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Abstract
EEG neurofeedback can help individuals learn to self-regulate their brain activities
and has been shown benefits in health and performance enhancement. This thesis
aims to first utilize neurofeedback training for improving short term memory and
peripheral vision, which are indispensable brain functions but find no successful
improvement records in the literature. Meanwhile, since EEG learning (i.e. selfregulation of EEG during neurofeedback) that has crucial mediation link with
neurofeedback efficacy has been reported large individual difference and even nonsuccessful cases, the second objective of this thesis is to find out predictors for EEG
learning.
Firstly, individual alpha neurofeedback protocol was proposed to improve short term
memory. Sixteen subjects received 20 sessions of neurofeedback aiming to upregulate the individual alpha amplitude. Compared to the non-neurofeedback control
group, the neurofeedback group showed significant larger enhancement in short term
memory. Importantly, the improvement of short term memory was positively
correlated with the increase of the individual upper alpha during training, confirming
the effectiveness of individual alpha neurofeedback for short term memory.
Secondly, peripheral visual performance was found positively related to the alpha
amplitude during visual task. Based on this relation, individual alpha neurofeedback
was proposed for improving peripheral visual performance. Thirteen subjects
performed 20 sessions of neurofeedback, leading to successful enhancement of the
alpha amplitude during the visual task and also the peripheral visual performance
compared to the non-neurofeedback control group. These findings contribute original
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evidence of improving peripheral visual performance using individual alpha
neurofeedback.
Finally, the predictors of EEG learning in both alpha and beta/theta ratio
neurofeedback were investigated. It was found that the resting alpha amplitude was
the predictor of EEG learning in the alpha neurofeedback while the beta amplitudes
in resting and initial training were the predictors of EEG learning in the beta/theta
ratio neurofeedback. Importantly, higher predictor value was associated with better
EEG learning in both protocols. These findings imply the significance of resting
EEG features in self-regulation of EEG by neurofeedback, prevent potential
frustration and time consuming training sessions for the individuals with low EEG
learning, help modify the training protocol accordingly and understand the
mechanisms of neurofeedback.
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Chapter 1 Introduction
1.1 General Background-Neurofeedback (NF)
1.1.1 What is NF
Neurofeedback (NF) starting in the 1960s (Kamiya, 1962, 1968; Sterman, Wyrwicka,
& Roth, 1969), enables the training individual to learn to self-regulate his/her own
brain activity with the purpose of performance or health enhancement. The
theoretical basis of NF is the brain plasticity, which refers to the brain's ability to
change its function and even structure (Kolb, Gibb, & Robinson, 2003). When the
change occurs in nervous system, the associated change in the behavior or
psychological function (e.g. learning, memory, addiction, maturation, recovery) often
happens (Kolb et al., 2003).
NF is a non-invasive technique to re-train the brain. According to the measurement
of brain activity, NF has different modalities such as electroencephalography (EEG)
NF (also called EEG biofeedback), real time functional magnetic resonance imaging
(rtfMRI)

NF,

functional

near-infrared

spectroscopy

(fNIRS)

NF,

and

magnetoencephalography (MEG) NF. Due to the advantages of EEG NF such as
longer history, more benefits reported, safer, cheaper, and simpler to administer,
therefore the thesis focus on EEG NF.
In EEG NF training, the EEG is recorded from the scalp and the relevant EEG
components are extracted and fed back to the training individual using an online
feedback loop in the form of audio, visual or their combination (Vernon, 2005).
During this process, the training individual gains awareness of his/her own real-time
brain activity and will be able to assess and self-regulate the brain activity. When the

1

feedback signal changes in the desired direction, the rewards are given (i.e. positive
reinforcement). Thus, the mechanism of NF is considered as operant conditioning.
The associations between specific EEG activity in different frequency bands such as
alpha, theta, beta, gamma, alpha/theta ratio (ATR) or beta/theta ratio (BTR) and
different aspects of performance processing provide a plausible rationale to use NF
for improving specific cognitive or behavioral performance (Vernon, 2005).
1.1.2 History and Development
The first NF study was reported by Kamiya (1962) which successfully trained human
subjects to discriminate alpha (8-12 Hz) from non-alpha states. In addition to humans,
the cats could also learn to voluntarily produce sensorimotor rhythm (SMR, 12-15
Hz) by making a food reward contingent on SMR production (Sterman et al., 1969).
In the early 1970s the same research group reported the benefits of SMR NF training
on suppression of seizures in an epileptic patient (Sterman & Friar, 1972), which
inspired Lubar and Shouse (1976) utilizing SMR NF protocol to successfully
decrease hyperactivity in a hyperkinetic child. Since then, more and more studies
have shown the positive effects of NF training for attention deficit hyperactivity
disorder (ADHD) treatment. Along similar lines, the alpha changes by NF training
were reported to be linked to anxiety changes in only high anxiety subjects,
suggesting that long-term alpha NF (at least 5 hours) may be helpful in anxiety
therapy (Hardt & Kamiya, 1978). Later study showed the directional effects of alpha
NF in generalized anxiety (Rice, Blanchard, & Purcell, 1993). In recent two decades,
different EEG training protocols have been reported benefits in a variety of
conditions.
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Besides EEG NF, with the development of modern real-time brain imaging
technology, imaging-based NF has emerged including rtfMRI NF, fNIRS NF, and
MEG NF (Thibault, Lifshitz, & Raz, 2016). In 2014 the first implementation of
simultaneous multimodal rtfMRI and EEG NF (rtfMRI-EEG-NF) was reported by
Zotev et al. (2014) which utilized the rtfMRI-EEG-NF to train emotional selfregulation in healthy subjects performing a positive emotion induction task based on
retrieval of happy autobiographical memories. The results showed that the
participants learnt to simultaneously regulate their blood-oxygenation leveldependent (BOLD) fMRI activation in the left amygdala and frontal high-beta power
asymmetry under the rtfMRI-EEG-NF, demonstrating the feasibility of simultaneous
self-regulation of both hemodynamic and EEG activities (Zotev et al., 2014).
The Biofeedback and Self-regulation as the first NF journal began publication in
1976 and renamed as Applied Psychophysiology and Biofeedback in 2009. Moreover,
some professional organizations aiming to promote NF education and research have
been founded, such as the Association for Applied Psychophysiology and
Biofeedback (AAPB, since 1969), the International Society for Neurofeedback &
Research (ISNR, since 1995), and the EEG & Clinical Neuroscience Society (since
1998). Additionally, the Biofeedback Certification International Alliance created in
1981 certifies individuals who meet education and training standards in biofeedback
and progressively recertifies those who advance their knowledge through continuing
education.
The progress of NF research in early stage has been hindered by a variety of factors
such as failure of replications, poor methodology, unknown underlying mechanisms,
overstatement of clinical benefits and premature popularization in society at large
3

(van Boxtel & Gruzelier, 2014). The situation is quite different now. The number of
publications about NF training (as shown in Figure 1.1) has a sharp increase in the
last decade, indicating that NF has attracted more and more researchers’ attention
(van Boxtel & Gruzelier, 2014).

Figure 1.1 Publications number over years for the search terms “Neurofeedback”
and “EEG Biofeedback” in records of Scopus and Web of Science
An increasing number of studies have shown the positive effects of NF training in a
variety of conditions such as clinical treatment, cognitive and affective performance
enhancement. We will introduce the EEG NF (NF for simplification) protocols and
benefits in the following subsections.
1.1.3 EEG NF Protocols and Benefits in Cognitive and Affective Performance
A diversity of NF training protocols has been used to enhance human performance
and health. According to the EEG frequency band, there are several standard NF
protocols such as theta, alpha, alpha/theta, SMR ratio, beta, and gamma training.
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The positive effects on cognitive and affective performance for healthy people
include attention, memory, mental rotation, reaction time, motor skills, perceptual
binding, intelligence, mood and well-being (for a review see Gruzelier, 2014a) as
well as creativity in the performing arts including music, dance and acting (for a
review see Gruzelier, 2014b).
Theta Training
Down-regulating theta power improved the verbal processing, executive functions
and attention in the healthy elderly with abnormally high theta absolute power
(Becerra et al., 2012), while up-regulating theta power with only one 45-min session
accelerated memory consolidation (Reiner, Rozengurt, & Barnea, 2014) and upregulating theta power with 12 sessions (5 3-min trials in each session) enhanced
executive attention in both university students and healthy elderly and recognition
memory and orienting in the elderly (Wang &Hsieh, 2013).
Alpha Training
Down-regulating alpha amplitude with only one session induced long-term changes
in corticomotor excitability (Ros, Munneke, Ruge, Gruzelier, & Rothwell, 2010),
changed the functional connectivity of distinct fMRI networks (Ros et al., 2013) and
facilitated implicit motor learning (Ros, Munneke, Parkinson, & Gruzelier, 2014),
whereas up-regulating alpha amplitude improved mental rotation performance
(Hanslmayr, Sauseng, Doppelmayr, Schabus, & Klimesch, 2005b; Zoefel, Huster, &
Herrmann, 2011), episodic memory (Hsueh, Chen, Chen, & Shaw, 2016), and
working memory (Escolano, Aguilar, & Minguez, 2011; Nan et al., 2012b; Hsueh et
al., 2016).
5

Alpha/Theta Training
Elevation of theta (4-7 Hz) over alpha (8-12 Hz) training with eyes closed could
reduce impulsive errors in a continuous performance test in children (Gruzelier, Foks,
Steffert, Chen, & Ros, 2013), enhance mood and well-being in students (Raymond,
Varney, & Gruzelier, 2005), and improve creative performance in performing arts
including music and dance (Gruzelier, 2014b).
SMR Ratio Training
SMR ratio training is to enhance SMR and inhibit other frequency band activity,
which is the most popular protocol in NF studies. In controlled reports of healthy
participants, this protocol has shown benefits in sustained attention in children and
adults, memory, mental rotation, reaction time and complex psychomotor skills,
calmness and reduction of anxiety, sleep quality associated with improved memory,
and performing arts for novice performance requiring lower-level skills (Gruzelier,
2014 a, b). For instance, Kober et al. (2015) reported that stroke patients enhanced
memory and attentional performance after 10 sessions by up-regulation of SMR in
NF group rather than sham group. The authors concluded that SMR NF improved
stimulus processing capabilities and consequently lead to cognition improvements.
Beta and Gamma Training
Beta 1 (12-15 Hz) training could increase P300b amplitude and arousal (Egner &
Gruzelier, 2001), while broad low beta (12-20 Hz) training improved familiarity in
recognition memory. In gamma (36-44 Hz) training, up-regulating gamma power
with 8 30-min sessions decreased feature binding costs and increased intelligence
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(Keizer, Verschoor, Verment, & Hommel, 2010a) as well as increased recollection in
long-term memory (Keizer, Verment, & Hommel, 2010b).
1.1.4 NF in Clinical Applications
In clinical applications, NF training enables the patients to self-regulate those
abnormal EEG patterns, normalize or optimize brain activity. It is widely used for
treatment of many neurological and medical disorders which are accompanied by
abnormal patterns of cortical activity such as ADHD (Friel, 2007; Heinrich,
Gevensleben, & Strehl, 2007; Arns, de, Strehl, Breteler, & Coenen, 2009; Arns, &
Strehl, 2014; Holtmann, Sonuga-Barke, Cortese, & Brandeis, 2014), autism spectrum
disorder (ASD) (Coben, Linden, & Myers, 2010), epilepsy (Sterman & Egner, 2006;
Egner & Sterman, 2006), learning disabilities (Fernández et al., 2003, 2007; Becerra
et al., 2006), depression (Baehr, Rosenfeld, & Baehr, 2001; Hammond, 2001, 2005;
Hammond & Baehr, 2009; Paquette, Beauregard, & Beaulieu-Prevost, 2009; Peeters,
Oehlen, Ronner, Van, & Lousberg, 2014; Choi et al., 2011; Yadollahpour & Arani,
2014; Cheon et al., 2015), substance abuse (Burkett, Cummins, Dickson, & Skolnick,
2005; Scott, Kaiser, Othmer, & Sideroff, 2005; Sokhadze, Cannon, & Trudeau, 2008;
Arani, Rostami, & Nostratabadi, 2010), schizophrenia (Bolea, 2010; Sürmeli, Ertem,
Eralp, & Kos, 2012; Nan et al., 2012a), and Tourette syndrome (Farkas, Bluschke,
Roessner, & Beste, 2015). The current state of NF training for some diseases is
shown below.
ADHD
Since Lubar and Shouse (1976), the NF for ADHD treatment has been under
investigation for about 40 years. The review from Arns et al. (2014) summarized that
three NF protocols have been widely applied for ADHD treatment including BTR
7

protocol, SMR protocol, and slow cortical potential (SCP) protocol. The rationale for
BTR protocol is based on the abnormally lower beta and greater theta activity in
ADHD children as compared to controls (Heinrich et al., 2014). BTR protocol is to
suppress theta and enhance beta activity in order to reduce inattention and
impulsivity, while SMR protocol is to enhance SMR activity for hyperactivity
symptoms reduction and SCP protocol is used to modulate cortical excitability (Arns
et al., 2014; Holtmann et al., 2014). Although clinical reports and open treatment
studies suggest the effectiveness of above three protocols, double blind placebo
controlled studies as well as a rigorous meta-analysis have not found evidence for the
efficacy of NF (Holtmann et al., 2014; Vollebregt et al., 2014). Thus, well-blinded,
methodologically sound, and sensitive trials are required to demonstrate more
evidence for the NF effectiveness in ADHD treatment (Holtmann et al., 2014).
Schizophrenia
One promising and interesting study from Bolea (2010) investigated the NF training
effects to very chronic cases of schizophrenia that had been resistant to years of
inpatient medical and psychological treatment. More than 70 inpatients with chronic
schizophrenia received NF training. Improvements were found in the EEG patterns
and in cognitive, affective and behavioral performance that often led to successful
release from the hospital to live in the community. Furthermore, a 2-year follow up
showed the sustained positive changes. The author concluded that enhancement of
right parietal alpha and suppression of frontal delta and fast beta activity achieved the
best results. Similarly, in a clinical case series, quantitative EEG (QEEG)-guided NF
training was employed for this population within 24 to 91 days and the results also
showed positive effects (Sürmeli et al., 2012). On the other hand, our previous study
8

(Nan et al., 2012a) using a more intensive training confirmed the findings from Bolea
(2010). In Nan et al. (2012a), a chronic female schizophrenia outpatient received an
intensive NF training (13.5 hours training in 4 days) and the patient learnt to increase
individual alpha amplitude and simultaneously decrease beta 2 (20-30 Hz) amplitude
at P4 over sessions. The individual alpha increased 74.73% and beta 2 decreased
13.73%. After training, her short term memory was enhanced, while her mood had
positive change and her speech was much clearer than before. She started to
associate the meaning of her life and illness. These results support that NF training is
not only a feasible therapy for schizophrenia but also positive results could be
obtained using a much more intensive training.
Depression
There are two main NF protocols for depression. The first protocol is alpha
asymmetry NF protocol to increase alpha in the right prefrontal cortex and decrease
alpha in the left prefrontal cortex, which is based on asymmetry of alpha activity to
the left prefrontal cortex or the increased left prefrontal cortex alpha activity in
depression patients. The second protocol is decreasing theta and increasing beta or
increasing BTR in the left prefrontal cortex (Yadollahpour & Arani, 2014). However,
methodological shortcomings such as small sample size, poor controls, unknown
lasting effects, inconsistent outcome measures and incomplete data report, lead to no
support for the NF effectiveness in treatment of depression (Yadollahpour & Arani,
2014). More evidence by developing new and more comprehensive training
protocols is needed for the NF efficacy in depression treatment.
Obsessive-Compulsive Disorder (OCD)
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The first publication on the treatment of OCD with NF is from Hammond (2003) in
which two consecutive OCD patients received NF training based on the QEEG
assessment. The results demonstrated dramatic improvements not only in OCD
symptoms, but also in depression, anxiety, somatic symptoms, and in becoming
extroverted rather than introverted and withdrawn. Moreover, the follow-up at 15 and
13 months after NF training found that both patients maintained improvements in
OCD symptoms, demonstrating the potential of NF as a new treatment modality
(Hammond, 2003). Sürmeli and Ertem (2011) conducted a case series study to
examine the efficacy of QEEG-guided NF for OCD treatment, in which 36 drug
resistant patients with OCD performed 9-84 sessions (2 30-min sessions per day) of
QEEG-guided NF treatment. As a result, 33 patients showed clinical improvement
according to the Yale-Brown obsessive-compulsive scale and the physicians'
evaluation, and 17 patients who did the Minnesota multiphasic inventory (MMPI)
pre and post NF showed both significant improvements in OCD measures and
decrease of the MMPI scores. What’s more, an average of 26 months follow-up after
NF showed the sustained improvements of OCD symptoms in 19 patients (Siirmeli
& Ertem, 2011). Another study employed a randomized, sham-controlled, and
double-blind design to examine the independent component NF effects on patients
with OCD, and the authors concluded that independent component NF in OCD was
useful in reduction of compulsions (Kopřivová et al., 2013).
Posttraumatic Stress Disorder (PTSD)
Few studies have performed controlled study to investigate the NF effects in the
PTSD treatment. Only a recent study from Yeganeh et al. (2016) investigated the
alpha/theta NF effectiveness on decreasing PTSD symptoms in veterans with a
10

control group design. Patients with PTSD were randomly assigned in NF and control
groups. The NF group received 20 45-min sessions with 3 days per week while the
control group was under conventional treatment. The results showed that NF training
significantly decreased the score of total symptoms compared to the control group
(Yeganeh et al., 2016).
Cancer Survivors
Some studies also investigated the NF training effects on fatigue and cognition in
cancer survivors. A recent review from Luctkar-Flude and Groll (2015) reviewed the
literature about the safety and effect of NF on fatigue and cognition in cancer
survivors, and found positive effects for at least one fatigue or cognitive outcome in
different patient populations, including one study with breast cancer survivors. The
authors concluded that although currently no sufficient evidence support NF as an
effective therapy for management of fatigue and cognitive impairment in cancer
survivors, NF could be helpful in alleviating these symptoms and further NF research
is required for this patient population (Luctkar-Flude & Groll, 2015).
1.2 General Methodological and Theoretical Issues in NF
The methodological and theoretical issues in NF training are critical in the training
effectiveness. Currently, there is no guideline on how to design NF for training
efficacy. We briefly introduce the general methodological and theoretical issues in
NF, raise the questions and provide recommendations, including training feature,
location and direction, reward threshold, feedback modality, training schedule,
mental strategy, EEG learning, and baseline outcome.
1.2.1 Training Feature, Location and Direction
Standard NF Protocol
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Based on the EEG frequency bands, several standard NF protocols such as theta,
alpha, alpha/theta, SMR, beta, and gamma NF are widely used in enhancement of
performance and health as introduced in Section 1.1. Here, alpha NF protocol is
taken as an example to illustrate the determination of training feature, location and
direction in standard NF protocols.
Alpha band consists of lower alpha band and upper alpha band. Two types of alpha
frequency are generally used in NF training. One is fixed alpha frequency band and
another is individual alpha band (IAB) proposed by Klimesch (1999). Fixed alpha
band also varies across studies, e.g. 7.8-13.1 Hz, 8-12 Hz, or 8-13 Hz. According to
Klimesch (1999), the alpha frequency varies to a large extent as a function of age,
neurological diseases, memory, and brain volume, the usage of fixed alpha band is
not appropriate. Therefore, alpha frequency should be adjusted not only individually
for each participant but also for each recording location. Table 1.1 shows the training
band, training feature and location, training direction and training objective in some
alpha NF studies.
As shown in Table 1.1, the training feature, location and direction are not consistent
across studies, which are usually determined by the objective of the research. For
instance, higher upper alpha power is related to better working memory, Escolano et
al. (2011) therefore utilized NF training to increase upper alpha power for the
purpose of working memory enhancement. In summary, the training feature can be
asymmetry of two locations, power, amplitude and peak alpha frequency (PAF), etc.
The training location can be only one site or multiple sites. For instance, Ring et al.
(2015) trained upper alpha power at Fz since the strongest differences in upper alpha
power appears at this site between experts and novices and successful and
12

unsuccessful outcomes in the moments preceding golf putts. Kluetsch et al. (2014)
selected Pz based on its location overlying a major hub of the default mode network
(DMN) whose BOLD signal changes have been linked to EEG alpha rhythm
modulations, while Ros et al. (2013) trained Pz as the alpha rhythm is commonly
maximal at this location. Ros et al. (2014) selected C4 since it is at the right primary
motor cortex and decreasing alpha at C4 could increase cortical motor excitabilities.
Table 1.1: Training parameters in alpha NF studies
Study

Training
band (Hz)

Peeters et
al. (2014)

7.8-13.1

Ring et al.
(2015)

Upper alpha
10-12

Ros et al.
(2010)
Kluetsch et
al. (2014)
Ros et al.
(2014)

8-12

Ros et al.
(2013)

Wacker
(1996)
Wang et al.
(2013)

8-13

Cho et al.
(2008)
Dempster
and Vernon
(2009)

8-12

Training feature
and location
Frontal
asymmetry (F3F4)

Training
direction

Objective
Depression treatment

Expedite skill
acquisition and robust
Power at Fz
performance promotion
in recreational golfers
Inducing long-term
Amplitude at C3
changes in corticomotor
excitability using NF
Decrease
State anxiety and
Amplitude at Pz
arousal individuals with
PTSD
Facilitate implicit motor
Amplitude at C4
learning
Examine whether the
functional connectivity
of
distinct
fMRI
Amplitude at Pz
networks would be
altered after 30-min
alpha decrease NF
Amplitude at
Consciousness altering
left occiput
capability
Improve attentional bias
Amplitude at C3
in high trait anxiety
or C4
individuals
Increase
Amplitude at
Investigate effects of
midline parietal
alpha NF on alpha
area
activity
Amplitude at Pz
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Measure EEG learning

van Boxtel
et al. (2012)

Power at C3
and/or C4

Zoefel et al.
(2011)
Escolano et
al. (2011)

Mean power of
P3, Pz, P4, O1
and O2

Escolano et
al. (2014a)
Escolano et
al. (2014b)
Hanslmayr
et al.
(2005b)

Upper alpha
PAF~PAF+2
Mean power of
P3, Pz, P4

LópezLarraz et al.
(2012)
Dekker et
al. (2014)
Guez et al.
(2015)
Angelakis
et al. (2007)

IAB: PAF2~PAF+2
Upper alpha
10-12
PAF

Mean power of
C3, Cz, C4,
CP3, CPz and
CP4
Power at C3 and
C4
Power at Pz
PAF at POz

Validate feasible of
using water-based
electrodes mounted in
an audio headset
Enhance mental rotation
performance
Enhance working
memory performance
Enhance cognition in
patients with major
depressive disorder
Enhance cognition in
healthy subjects
Enhance mental rotation
performance
Improve SMR
desynchronization
Mental enhancement in
elite gymnasts
Episodic memory
enhancement
Improve cognitive
performance in elderly

QEEG-guided NF Protocol
In addition to standard NF protocols, clinical studies also often utilize QEEG-guided
NF design, i.e., the QEEG of the patients are firstly assessed in order to find out the
abnormal EEG patterns compared to the normal controlled subjects, and then NF
training is performed to regulate the abnormal EEG patterns found in QEEG
assessment. For example, Hammond (2003) utilized QEEG-guided NF training for
OCD treatment, and Sürmeli and colleagues employed QEEG-guided NF training for
the treatment of several brain disorders including Down syndrome (Sürmeli & Ertem,
2007), personality disorders (Sürmeli & Ertem, 2009), mental retardation (Sürmeli &
Ertem, 2010), OCD (Sürmeli & Ertem, 2011), schizophrenia (Sürmeli et al., 2012),
14

and dementia (Sürmeli et al., 2016). The QEEG-guided NF protocols in these studies
are individualized and designed by a combination of the QEEG findings and clinical
judgment in order to normalize the abnormal QEEG patterns. For instance, in the
treatment for Down syndrome pre-treatment QEEGs assessment found excess delta
and theta as well as excessive or deficient beta activity over some area of the cortex,
bipolar montage NF training was then designed to normalize above abnormal EEG
patterns in the pre-treatment QEEG assessment in order to improve speech, learning,
attention and concentration, decrease behavioral problems or impulsivity, and
alleviate balance problems. The results found that all seven children significantly
improved the QEEG patterns and performance in all areas evaluated by the
questionnaire and parent interviewing (Sürmeli & Ertem, 2007). In Sürmeli and
Ertem (2010), QEEG assessment for the patients with mental retardation found
abnormally increased delta, theta, alpha and coherence, and most patients showed
clinical improvement after the QEEG-guided NF training. Thus, we can see that the
training feature, location and direction in QEEG-guided NF protocol are determined
by the abnormal EEG patterns found in the patients.
To summarize, the training feature, location and direction should be determined by
the training objective no matter what the training protocol is (for both standard NF
protocol and QEEG-guided NF protocol).
1.2.2 Reward Threshold
NF is an operant conditioning paradigm, the reward will occur when the training
feature meet some specific condition. There are several specific conditions in the
literature as follows.
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I.

The reward threshold is the average or some percent of the baseline value (e.g.
Angelakis et al., 2007; Cho et al., 2008; Dempster & Vernon, 2009; Zoefel et al.,
2011; Escolano et al., 2011; Ring et al., 2015).

Here, the baseline has two types including resting baseline and active baseline.
Resting baseline is recorded when the subject is in resting state without any cognitive
or mental task. For instance, 2-min resting baseline with eyes-closed is recorded and
the reward threshold level is calculated as 70% of mean baseline (Cho et al., 2008).
While Ring et al. (2015) asked the golfers to address and fixate on a golf ball on a
screen for 5 s for 5 times in order to compute the average resting baseline, and the
reward was given when the training feature decreased from the baseline by 26.8%,
53.6%, and 80.4%, in Sessions 1, 2, and 3, respectively.
Contrary to resting baseline, active baseline means the baseline recorded during
some mental activities. For instance, random changes of a square saturation was
shown during baseline recording, while the subjects were asked to count the number
of saturation changes from gray to red in order to avoid drowsiness, challenge them
cognitively, and ensure the comparability between the baseline and the training
measurements (Zoefel et al., 2011, López-Larraz et al., 2012; Escolano et al., 2011,
2014a, b, c).
II.

The reward threshold is above or below the baseline with some percent time
(e.g. Kluetsch et al., 2014; Ros et al., 2010, 2014).

Ros et al. (2014) set the reward thresholds as 70% of the time below the baseline,
and Ros et al. (2010) computed the threshold automatically and set it at either 30% of
the time below the initial 3-min mean baseline.
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III. Dynamic reward threshold
In Hanslmayr et al. (2005b), eyes-open and eye-closed resting baseline with 2-min
each were recorded firstly. Reward threshold was set as the value in eyes-open
resting baseline at the beginning of the training. If the subjects increased the training
feature during more than 10% of training time, the threshold would be adjusted to the
mean value of eye-open and eye-closed resting baseline in the next training period. If
they still exceeded the 10% criterion, the threshold would be set at the value in eyesclosed resting baseline.
In Guez et al. (2015), reward thresholds were automatically and dynamically
adjusted every 180 s to keep the training feature above the threshold of 80% of time.
The authors stated that this setting was the only way to prevent subjects “testing” the
system in order to reveal if they were receiving a true or sham NF training.
IV. No reward threshold
In audio feedback, some studies have no reward threshold. For instance, van Boxtel
et al. (2014) utilized individually favorite music as feedback modality. The sound
was thin and distant when alpha levels were low, whereas the sound was rich and full
when alpha levels were high. Although this study had no threshold, good music
sound quality is a kind of reward.
As shown above, the reward threshold setting is based on the percent of reward, the
average or percent of the baseline, or no threshold, and it is adjusted manually or
automatically. It is not clear which type of setting is more effective for NF. From our
point of view, no matter which kind of reward threshold setting, the reward threshold
should make a proper difficulty level to achieve the training goal (e.g. make the bar
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as high as possible in a visual feedback interface). The key point is to keep the
subject motivated by a certain amount of reward. If it is too difficult to get reward,
the subject will lose confidence and feel frustration in the training and result in
training failure. On the contrary, if it is too easy to get reward, the subject will do
nothing in the training and also result in training failure.
1.2.3 Feedback Modality
During NF training, the real-time brain signal is presented to the training individuals
with visual (e.g. Zoefel et al., 2011; Nan et al., 2012b), audio (e.g. Dekker et al.,
2014; van Boxtel et al., 2012), or visual-audio modality (e.g. Angelakis et al., 2007).
In the audio feedback, tone, sound or music can be used (e.g. van Boxtel et al., 2012;
Wang et al., 2013; Staufenbiel, Brouwer, Keizer, & van Wouwe, 2014; Dekker et al.,
2014). For instance, Wang et al. (2013) presented the training feature by an ‘ocean
waves’ background sound and over-threshold by a ‘warble’ sound as a reward, and
the more training feature exceeded threshold, the greater the feedback sound.
However, few studies investigated the feedback modality effects on NF training
effectiveness. In the Ph.D. thesis from Dempster (2012), three NF groups with audio
feedback, visual feedback and audio-visual feedback respectively received 10 weekly
alpha up-regulation and alpha down-regulation sessions. The results found that audio
feedback produced the more optimal results than other two feedback modalities.
Similarly, a recent research from Fernández et al. (2016) compared the training
efficacy between visual feedback with eyes open and auditory feedback with eyes
closed in learning disabled (LD) children. The NF training was to reduce theta/alpha
ratio. As a result, both visual and auditory feedback groups had signs consistent with
EEG maturation, but only the auditory group achieved behavioral/cognitive
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improvements. The authors concluded that the auditory feedback was more
efficacious in theta/alpha ratio reduction, and it enhanced the cognitive abilities more
than the visual feedback.
In our opinion, the feedback modality may be important for training success and its
effects for different training protocols deserve more investigation in the future work.
1.2.4 Training Schedule
Training schedule refers to three aspects: how many sessions are sufficient to achieve
the training goal, how to set each session, and what is the time interval between two
training sessions. There is no consistent setting or principle on how to design the
training schedule in the literature.
Table 1.2 presents the training schedule of alpha NF in some studies. As shown in
this table, session number ranged from 1 to above 30, and each session consisted of
several short trials with breaks. The training could be performed every day or spread
over several weeks even several months.
Table 1.2: Training schedule in alpha NF studies

Peeters et al.
(2014)

Session
number
Maximum
30

Ring et al. (2015)

3

Study

Ros et al. (2013)
Hanslmayr et al.
(2005b)
Angelakis et al.
(2007)
Cho et al. (2008)
Dempster and
Vernon (2009)

1

31-36
11
10

Session setting
3 8-min trials; 2 5-min rest
in 1 session
12 5-min trials, 2-min
breaks between 2 trials
10 3-min trials with 10 s
break between trials
4 5-min trials per block, 2
blocks totally
3 8-min trials with 3 min
breaks between trials
17.5 min (15 1.25-min
bins)
2 7.5-min trials with 30 s
breaks
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Session interval
3 sessions/week
An average of 2.3
day apart
/
1 or 2
sessions/week
1 session/week

Zoefel et al.
(2011);
López-Larraz et
al. (2012)
van Boxtel et al.
(2012)
Wang et al. (2013)
Escolano et al.
(2014a)
Guez et al. 2015

5

15

5 5-min trials/session

1 session/day

3 8-min trials/session

15 sessions within
4 weeks

27 min
8

5 4-min trials/session

10

30 min/session

2 sessions/week

In addition, the session number in clinical settings is much more than that in normal
people. For instance, in Sürmeli and colleagues’ studies NF treatment had 80-160
sessions for mental retardation (Sürmeli & Ertem, 2010), 9-48 sessions for OCD
(Sürmeli & Ertem, 2011), 80-120 sessions for personality disorders (Sürmeli &
Ertem, 2009), 60 sessions for Down syndrome (Sürmeli & Ertem, 2007), an average
of 58.5 sessions for schizophrenia (Sürmeli et al., 2012), and an average of 45
sessions for dementia (Sürmeli et al., 2016), and the treatment termination was based
on the changes of symptoms in comparison to the pre-treatment complaints.
As shown above, the large number of training sessions is required in clinical
treatment since accumulative training effects on abnormal EEG patterns and
symptoms in severe disease can be observed over longer training period. Regarding
the normal people, how to properly design the training schedule remains unknown.
Nevertheless, no matter which subject populations the training schedule also depends
on the subject’s EEG learning ability since EEG learning plays a critical role in
training efficacy as discussed in Section 1.2.6.
1.2.5 Mental Strategy
Usually, the participants are free to try any mental strategies they like to control the
brain activity of interest. Mental strategies that result in correct or desired brain
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responses are positively reinforced and repeated (Hammer et al., 2012). In order to
increase the success rate of NF, it is necessary to understand the mental strategy
effects on the self-control of the brain activity. Even though, only few studies have
reported the mental strategies in different NF protocols.
Angelakis et al. (2007) firstly showed the subjective effects of mental strategies selfreported by the subjects. In the up-regulation PAF NF, higher PAF was associated
with concentration, relaxation and pleasant thoughts. On the contrary, PAF was
lower when the subjects were frustrated, drowsy, and thinking problems. In the upregulation alpha amplitude NF, two subjects had more alpha amplitude when they
were relaxed or sleepy, concentrated, thought of life details or nothing. These
participants showed lower alpha amplitude when they had negative thoughts, mind
wandering, focused on something, or had not participated recently (Angelakis et al.,
2007). Similarly, our NF work in Chapter 2 found that positive thinking such as
thoughts about love, family, and friends were the most successful strategies to
increase the IAB amplitude in up-regulation alpha NF (Nan et al., 2012b).
Another study from Kober et al. (2013) asked the participants to report the mental
strategy used and its effects after the first and the last training session for SMR and
gamma NF. It was found that in the SMR NF group only the participants who had no
specific mental strategy in the last training session achieved linear improvement in
SMR power. However, the gamma NF group did not have significant change in
gamma power over the NF sessions no matter what mental strategies used. The
authors claimed that successful SMR NF might be linked with implicit learning
mechanisms.
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In summary, pleasant and positive thoughts are useful in alpha up-regulation NF
(Angelakis et al., 2007; Nan et al., 2012b) while no specific mental strategy is useful
in SMR NF (Kober et al., 2013). It seems that the mental strategy effects depend on
the training protocol. It will be useful to investigate the mental strategy effects in
each NF protocol and find out the general principle of mental strategy effects.
1.2.6 EEG Learning
EEG learning, also called NF learning or feedback learning, refers to how well the
subjects learn to self-regulate their EEG activity during NF training. Zuberer et al.
(2015) has pointed out that EEG learning is rarely reported in NF for ADHD
treatment. In order to investigate the specificity, however, it is essential to analyze
the EEG learning and adaptation processes during training and find out the relation
between EEG learning and changes of target performance (Zuberer et al., 2015).
Besides ADHD, NF applications in healthy people have also demonstrated a
mediation link between EEG learning and behavior outcome (Gruzelier, 2014a). We
can see that EEG learning plays an important role in training outcome.
However, the EEG learning has large inter-individual difference even a large percent
of non-learners have been reported, i.e., some subjects failed to regulate the brain
activity even after repeated sessions (Zoefel et al., 2011; Escolano et al., 2011;
Hanslmayr et al., 2005b). For instance, Lubar et al. (1995) using theta/beta NF
protocol for ADHD treatment reported 36.8% non-learners and stronger
improvement in attention test in learners than non-learners. Hanslmayr et al. (2005b)
aimed to improve mental rotation performance by increasing individual upper alpha
power at P3, Pz and P4 with one 40-min NF session. However, the authors reported
that only approximately 50% of the participants were learners and only the learners
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could improve the cognitive performance. In a similar study, Zoefel et al. (2011)
training upper alpha power at P3, Pz, P4, O1, O2 also showed the improvement in
mental rotation task after 5 sessions. The same question found in Zoefel et al. (2011)
as Hanslmayr et al. (2005b) was the non-learners (3 in 14 subjects). The author just
excluded the non-learners from the further analysis.
In summary, the reason of non-learner phenomenon is unclear yet and should be well
studied in NF research.
1.2.7 Baseline Outcome
EEG baseline assessment is not only helpful to determine reward threshold as
discussed in Section 1.2.2, but also useful to design training protocol in QEEGguided NF training as shown in Section 1.2.1. Moreover, NF training effects on EEG
baseline can be assessed. Here we use alpha up-regulation NF as an example to show
different results in literature.
Some previous studies reported an increase of alpha power in resting baseline after
alpha up-regulation NF training (Dempster & Vernon, 2009; Zoefel et al., 2011;
Dekker et al., 2014; Hartmann, Lorenz, Muller, Langguth, & Weisz, 2014; Escolano
et al., 2014a). For instance, in Dekker et al. (2014) 18 healthy participants received
15 sessions (3 8-min blocks per session) of alpha (8-12 Hz) up-regulation NF
training (auditory feedback with eyes open). The alpha power in eyes open baseline
showed a linear increase from Session 1 to Session 10 and tended to remain
unchanged thereafter, suggesting that 10 training sessions are enough for eyes open
alpha increase to develop, whereas the last 5 sessions did not result in further change.
Similarly, Hartmann et al. (2014) reported a significant increase of about 40 % in

23

alpha power in eyes open baseline after 10 sessions of alpha up-regulation NF
training (auditory feedback with eyes open) for 8 tinnitus patients.
On the other hand, Escolano and the colleagues reported contrary results of baseline
in two studies. Escolano et al. (2014a) which performed 8 sessions of individual
upper alpha NF for 20 major depression patients showed an increase of upper alpha
power in eyes closed resting baseline, which was not found in 20 ADHD children
with the same training protocol for 18 training sessions (Escolano et al., 2014c). Our
experimental results in Chapter 2 also failed to show resting baseline change after 20
sessions of individual alpha NF training.
It is not clear why different results occur in the training feature during the resting
state even with the same training protocol, but no studies have tried to investigate it.
We give some possible explanations. On one hand, the training duration may be not
enough to elicit resting baseline change, since NF effects on EEG is a gradual
process. On the other hand, the EEG learning has large inter-individual difference as
discussed in Section 1.2.6, and if the subject is not able to self-regulate the training
feature during NF, the training effects may be hard to transfer to resting baseline.
1.3 Research Motivations
Although NF has shown positive benefits on a variety of brain functions and clinical
treatment, the training effectiveness for specific performance enhancement is still
under debate due to considerable methodological and theoretical conundrums as
shown in Section 1.2. More specifically, it is unknown how to use NF training to
effectively enhance short term memory and peripheral visual performance. What’s
more, the effectiveness of NF training depends on the optimal methodology design
based on the understanding of NF theoretical issues. As shown in Section 1.2.6, EEG
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learning as an important NF theoretical issue has not been understood well and the
non-learner phenomenon has been reported.
1.3.1 NF in Short Term Memory
Short term memory is the temporary storage of information without the attention
component of working memory (Conway, Cowan, Bunting, Therriault, & Minkoff,
2002; Stipacek, Grabner, Neuper, Fink, & Neubauer, 2003). It is essential for the
execution of a wide array of perceptual and cognitive functions (Engle, Tuholski,
Laughlin, & Conway, 1999; Todd & Marois, 2004; Majerus, Poncelet, Van der
Linden, & Weekes, 2008). However, short term memory lasts no longer than 30
seconds (when no rehearsal or active maintenance) and its storage capacity is
severely limited (about seven unrelated items), which places severe constraints on
the human ability to process information and solve problems (Ericcson, Chase, &
Faloon, 1980).
Memory process can be described in terms of brain rhythms or brain oscillations
(Klimesch, 1996). It has been observed that memory performance is positively
related to resting power in the alpha band (Klimesch, 1999; Klimesch, Doppelmayr,
& Hanslmayr, 2006). According to the relationship between alpha and memory, we
wonder whether alpha NF can improve short term memory or not. Although alpha
NF protocol has been reported positive effects on some aspects such as
consciousness, SMR desynchronization, mental rotation and attention, implicit motor
learning, skill acquisition, and anxiety reduction, there is still a lack of successful
alpha NF training for the improvement in short term memory. Only one early study
investigated the effect of fixed alpha band (8.5-12.5 Hz) NF training on short term
memory, but the results showed no improvement in short term memory after training
25

(Bauer, 1976). Considering the association between alpha and memory, it is desirable
to investigate whether up-regulating alpha activity by NF can effectively enhance
short term memory.
1.3.2 NF in Peripheral Vision
Besides short term memory, another brain function, i.e. peripheral vision, is
important for central vision preview and plays a major role in the selection of the
stimulus targets. It is also a backup for people who suffer central vision loss, since it
provides a rich source of visual information outside the central gaze.
Particularly, the peripheral vision in the dynamic visual environment (i.e. dynamic
peripheral vision, following text use peripheral vision for simplification) is crucial
(e.g. driving, walking, playing, etc). For example, drivers need good peripheral
vision since the driving safety depends strongly on the detection ability of moving
cars and other objects in the peripheral visual field, as well as the ability to react to
these visual stimuli in a timely manner (Yu, Chaplin, & Rosa, 2015). Team sports
practitioners need high peripheral visual ability to sense the sports environment, as
the peripheral vision facilitates motion detection (Knudson & Kluka, 1997) and its
reaction time is faster than that of saccadic vision.
Due to the importance of peripheral vision, it is highly valuable to enhance its
performance by NF training. To our knowledge, no studies have reported the related
work.
1.3.3 Prediction of EEG Learning
As shown in Section 1.2.6, EEG learning is critical in training effectiveness, but it
has large inter-individual difference and even non-learners have been reported in a
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variety of NF protocols. To overcome non-learner problem, one solution is to find
out effective mental strategy during NF training, since suggestions on mental
strategies to be used during NF shall contribute greatly to increase the rate of
successful EEG learning. On the other hand, the understanding of EEG learning and
identification of early predictors for EEG learning is a vital step. It would be helpful
to prevent potential frustration and time consuming training sessions, save cost on
non-learners, design and modify the training protocol accordingly, and understand
the reason of poor EEG learning.
1.4 Research Goals and Objectives
Based on the above research motivations, this thesis aims to (1) effectively improve
performance including short term memory and peripheral vision using NF training;
(2) deep understand the EEG learning and find out its early predictors from
neurophysiological features. More specifically, regarding the NF training for
performance improvement, we aim to answer whether NF training can change the
EEG activity related to performance and whether the change of EEG activity by NF
training is associated with performance enhancement.
Objective 1
The Objective 1 is to effectively enhance the short term memory performance using
alpha NF training. Specially, we aim to answer three questions: (a) whether NF
training can increase the alpha activity, (b) whether this increase in alpha is
associated with short term memory improvement, (c) which mental strategies are
more effective for the training.
Objective 2
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The Objective 2 is to effectively improve performance in peripheral vision using NF
training. Here, the relationship between EEG and peripheral vison is firstly examined
in order to determine the training protocol and understand the neural mechanism of
peripheral vision. After that, a proper NF training protocol is employed for effective
enhancement of peripheral visual performance.
Objective 3
We firstly aim to answer how to assess the EEG learning in NF, and then find out the
early neurophysiological predictors of EEG learning in alpha NF and BTR NF
respectively. The findings will answer whether the predictors of EEG learning have
common points in different NF protocols.
1.5 Potential Contributions
According to the research objectives, the original contributions of this dissertation
are summarized below.
 The general methodological and theoretical issues in NF training are
summarized and provided our perspectives and suggestions, which contributes to
the NF success for future NF research.
 The short term memory has been successfully enhanced by individual alpha NF
training, providing an effective method for short term memory enhancement for
people in need (e.g. elderly with memory decline, students). Moreover, the
increase of short term memory performance has been found to be positively
correlated with the increase of the relative amplitude in the individual upper
alpha band during training, suggesting that the individual upper alpha can be a
promising parameter for short term memory enhancement in the future NF study.
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 We have found out the mental strategy effects in alpha NF which provides a
guideline for mental strategy used in alpha NF and helps increase the training
success rate.
 The relation between EEG and peripheral visual performance has been firstly
found out, which helps understand the neural mechanism of peripheral visual
performance and provides hints for NF protocol design for peripheral visual
performance enhancement.
 An effective NF protocol (i.e. individual alpha NF) has been proposed for
peripheral visual performance enhancement, providing a new hope for the
people (e.g. team players, drivers, patients with central vision loss) who need to
enhance their peripheral vision.
 The predictors of EEG learning in alpha NF and BTR NF will help predict the
training outcome, prevent potential frustration and time consuming training
sessions in subjects with low EEG learning, adapt the NF protocol accordingly,
and understand the neural mechanism of NF training.
1.6 Organization of the Thesis
Structure of the thesis is organized as follows:
 Chapter 2 presents how to effectively improve short term memory using NF
training.
 Chapter 3 studies the peripheral vision: its relationship with EEG and
enhancement by NF training.
 Chapter 4 presents the EEG learning and its prediction in alpha and BTR NF.
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 Chapter 5 describes the thesis conclusions, limitations and perspectives for
future work.
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Chapter 2 Short Term Memory Enhancement by Individual Alpha NF Training
2.1 Introduction
As introduced in Section 1.3.1, short term memory is important for a variety of
cognitive functions but its capacity is limited. Although previous studies have
demonstrated the benefits of NF training in health, cognition, and performance
enhancement, the NF effect on short term memory has been rarely investigated. Only
the early work by Bauer (1976) examined the effect of fixed alpha frequency band
(8.5-12.5 Hz) NF on short term memory in young adults. The participants were asked
to produce alpha as long as possible during the training. Short term memory
performance was assessed by a verbal free recall task and a digit span task. Although
a significant increase in the percentage alpha was achieved by the end of the four
sessions, neither digit span task nor verbal free recall task showed improvement.
Vernon (2005) stated that this failure could be explained by the use of a fixed
frequency band instead of individual alpha frequency range as proposed by Klimesch
(1999). Due to the large inter-individual differences in alpha frequency band, the
personalization of alpha band is the only way to observe and interpret any findings
that involve alpha frequency band (Klimesch, 1999; Klimesch, Sauseng, & Gerloff,
2003). Another possible reason for the failure in Bauer (1976) is that the feedback
parameter was the percentage alpha in terms of time instead of the alpha power that
is related to memory performance (Klimesch, 1999).
On the other hand, the relation between memory performance and EEG alpha activity
has been reported by several studies in the last two decades (Klimesch, 1996;
Klimesch, 1999; Klimesch et al., 2006). It has been observed that memory
performance is positively related to resting power in the alpha band (Klimesch, 1999;
33

Klimesch, et al., 2006). One interesting question from the association between
memory and alpha is, whether short term memory performance can be improved
through the enhancement of alpha power by means of NF training.
Moreover, as shown in Section 1.2.5, the mental strategies used during the NF have
not been provided with sufficient details in the literature. Angelakis et al. (2007) only
described two subjects’ self-report during alpha amplitude NF. Suggestions on
mental strategies to be used during alpha NF shall contribute greatly to increase the
rate of successful EEG learning.
Considering the relation between memory performance and alpha power as well as
the importance of personalization of alpha band (Klimesch, 1999), this chapter aimed
to improve short term memory performance by individual alpha NF. More
specifically, we attempted to answer three questions, namely, (a) whether NF can
increase the relative amplitude in individual alpha band (IAB), (b) whether this
increase in IAB is correlated with short term memory improvement, (c) which mental
strategies are more effective for the training.
2.2 Experiment
2.2.1 Participants
A total of 32 students (22 males and 10 females, aged 20-29 years: mean=23.28,
standard deviation (SD) =3.11) took part in the experiment. Informed written consent
was obtained from all participants after the experimental nature and procedure were
interpreted to them. The protocol was approved by the Research Ethics Committee
(University of Macau).
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2.2.2 Signal Recording
During the experiment, the participants sat in a quiet room. The EEG signal was
recorded from Cz channel (according to the International 10-20 system) with a
sampling frequency of 256 Hz, the ground was located at forehead and the reference
was the average of left and right mastoids. The signals were amplified by an EEG
amplifier (Vertex 823 from Meditron Electomedicina Ltda, SP, Brazil) with an
analog band-pass filter from 0.1 to 70 Hz and were recorded by Somnium software
platform (Cognitron, SP, Brazil). In the Somnium system, the signals were filtered
by a band-pass filter from 0.5 to 30 Hz, and a notch filter at 50 Hz. Circuit
impedance was kept below 10kΩ for all electrodes.
2.2.3 Experimental Design
The participants were randomly allocated to a NF group and a non-NF control group.
Both groups consisted of 16 subjects (11 males and 5 females) and there was no
significant difference in age between the two groups. In the NF group, prior to the
beginning NF, the participants did resting baseline recording (as Baseline 1) and
short term memory test (as Test 1). Then the participants completed NF sessions with
3 to 4 sessions per day for a total of 20 sessions. NF was spread over a period of 15
days. After all training sessions, the participants repeated baseline recording (as
Baseline 2) and short term memory test (as Test 2). To assess the influence of
practice on short term memory performance, the non-NF control group was
measured with the same design on equivalent days and times, but without any
training sessions. The participants in both groups were asked to inform us of
exceptional stress and then we could reschedule their experiment when their states
were normal.
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The baseline recording consisted of two epochs of 30 seconds with eyes open and
two epochs of 30 seconds with eyes closed during the resting period. The recordings
of eyes open and closed in Baseline 1 provided data for the calculation of alpha
desynchronization and synchronization respectively, which enabled to determine
frequency bands individually through the amplitude bands crossings. As shown in
Figure 2.1, LTF (low transition frequency) and HTF (high transition frequency) were
the crossings of eyes open and eyes closed EEG amplitudes during the resting period,
while the PAF (in the range between 7.5 and 12.5 Hz) in the amplitude spectrum
during resting baseline with eyes closed was used as the cut-off point to separate the
lower from the upper alpha band (Klimesch, Schimke, & Schwaiger, 1994). The IAB
covered from LTF to HTF, while the lower IAB ranged from LTF to PAF and the
upper IAB was between PAF and HTF.

Figure 2.1: The demonstration of IAB determination. (IAB: LTF - HTF, lower IAB:
LTF - PAF, upper IAB: PAF - HTF)
2.2.4 NF Training
Training Feature
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Feedback is a determinant step for the protocol’s success. Neural activity must be fed
back by some parameter(s) and presented to the participant in a simple and direct
representation of their value. In this study, the feedback parameter was the relative
amplitude of the IAB. As shown in the equation (2.1), k was an index over frequency
and X(k) was the frequency amplitude spectrum calculated by fast Fourier
transformation (FFT) with a sliding window of 2 s that shifted every 0.125s. The
frequency resolution was 0.5 Hz. Using the amplitude spectrum instead of the power
spectrum prevents excessive skewing which results from squaring the amplitude, and
thus increases statistical validity (Sterman & Egner, 2006).

relative amplitude =

∑𝐻𝑇𝐹
𝑘=𝐿𝑇𝐹 𝑋(𝑘)
𝐻𝑇𝐹−𝐿𝑇𝐹
∑30
𝑘=0.5 𝑋(𝑘)

(2.1)

30−0.5

Feedback Display
The feedback display contained two 3D objects: a sphere and a cube as shown in
Figure 2.2. The sphere radius reflected the feedback parameter value in real time and
if the value reached a threshold (Goal 1) the sphere color changed. This sphere was
constituted by several slices, and the more slices it had, the smoother it looked.
Initially, the sphere was only constituted by four slices, which was its minimum
number. While Goal 1 was being achieved, slices were slowly added to the sphere.
When Goal 1 was not achieved, the sphere loosed slices slowly until it only had four
slices again. The cube height was related to the period of time that Goal 1 kept being
achieved continuously. If Goal 1 was being achieved continuously for more than a
predefined period of time (2 seconds), Goal 2 was accomplished and the cube rose
until Goal 1 stopped being achieved. Then the cube started falling slowly until it
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reached the bottom or Goal 2 was achieved again. Therefore, the participant’s task
was to make the cube as high as possible (Rodrigues, Migotina, & da Rosa, 2010).

Figure 2.2: NF display. A: when Goal 1 was not achieved. B: when both Goal 1 and
Goal 2 were achieved.
Training Schedule
In order to obtain successful training, the participants utilized user control mode
during the first two sessions. They can control the number and duration of trials
within each session. At the end of each trial, they can input a comment on which
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cognitive strategies were used. The comments were used to find out which cognitive
strategies were more effective for the desired changes in the EEG. For the remaining
18 sessions, the duration of each session was fixed. Each fixed session consisted of
10 successive trials of 20 seconds each and with an interval of 5 seconds between
trials. The participants were expected to apply the most successful cognitive
strategies and try their best to achieve the desired changes within the time limit. We
did not prescribe the specific strategies and the participants could perform any kind
of mental strategy they like. Only one cognitive strategy should be performed in each
trial, but it could or should vary between trials if the current one was not being
successful.
Reward Threshold Setting
The threshold value for the feedback parameter (i.e., the relative amplitude of the
IAB) for the first session was set to 1 which was found empirically to be a good
guess, and it could be adjusted during the user control mode sessions to achieve Goal
1 easily. After each session, a session report showed the percentage of time the
feedback parameter was above threshold. If this value exceeded 60%, the threshold
would be increased by 0.1 in the next session. In contrast, if the percentage was
below 20%, the threshold would be decreased by 0.1 in the next session. The
threshold setting principle was to set a proper difficult level to achieve Goal 1 even
Goal 2 and keep the subjects motivated in the training by a certain amount of reward.
2.2.5 Short Term Memory Evaluation
The short term memory was evaluated by digit span which is a good measure of short
term memory capacity (Conway et al., 2002). The digit span tests included a forward
and a backward digit span. Each test consisted of a series of trials showing random
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digits at the rate of one digit per second. At each trial the number of digits shown
was increased by one until the participant failed twice to recollect every digit. The
last number of digits correctly recollected was the participant’s digit span score. In
each test, after all the digits had been shown, the participant was instructed to enter
the digits with the same order (forward digit span) or with the inverse order
(backward digit span) as they were displayed.
2.2.6 Data Analyses
Absolute EEG amplitude has large individual difference owing to influences of many
factors (such as anatomical and neurophysiological properties of the brain, cranial
bone structure and electrode impedances) (Kropotov, 2009). Hence, relative
amplitude was calculated in order to ensure comparability across participants
(Reichert, Kober, Neuper, & Wood, 2015). For each participant, in each training
session and resting baseline the relative amplitudes were calculated in the IAB and
also other bands including delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma
(12-16 Hz), lower IAB and upper IAB.
To analyze the training effect on the EEG amplitudes, we firstly examined the EEG
bands listed above during the training sessions. The Pearson correlation tests were
used to investigate the relationship between the relative amplitudes in the above
mentioned EEG bands and session number. A successful IAB learning, i.e. a positive
trend of IAB over training sessions, was expected. Regarding the eyes open baseline
in the two groups, 2-tailed paired t-tests were employed to examine the difference
between Baseline 1 and Baseline 2.
For the short term memory performance, initially, 1-tailed paired t-test was employed
to examine the increase from Test 1 to Test 2. Both the NF group and the control
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group would probably show increased performance due to the short term memory
task practice. Thus we further applied 1-tailed independent t-test to examine whether
the NF group obtained significant larger increase than the control group. Finally, in
order to find out which EEG band change was correlated with short term memory
improvement, Pearson correlation coefficient was calculated between them.
With regard to the mental strategy analysis, considering that the number of each
strategy used was different, we calculated the average score of each strategy to
examine the effect on individual alpha training.
2.3 Results
2.3.1 EEG Results
The average of the relative amplitude in IAB of all subjects showed increase over
sessions. Further Pearson correlation test indicated that it had significant positive
correlation with session number, indicating that the subjects could learn to increase
their alpha activity by NF (successful IAB learning). This was a positive answer to
Question (a) in the introduction section. Besides IAB, alpha, sigma, lower IAB and
upper IAB were significantly positive correlated with session number while delta
was significantly negative correlated with session number. Figure 2.3 shows the
average relative amplitudes in the aforementioned bands over sessions. Regarding
the eyes open resting baseline, all frequency bands including IAB, lower IAB, upper
IAB, alpha, sigma and delta had no significant difference between Baseline 1 and
Baseline 2 in both the NF group and the control group.
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Figure 2.3: The average relative amplitudes in the examined bands of all subjects
over training sessions. The straight line results from a linear regression and indicates
a linear sustained change.
2.3.2 Short Term Memory Results
The forward digit span in the NF group increased from 8 (SD=2.76) in Test 1 to
11.06 (SD=4.55) in Test 2, while in the control group it was 10.19 (SD=1.55) in Test
1 and 11.25 (SD=1.52) in Test 2. For the backward digit span, the performance
measures of the NF group were 7.31 (SD=2.26) in Test 1 and 10.44 (SD=3.53) in
Test 2, while the performance measures of the control group were 9.56 (SD=1.58) in
Test 1 and 10.25 (SD=1.98) in Test 2. The percentage change of digits in the two
groups is shown in Figure 2.4.

Figure 2.4: The percentage change of digits in two groups.
Paired t-test showed increased short term memory performance in both the NF group
and the control group. Further 1-tailed independent t-test found that the increases in
forward and backward digits of the NF group were significant larger than those of
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the control group (t(30)=2.944, p<0.005 in forward increase; t(30)=4.091, p<0.001 in
backward increase).
Pearson correlation analysis indicated that the increase of short term memory
performance was not correlated with the increase of the relative amplitude in the
whole IAB. Instead, it was found that the increases of digit span tests in the NF
group were significantly correlated with the increase of the relative amplitude, not in
the other bands (lower IAB, alpha, sigma and delta), but in the upper IAB between
the first session and the last session (r=0.501 (p<0.05) in forward increase and
r=0.543 (p<0.05) in backward increase). This result answered Question (b) in the
introduction section.
2.3.3 Mental Strategy Results
During NF training, the participants can utilize any strategies they like, but they
should use only one strategy in each trial. If the current one was not successful, they
can change the strategy in the next trial. Different participants used different set of
thoughts. In an attempt to help participants find out the effective strategy for selfregulating their alpha, they were asked to write down the strategy used and its effect
after each training session. The effects were divided into five grades: best, good,
normal, bad and worst. By this way, they would find the effective strategies for
themselves. It was observed that even for the same strategy, different subjects had
different effects.
After all training sessions, the strategies were summarized and scored. All strategies
were divided into three types: positive, neutral and negative. Among them, positive
type was 61.29%, which included several subtypes: nature (raining, travel,
hometown, sunset, walk around and scenery), life (shopping, cooking, food and
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eating), entertainment (singing, music and movie), love (lover and kiss), family
(parents, brothers and grandparents), friends and others (such as thinking about
making the sphere bigger). Neutral type was 33.87%, which contained calculation,
work, number, game and sports. Negative type was 4.84%, which consisted of
quarrel, anger, accident, shooting and killing a person. According to strategy effects,
the scores were 2 for best, 1 for good, 0 for normal, -1 for bad and -2 for worst. The
average scores were 0.74 for positive strategies, 0.5 for negative strategies and 0.167
for neutral strategies. The effects of all subtypes are shown in Figure 2.5. Among
them, the most effective strategies were friends (1.625), love (1.4) and family (1.1)
while the worst were anger (-2.0) and calculation (-0.15). The effects of some
positive strategies subtypes like love (lover (1.67)), nature (hometown (1.5)) and
family (brothers (2.0)) stood out.
In summary, it can be observed most participants utilized positive strategies during
training and the effective strategies varied among individuals. On average, most
successful thoughts were related to positive strategies, namely friends, love and
family, while neutral strategies had limited success although game had a medium
effect and negative strategies had contrasting effects. This provided an answer to
Question (c) in the introduction section.
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Figure 2.5: Strategy types and their scores.
2.4 Discussion
As expected, the participants in the NF group can learn to increase the relative
amplitude in IAB during training sessions, i.e. successful IAB learning. Several key
features in the training protocol were responsible for this successful EEG learning.
Firstly, the participants were familiar with the training display through the first two
user control sessions, and they could try any strategies they like to observe the
training effect. After this, they can gain some experience on how to self-regulate
their brain activity. Secondly, the training duration of each trial of 20 seconds with 5
seconds of interval between trials proved to be a good strategy. It was easier to
maintain concentration in shorter trials compared to longer ones, where subjects
could be bored and distracted with ease. Finally, tracking of the cognitive strategies
during training provided an adequate guidance for the participants to achieve
successful self-regulation strategies. In the literature, no study has reported the
cognitive strategies during individual alpha NF. Thus, the strategies in this work can
provide precious guidance for future study on NF in the IAB. From the analysis of
self-comments, it can be concluded that the useful strategies varied among
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individuals and the most successful strategies were related to positive thinking such
as thoughts about lover, friend and family.
Besides IAB, sigma and delta also showed changes over training sessions, which
maybe resulted from some mental strategies used. In general, alpha is associated with
alertness and meditation, while delta appears during sleep and sigma reflects
mentally alert and physically relaxed (Friel, 2007). In our case it was expected that
the mental thoughts would decrease delta and increase sigma due to the elevated
alertness. The increase of alpha (8-12 Hz) was also expected since it was very close
to IAB, and the increase of lower IAB and upper IAB was natural since they were
components of IAB.
In addition, the resting baseline in all examined bands had no significant difference
between Baseline 1 and Baseline 2 in the NF group. As shown in Section 1.2.7, some
studies showed significant increase in resting alpha after up-regulation alpha activity
by NF training (Dempster & Vernon, 2009; Zoefel et al., 2011; Dekker et al., 2014;
Hartmann et al., 2014; Escolano et al., 2014a) while some not (Escolano et al.,
2014c). For instance, in Zoefel et al. (2011) the baseline in the trained upper alpha
(PAF to PAF+2 Hz) gained significant increase after training, and Dempster and
Vernon (2009) performing alpha (8-12 Hz) NF training also found alpha in resting
baseline increased over 10 training sessions. The failure of baseline enhancement in
our study may attribute to the much less training density and duration compared to
that in Zoefel et al. (2011) and Dempster and Vernon (2009). In Zoefel et al. (2011)
the participants completed one session per day with each session consisting of five 5min training blocks, the total training duration was 125 min in five days, while
Dempster and Vernon (2009) had 10 15-min training sessions in 10 weeks for a total
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of 150 min. By contrast, in our study the total training duration of the fixed sessions
was 60 min within 15 days, i.e. 10 to 15 min per day, in total 4 to 6 times spread over
the whole training course. Therefore, to enhance individual alpha amplitude during
resting condition, an intensive training and longer training time would be
recommended.
Even though the baseline improvement was not found in the NF group, the short term
memory was improved significantly. The control group also displayed significant
improvement that could be explained by the short term memory test practice. More
importantly, the increase of the NF group was significant higher than the control
group, indicating that NF did have positive effect on short term memory
improvement beyond the test practice effect.
Another interesting finding is that the increase of short term memory performance
was positively correlated with the increase of the relative amplitude in the upper IAB
during training. It suggests that the amplitude of upper IAB can be a promising
parameter in the future NF for short term memory study.
Our NF effects on short term memory is consistent with Escolano et al. (2011) in
which semantic working memory was enhanced by enhancement of individual upper
alpha using NF training for 5 days (25 min training for each day). A recent study
from Guez et al. (2015) performed a double-blind sham-controlled design on healthy
young adults to investigate the NF training effect on episodic memory which refers
to one’s capacity to explicitly recall information concerning past events including a
concept of what happened and where and when it occurred. NF training included upregulating upper alpha band (10-12Hz), up-regulating SMR band, and sham protocol.
The training sessions (30 min each) took place twice weekly for a total of 10 sessions.
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As a result, the SMR training improved automatic, item-specific and familiaritybased processes in memory, while the upper alpha training resulted in improved
strategic and controlled recollection. Thus, we can see that upper alpha training not
only improves short term memory but also strategic and controlled recollection in
episodic memory. Our findings have been also confirmed by Hsueh et al. (2016)
which performed NF to up-regulate alpha (8-12 Hz) amplitude with three sessions
per week over 4 weeks. Working memory was evaluated by both a backward digit
span task and an operation span task, and episodic memory was assessed using a
word pair task. The results showed a progressive significant increase in the alpha
amplitude and total alpha duration of the frontoparietal region. What’s more, both
working and episodic memories were significantly enhanced in a large proportion of
participants, particularly for those with remarkable alpha-amplitude increases (Hsueh
et al., 2016).
On the other hand, other NF protocols in recent years after our publication (Nan et al.,
2012b) also showed benefits on different memory components. For instance, upregulating frontal-midline theta activity by 8 NF sessions improved memory updating
evaluated by a three-back task as reported by Enriquez-Geppert et al. (2014a), and
up-regulating frontal-midline theta activity by 12 sessions (three times per week for a
total of 4 weeks) was found to improve working memory in normal aging adults
(Wang & Hsieh, 2013). Moreover, up-regulating theta at Pz by a 45 min NF training
session accelerated memory consolidation (Reiner et al., 2014). Besides theta NF, in
SMR NF protocol up-regulating SMR by 10 training sessions improved overnight
memory consolidation for SMR learners (16 out of 24 participants) in insomnia
(Schabus et al., 2014).
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In conclusion, this study reveals strong evidence that with appropriate protocol and
adequate guidance, the participants can learn to increase the relative amplitude in
IAB during training. Most importantly, the increase of short term memory was
positively correlated with upper IAB amplitude increase during training.
2.5 Chapter Summary
This chapter aimed to improve short term memory performance by individual alpha
NF training. With appropriate protocol designed for NF, the experimental results
showed that the participants were able to learn to increase the relative amplitude in
IAB during NF and short term memory performance was significantly enhanced by
20 sessions of NF. More importantly, further analysis revealed that the improvement
of short term memory was positively correlated with the increase of the relative
amplitude in the upper IAB during training. Finally, effective strategies for
individual alpha training varied among individuals and the most successful mental
strategies were related to positive thinking. The findings in this chapter have been
published in International Journal of Psychophysiology (Nan et al., 2012b).
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Chapter 3 Peripheral Visual Performance Enhancement by Individual Alpha
NF Training
3.1 Introduction
Human visual system is composed of central vision and peripheral vision. As an
important constituent part of vision, peripheral vision occurs outside the central field
of view and is responsible for the peripheral visual information collection. According
to the biological constitution of human eyes, it is well known that retina is made up
by two types of photoreceptor cells, namely rod cells and cone cells. Cone cells are
mostly concentrated in the central area of the retina and less densely populated in the
periphery, while rod cells are commonly distributed in the outer edges of the retina
and peripheral vision mainly employs rod cells. When an object exceeds the central
visual field, humans have to make saccadic eye movements to search the object,
which will bring parts of the object into the central vision. Thus, the orientation and
span of eye movements use the visual information from peripheral vision. Peripheral
vision provides plentiful visual information outside the central visual field and is
important for feature recognition and object identification because it directs eye
movements in neutral search tasks (Torralba, Oliva, Castelhano, & Henderson, 2006)
and provides the visual information as important triggers for saccades (Luo, VargasMartin, & Peli, 2008).
Good peripheral vision is beneficial for either monitoring surroundings or
maintaining steady balance in team sports. For instance, when a player wants to pass
the soccer ball to his teammate, he should not look at his teammate directly and make
a heel-dragging decision. Otherwise, he may lose the control of the ball as the
defender would identify and prevent the passing through the detection of the
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opponent’s eye gaze. Therefore, the player has to employ his peripheral vision to
gather information from the sports environment and keep focused without revealing
his intention so as to avoid defending actions by his opponents. If a player has better
peripheral vision ability, he can notice his teammate earlier and make a better pass
with a higher success rate.
As the importance of peripheral vision, it is desirable to improve its performance
somehow. In recent studies, several methods have been proposed to train and
improve the ability in peripheral vision. For instance, it is reported that perceptual
learning can improve the reading speed in peripheral vision among normally-sighted
young adults (Chung, Legge, & Cheung, 2004), normally-sighted older adults (Yu,
Cheung, Legge, & Chung, 2010) and elderly with long-standing central vision loss
(Chung, 2011). In addition, repetitive transorbital alternating current stimulation
(rtACS) shows positive effects on visual field recovery (Schmidt et al., 2013).
A large number of NF studies have shown the positive effects of NF in performance
and health enhancement as reviewed in Chapter 1. Thus, we wonder whether NF also
can improve peripheral visual performance. To answer this question, the first step is
to find out the relationship between peripheral visual performance and brain activity.
Previous studies have demonstrated that the EEG alpha activity is closely linked to a
variety of cognitive functions such as attention, memory and perception. For instance,
in a number of selective attention tasks, the increase of alpha power appears over
cortical areas responsible for processing potentially distracting information, and
these attention-related sustained focal increases in alpha power occur prior to the
arrival of an anticipated stimulus (Foxe & Snyder, 2011). Moreover, alpha
amplitudes increase when subjects shift their attention inwards (Ray & Cole, 1985;
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Cooper, Croft, Dominey, Burgess, & Gruzelier, 2003) and decrease if a stimulus is
expected (Worden, Foxe, Wang, & Simpson, 2000; Sauseng et al., 2005; Thut,
Nietzel, Brandt, & Pascual-Leone, 2006). Regarding the semantic memory, the
resting alpha power is positively associated with memory performance, whereas
during actual processing of the task, small alpha power is related to good
performance (Klimesch et al., 2006). Contrary to memory, good central vision
perception performance is associated with low resting alpha power (Hanslmayr et al.,
2005a, 2007) and low prestimulus alpha power (Ergenoglu et al., 2004; Hanslmayr et
al., 2005a, 2007; van Dijk, Schoffelen, Oostenveld, & Jensen, 2008; Mathewson,
Gratton, Fabiani, Beck, & Ro, 2009; Wyart & Tallon-Baudry, 2009). As can be seen
from the above knowledge, no relationship between peripheral visual performance
and brain activity has been reported.
Thus, this chapter consists of two studies. Study I aimed to find out the relationship
between peripheral visual performance and brain activity in order to determine the
NF protocol for peripheral visual performance enhancement. Considering the alpha
activity related to central vision performance, we examined whether the peripheral
visual performance was correlated with the alpha activity in the eyes-open and eyesclosed resting condition as well as during the peripheral vision task. Study II aimed
to improve peripheral visual performance by a NF protocol proposed based on the
relation found in Study I.
3.2 Peripheral Visual Performance Assessment
Different from central vision perception, peripheral vision is to identify and perceive
the changes that occur in the circumjacent environment. So far, the peripheral visual
performance measurements based on perception tasks in the major existing work are
54

relatively static, that is, subjects only need to maintain their focus on a fixed point
and report whether they can perceive the target appearance in the periphery.
However, in a real visual environment, especially in the team sports involving a ball,
the environment is usually dynamic rather than static, and the speed of movement is
inconstant (such as opponents, teammates, and the ball). Rodrigues et al. (2012) from
our research group designed a new peripheral visual task which simulated the real
environment. Moreover, it was found that the sports performance in soccer players
had significant positive correlation with the peripheral visual ability assessed by this
visual task (Rodrigues et al., 2012). The details of the peripheral vision assessment
are shown in the following subsections.
3.2.1 Peripheral Visual Performance Measurement
Figure 3.1 shows the test interface of the experiment, the background color simulates
the soccer field environment and five stimuli objects are presented at the four corners
and the center of the screen. Four shapes (including circles, horizontal stripes,
triangles and vertical stripes) in seven different colors (including black, blue, brown,
green, red, white and yellow) are used as stimuli objects. The combinations of all
different stimuli objects form two types of object sets: target and non-target. For an
object set to be considered as a target, three out of five objects must be the same in
both color and shape (e.g. Figure 3.1 A); otherwise, it is a non-target (e.g. Figure 3.1
B). Figure 3.2 (where a dot represents an object in any shape and color) illustrates all
of the ten types of target patterns, which cover different visual fields.
The peripheral visual task consists of two test sessions and each test session has 56
trials. Session 1 includes 13 target trials and 43 non-target trials, and all objects are
circles but in different colors. Session 2 comprises 14 target trials and 42 non-target
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trials, and it covers all situations in different colors and shapes. The sequence and
exposure time of the stimuli trials is determined by a script file which is programmed
and loaded into the system before the experiment started, and there is no interval or
cue between consecutive trials. In both test sessions, the exposure time of trials
progressively decreases from 4 s to 0.5 s. More specifically, the exposure time is 4 s
for Trial 1 ~ Trial 7, 3 s for Trial 8 ~ Trial 14, 2 s for Trial 15 ~ Trial 22, 1.5 s for
Trial 23~ Trial 30, 1 s for Trial 31~ Trial 38, and 0.5 s for Trial 39 ~ Trial 56,
respectively.

Figure 3.1: Test interface. A: target pattern in Session 1. B: non-target pattern in
Session 2.
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Figure 3.2: Ten types of target patterns (a dot indicates an object).
The subjects are required to seat on a comfortable chair with adjustable height to
keep their eyes centered on the screen. The full horizontal vision angle and vertical
vision angle were 75.18° and 60° respectively. To start each test session, the start
button in the upper left corner is clicked by the subjects with eye scanning. Then the
subjects need to look back to the central object. The test starts after 2 s of the click.
During the test, the central object keeps random movement within -10% to 10%
screen size from the center every 10 ms, with a movement step of 0 to 1% of the
screen size. The subjects are required to track the central moving object binocularly
with a mouse pointer and keep their sight on the central object at all times so that
they can capture the corner objects with their peripheral vision. Once the subjects
perceive the target pattern, they need to click on the central object as fast as possible.
They are not allowed to use eye scanning, although most of the subjects use it
voluntarily or involuntarily. To detect eyes movement, two signals of
electrooculogram (EOG) are recorded and their difference is calculated. One
electrode is placed 0.5 cm below the outer canthus of one eye, and another electrode
is placed 0.5 cm above the outer canthus of the other eye. This particular
configuration captures both horizontal and vertical eye movements in order to detect
the responses to the stimuli with peripheral vision or eye scanning.
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3.2.2 Eye Scanning Detection
The aim of the detection algorithm is to detect large eye movements which occur in
perceiving the four corner objects of the screen. The eye scanning during visual task
is determined by the information presented in the two EOG channels. The direction
of the eye movement is not considered in the eye scanning detection algorithm, i.e.,
no distinction between left, right, up or down eye movement. The small eye
movements could be produced when tracking the central moving object binocularly.
In order to achieve the compromise between the detection of large eye movements
and reduction of the false positive rate due to the small eye movement in the tracking
and the influence of other artifacts, the following EOG detection algorithm is
adopted.
The signal when the subject clicks the start button is taken as the calibration sample.
The calibration sample and the test signal are filtered by a low pass filter with a 5 Hz
cut off frequency. Then, the absolute maximum of the calibration sample is
determined and the test signal is normalized by this value. The signal extremes are
found when the first derivative of the signal is zero. Only the extremes with absolute
value higher than 60% of that absolute maximum are considered as possible
candidates for EOG. In most cases this is enough to conclude that EOG presents in
the channel.
By this algorithm, it is possible to detect if the subject employs only peripheral vision
or helped by eye scanning to perceive the four corners of the screen. If an EOG is
detected after the beginning of a stimulus set and before the subject’s response, it is
considered as eye scanning (Rodrigues et al., 2012).
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3.2.3 Peripheral Visual Performance Evaluation
The peripheral visual performance is described by the accuracy. Regarding each test
session, the following events are taken into account: true positive (TP) means
clicking a target; true negative (TN) stands for ignoring a non-target; false positive
(FP) is accounted when a non-target is clicked; false negative (FN) stands for
ignoring a target. The above events are employed to calculate the accuracy shown in
Equation 3.1, where T is the total number of targets and NT is the total number of
non-targets. If the subject does not click on any target or click on all (true and false
targets), the accuracy is 0%. If the subject only clicks on correct targets and does not
miss any one the accuracy is 100%. If the subject clicks on every false target and
does not click on any correct one the accuracy is -100%.
1 TP FP
TN FN
accuracy  [(

)(

)] 100%
2 T NT
NT T

(3.1)

3.3 Study I – Relationship between Peripheral Visual Performance and Alpha
Activity
3.3.1 Participants
Sixty-two soccer players (aged 14-19 years: mean=16.44, SD=1.51) with normal
vision took part in the experiment. Informed written consent was obtained from all
participants before experiment. The protocol was approved by the local ethics
committee, and each subject gave written informed consent before the experiment,
according to the Declaration of Helsinki. One subject was excluded in the data
analysis due to bad EEG signal quality.
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3.3.2 Signal Recording
EEG was recorded from Cz, O1 and O2 according to the International 10-20 system.
The reference was the average of both mastoids and the ground was placed on the
forehead. EOG signals were also recorded as mentioned in Section 3.2.1. The EEG
and EOG signals were amplified by an amplifier (Vertex 823 from Meditron
Electomedicina Ltda, SP, Brazil) with an analog band-pass filter from 0.1 to 70 Hz
and recorded by Somnium system (Cognitron, SP, Brazil). The sampling rate was
256 Hz and the impedance was kept below 10 kΩ for all electrodes. Before the
peripheral vision measurement, two 1-min EEG epochs under the resting conditions
were recorded, one with eyes open and another with eyes closed. Then, the
participants performed the peripheral vision task which has been shown in Section
3.2.1.
3.3.3 Data Analyses
Considering the large inter-individual difference in the alpha band, we calculated the
relative alpha amplitude not only in the fixed alpha band (8-12 Hz) but also in the
IAB determined by the amplitude spectrum crossings between the eyes-open resting
baseline and the eyes-closed resting baseline (Klimesch, 1999). As demonstrated in
Figure 2.1, the IAB ranged from LTF to HTF.
The relative amplitude (relative to 0.5-30 Hz) during each recording was calculated
using all sample points in the 1-min eyes-closed resting recording, 1-min eyes-open
resting recording, and in each stimuli trial during the peripheral vision task. The
average amplitude of all stimuli trials was taken as the relative amplitude during the
peripheral vision task.
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In statistical analyses, firstly, the data distribution was examined by the Shapiro-Wilk
test. All data were found normally distributed. However, there were outliers in the
alpha amplitude detected using the adjusted boxplot rule (Pernet, Wilcox, &
Rousselet, 2013). Pearson correlation analysis is particularly sensitive to outliers,
which can distort coefficients relative to their true values (Wilcox, 2001, 2012),
while percentage-bend correlation analysis protects against univariate outliers
(Pernet et al., 2013). Therefore, percentage-bend correlation was adopted to examine
the inter-individual correlations between the peripheral visual performance and the
alpha activity in the eyes-open resting baseline, eyes-closed resting baseline, and
peripheral vision task, respectively.
3.3.4 Results
The average peripheral visual performance was 28.72% (SD 13.18%) across all
subjects, ranging from 6.11% to 64.88%. Table 3.1 presents the mean and SD of
alpha amplitude in the resting condition and during the visual task.
Table 3.2 presents the percentage-bend correlation coefficients and 95% confidence
interval (CI) after bootstrapping between the peripheral visual performance and the
alpha activity in all conditions. As shown in Table 3.2, the peripheral visual
performance had no significant correlation with the alpha activity in the eyes-open
and eyes-closed resting conditions. However, it is not the case for the alpha activity
during the visual task. The peripheral visual performance had significant positive
correlations with the amplitudes of alpha (8-12 Hz) and IAB at all three locations.
Figure 3.3 presents the scatterplots of the peripheral visual performance and the
alpha activity during visual task.
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Table 3.1: Mean ± SD of alpha amplitude in the resting condition and during the
visual task
EEG band
amplitude

IAB

Alpha

Location

In resting with
eyes open

In resting with
eyes closed

During peripheral
vision task

Cz

1.286±0.355

1.826±0.412

1.199±0.229

O1

1.182±0.384

1.919±0.551

1.003±0.142

O2

1.225±0.384

1.950±0.515

0.990±0.155

Cz

1.277±0.338

1.739±0.371

1.138±0.166

O1

1.186±0.328

1.844±0.517

0.988±0.090

O2

1.224±0.360

1.900±0.505

0.965±0.124

Table 3.2: Correlation coefficients between the peripheral visual performance and the
alpha activity

Condition

Location

95% CI after bootstrapping

Correlation coefficients

Alpha

IAB

Alpha

IAB

Cz

[-0.257, 0.258]

[-0.247, 0.270]

-0.003

0.004

O1

[-0.345, 0.128]

[-0.333, 0.180]

-0.089

-0.105

O2

[-0.262, 0.260]

[-0.258, 0.251]

-0.022

0.003

Cz

[-0.250, 0.288]

[-0.217, 0.246]

0.028

0.015

O1

[-0.235, 0.299]

[-0.303, 0.236]

0.0296

-0.034

O2

[-0.229, 0.291]

[-0.199, 0.292]

0.054

0.060

Cz

[0.105, 0.562]

[0.143, 0.570]

0.348**

0.361**

O1

[0.043, 0.489]

[0.063, 0.461]

0.290*

0.265*

O2
*p<0.05 **p<0.01

[0.147, 0.575]

[0.045, 0.515]

0.370**

0.302*

Eyes open

Eyes closed

During task
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Figure 3.3: Scatterplots of peripheral visual performance with alpha activity during
visual task. Each dot corresponds to one subject.
3.3.5 Discussion
The peripheral visual ability is important for all people in the real visual world. This
Study I aimed to find out the relationship between the peripheral visual performance
and the alpha activity. The results demonstrated that the peripheral visual
performance positively correlated with the amplitudes of alpha and IAB during the
63

peripheral vision task, but no correlation in the eyes-open and eyes-closed resting
conditions.
Some studies have demonstrated the relationship between the perception
performance in the central vision and the resting alpha activity. Romei et al. (2008)
reported an inverse relationship between the resting alpha power and the visual
cortex excitability across subjects, i.e. a decrease in the cortical excitability with
increasing posterior alpha power. Moreover, Hanslmayr et al. (2005a, 2007) also
found a negative inter-individual correlation between the resting alpha amplitude and
the central vision perception performance. In our case, we investigated the peripheral
vision rather than the central vision and we did not find out any relation between the
resting alpha activity and the peripheral visual performance. Such a difference
between this study and previous studies might be due to the reasons as follows.
A major reason is the visual task difference. In Romei et al. (2008), transcranial
magnetic stimulation stimulated early visual cortex (V1/V2) and bypassed the
peripheral visual pathway, which permitted to obtain a direct measure of cortical
excitability. Romei et al. (2008) measured the cortical excitability which was
different from the peripheral vision ability, thus it is not comparable between
Romei’s work and this study. In the visual discrimination task from Hanslmayr et al.
(2005a, 2007), two or four letters were presented very briefly in the center of the
screen and the subjects were instructed to indicate which letter they perceived by
pressing the buttons. Whereas in the peripheral vision task, the central object kept
random movement in a small range, and the subjects were instructed to track the
central moving object binocularly with a mouse pointer and keep their sight on the
central moving object meanwhile perceive four corner objects with their peripheral
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vision. Once they perceived the target (i.e. three out of five objects were exactly the
same), they needed to click on the central moving object as fast as possible. It is
obvious that the central vision task and the peripheral vision task are totally different.
Another important reason lies in the difference of physiological mechanisms of
visual processing in central and peripheral vision. Firstly, there are neuroanatomical
differences between central and peripheral visions. The central vision is represented
over a larger fraction of cortical surface than a comparable extent of the peripheral
visual field (Wandell, Dumoulin, & Brewer, 2007) and more neural tissue is
dedicated to processing centrally presented stimuli than peripherally presented
stimuli (Brown, Halpert, & Goodale, 2005). Moreover, reaching in foveal and extra
foveal vision depend on two different neural substrates. Prado et al. (2005) reported
that reaching to an object in central vision involved a restricted network, including
the medial intraparietal sulcus and the caudal part of the dorsal premotor cortex.
Reaching to an object in peripheral vision activated in addition the parieto-occipital
junction and a more rostral part of dorsal premotor cortex. Thus, reaching to the
peripheral visual field engages a more extensive cortical network than reaching to the
central visual field (Prado et al., 2005). Finally, anatomical and electrophysiological
studies of the extrastriate cortex suggest that visual processing in the far peripheral
visual field is likely to involve a distinct network of specialized cortical areas,
located in the depths of the calcarine sulcus and interhemispheric fissure (Yu et al.,
2015).
This study found significant positive correlations between the peripheral visual
ability and the alpha activities during the peripheral visual task, indicating that a
subject with higher alpha during the visual task had better peripheral visual ability.
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Klimesch et al. (2007) concluded that alpha synchronization plays an active role for
the inhibitory control and timing of cortical processing. However, Palva and Palva
(2007) argued that it is unfeasible to deduce in a one-track fashion that large alpha
amplitudes correspond to inhibited or disengaged cortical states. In our case, a
greater level of alpha amplitude during the peripheral vision task may reflect the
inhibition of non-essential activity, which in turn may facilitate performance on the
peripheral vision task.
Previous studies have also demonstrated that the prestimulus alpha is related to
central vision perception performance. Reduced prestimulus alpha power improves
the central vision detection performance of near threshold stimuli or more veridical
perception in visual discrimination tasks (Ergenoglu et al., 2004; Hanslmayr et al.,
2007; van Dijk et al., 2008; Mathewson et al., 2009; Wyart & Tallon-Baudry, 2009).
Moreover, the prestimulus posterior alpha rhythm is actively involved in shaping
forthcoming perception and constitutes a substrate rather than a mere correlate of
visual input regulation (Romei, Gross, & Thut, 2010). However, Lange et al. (2013)
demonstrated that reduced prestimulus occipital alpha power enhanced excitability of
visual cortex rather than improved visual perception. On the other hand, Klimesch et
al. (2011) emphasized that the type of event-related alpha power changes (as
measured by event-related desynchronization/synchronization or ERD/ERS) as well
as the time course of a power change (associated with ERD or ERS) in visual
stimulation are strictly task-dependent. Specifically, ERD may precede visual
stimulation (Klimesch, Doppelmayr, Russegger, Pachinger, & Schwaiger, 1998),
may occur immediately (Woertz, Pfurtscheller, & Klimesch, 2004), or may be
delayed (Klimesch, Doppelmayr, Rohm, Pollhuber, & Stadler, 2000). In some cases,
visual stimulation even elicits ERS (Klimesch, 1999). Regarding the peripheral
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vision, the roles of prestimulus alpha and alpha ERD/ERS are unknown, which can
be explored in future studies for a deeper understanding of the peripheral vision
mechanism. To achieve these goals, the prestimulus and poststimulus measurement
should be added in each stimuli trial in the peripheral vision task. Moreover, the
event related alpha power changes in target pattern and non-target pattern can be
analyzed in the time periods between the prestimulus and the beginning of each trial,
as well as between the prestimulus and poststimulus, respectively. Besides the EEG
study, the cortical networks of the peripheral visual field require further research
attention, which currently is poorly understood (Yu et al., 2015).
To our knowledge, this is the first study to investigate the relationship between the
peripheral visual performance and the alpha activity. We found that the peripheral
visual performance had significant positive inter-individual correlations with
amplitudes in alpha band and IAB during the peripheral vision task. This finding
provides hints for peripheral vision performance enhancement by regulating alpha
activity using neuromodulation techniques.
3.4 Study II – Peripheral Visual Performance Enhancement by NF Training
Based on Study I findings, we aimed to examine the effect of alpha NF on the
peripheral visual performance. Our hypotheses were (a) an increase of the relative
alpha amplitude in the peripheral visual test, and (b) it is associated with the
enhancement of peripheral visual performance. In order to ascertain that the
enhancement of peripheral visual performance is due to the NF training instead of the
task practice effect, a non-NF control group was included for comparison.
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3.4.1 Participants
A total of 35 volunteers (24 males and 11 females, aged 19-33 years, all right handed)
recruited at the University of Macau participated in the study. No monetary reward
was given. The subjects were selected according to the following criteria: no history
of psychiatric or neurological disorders, no psychotropic medications or addiction
drugs, and with normal or corrected-to normal vision. Informed written consent was
obtained from all participants after explaining the nature, possible consequences and
privacy issues of the study to them. They were randomly assigned to one of two
groups: NF group (6 females and 12 males) and non-NF control group (5 females
and 12 males). Five subjects in the NF group dropped out due to the timing of
university holidays or course examination. The final sample consisted of 13 subjects
in the NF group (4 females and 9 males) and 17 in the control group (5 females and
12 males). The two groups did not have any significant difference in age (t(28) =
0.579, p = 0.567). The protocol was in accordance with the Declaration of Helsinki
and approved by the Research Ethics Committee (University of Macau).
3.4.2 Signal Recording
Based on the relationship between the peripheral visual performance and the alpha at
Cz, EEG was recorded from Cz during the performance test and NF training. To
detect eye movements in the peripheral visual test, horizontal and vertical EOG was
recorded at the outer canthi of eyes from two electrodes one above an eye and one
below another eye. The reference electrodes were placed on the left and right
mastoids, and the ground was located at the forehead. The EOG signal and EEG
from Cz were amplified by an amplifier (Vertex 823 from Meditron Electomedicina
Ltda, SP, Brazil) with an analog band-pass filter from 0.1 to 70 Hz and were
recorded by Somnium software platform (Cognitron, SP, Brazil). In the Somnium
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system, the signals were filtered by a band-pass filter from 0.5 to 30 Hz, and a notch
filter at 50 Hz. The sampling frequency was 256 Hz. Circuit impedance was
maintained below 10kΩ for all electrodes.
3.4.3 NF Training
Each subject in the NF group completed 5 training exercises within 20 days and each
training exercise was composed of 4 sessions with an interval of 3 to 4 days between
two successive exercises. In each session, there were 10 trials with 20 seconds each
and an interval of 5 seconds between two successive trials. On the first training day,
the resting baseline was recorded first, and then the peripheral visual test was
performed (as pre-test), after that the training session started. The resting baseline
consisted of two 30-second epochs with eyes open and another two 30-second
epochs with eyes closed, which enabled to determine the IAB through the amplitude
band crossings as shown in Figure 2.1. On the last training day, the participants
repeated the baseline recording and then the peripheral visual test (as post-test) after
completing all NF sessions. To ensure that the enhancement of peripheral visual
performance was due to the NF training rather than the practice effect, the non-NF
control group was measured with the same design and setup, but without any training
sessions.
Considering the hypotheses in the introduction section, the training parameter was
the relative IAB amplitude at Cz calculated by Equation (2.1). The feedback
interface and threshold setting have been shown in Section 2.2.4.
3.4.4 Data Analyses
For each subject, the relative amplitude in all training sessions and in the peripheral
vision test was calculated offline in each of the following bands: delta (0.5-4 Hz),
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theta (4-8 Hz), fixed alpha (8-12 Hz), IAB, and sigma (12-16 Hz). The mean
peripheral visual accuracy in all the four test sessions was regarded as the subject’s
peripheral visual performance.
In the control group, the relative alpha amplitudes of two subjects were outliers and
resulted in an unequal variance across groups. To ensure reliable statistical analysis
results, these two subjects were excluded from further statistical analyses. Thus, the
final sample of the control group consisted of fifteen subjects.
For all statistical analyses, the significance level was set as p < 0.05. Pearson
correlation was performed on the aforementioned frequency bands separately to
examine the EEG changes over training sessions. Independent t test was utilized to
investigate the EEG difference and the visual performance difference in the pre-test
between the two groups. For the peripheral visual performance and the relative alpha
amplitude in the performance test, we conducted a repeated measures analysis of
variance (ANOVA) with TIME (pre vs. post) as within-subjects factor and GROUP
(NF vs. Control) as between-subjects factor. If significant Group by Time interaction
was found, one-tailed paired t test was followed up.
3.4.5 Results - EEG
EEG during Training
The correlation analysis demonstrated significant correlations between session
number and the relative amplitude in the IAB, fixed alpha, and delta frequency bands.
As shown in Figure 3.4 to Figure 3.6, the relative amplitude in the IAB (r = 0.834, p
< 0.001) and in the fixed alpha band (r = 0.850, p < 0.001) increased over sessions
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while the relative amplitude in the delta band decreased over sessions (r = -0.560, p
< 0.02). In the remaining bands no significant correlation was found.

Figure 3.4: The average relative amplitude of IAB across all subjects over the
training sessions.

Figure 3.5: The average relative amplitude of fixed alpha band across all subjects
over the training sessions.
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Figure 3.6: The average relative amplitude of delta band across all subjects over the
training sessions.
EEG during Visual Test
There were no significant pre-test differences between the two groups in any EEG
frequency bands. Regarding the relative amplitude of the fixed alpha band, the
results of repeated-measures ANOVA showed significant main effects of Time (F(1,
26)=5.596, p=0.026, partial η2=0.177) and of Time by Group interaction (F(1,
26)=5.066, p=0.033, partial η2=0.163). There was no significant main effect of
Group. Paired t test revealed that only the NF group enhanced the relative amplitude
in the fixed alpha band (t(12) = 3.674, p < 0.01). For the IAB, repeated-measures
ANOVA did not yield significant main effects of either Group or of Time, or Time
by Group interaction. Figure 3.7 presents the relative alpha amplitude of the fixed
alpha band in the pre- and post-tests.
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Figure 3.7: The average relative amplitude of fixed alpha band (8-12 Hz) in the pretest (blue bar) and the post-test (red bar) for both groups. The error bars present the
SD of relative amplitude.
3.4.6 Results - Peripheral Visual Performance
Figure 3.8 demonstrates the visual performance for both groups. No significant
difference was found in the pre-test between the two groups. Repeated-measures
ANOVA revealed a main effect of Time (F(1, 26) =18.220, p<0.001, partial
η2=0.412), a main effect of Time by Group interaction (F(1, 26)=9.583, p=0.005,
partial η2=0.269), and a main effect of Group (F(1, 26)=4.528, p=0.043, partial
η2=0.148). Paired t test confirmed that only the NF group significantly improved
peripheral visual performance (t(12)=4.376, p<0.001).
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Figure 3.8: The average peripheral visual accuracy in the pre-test and the post-test
for both groups. The error bars present the SD of peripheral visual accuracy.
3.4.7 Discussion
The present study investigated the effect of individual alpha NF on the peripheral
visual performance. This effect was compared to a non-NF control group which only
tested twice the peripheral visual performance. We hypothesized that only the NF
group showed an enhancement of the peripheral visual performance as well as the
alpha activity in the performance test.
For the EEG changes over training sessions, the relative amplitude in the IAB and
fixed alpha band showed a significantly positive trend. Alpha NF training has been
used in the improvement of cognitive performance, and the participants are able to
increase the alpha amplitude over multiple training sessions (Nan et al., 2012b;
Zoefel et al., 2011; Angelakis et al., 2007). Furthermore, the relative amplitude in the
delta band presented a decreased trend over sessions, which can be explained by the
increased alertness during the training.
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In line with our hypotheses, the NF group significantly enhanced the relative alpha
amplitude in the performance test, indicating that NF can elevate alpha not only in
the training sessions but also in the performance test. This was not however found in
the non-NF control group, further supporting the effectiveness of NF training on the
alpha enhancement in the peripheral vision test. Additionally, only the NF group
revealed a significant enhancement in the peripheral visual performance, suggesting
that the increase in the peripheral visual performance was attributable to the NF
training rather than the test-retest effect.
In summary, the NF group revealed a significant increase not only in the alpha
amplitude during the peripheral visual test but also in the peripheral visual
performance, which answered our hypotheses that an increase of the relative alpha
amplitude in the performance test was associated with the enhancement of the
peripheral visual performance. These results are in agreement with our Study I in this
chapter, which suggests that the peripheral visual performance is positively related to
the relative alpha amplitude in the peripheral visual test. Moreover, our results are
consistent to some degree with the work from Schmidt et al. (2013), which
demonstrated the enhancement of alpha power in the patients with visual field
impairments after 10 days of rtACS stimulation. What’s more, the patients showed
visual field recovery after rtACS stimulation.
In addition, the brain plasticity changes with NF have been demonstrated by some
fMRI studies. Ros et al. (2013) using fMRI had shown the NF effect on the brain
network dynamics. In their study, the subjects’ task was to decrease alpha amplitude
by instruction of audio feedback in a 30-min NF session. The results showed that NF
induced a statistically significant up-regulation of functional connectivity within the
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salience network and the attentional task performance had positive change, indicating
that adult cortex was sufficiently plastic that half-hour of NF was capable of
intrinsically reconfiguring the brain's functional activity. In our case, about 67-min of
NF in total was sufficient to modulate brain function and peripheral visual
performance.
Finally, some evidence supports that visual cortex is possible to be enhanced by NF.
Shibata et al. (2011) has employed a decoded fMRI NF to validate that the adult
primate early visual cortex is sufficiently plastic to cause visual ability changes.
Another study from Scharnowski et al. (2012) reported that perceptual sensitivity
was significantly enhanced in the subjects who had previously learned control over
ongoing spontaneous activity in visual cortex using real-time fMRI NF. Here, instead
of fMRI, we utilized EEG-based NF to enhance peripheral visual performance
successfully. EEG-based NF is low cost compared to fMRI, thus it holds realistic
clinical promise as a treatment option (Hammond, 2011).
In conclusion, this study revealed that individual alpha NF can increase alpha activity
not only in the NF sessions, but also in the peripheral vision test. Furthermore, the
enhancement of alpha activity was associated with the improvement of peripheral
visual performance. Future studies will employ double-blind design and a larger
sample size to replicate the presented findings. To the best of our knowledge, this is
the first study to show evidence for performance improvement in peripheral vision
by means of NF training.
3.5 Chapter Summary
This chapter includes two studies. Study I investigated the relationship between the
peripheral visual ability and the alpha activity. Sixty-two soccer players performed a
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newly designed peripheral vision task in which the visual stimuli were dynamic,
while their EEG signals were recorded from Cz, O1 and O2 locations. The
relationship between the peripheral visual performance and the alpha activity was
examined by the percentage-bend correlation test. The results indicated no significant
correlation between the dynamic peripheral visual performance and the alpha
amplitudes in the eyes-open and eyes-closed resting condition. However, it was not
the case for the alpha activity during the peripheral vision task: the peripheral visual
performance showed significant positive inter-individual correlations with the
amplitudes in the alpha band (8-12 Hz) and the IAB during the peripheral vision task.
A potential application of this finding is to improve the dynamic peripheral visual
performance by up-regulating alpha activity using neuromodulation techniques.
Study I has been published in Frontiers in Human Neuroscience (Nan et al., 2014).
Based on the findings in Study I, Study II proposed individual alpha NF training to
enhance peripheral visual performance. A NF group of 13 subjects finished 20
sessions of IAB enhancement feedback within 20 days. The peripheral visual
performance was assessed on the first and the last training day. The results revealed
that the NF group showed significant enhancement of the peripheral visual
performance as well as the relative alpha amplitude in the peripheral visual test. It
was not the case in the non-NF control group, which performed the tests within the
same time frame as the NF group. These findings suggest that individual alpha NF
was effective in improving peripheral visual performance. To the best of our
knowledge, this is the first study to show evidence for performance improvement in
peripheral vision via NF training. Study II has been published in Applied
Psychophysiology and Biofeedback (Nan et al., 2013).
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Chapter 4 Prediction of EEG Learning in Alpha and Beta/Theta Ratio NF
Training
4.1 Introduction
NF training is complex, requiring a skilled participant-trainer interaction, along with
the need to monitor the EEG learning (i.e. self-regulate EEG activity) process
carefully (Gruzelier, 2014c). As the important methodological and theoretical issue,
EEG learning helps to understand the NF process and optimize the NF protocol
(Gruzelier, 2014c; Zuberer, Brandeis, & Drechsler, 2015).
However, not all subjects have shown satisfactory learning ability to self-regulate
their own brain activity by NF. Prior research classified the subjects into learners or
non-learners according to their EEG learning ability. Some studies reported the cases
of non-learners even after repeated training sessions (Kotchoubey et al., 1999;
Hanslmayr et al., 2005b; Kropotov et al., 2005; Doehnert, Brandeis, Straub,
Steinhausen, & Drechsler, 2008; Zoefel et al., 2011; Escolano et al., 2011; Weber,
Koberl, Frank, & Doppelmayr, 2011; deBeus & Kaiser, 2011; Kouijzer, van Schie,
Gerrits, Buitelaar, & de Moor, 2013; Enriquez-Geppert et al., 2014b; Schabus et al.,
2014; Dekker et al., 2014; Reichert et al., 2015; Quaedflieg et al., 2016). In Weber et
al. (2011), about 50% of subjects were non-learners in SMR NF. Among others, the
studies in Enriquez-Geppert et al. (2014b) for frontal-midline theta NF, in Zoefel et
al. (2011) and in Hanslmayr et al. (2005b) for upper alpha NF, reported 25%, 21.4%,
and 50% of the subjects found to be non-learners, respectively.
EEG learning has shown crucial mediation link with the enhancement of behavior or
health after training (Gruzelier, 2014a). For SMR NF, Schabus et al. (2014)
performed 10 training sessions to up-regulate the amplitude of SMR (12-15 Hz) in a
78

population of young primary insomnia patients for the purpose of enhancing their
sleep quality and memory performance, and the results found significant interindividual positive correlations between SMR learning and the change in overnight
memory consolidation and increased fast non-rapid eye movement sleep spindles;
Ros et al. (2009) reported a significant positive correlation between SMR learning
and enhancement of surgical skills following SMR training. In alpha NF, the
enhancement in short term memory was positively related to upper alpha learning
(Nan et al., 2012b). In theta/alpha ratio training, the theta/alpha ratio learning had
high correlation with musical performance improvement (Egner & Gruzelier, 2003).
For gamma NF, Keizer et al. (2010a) demonstrated a significant positive correlation
between the percent change in fluid intelligence and the percent change in beta and
gamma band (16–60 Hz) power.
Some studies have further demonstrated that only the individuals who successfully
learn to self-regulate the brain activity can achieve behavior improvement. Kouijzer
et al. (2013) reported NF training for ASD, in which only the patients who
significantly reduced their delta and/or theta power during NF sessions showed
significant improvement in cognitive flexibility. Similarly, in Hanslmayr et al.
(2005b), only the learners showed enhanced performance in a mental rotation task
after upper alpha NF training.
As reviewed by Gruzelier (2014c), the nature of EEG learning in NF includes
learning within and between sessions and the impact on the tonic EEG. However, the
analysis and assessment of EEG learning varies among studies. Some researchers
defined the learner by the training parameter changes between two periods, e.g.
between the last session and the baseline (Zoefel et al., 2011), or between the first
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session and the last session (Dekker et al., 2014). The EEG learning ability was also
identified by the changes across the whole training course, e.g. a learner was referred
to the subject who showed a significant correlation between the training parameter
during sessions and the session number (Kouijzer et al., 2013). However, Dempster
and Vernon (2009) suggested that within session changes may be more useful to
identify changes resulting from NF. Additionally, some studies adopted more than
one of the above assessment methods. For instance, Enriquez-Geppert et al. (2013)
employed two different learning indices: one was the training parameter changes
within sessions and another was the training parameter changes across the whole
training course. A different example is from Weber et al. (2011), in which a learner
should meet two criteria simultaneously, i.e., Criterion 1: the mean percentage
increase in the training frequency band in the last 5 training days exceeded 8% of the
baseline, and Criterion 2: the mean amplitude change across all sessions was positive.
In summary, the analysis and assessment of EEG learning is mainly from three
aspects, i.e. the training feature changes between two periods, changes within a short
period and changes across the whole training time. In our opinion, the assessment
criterion should be related to the researcher’s training objective. If the researcher
aims to investigate the accumulative training effect on EEG, the EEG learning can be
assessed by the EEG changes across the whole training time. If the researcher aims to
investigate how the training parameter changes, the EEG learning can be assessed by
the changes within a short period, across the whole training time, or between two
periods. Nevertheless, if the training objective is to enhance a performance, the EEG
learning should be assessed by the changes related to the performance.
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Apart from the EEG learning assessment, another important question is, whether
there are any parameters related to or factors affecting the EEG learning. For the
theta NF, Enriquez-Geppert et al. (2013, 2014b) performed NF training to upregulate individualized frontal-midline theta amplitude with a total of 8 training
sessions within two consecutive weeks. As a result, learners and non-learners
assessed by theta change across all sessions showed comparable results in selfreports of motivation and commitment, indicating that the theta learning was not
affected by the motivation or commitment (Enriquez-Geppert et al., 2014b).
However, the theta change in the last session had significant positive correction with
that in Session 2, while the theta change within sessions can be predicted by the
volume of the mid cingulate cortex as well as the volume and concentration of the
underlying white matter structures of the subjects measured by MRI scanner
(Enriquez-Geppert et al., 2013). For SMR NF, the 11th session outcome was the
predictor of SMR learning (assessed by both between two periods and across whole
training process) in a total of 25 sessions (Weber et al., 2011). Another research
group tried to find out the parameters related to the learning ability of SMR NF from
the psychological aspect (Kober et al., 2013; Witte, Kober, Ninaus, Neuper, & Wood,
2013). It was found that control beliefs and mental strategies affected the training
result of SMR NF, while mental strategies could not affect the training result of
gamma NF (Kober et al., 2013). With respect to SCP NF, the initial performance
level has been shown to have some predictive value in SCP NF response
(Kotchoubey et al., 1999; Neumann & Birbaumer, 2003). In a word, the parameters
related to or the factors affecting the learning ability are different among different NF
paradigms, depending upon some psychological and physiological mechanisms.
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4.1.1 Alpha NF
In a variety of standard NF protocols, alpha NF has been widely applied for
cognition and memory enhancement as well as clinical treatment (Hanslmayr et al.,
2005b; Escolano et al., 2011; Zoelef et al., 2011; Nan et al., 2012b; Hartmann et al.,
2014; Hsueh et al., 2016). However, the learning ability also shows large interindividual difference (Zoefel et al., 2011; Escolano et al., 2011; Hanslmayr et al.,
2005b). Nan et al. (2012b) investigated whether mental strategy had an effect on the
training performance of alpha NF. The participants were required to write down and
score their mental strategy. It was found that most participants utilized positive
strategies during training and the efficient strategies varied among individuals. On
average, the most successful mental strategies were related to positive strategies,
namely friends, love and family.
Besides mental strategy, whether physiological parameters (e.g. pre-training EEG)
can predict the EEG learning in alpha NF is unknown.
4.1.2 BTR NF
In addition to alpha NF, the enhancement of beta-1 (15-18 Hz) to theta (4-7 Hz) ratio
(BTR) by NF training at different electrode locations has shown promise as a
potential treatment in ADHD (Bakhshayesh et al., 2011; Duric, Assmus, Gundersen,
& Elgen, 2012; Lofthouse et al., 2012), reading disabilities (Sadeghi & Nazari, 2015)
and physical balance problems in different diseases (Hammond, 2005; Azarpaikan,
Torbati, & Sohrabi, 2014). Besides clinical treatments, BTR training at Cz has been
reported to enhance arousal level (Egner & Gruzelier, 2004) and response speed
(Studer et al., 2014) in healthy people. Nonetheless, some studies also reported non-
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learners in this training protocol (e.g. Studer et al., 2014). The prediction of BTR NF
learning, however, has remained unanswered so far.
4.1.3 Research Objectives
Considering the large EEG learning difference in alpha NF and BTR NF, this chapter
conducted two studies to investigate the EEG learning and find out the early
predictors for the above two protocols respectively. The results would answer
whether common principle exists in EEG learning predictors for different NF
protocols. Furthermore, the findings would contribute to not only predicting the
training efficacy in individuals but also the understanding of EEG learning and the
mechanisms of NF training.
Specifically, in Study I we utilized the IAB rather than the fixed alpha band as
training feature due to the large inter-individual differences in the alpha frequency
band (Klimesch, 1999; Klimesch et al., 2003). For Study II, considering that BTR
NF using the bipolar montage of two electrodes directly under O1 and O2 has shown
benefits in physical balance and visual-spatial attention ability in patients (Hammond
2005; Azarpeik et al., 2014; Sadeghi & Nazari, 2015) and it has potential for peak
performance training in areas such as gymnastics or ballet (Hammond, 2005), the
training was performed on the above location by bipolar montage.
4.2 Study I – EEG Learning and its Prediction in Alpha NF
4.2.1 Participants
A total of 25 healthy subjects (16 males) participated in the NF training. The mean
age of the subjects was 23.12 years (SD 3.31, range 18-33). Inclusion criteria for the
NF were as follows: no history of psychiatric or neurological disorders, no
psychotropic medications or addiction drugs, and with normal or corrected-to normal
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vision. Prior to the experiment, informed written consent was obtained from all
subjects after the experimental nature and procedure were interpreted to them. The
protocol was in accordance with the Declaration of Helsinki and approved by the
Research Ethics Committee (University of Macau).
4.2.2 Alpha NF Training
Each subject completed NF training with 3 or 4 sessions per day for a total of 20
sessions. Each session was composed by 10 successive trials of 20 s each and with an
interval of 5 s between two consecutive trials. Before and after all NF sessions, two
30-s epochs with eyes open and two 30-s epochs with eyes closed resting baseline
were recorded.
EEG signal was acquired at Cz according to the International 10-20 system. The
reference electrodes were placed on the left and right mastoids, and the ground was
located at the forehead. The signals were amplified by an EEG amplifier (Vertex 823
from Meditron Electomedicina Ltda, SP, Brazil) with an analog band-pass filter from
0.1 to 70 Hz and recorded by a Somnium system (Cognitron, SP, Brazil) at a
sampling frequency of 256 Hz. In the Somnium system, the signals were filtered by a
band-pass filter from 0.5 to 30 Hz, and a notch filter at 50 Hz. The impedance was
maintained below 10kΩ for all electrodes.
The training parameter was the relative IAB amplitude (relative to 0.5-30 Hz)
calculated by Equation (2.1). The feedback threshold setting principle and feedback
display have been shown in Section 2.2.4.
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4.2.3 Alpha Learning Indices
In this study, the alpha learning ability was assessed from three different aspects, i.e.
the training parameter changes between two periods, within a short period and across
the whole training time. These three aspects covered the assessment methods in
current NF research as described in Section 4.1.
For the training parameter changes between two periods, the first learning index (L1)
was the difference between Session 1 and Session 20 since the short term memory
enhancement was found significantly correlated with the upper IAB increase from
the first training session to the last training session (Nan et al., 2012b).
For the training parameter changes within a short period, the period was chosen as
one training day. The total training time in each training day was 10 min or 13.4 min
since each training day consisted of 3 or 4 sessions and each session had 10 20-s
trials and 5-s interval between two consecutive trials. We firstly calculated the
training parameter changes of each session relative to the first session of the
corresponding training day as the within-day change. And then the mean within-day
change across all training days was taken as the second learning index L2 shown in
Equation (4.1).
total training day

L2 =

∑𝑖=1

total session in i-th training day

∑𝑗=2

(session 𝑗−session 1 of i-th training day)

total training day

(4.1)

Regarding the changes across the whole training time, we focused on the alpha
amplitude over sessions. Considering the nonlinear trend of alpha over sessions, the
third learning index (L3) was the slope of the regression line calculated by a
logarithmic regression model in which the session number was taken as the
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independent variable and the alpha amplitude during sessions was the dependent
variable, indicating the learning speed across the whole training time.
4.2.4 Data Analyses
The mean alpha amplitude in each session and the resting baseline measured before
training was computed, and all learning indices were calculated for each subject.
SPSS Statistics 20 (SPSS, Chicago, USA) was used and the significance level was
set as p<0.05 for the following statistical analyses. Data distribution was analyzed by
the Shapiro-Wilk test. All data were found normally distributed except for L2. By
further investigation, one subject’s L2 was recognized as outlier and resulted in nonnormal distribution. In order to make fair comparison between all learning indices,
we excluded this subject in the subsequent analyses.
Initially the mean, range, and SD were calculated for all learning indices and the
resting alpha feature before training (amplitude, HTF, LTF). The eyes-open and
eyes-closed resting alpha amplitudes before training were compared by paired t test.
In order to examine the correlation between each learning index and the alpha
amplitude in both eyes-closed and eyes-open resting condition, 2-tailed Pearson
correlation test was applied. Moreover, for each learning index (L1, L2, L3), two
linear regression analyses were set up. One regression analysis used the eyes-open
resting alpha amplitude as the predictor variable, and the other used the eyes-closed
resting alpha amplitude.
Besides, we also examined the alpha amplitude changes for the whole NF group over
the course of training by repeated-measures ANOVA. Here the amplitude change of
each session was quantified as the change relative to the first training session
according to Enriquez-Geppert et al. (2013). In addition, the correlation of the alpha
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amplitude changes between the second session and the last session was examined by
one-tailed Pearson correlation test since prior studies reported a significant
correlation between the early training effects and the final training outcome
(Neumann & Birbaumer., 2003; Weber et al., 2011; Enriquez-Geppert et al., 2013).
4.2.5 Results
Resting Alpha before Training
Regarding the resting alpha feature measured before training, the LTF ranged from
6.2 Hz to 10 Hz (mean: 7.89 Hz, SD: 0.89 Hz) and the HTF was between 10.2 Hz
and 13.3 Hz (mean: 11.93 Hz, SD: 0.69 Hz). Moreover, the alpha amplitude varied
between 0.9 and 3.15 (mean: 1.83, SD: 0.59) in the eyes-closed resting condition,
while in the eyes-open resting condition it was in the range of 0.73 to 1.93 (mean:
1.09, SD: 0.25). Paired t test revealed a significant difference in the alpha amplitude
between the eyes-open and eyes-closed resting condition (t(23)=8.334, p<0.001).
Alpha during Training
Figure 4.1 presents the mean (± its standard error) of alpha amplitude across all
subjects as well as the minimum and maximum values in each training session. On
average, the alpha amplitude showed an increasing trend across the whole training
process. Repeated-measures ANOVA revealed a significant main effect of session on
the alpha amplitude changes over the course of training [F(18, 437) =3.333, p<0.001,
partial η2=0.127]. Further pairwise comparisons found the alpha amplitude changes
in Session 5 and Sessions 9 to 20 significantly higher compared with the changes in
Sessions 2 to 4. However, no significant correlation was found between the changes
in the second session and in the last session.
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Figure 4.1: The mean (± its standard error) of alpha amplitude across all subjects as
well as the minimum and maximum values in each training session. The bars indicate
the standard error of the mean.
Alpha Learning and its Early Predictors
For the learning indices, L1 ranged from -0.26 to 0.63 (mean: 0.18, SD: 0.22), and it
was observed that four subjects had negative value in L1. L2 ranged from -0.15 to
0.57 (mean: 0.14, SD: 0.19), in which three subjects had negative value in L2. L3
ranged from -0.053 to 0.224 (mean: 0.062, SD: 0.065), and four subjects were with
negative value in L3. Interestingly, the subjects with negative value in different
learning indices were also different, i.e. the subject who cannot learn to increase
alpha within-day (or across whole training process) was not necessary to fail to
increase alpha across whole training process (or within-day).
Due to the small number of subjects with negative value in L2 and L3, we only use
Pearson correlation test to find out the relationship between EEG learning and resting
alpha. Table 4.1 shows the correlation test results between the learning indices and
the resting alpha amplitude. As depicted in this table, all indices had significant
positive correlations with the resting alpha amplitude during the eyes-open and eyes88

closed conditions. Furthermore, the resting alpha amplitude during the eyes-closed
condition had higher correlation coefficients with all learning indices than the eyesopen condition.
Table 4.1: Pearson correlation results between resting alpha amplitude and learning
indices
Condition

L1

L2

L3

Eyes-open

r=0.456 (p<0.05)

r=0.432(p<0.05)

r=0.540 (p<0.01)

Eyes-closed

r=0.470 (p<0.05)

r=0.547 (p<0.05)

r=0.631 (p<0.01)

We applied linear regression analyses with the eyes-open resting alpha and eyesclosed resting alpha as predictors respectively. When the eyes-open resting alpha
amplitude was selected as the predictor, linear regression model R2 was 0.208 for L1
(p=0.025), 0.186 for L2 (p=0.035), and 0.291 for L3 (p=0.007). Therefore the eyesopen resting alpha amplitude was identified as a significant predictor which
accounted for 20.8% of the variance in L1, 18.6% of the variance in L2, and 29.1%
of the variance in L3. When the eye-closed resting alpha amplitude was taken as the
predictor, it accounted for 22.1% of the variance in L1 (p=0.020), 29.9% of the
variance in L2 (p=0.006), and 39.8% of the variance in L3 (p=0.001). By
comparisons of the above regression results, it can be observed that the resting alpha
amplitude in the eyes-closed condition explained higher variance than that in the
eyes-open condition for all learning indices. Moreover, the eyes-closed resting alpha
provided the best prediction in L3. In Figure 4.2, the eyes-closed/eyes-open resting
alpha amplitudes are plotted against the learning indices in alpha NF, and each solid
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line results from the linear regression analysis of the corresponding learning index
onto its predictor.

Figure 4.2: Correlation of the eyes-closed/eyes-open resting alpha amplitude with the
learning indices. Each circle corresponds to one subject.
4.2.6 Discussion
NF training has been shown benefits on human cognition, health and task
performance. However, individuals differ in their learning ability to self-regulate
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their own brain activity. EEG learning has the crucial mediation link with NF
training outcome (Gruzelier, 2014a). This study aimed to answer whether the resting
alpha activity measured before training was correlated to the learning ability of alpha
NF and could be used as a predictor. The learning ability was assessed from three
different aspects including the changes between two periods, within a short period
and across the whole training time. It was found that the resting alpha amplitude
during the eyes-open or eyes-closed condition measured before training was
significantly correlated with all learning indices. What’s more, the resting alpha
amplitude was a predictor for the alpha learning. Our results suggested that the
learning ability can be predicted before NF training.
The average range of the IAB of the subjects in this study was 7.89 to 11.93 Hz, with
no significant difference from the standard (8-12 Hz). However, the measurement of
the IAB showed apparent inter-individual difference. This indicates the importance
of adapting the feedback to the IAB. Moreover, inter-individual difference was
observed in the alpha amplitude during the resting condition, which is reasonable
since the alpha amplitude can be influenced by a range of anatomical and functional
factors including tissue conductivity, cerebral blood flow, hormonal and
neurohumoral factors, electromyogenic artifacts, etc. (Bazanova & Vernon, 2014).
Regarding the EEG during training, the mean alpha amplitude across all subjects
showed an increasing trend over time, which is in agreement with previous research
showing alpha enhancement over the course of training (Dempster & Vernon, 2009;
Zoefel et al., 2011; Dekker et al., 2014). On the other hand, the results in this study
also indicated a main effect of session on the alpha amplitude changes. This is in line
with Enriquez-Geppert et al. (2013) in which the main effect of the session in the
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repeated-measures ANOVA testing was significant for the trained theta amplitude
changes over the course of training. However, different from prior NF studies
(Neumann & Birbaumer, 2003; Weber et al., 2011; Enriquez-Geppert et al., 2013),
we failed to find a significant correlation of the alpha amplitude changes between the
second and the last session. This may be due to the small sample size. Another
possible explanation is that the NF protocols are different across studies, including
the training schedule, session duration, and session number.
Apart from overall enhancement across all subjects, we also found the interindividual difference on alpha enhancement. In particular, the difference between the
first session and the last session (i.e. L1) is positively correlated with the short term
memory enhancement (Nan et al., 2012b). The present work found that L1 can be
predicted by the resting alpha amplitude before training, indicating that the
enhancement in short term memory may also be predicted by the same predictor.
Besides L1, the learning ability was also assessed by the changes within-day (L2)
and across the whole training time (L3). All learning indices had significant positive
correlations with the resting alpha amplitude, and they can be predicted by the
resting alpha amplitude measured before training. Particularly, the eyes-closed
resting alpha provided the better prediction than the eyes-open resting alpha, and L3
got the best prediction compared to L1 and L2.
Prior NF studies tried to predict the learning ability in other training paradigms from
different perspectives. For instance, Enriquez-Geppert et al. (2013) investigated the
prediction of the frontal-midline theta NF training success from the brain structures.
It was reported that the volume of the mid cingulate cortex as well as the volume and
concentration of the underlying white matter structures acted as predictor variables
92

for the general responsiveness to training. Additionally, Weber et al. (2011) found
that the achieved augmentation of SMR with a total of 25 sessions could be predicted
based on the outcome of the first 11 sessions. The present study found that the
prediction of the learning ability to regulate alpha activity can be done based on the
resting alpha amplitude before training. Similarly, in BCI research some studies
reported that BCI performance can be predicted by the eyes-open or eyes-closed
resting EEG feature before BCI task (Blankertz et al., 2010; Treder, Bahramisharif,
Schmidt, van Gerven, & Blankertz, 2011). For instance, BCI performance in a motor
imagery paradigm can be predicted by a predictor which was determined from a 2min recording of a relaxation with eyes-open condition using two Laplacian EEG
channels (Blankertz et al., 2010). The present study also found that the eyes-open or
eyes-closed resting alpha could be used as the predictor of the learning ability in
alpha NF, and the highest correlation coefficient was between the eyes-closed resting
alpha amplitude and L3 (r=0.631).
In a practical viewpoint, the advantages of the finding in this study are economical,
convenient and time saving as the prediction only needs a few minutes of resting
EEG recording from one channel before training. On the other hand, this finding may
help researchers to understand more about the alpha NF mechanism. NF may be
producing effects by enhancing circuitry and modulating the brain networks
including the DMN, the central executive network and the salience network (Niv,
2013). In particular, NF regulating the DMN activity improves the brain’s selfregulation capabilities (Othmer, Othmer, & Legarda, 2011), and the alpha reduction
NF increases the connectivity within the salience network regions involved in
intrinsic alertness (Ros et al., 2013), whereas alpha enhancement NF leads to higher
outgoing connectivity in a neighboring region of the training area (Hartmann et al.,
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2014). Furthermore, contemporary neuroscience has regarded alpha enhancement as
an active top-down inhibitory process for the exclusion of conflicting or irrelevant
inputs (Gruzelier, 2014a). A greater level of alpha amplitude reflects the inhibition of
non-essential activity which in turn may facilitate performance on the task (Klimesch
et al., 2007). Therefore, higher resting alpha amplitude may lead to stronger
inhibiting irrelevant processes during NF so that it is associated with higher learning
ability to regulate the alpha amplitude during training.
In conclusion, the alpha amplitude during the eyes-open or eyes-closed resting
condition could predict the learning ability in alpha NF training. This finding would
help us in predicting the training efficacy in individuals and also provide new
insights about the mechanisms of alpha NF for further improvement of the training
effectiveness.
4.3 Study II – EEG Learning and its Prediction in Beta/Theta Ratio NF
4.3.1 Participants
18 healthy volunteers (8 females) finished all NF training procedure. The age of the
participants ranged from 19 to 29 years old (mean=24.33; SD=2.63). Inclusion
criteria for the NF training were as follows: no history of psychiatric or neurological
disorders, no psychotropic medications or addiction drugs, and with normal or
corrected-to normal vision. Prior to the experiment, a written informed consent was
obtained from all participants after the experimental nature and procedure were
interpreted and their questions were answered. After experiment, all participants
received monetary compensation for their participation. The protocol was in
accordance with the Declaration of Helsinki and approved by the Research Ethics
Committee (University of Macau).
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4.3.2 BTR NF Training
This study employed the BTR training protocol proposed by Hammond (2005) for
physical balance enhancement. A bipolar montage was used by two electrodes
directly under electrode sites O1 and O2 and barely above the inion, where is
approximately over visual processing areas involving in analysis of movement,
position, orientation, and depth (Hammond, 2005). Furthermore, function
improvement in the vicinity of primary visual cortex may improve the visual
guidance for the cerebellum (Hammond, 2005). Thus, the same training protocol was
employed in the current work. A ground electrode was placed on the forehead. The
EEG signal was amplified by an EEG amplifier (Vertex 823 from Meditron
Electomedicina Ltda, SP, Brazil) with an analog band-pass filter from 0.1 to 70 Hz
and recorded by a Somnium system (Cognitron, SP, Brazil) at a sampling frequency
of 256 Hz. In the Somnium system, the signals were filtered by a band-pass filter
from 0.5 to 30 Hz, and a notch filter at 50 Hz. The impedance was maintained below
10kΩ for all electrodes.
The training feature was set to the beta-1 amplitude to theta amplitude ratio and
presented to the subjects in visual format. The visual feedback display has been
shown in Section 2.2.4. Using the amplitude spectrum instead of the power spectrum
prevents excessive skewing which results from squaring the amplitude, and thus
increases statistical validity (Sterman & Egner, 2006). The amplitude was calculated
by FFT every 125 ms with a 2-s data window. Thus, the frequency resolution was 0.5
Hz.
Each participant received five training sessions per day for a total of 25 sessions in
five consecutive days. Each session had four 1-min trials and between each two
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consecutive trials there was an interval of 10 s. Thus, each training day had a training
duration of 20 min totally. After each training session, the participants could have a
rest and they were required to write down the mental strategy in each trial. Two 30-s
epochs with eyes open and two 30-s epochs with eyes closed resting baseline were
recorded before and after training of each day, which were named as pre baseline and
post baseline respectively.
In the first session of each day, the feedback threshold was empirically set to 90% of
the BTR in pre baseline of the corresponding day, in order to have a proper difficulty
level for the subject. After each session, we calculated the percentage of time for the
training parameter above threshold in the training session. If the percentage of time
was above 70%, the threshold would be increased by 0.1 in the next session.
4.3.3 Data Analyses
The BTR value in each training session was calculated as the average of four training
trials in the corresponding session. Here, the BTR learning was assessed by two
indices. L1 was the average within-day change calculated by Equation 4.1, which
described the average learning ability in short term (Wan et al., 2014). L2 was the
linear regression slope of BTR value over 25 sessions, which presented the learning
ability across whole training process and indicated accumulative training effects.
We defined the learners and non-learners according to L1 and L2, respectively, since
the two indices indicated the learning from different aspects. Based on L1, the
subject who had positive value in L1 was defined as learner_L1 (i.e. the subject was
able to enhance BTR within day), while the subject with negative L1 was defined as
non-learner_L1. Similarly, the subject who had positive value in L2 was defined as
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learner_L2 (i.e., the subject was able to enhance BTR across sessions), while the
subject with negative L2 was defined as non-learner_L2.
All data were normally distributed examined by the Shapiro-Wilk test. By the
adjusted box-plot rule for outlier detection (Pernet et al., 2013), one subject’s beta-1
in Session 1 was outlier (this subject was learner_L1 but non-learner_L2), and two
subjects’ theta in the eye-open baseline before NF were outliers (the two subjects
were both learner_L1 and learner_L2). In order to achieve reliable statistical results,
the outliers were deleted from the corresponding feature in the following analyses.
Independent t test was used to find out the significant discriminative features
between learners and non-learners from all analyzed frequency bands measured in
pre baseline before Session 1 and in Session 1. In order to predict the NF learner and
non-learner, step-wise linear discriminant analyses (LDA) were employed. Inputs of
the LDA were the significant discriminative features recognized by independent t test.
4.3.4 Results
Figure 4.3 and Figure 4.4 show the overall EEG results of all subjects. Regarding the
BTR within day in Figure 4.3, the mean BTR across all subjects increased over time
within day. For the whole training process in Figure 4.4, the mean BTR across all
subjects showed an increase trend over 25 sessions, but the largest BTR appeared at
Session 20 (i.e. the fifth session on Day 4) and then BTR decrease at Session 21 (i.e.
the first session on Day 5).
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Figure 4.3: The mean BTR across all subjects within days. The bars indicate the
standard error of the mean.

Figure 4.4: The mean BTR across all subjects in each training session. The bars
indicate the standard error of the mean.
Although the mean BTR across all subjects had increase trend over time, the BTR
learning showed large inter-individual difference. For the learning indices, L1 ranged
from -0.37 to 1.08 and L2 was between -0.021and 0.022. According to L1, 6 subjects
were identified as non-learners and 12 subjects were learners. On the other hand, 7
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subjects were non-learners and 11 subjects were learners based on L2 evaluation.
Figure 4.5 presents the mean BTR within days of learner_L1 and non-learner_L1 and
Figure 4.6 depicts the mean BTR across sessions of learner_L2 and non-learner_L2.
As shown in the figures, the trend differences of group mean between learners and
non-learners are obvious.

Figure 4.5: The BTR within days of learner_L1 and non-learner_L1. The blue line
represents mean BTR across all learners, and the red shows the mean BTR across all
non-learners.
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Figure 4.6: The BTR across sessions of learner_L2 and non-learner_L2.The blue line
represents mean BTR across all learners, and the red shows the mean BTR across all
non-learners.
A noteworthy result is that non-learner_L1 was the learner_L2 while non-learner_L2
was the learner_L1. We can see that different evaluation criteria in EEG learning
may give different learner and non-learner population, but they are not conflicted
because of the different EEG learning aspects. It seems that the subject who cannot
increase BTR across the whole training course would not necessarily fail in
increasing BTR within sessions, and vice versa.
There was no significant difference in the examined EEG features between
learner_L1 and non-learner_L1. On the contrary, significant differences between
learner_L2 and non-learner_L2 were found in low beta at resting baseline with eyesopen (t(16)=2.534, p=0.022) and eyes-closed (t(16)=2.493, p=0.024), and beta-1 in
Session 1 (t(15)=3.103, p=0.007). Due to beta-1 in Session 1 had one outlier, we
removed this subject in the above t test and in the following analysis.
The above three significant discriminant features between learner_L2 and nonlearner_L2 were taken as input of step-wise LDA. As a result, low beta at eyes-open
resting baseline before NF and beta-1 in Session 1 were the predictors to classify
learner_L2 and non-learner_L2. Leave-one-out cross-validation revealed that 88.2%
of 17 participants could be classified correctly.
4.3.5 Discussion
The present study employed the BTR training using a bipolar montage of two
electrodes directly under electrode sites O1 and O2 and barely above the inion
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(Hammond, 2005). Although this protocol has shown positive effects in patients with
different diseases (Hammond, 2005; Azarpeik et al., 2014; Sadeghi & Nazari, 2015),
the potential effects of this protocol have not yet been fully investigated. Considering
the potential of this protocol on treatment of balance problems and enhancement of
peak performance (Hammond, 2005) as well as the importance of EEG learning
prediction, this study aimed to explore the EEG learning and find out its predictors of
this protocol in healthy young adults. To the best of our knowledge, it is the first
attempt to apply this protocol to healthy people.
A number of studies have shown the large inter-individual difference in EEG
learning and even non-learners occur in a variety of NF protocols, as mentioned in
Introduction section. However, the reason of EEG learning difference has been rarely
investigated. The control belief and mental activity may play an important role in
some training protocols (Nan et al., 2012; Witte et al., 2013; Kober et al., 2013). On
the other hand, EEG learning may depend on the training protocol since Quaedflieg
et al. (2016) found out that the EEG learning in frontal alpha asymmetry were
dependent on training group, with participants in the right NF group being more
likely to change their frontal asymmetry in the desired direction. Besides the EEG
learning difference, the assessment criteria of EEG learning are also heterogeneous
in previous studies (Ros et al., 2009; Weber et al., 2011; Zoefel et al., 2011;
Enriquez-Geppert et al., 2013; Kouijzer et al., 2013; Dekker et al., 2014; Studer et al.,
2014; Wan et al., 2014; Gruzelier, 2014c; Zuberer et al., 2015; Reichert et al., 2015;
Quaedflieg et al., 2016). Gruzelier (2014c) concluded that it would be helpful always
to report learning curves within sessions, across sessions and with successive
baselines in order to understand the NF processes. However, we think that the
baseline is measured without NF training and baseline outcome actually is the
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transfer effect of EEG learning. Thus, we don’t think EEG learning should be
evaluated by the baseline change. Zuberer et al. (2015) suggested that it might be
interesting to include within session analyses or cross session changes respectively.
Furthermore, our Study I in this chapter found that both across session and within
day learning could be predicted by the same predictor (i.e. resting alpha amplitude)
(Wan et al., 2014). As a consequence, this study assessed the BTR learning from
both within day and across sessions, respectively.
As stated by Gruzelier (2014c), it might be better to use an early training
performance as the baseline, which would offer the participant a sense of
achievement. Thus, the EEG learning within day (i.e. L1) utilized the changes of
Session 2 to Session 5 of each day compared to Session 1 of each day, in which
Session 1 of each day was taken as a type of baseline. A positive L1 was expected,
indicating that the participant could increase BTR within days (i.e. Learner_L1).
Regarding the EEG learning across sessions (L2), a positive linear slope between
BTR and session number was desired, suggesting that the participant could enhance
BTR across sessions (i.e. Learner_L2). As a result, 6 non-learner_L1 and 7
non_learner_L2 were found in a total of 18 participants. It is very interesting that
even for the same participant, the learner identification differed between learning
evaluation criteria. In this study, non-learner identified by L1 was the learner
determined by L2 while non-learner determined by L2 was the learner assessed by
L1. These results are not contradictory, because L1 expressed the learning ability in
short time while L2 focused on the accumulative EEG learning in long term. From
the different learner definitions, the subject who could not increase BTR within day
may be able to keep BTR increase across whole training procedure, and vice versa.
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We did not find predictor to predict learner and non-learner based on L1, but it is not
the case for L2. Low beta at resting baseline with eyes-open and eyes-closed as well
as beta-1 in Session 1 was significant higher in learner_L2 than non-learner_L2.
More importantly, we found that low beta at eyes-open resting baseline and beta-1 in
Session 1 could predict learners and non-learners evaluated by L2. The resting and
initial beta amplitudes as predictors of learning ability in BTR NF were in
accordance with the previous findings from other training protocols. For instance,
resting alpha amplitude predicted the EEG learning across sessions in alpha NF
(Wan et al., 2014) and resting SMR power predicts the EEG learning within sessions
in SMR NF (Reichert et al., 2015), and Enriquez-Geppert et al. (2013) demonstrated
a significant positive correlation in the training performance between Session 2 and
the last session in theta NF. Our result indicates that only a 1-min eyes-open resting
baseline and one training session with 4.5 min duration could predict the BTR
learning across the whole training procedure, which reveals a convenient and low
cost way for EEG learning prediction.
Apart from the EEG predictors, the morphology of brain structures as predictors of
EEG learning was reported in two recent studies as well. More specifically,
Enriquez-Geppert et al. (2013) found that volume of the midcingulate cortex as well
as volume and concentration of the underlying white matter structures predicted the
EEG learning within sessions in up-regulation of frontal-midline theta NF. Likewise,
a recent research demonstrated that the EEG learning within sessions in upregulation SMR training was predicted by the volumes in the anterior insula
bilaterally, left thalamus, right frontal operculum, right putamen, right middle frontal
gyrus, and right lingual gyrus, while the gray matter volumes in the supplementary
motor area and left middle frontal gyrus predicted the EEG learning in up-regulation
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gamma training (Ninaus et al., 2015). These findings inspired us to examine the
morphology of brain structures in further BTR NF study.
The present study is limited by lack of control group. Future research should include
an appropriate sham-NF control group to extend the validity of current results.
Additionally, cognitive performance and behavioral measurement will be added in
order to explore the benefits of this training protocol in healthy people. What’s more,
the training effects on the behavioral performance between learners and non-learners
will be analyzed in future work. On the other hand, the subjects classified to learner
and non-learner based on L2 (linear regression slope of BTR in each session over 25
sessions) is actually the same as based on the linear regression slope of mean BTR of
5 sessions in each training day over 5 training days, and the results are also the same
as Nan et al. (2015).
To summarize, we demonstrated that low beta in 1-min eyes-open resting state
before NF and beta-1 in the first training session with 4.5 min could predict the BTR
learning across sessions, providing a low cost, convenient and easy way to predict
the BTR learning. It is helpful to prevent the potential frustration of non-learners,
adjust the NF protocol accordingly and understand the neural mechanisms of this
training protocol. It should be notable that this study was based on the healthy people
and used bipolar montage directly under electrodes sites O1 and O2. Whether the
BTR NF in patients and with different training locations shares the same EEG
predictors also deserves more investigation.
4.4 Chapter Summary
Individuals differ in their ability to learn how to regulate the brain activity by NF.
This chapter aimed to investigate the EEG learning and find out its predictors in
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alpha NF and BTR NF respectively. It was found that the resting alpha amplitude
measured before training had significant positive correlations with all learning
indices and could be used as a predictor for the alpha learning, which has been
published in Frontiers in Human Neuroscience (Wan et al., 2014). Similarly, beta
activity in resting and initial training can predict the EEG learning across sessions in
BTR NF, which has been published in Frontiers in Human Neuroscience (Nan et al.,
2015). From the two protocols, we can see that the higher predictor value is
associated with better EEG learning. Furthermore, the results may imply that initial
resting EEG features have significance in EEG self-regulation in neurofeedback.
These findings would help the researchers in not only predicting the training efficacy
in individuals but also gaining further insight into the mechanisms of alpha and BTR
NF.
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Chapter 5 Conclusions
5.1 Conclusions
This thesis investigated how to effectively improve performance including short term
memory and peripheral vision using NF training, and studied the crucial
methodology and theoretical issue, i.e., EEG learning and its prediction.
Using 20 sessions NF training of individual alpha instead of fixed alpha (8-12 Hz),
the participants successfully increased the relative amplitude in IAB during NF.
What’s more, the short term memory performance was significantly enhanced in the
NF group compared to the non-NF control group. Further analysis found that the
improvement of short term memory was positively correlated with the increase of the
relative amplitude in the individual upper alpha band during training, indicating that
the short term memory improvement resulted from NF training rather than the testretest effects. In addition, effective strategies for individual alpha training varied
among individuals and the most successful mental strategies were related to positive
thinking. Finally, our results suggested that upper IAB can be a promising training
parameter in the NF training for short term memory enhancement.
By investigating the peripheral visual performance of 62 soccer players, we found
that the peripheral visual performance had significant positive inter-individual
correlations with amplitudes in alpha band and IAB during the peripheral vision task.
Based on this finding, we designed NF training to increase alpha amplitude with a
total of 20 sessions and compared to the non-NF control group, NF group revealed
significant peripheral visual performance enhancement. To the best of our knowledge,
this is the first study to show evidence for performance improvement in peripheral
vision by means of NF training.
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Regarding the EEG learning, individuals differ in their ability to learn how to
regulate their EEG activity by NF. We investigated the EEG learning and found out
the early predictors of alpha NF and BTR NF respectively. In alpha NF, a total of 25
subjects performed 20 sessions of individual alpha NF in order to learn how to
enhance activity in the alpha frequency band. The learning ability was assessed by
three indices respectively: the training parameter changes between two periods,
within a short period and across the whole training time. It was found that the resting
alpha amplitude measured before training had significant positive correlations with
all learning indices and could be used as a predictor for the alpha learning prediction.
In BTR NF, 18 subjects finished 25 training sessions in successive five days. We
found that low beta (12-15 Hz) amplitude in a 1-min eyes-open resting baseline
measured before training and the beta-1 amplitude in the first training session with
4.5-min duration could predict the BTR learning across sessions. The common
results from both protocols are the resting EEG features as predictors and the higher
predictor value is associated with better EEG learning, implying the significance of
resting EEG features in NF. The above findings provide a low cost, convenient and
easy way to predict the EEG learning in alpha and BTR NF, and would be helpful in
avoiding potential frustration and adjusting training protocol for the participants with
poor learning ability.
5.2 Limitations of Current Study
Firstly, regarding the experiment design in Chapter 2 and 3, only a non-NF control
group was included for comparison. In order to evaluate the NF training
effectiveness and specificity, we should also include a placebo control (also called
sham feedback) group and utilize a double-blind design (Thibault et al., 2016). Sham
feedback utilizes pre-recorded EEG data from other participants or simulated EEG107

like data as feedback signal (Thibault et al., 2016). However, the participants in such
control condition may lose motivation if they are unable to control the feedback
signal and recognize they are receiving sham feedback (Thibault et al., 2016). Thus,
the methodology in sham feedback should be further improved. For the double-blind
design, both researchers and participants don’t know the group assignment, which
would avoid any potential influence that experimenters could unknowingly exert on
participants (and vice versa) (Thibault et al., 2016).
Additionally, this thesis only investigated the mental strategy effects from the
subjects’ self-report and only descriptive analysis was applied due to the small
sample of mental strategies.
Finally, regarding the EEG learning in alpha NF, we did not separate the subjects in
to learners and non-learners due to a very small sample of non-learners. Thus, we
only use regression analysis to find out the predictors of learning ability in alpha NF.
For the EEG learning in BTR NF, we only find out the predictors of BTR learning
across sessions. The predictor of BTR learning within-day is unknown yet.
5.3 Perspectives for Future Work
Some future work has been discussed in previous chapters. Considering the
limitations described in the aforementioned, the following aspects can be developed
in the future.
I.

Future research should include an appropriate placebo control group and design
a double-blind NF experiment. No matter the short term memory, peripheral
vision, or other cognitive/behavioral performance, well-controlled and double-
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blind design can help to prevent other factors influence and validate the effects
of NF training.
II.

This thesis only investigated the mental strategy effects in up-regulating alpha
NF training, and it was based on the subjective self-report. Future work should
develop an objective assessment method and investigate the mental strategy
effects in more NF protocols such as theta NF, gamma NF and SMR NF.

III. This thesis performed NF on healthy young adults and revealed positive results.
Whether the same training protocol is effective in other populations such as
patients and elderly is unknown. Future work should extend the training to
different subject population to answer this question.
IV. The prediction of EEG learning was based on a small sample of subjects.
Future research will employ a large number of samples to build a robust
prediction model for EEG learning prediction. Moreover, this thesis only
focused on the learning prediction of alpha NF and BTR NF. Future work
should investigate the EEG learning prediction in more NF protocols and find
out the general principles in different NF protocols.
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