only a few effects of the training
conditions on the behavioural scales. Only the Environment dimen-
sion of the Quality of Life scale, and Factors Influencing Sleep,
yielded statistically significant effects across sessions, as a function
of group. The means from these effects (Fig. 5) indicated that they
were mainly due to the music only control condition not to one of
the training conditions. However, looking at the means displayed
in Fig. 5, it is striking that, with the exception of those two tests,
all patterns are largely as one would expect based on the hypothe-
sis that alpha training – not random beta or music only – induces
relaxation. Perceived stress decreases over sessions in the alpha
group, whereas it remains roughly the same in the other groups.
POMS Vigour increases in the alpha group and decreases in random
beta and music only control groups. The POMS Negative Mood
scales all seem to decrease to a greater extent in the alpha group
than in the other groups. Similar relations can be observed for the
es open and eyes closed conditions from the conventional qEEG system and the novel
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Table 1
Statistical effects for behavioural data (questionnaires).

Effect Group Session Group∗Session

df F Power df F Power df F Power

Perceived stress 2,47 0.10 0.06 2,89 0.37 0.11 4,89 0.44 0.15

Mood
Tension 2,47 0.07 0.06 2,86 2.35 0.46 4,86 1.30 0.39
Anger 2,47 0.33 0.10 2,86 0.05 0.06 4,86 0.39 0.14
Fatigue 2,47 0.50 0.13 2,86 0.46 0.12 4,86 1.43 0.43
Depression 2,47 0.10 0.06 2,86 0.56 0.14 4,86 0.96 0.29
Vigour 2,47 1.14 0.24 2,86 0.24 0.09 4,86 0.68 0.21

Quality of life
Physical 2,47 0.12 0.07 2,86 0.19 0.08 4,86 2.19 0.62
Psychological 2,47 0.27 0.09 2,86 0.70 0.17 4,86 0.31 0.12
Environment 2,47 1.56 0.32 2,86 0.44 0.12 4,86 2.79⁎ 0.74
Social relationships 2,47 0.05 0.06 2,86 0.59 0.15 4,86 0.24 0.10

Sleep
Rating 2,47 2.36 0.45 2,78 1.81 0.37 4,78 1.02 0.31
Sleep duration 2,47 1.42 0.29 2,78 0.59 0.15 4,78 1.63 0.48
Complaints daily function 2,47 0.81 0.18 2,78 1.56 0.32 4,78 1.21 0.36
Factors influencing sleep 2,47 0.12 0.07 2,78 0.17 0.08 4,78 4,50⁎⁎ 0.93
Nightmares 2,47 0.98 0.21 2,78 2.33 0.46 4,78 0.36 0.13
Circadian rhythm sleep disorder 2,47 1.38 0.28 2,78 7.50⁎⁎ 0.94 4,78 1.46 0.43
Insomnia 2,47 2.98 0.55 2,78 0.09 0.06 4,78 0.76 0.23

⁎ pb .05.
⁎⁎ pb .01.
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Quality of Life and the Sleep scales. Thus, the formal tests might not
reveal statistically valid differences, but it is intriguing that most
variables show the expected pattern. Such a situation suggests a possi-
ble power problem— that is, theremight have been too fewparticipants
in the study to draw statistically valid conclusions. The overall low
power values listed in Table 1 support such an interpretation.

Subjective relaxation identified using the visual analogue scale
(VAS) was not measured during the pre-training, post-training, and
follow-up measurements. However, we compared the average re-
laxation scores of the first and the last training session, as a means
to investigate whether subjective relaxation changes during the
training were specific to the training groups. Unfortunately, this
was not the case. Mean relaxation scores were slightly smaller in
the last compared to the first training session, but the corresponding
effect failed to reach significance (Session: F(1,47)=0.36, n.s., power=
0.09; Group: F(2,47)=2.20, n.s., power=0.43; Session∗Group:
F(2,47)=0.43, n.s., power=0.12).

3.4. qEEG measurements

We performed omnibus tests on relative alpha power (8–12 Hz/
4–35 Hz) for a subset of posterior electrodes, C3, C4, P3, P4, O1, O1,
and we defined the appropriate within-subjects factors Position (C,
P, O), and Laterality (left, right). As expected, alpha power was larger
for eyes closed than for eyes open (F(1,47)=491.15, pb0.001,
power=1.00), and larger at occipital and parietal electrodes com-
pared to central electrodes (F(2,94)=8.06, pb0.001, power=0.95).
The difference between eyes open and eyes closed was largest in the
alpha training group and smallest in the music only control group,
and the random beta group had an intermediate value (F(2,47)=
5.79, pb0.01, power=0.85).

In all three groups, alpha power increased over sessions
(F(2,90)=66.96, pb0.001, power=1.00). Importantly, the increase
in relative alpha power was largest for the alpha training group
(F(4,90)=20.60, pb0.001, power=1.00), especially in the eyes
open condition (F(4,89)=6.39, pb0.001, power=0.99). Fig. 6 provides
a visual representation of this effect. The figure not only shows the
greatest increase in the alpha training group, but also that alpha levels,
especially in eyes open, continued to increase after the post-training
measurement to the follow-up meeting 3 months later. For eyes open,
the increase between the pre- and post-trainingmeasurements roughly
equals a further increase between the post-training and the follow-up
measurement. Apparently, the participants learned how to control
their alpha level, andmaybe through rehearsing evenwithout receiving
feedback were able to increase it further. At any rate, the effect of alpha
training did not fade after training.

We also tested relative beta power (15–30 Hz/4–35 Hz) to inves-
tigate whether they would show a similar pattern to that seen for
alpha activity. For relative beta power, a completely different pattern
of results was found. Relative beta power was larger in eyes open
compared to eyes closed (F(1,47)=126.13, pb0.001, power=1.00) —
as expected the opposite of alpha power. The difference between eyes
open and eyes closed was exactly equal for the alpha and random
beta training groups, and smaller in the music only control group
(F(2,47)=9.48, pb0.001, power=0.97). Beta power decreased
over sessions (F(2,90)=13.99, pb0.001, power=1.00), especially
in the random beta group (F(4,90)=15.50, pb0.001, power=1.00).

We then used a non-linear regression model (Appendix A) to esti-
mate the individual alpha frequency and its power. The IAF power (C
parameter in the model) was greater for eyes closed than for eyes
open (F(1,47)=1074.14, pb0.001, power=1.00), and largest over
occipital electrodes and smallest over the central pair (F(2,94)=
47.24, pb0.001, power=1.00), especially for eyes closed (F(2,94)=
36.91, pb0.001, power=1.00), and this scalp distribution was most
prominent in the alpha training group (F(4,94)=3.70, pb0.01,
power=0.87). As in the relative alpha power, IAF power estimated
by non-linear regression increased from the pre-training to the
post-training session, only for training with eyes open (F(2,89)=
3.89, pb0.05, power=0.70), and continued to increase in the alpha
training group but not in the other groups (F(4,89)=6.83, pb0.001,
power=0.99). No other statistically meaningful differences were
found for the C parameter in the model. The IAF itself (D parameter
in the model) was smaller in the random beta group compared to
the alpha and music only control groups (F(2,47)=19.00, pb0.001,



Fig. 5. Averaged scores of the behavioural questionnaires, separately for groups and recording sessions.
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Fig. 6. Increase in relative alpha power over sessions, as a function of experimental group, separately for recordings made with eyes open and eyes closed.
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power=1.00), especially for eyes open (F(2,47)=35.20, pb0.001,
power=1.00) and smaller at central than at parietal and occipital
electrodes (F(2,94)=24.78, pb0.001, power=1.00), especially in
the eyes open task in the random beta group (F(2,94)=2.73,
pb0.05, power=0.73). Turning now to the possible effects of training
in the IAF, we found that in the recordings with eyes closed the indi-
vidual alpha frequency slightly decreased from the pre- to the post-
training session, relative to the eyes open recordings. However, at
the follow-up measurement, both eyes open and eyes closed record-
ings showed IAF values that had returned to the pre-training level
(F(2,89)=6.04, pb0.01, power 0.87). This effect was somewhat stron-
ger in the random beta group compared to the other two groups
(F(4,89)=2.58, pb0.05, power=0.70). Importantly, there were no
session effects of alpha activity training; the IAF seems to be a rela-
tively stable subject characteristic uninfluenced by the alpha training
procedure.

We also produced topographic maps of power at the IAF resulting
from the non-linear regression model described in Appendix A. Fig. 7
illustrates the difference between post-training and pre-training peak
alpha activity (eyes open) as indexed by the C-parameter, along with
Fig. 7. Upper: topographic map (eyes open) of the difference between post- and pre-
training peak alpha power measured by the C parameter in the nonlinear regression fit
(see Appendix A; scale in log10(μV2)); middle: probability map of the paired t-test of
post- versus pre-training peak alpha activity; bottom: significance map of same t-test.
the corresponding probability and significance maps. It can be seen
that the alpha increase that resulted from the alpha training mainly
involved the left fronto-central areas (near to the training site), and
surprisingly also the right occipital area (distant from the training
site). No appreciable changes were observed for the random beta
and music only control groups. The activity recorded when the eyes
were closed did not show a statistically meaningful increase in
alpha activity from the pre-training to the post-training session.

3.5. Heart rate variability

The mean R–R interval was not influenced by the training (e.g., ef-
fect of Sessions: F(2,90)=2.29, n.s.). Overall heart rate variability
(SDNN) did not respond to training either, but in the random beta
group was greater for eyes closed than for eyes open, whereas the re-
verse was true for the music only control group (Task∗Group interac-
tion; F(2,47)=4.46, pb0.05, power=0.74), and the same pattern
was found for RMSSD (F(2,47)=3.35, pb0.05, power=0.61). Spec-
tral analysis was used to decompose the variability further, and we
observed the same effect for high frequency power (HF; F(2,47)=
4.61, pb0.05, power=0.75), but not for low frequency power
(F(2,47)=2.51, p>0.05). No other effects of training on any of the
HRV parameters were found, so it appears that our training did not
affect heart rate variability systematically. The full analyses and in-
volved means are available as supplementary information.

4. Discussion

The purpose of this study was to investigate whether alpha activity
training using an innovative self-guided system with water-based
electrodes mounted in an audio headset was feasible. There are several
indications that supported this feasibility. First, the system was able to
record EEG in the alpha range, of which the spectral properties corre-
spond to what is usually reported in the literature. Spectral plots of
EEG records show power decreases as a function of frequency, with a
clear alpha peak around 10 Hz. In addition, alpha power recorded with
a conventional qEEG system and with the novel system was statistically
indistinguishable. Importantly, alpha training using our new system
resulted in an increase in alpha activity as recorded using a conventional
EEG system. Alpha activity increased specifically in the group that
received alpha training, but not in the other groups in which either
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random beta or no training was given. Beta activity did not increase
in the alpha training group, indicating that the training elicited a fre-
quency specific effect, and did not simply increase overall EEG power.
The present findings add to the growing body of literature on the
trainability of alpha activity in relation to relaxation (e.g., Dempster
and Vernon, 2009; Egner et al., 2002; Gruzelier, 2002). These specific ef-
fects of alpha activity training on alpha activity as opposed to beta
activity were evident despite a stringent control condition that included
real training of random beta frequencies (Hoedlmoser et al., 2008).
For the most part the result of random beta training was statistically
indistinguishable from a second control condition in which the partici-
pants merely listened to their favourite music. The inclusion of these
two control conditions is a strong point of the present study, and demon-
strates the trainability of alpha activity beyond doubt.

Alpha activity recorded with the eyes open exhibited the largest
increase. It is tempting to relate these findings to the fact that the
alpha training was given with the eyes open. Alpha training is often
given with eyes open because the training itself may rely on information
provided by the visual feedback (see Angelakis et al., 2007). However,
the differential effects of training with eyes open and eyes closed on
post-training recordings of eyes open and eyes closed activity, is not
well studied (see Vernon et al., 2009). The present study was not
designed to specifically study these effects, but our results suggest
that the effects with eyes open training may not generalise to training
with eyes closed.

Another important result of the present study is that the increase in
alpha activity as a result of alpha training persisted, and increased slight-
ly, at the follow-up session 3 months after the last training session. In the
interval between the post-training measurement and the follow-up
measurement, the participants did not receive any additional training,
or other information about the experiment. Furthermore, these effects
were specific to the alpha training group, so the changes brought about
by the alpha trainingwere long lasting. It is possible that the participants
in the alpha training group, unlike those in the random beta or music
only control groups, learned to produce a solid alpha rhythm that they
could possibly evoke at will whenever needed. Such a possibility not
only supports the conclusion that use of such an innovative self-guided
system can elicit learning, with regards to altering alpha activity, but
that due to the self-guided nature of the learning it is also more easily
maintained. However, further research is needed in order to substantiate
such a claim.

This pattern of results was roughly similar when alpha activity was
defined broadly as being in the 8–12 Hz range, relative to the total
range of 4–35 Hz, and in the model of the individual alpha peak
using a non linear regression analysis. The regression model has the
advantage over the broad definition in that it is much more specific,
and it has the ability to model the individual alpha frequency as well
as the power at that frequency. Although the training conducted
here was based on the broad 8–12 Hz power band and was sufficient
to show clear changes as a function of the training, future research
may wish to utilise an approach based on the IAF in order to further
develop and refine this method. Such an approach will allow for a
more individualised training scheme, and also avoid suboptimal train-
ing effects for participants who have an IAF outside of the 8–12 Hz
range. Related to the above, an important finding of this study was
that alpha training increased power within the IAF range, but did not
alter the IAF itself, which remained stable across groups andmeasure-
ment sessions. This is remarkable because our study lasted for several
weeks and 72% of the participants were female. Luteal phase is known
to affect the IAF (Bazanova and Aftanas, 2008), but appeared not to
have influenced our results differentially for our training groups. The
insensitivity of the IAF to alpha activity training is important as it re-
lates to possible side effects. The present method of training using an
easily applicable electrode set-up and a very intuitive form of auditory
feedback was able to increase alpha activity without displaying signs
of potentially adverse side-effects.
The results of our study also support the notion that instrumental
conditioning of alpha and other brain rhythms using double-blind,
placebo-controlled experiments is feasible. Using a random beta train-
ing protocol as a control, as utilised by Hoedlmoser et al. (2008), and
also recently applied in the gamma neurofeedback studies of Keizer et
al. (2010), seemed to work quite well. Importantly, the random beta
group did not exhibit any adverse effects of the random beta training.
Hence, random beta might be considered an appropriate control in sit-
uationswhere EEG activity outside the beta band needs to be trained.
Our second control group, in which the participants listened to their
favourite music without receiving any training, constitutes a less
than ideal control for the alpha training group in that those groups
not only differ in alpha training, but also in receiving rewards of
whatever nature. It is instructive to see that alpha activity training
producedmore alpha activity along with verbal reports of relaxation,
than the music only control group. This is surprising because listening
tomusic by itself is considered to be a relaxing experience. Our research
would suggest that combining alpha activity training with listening to
music adds an extra degree of relaxation.

It could be argued that using random beta training as a control
condition is less than optimal. The original work by Hoedlmoser et
al. (2008) used rhythms above as well as below the frequency range
trained in the experimental condition (12–15 Hz in their case), but
we used only higher frequencies in our control condition. Using equal
control frequency bins above and below the alpha range would have
resulted in training, in some sessions, of frequency ranges where arte-
facts may contaminate the signals, such as eye blinks in the delta and
sometimes theta range. Using only frequency bins higher than alpha
avoided such possible problems, perhaps with the drawback that
Rolandic beta activity was trained, which is not independent of
Rolandic alpha (mu). Indeed, the beta group did show a slight in-
crease in alpha activity as a result of training. However, this increase
was smaller than in the alpha group, presumably because a different
frequency bin was used on each day (RANDOM beta), whereas the
same alpha bandwas used in the alpha group on every day. Although
a case could be made for using random control frequencies outside
the Rolandic beta band (higher than 24 Hz), it can also be argued
that the current design provided an extra rigorous test in that the
chance for finding significant differences were minimised, however
still found. Finding the optimal control condition in neurofeedback
studies remains an important issue for future work.

It was also found that training of alpha activity at central sites
increased alpha activity more posteriorly. This is a quite surprising
finding, although to some extent consistent with others who have
found that neurofeedback training can lead to changes beyond target
frequency and location (e.g., Egner et al., 2004). The topographic maps
indicated that some effect of the training was also present around
central sites, at least to the left, which is the hemisphere contralater-
al to the dominant right hand in our participants. These maps, along
with the statistical results using mixed linear models, point to effects
of central alpha activity training on more posterior sites associated
with the classical alpha rhythm. In all statistical tests, alpha activity
levels were largest at the occipital electrodes, with parietal electrodes
also displaying considerable activity. This is what is usually reported
for the classical alpha rhythm (Shaw, 2003). It is unclear how the ac-
tivity in central and posterior areas is related. A first possibility is
that we trained the mu or sensorimotor rhythm and that this rhythm
is somehow coupled to themore posterior alpha rhythm, possibly via
the thalamus. This possibility seems unlikely because the mu rhythm
is usually slightly faster than the alpha rhythm (Pfurtscheller and
Aranibar, 1979). A second option is that the posterior alpha rhythm
spreads via volume conduction to more central sites, where it is picked
up by our sensors and increased by the training. Indeed, Nunez (1995)
suggested that posterior alpha activity may spread toward the frontal
region, and as a consequence can be picked up by central electrodes.
However, if this were the case, it would seem that the increased alpha



2 This possibility was suggested to us by an anonymous reviewer.
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activity resulting from the training (not necessarily the absolute
amount of alpha power) would be strongest at the central electrodes.
In contrast, we found that the effect of training was maximum at oc-
cipital sites. A third possibility which is more consistent with the pat-
tern of results is suggested by the work of Thatcher et al. (1976).
Based on theoretical and neurophysiological grounds, they proposed
a model of alpha activity involving two generators; one posterior
(parieto-occipital) and one more central (centro-parietal), with re-
ciprocal connections and even mutual competition for neuronal re-
sources. There is some support for this model of alpha generation
based on coherence between brain regions, but the present data can
neither support not falsify the model. The distant effects of training
specific frequencies and locations are clearly an interesting issue
for further study.

The present study further indicates that in young, healthy partici-
pants, a long lasting change in alpha activity can be obtained in a limited
number of short training sessions. We used 15 sessions, and in each
session, the duration of the training was 24 min. Yet this limited
amount of training, without explicit instructions, was sufficient to
produce an increase in alpha activitywhich remained evident 3 months
after the last training session, without any additional training. Further
workmight reveal that even less training is capable of producing similar
stable changes. Of course, shortening the amount of training in each
training session may also restrict the possibility of eliciting a robust
effect. We currently hypothesise that three main reasons contribute
to the success of the training method used. First, the ease of setting
up the EEG system hasmany advantages to start with. Using a standard
EEG system, which involves attaching electrodes with gel, sticking EOG
electrodes around the eyes, etcetera, can be irritating for the partici-
pants, resulting in a higher state of stress before the training begins
and is also more time consuming. With the current system, it takes
less time to set participants up and as a consequence they may be
more relaxed. Secondly, the intuitiveness and familiarity of the auditory
feedbackmight also have played a role. For instance, providing feedback
about brain activity is often very indirect. Nevertheless, modern appli-
cations using game-like interfaces represent a significant improvement.
However, our system worked by manipulating the participants' own
favourite music to provide feedback regarding target cortical activity.
Given that the participants know their own music very well and as
such would be able to detect changes in tone quickly and easily it
represents amode of feedback that is both engaging and informative.
A third reason, which admittedly may be a little more speculative,
concerns the alternation of cognitive effort and relaxation that was
part of our training scheme. For instance, a sign of good cardiovascular
condition is the ability to recover quickly fromphysical effort and can be
measured by the recovery of heart rate after the physical exercise
(Chorbajian, 1971). It may be that similar processing capabilities
are important for peak mental condition, and the fact that our train-
ing incorporated alternating cognitive tasks with relaxation may be
more effective than simply training absolute alpha levels per se.

Relating the increase in alpha activity resulting from the training
to subjective and cardiovascular indices proved to be cumbersome.
Nevertheless, use of a semi-structured interview resulted in about
twice as many participants in the alpha training group mentioning
that the training was relaxing, without them being prompted for it.
However, this represents only a very crude measure of relaxation.
We expected to find relations between (the increase in) alpha activity
and behavioural measures of stress, relaxation and sleep. However,
althoughmany of the analyses showed the expected pattern we failed
to obtain statistical support for the hypothesised relations. As men-
tioned above, it may be possible that our groups were too small so
that tests lacked sufficient statistical power. In addition, it is possible
that alpha activity and relaxation defined behaviourally represent
descriptions of a similar process but at entirely different levels.

The same may be true for the lack of a clear relationship between
alpha activity and heart rate variability seen in our study. It was
expected that indices of relaxation, alpha activity, and HRV would
be positively correlated. Surprisingly however, it is difficult to find
statistically meaningful correlations in the literature. In the present
study, the inclusion of alternating sequences of training and cognitive
tasks in the protocol may have prevented such effects to occur in that
that the interaction between relaxation and cognition may have
rendered the cardiovascular system insensitive to training effects.2

To sum up, we compared training of alpha activity to training of
random beta and no training control, and found that alpha activity
training at central sites enhanced alpha activity at posterior sites.
Although the relationship between alpha activity and the behavioural
indices of relaxation were weak we have demonstrated the feasibility
of alpha activity training using an easy, wireless, water-based electrode
system combined with an intuitive form of auditory feedback based on
the participant's own favourite music. We consider our system to be an
important step forward in the development of a system for instrumen-
tal conditioning of brain rhythms that can be used both in the clinic as
well as at home. In our view, the availability of such a system would
solve a number of technical weaknesses that surround such systems
currently, so that more emphasis can be placed on factors that really
matter in these studies, such as the protocols to be used, the number
and nature of the training sessions, the influence of different instrumen-
tal conditioning schedules, and the transfer of the trained brain area to
other areas, to name but a few.
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Appendix A

Measuring peak alpha power in individual participants and at dif-
ferent electrode channels has proved to be cumbersome, and many
different methods exist. Very often, total alpha power is reported
as the average power of a single frequency band located somewhere
between 7 and 13 Hz (usually 8–12 Hz). The work of Pfurtscheller,
and later Klimesch and colleagues, suggested that it is important to dis-
tinguish between upper and lower alpha bands (e.g., see Klimesch,
1999, for a review). Researchers often use fixed upper and lower
alpha bands (for instance, 8–10 Hz and 10–12 Hz), or 2-Hz bands
immediately below and above the Individual Alpha Freqency (IAF).
Klimesch (1999) reported that the IAF is usually located in the
upper alpha band, and that the lower alpha band is usually broader
than the upper alpha band. As a consequence, the use of more specific
measures to denote the level of ‘alpha activity’ has been advocated.

We usednon-linear regression tomodel the IAF and its power. Using
least squares, the error in the following function was minimised:

Log10 Power fð Þð Þ ¼ Aþ Bf þ Ce
− f−Dð Þ2

2E2 þ �

where:

f frequency, 6–35 Hz, 0.25 Hz resolution [Hz]
A a constant, reflecting individual variations in absolute

power [log10(μV2)]
B the linear change in power as a function of frequency

[log10(μV2)]
C the power at the individual alpha frequency [log10(μV2)]
D the individual alpha frequency [Hz]



Fig. A1. Example of the model fit in a single subject (no. 10, alpha training group). The black trace represents the spectrum of averaged activity at the C3 electrode; the red trace is
the fitted model. Left: eyes open; right: eyes closed.
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E the width of the alpha peak [Hz]
measurement error.

Conceptually, this model consists of the sum of two components. A
linear regression line (A+Bf) represents the background power, which
decreases as a function of frequency. An inverted U-shape (the Ce term)
represents the alpha peak that arises on top of the linear decrease.

An example of the fit of this model on the data of an individual
participant in our study is presented in Fig. A1. The figure shows
that the model overlaps the real data. The root mean squared of the
measurement error (RMSE) was small but differed statistically from
zero (F(1,241)=3984.06, pb0.001). The RMSE tended to co-vary
with some of the model parameters, and correlated significantly and
positivelywith theA (r=0.31), C (r=0.13), andD (r=0.06) parameters,
and negatively with the B (r=−0.06) and E (r=−0.26) parameters.
However, the highest correlation of the RMSE and the parameters
was 0.31 (A), meaning that a maximum of 9.61% of the variance in the
A parameter was explained by measurement error. For the important C
parameter, the percentage of explained variance due to measurement
error was only 1.85%.

The data displayed in Fig. A1 suggests that the measurement error
in these analyses might be largely due to activity in the beta range,
where a straight line is fit that shows some deviation from the actual
data in that range. Further work is required to optimise the model in
case beta power is to be modeled as well.

In conclusion, the presentmodel provided a good fit of the individual
alpha peak.

Appendix B. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.ijpsycho.2011.11.004.
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