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1.1. Introducing EEG training  

 

In 1924, the German psychiatrist and neuroscientist Hans Berger discovered that 

the electrical activity of the human brain can be measured with 

electroencephalography (EEG) (Berger, 1929; Gloor, 1969). His findings followed 

previous attempts made with animals (such as dogs and frogs; Shaw, 2003). EEG is 

an imaging technique which records electrical neuron activity (i.e., synchronous 

postsynaptic potentials) using multiple electrodes on the surface of the head 

(Angelakis et al., 2007; Teplan, 2002). Although many neurons can produce local 

current flows (the human brain has around 10
11

 neurons in total), only large 

populations of active neurons can generate enough electrical activity to be 

recordable on the scalp (Teplan, 2002). 

Electrical brain activity can be measured for a specific time-window and then 

transformed (by Fast Fourier Transform) into a power spectrum (by presenting the 

power by frequency of the recorded signal), which was first performed and 

reported by Dietsch (1932). The EEG power spectrum can be used for analyses and 

interpretation; a method which is now known as quantitative (Q)EEG. Since the 

1950s, the different frequency bands of the QEEG have been associated with a 

continuous scale of arousal (Lindsley, 1952). This scale, with deep sleep followed 

by coma at one end, and alertness at the other end of the scale, was associated with 

the human sleep-wake cycle (Steriade & Llinas, 1988). The ‘classical’ alpha 

rhythm (frequency band 8-12 Hz) was the first of these to be discovered during 

Berger’s early EEG measurements (1929) and appeared to be dominant in the 

human EEG. This rhythm, being roughly in the middle of the arousal scale, was 

found to be most prevalent in adults who were relaxed and awake with their eyes 

closed but was blocked by mental effort (Gloor, 1969). When a person starts to fall 

asleep the alpha rhythm diminishes, and theta waves (4-7 Hz) start appearing 
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(Ogilvie, 2001). The alpha rhythm is replaced by the beta rhythm (13-35 Hz) when 

a person is in a state of ‘alert attentiveness’ (Lindsley, 1960). 

Further to his discovery, Berger developed an interest in relating brain activity to 

mental processes (Shaw, 2003). Before using EEG, he had already made several 

attempts at measuring cerebral blood flow and metabolism (which is the 

fundamental basis of Positron Emission Tomography as it is known today; Shaw, 

2003). Since then, many researchers have put effort into understanding the (Q)EEG 

and relating electrical brain activity to physiological and psychological processes, 

such as intelligence, personality, and attention (Lindsley, 1952). However, due to 

the great excitement surrounding new discoveries, many attempts were not taken 

seriously or experiments were not conducted on a sound enough basis (Lindsley, 

1952). 

A few years after the discovery of the EEG, in the 1930s, it was discovered that 

rather than being static, the human brain has a self-organising character, now 

known as brain plasticity or neuroplasticity (already described by Konorski in 1948 

(Livingston, 1966) and Hebb (Hebb, 1949)). That is, the human brain was found to 

respond to learning principles, such as classical conditioning, in which an 

unconditioned stimulus, giving a specific response, is replaced by a conditioned 

stimulus, giving a similar response. More specifically, an ‘alpha blocking response’ 

in the EEG was shown to be classically conditioned (e.g., Durup & Fessard, 1935). 

In the 1960s, the human brain was shown to respond to operant conditioning 

learning principles as well (Kamiya, 1962). Through operant or instrumental 

conditioning, the behaviour of an individual is modified by means of reward and 

punishment. Neurofeedback training (NFT) or EEG biofeedback is also a 

behaviour training technique in which individuals become aware of and learn to 

self-regulate their own electrical brain activity through operant conditioning. 

Neurofeedback training typically utilises auditory or visual feedback about a 

specific component of the EEG, such as a specific frequency, the power in a 

specific frequency band, the amplitude, or coherence. As a result, mental states or 
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processes, and possibly, behaviour or well-being, are thereby enhanced. Thus, 

through neurofeedback training, individuals can experience what specific states of 

cortical arousal feel like and how to activate or change such states voluntarily 

(Vernon, 2005). See Figure C1 in Appendix C for an example of neurofeedback 

training. 

In this thesis we investigate the application of a self-guided form of neurofeedback 

training (i.e., without training instructions, using an implicit form of feedback). In 

the research carried out for this purpose the participants were not aware of the 

‘reward’ and ‘punishment’ principles of the training. Therefore, it could be argued 

that our training does not involve volitional modification of brain activity, as in 

most forms of neurofeedback training. Thus, strictly speaking, our training might 

not be considered to be neurofeedback. However, because our training principles 

are very similar to those of neurofeedback (i.e., learning by reward and 

punishment), we have described our training here as neurofeedback. 

Today, neurofeedback training is also used in other brain imaging techniques, such 

as functional magnetic resonance imaging (fMRI; since the 1980s; Ruiz, 

Buyukturkoglu, Rana, Birbaumer, & Sitaram, 2014) or near-infrared spectroscopy 

(NIRS; since 2012; Mihara et al., 2012). Briefly, both these techniques measure 

brain activity by measuring changes in the concentration of oxygenated 

haemoglobin in the cerebral vessels (i.e., the blood oxygenation level dependent or 

BOLD response) (Weiskopf, 2012). 

In general, it has been suggested that NFT could be used to improve attentional 

processing and enhance the neuroplasticity of the brain (Egner & Gruzelier, 2001; 

Ros, Munneke, Ruge, Gruzelier, & Rothwell, 2010). So far, neurofeedback training 

has mostly been used and investigated for therapeutic purposes, such as 

individually-tailored treatment of e.g., attention deficit hyperactivity disorder 

(ADHD), autism, stroke, anxiety, and epilepsy (for a review of therapeutic NFT 

applications see Hammond, 2011). Here, neurofeedback training is mainly 
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‘normalisation’ training, in which the EEG power spectrum of an individual is 

trained towards a normative QEEG (i.e., using a ‘healthy participants’ database). 

Another alternative would be solely to up or down-train a specific frequency band 

(or more bands at the same time) of the EEG. 

In this thesis we will focus on neurofeedback training for healthy participants. NFT 

has already been shown to have beneficial value, for example, in cognitive 

performance, educational performance (memory), mood, and creativity in healthy 

individuals (Egner, Strawson, & Gruzelier, 2002; Egner & Gruzelier, 2003; 

Gruzelier, Egner, & Vernon, 2006; Gruzelier, Inoue, Smart, Steed, & Steffert, 

2010; Hanslmayer, Sauseng, Doppelmayr, Schabus, & Klimesch, 2005; 

Doppelmayr & Weber, 2011; Hoedlmoser et al., 2008; Keizer, Verschoor, 

Verment, & Hommel, 2010; Landers et al., 1991; Myers & Young, 2011; 

Raymond, Varney, Parkinson & Gruzelier, 2005; Vernon, 2005; Vernon et al., 

2003; Zoefel, Huster, & Herrmann, 2010). In the following section we will explain 

our interest in neurofeedback for healthy individuals. 

 

1.2. Research objectives 

 

Although neurofeedback training has been applied for many years and studies have 

shown positive results in behaviour and well-being, there is still some criticism of 

neurofeedback. The proper validation and precise functionality of neurofeedback 

has remained unclear due to methodological limitations in early neurofeedback 

research, the lack of large-scale, randomised (i.e., random assignment to 

experimental groups), controlled, blind and double-blind training designs (i.e., 

where neither the participants nor the experimenters are aware of the experimental 

conditions), for example. (See: Gruzelier, Egner, & Vernon, 2006; Myers & 
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Young, 2011; Vernon, 2005; Vernon et al., 2009; Zoefel et al., 2010). There has 

also been a lack of consistency in neurofeedback design factors, such as session 

length, session frequency, electrode placement, or which frequency bands of the 

EEG are to be trained (Ros and Gruzelier, 2011). In clinical NFT, for example, it is 

held that individuals need repetitive sessions (20 to 80) for clear effects to occur at 

a later stage (Angelakis et al., 2007; Ros & Gruzelier, 2011), while non-clinical 

neurofeedback research shows that around 1 to 30 training sessions are sufficient to 

show an effect (Myers & Young, 2011; Ros & Gruzelier, 2011; Vernon, 2005). 

The effects in the (resting) EEG also do not always correspond with the training 

protocol applied, while Egner, Zech, and Gruzelier (2004) further emphasized the 

complexity of the neuronal dynamics involved in neurofeedback and the need for 

validation of NFT protocols. 

In recent years there has been considerable improvement in neurofeedback 

research, due to the use of better equipment, study designs, and data analyses. The 

control conditions, for filtering out unspecified training effects (such as placebo 

effects caused by expectancies or interaction with the experimenter/therapist), for 

example, have improved. Learning effects in the EEG (e.g., from session-to-

session) are also more often reported and correlated to the cognitive or behavioural 

effects of the training. These improvements may increase the validation of 

neurofeedback study findings. However, there is still room for improvement in 

neurofeedback research, which directly introduces one of the main objectives of 

this thesis, which is, by optimizing our training design by using a randomised, 

placebo-controlled and double-blind training design, our aim was to filter out 

unspecified training effects as far as possible, and thereby increase our 

understanding of the functionality of NFT. 

Secondly, our aim was to broaden the applicability of neurofeedback training by 

focusing on healthy participants. As indicated above, healthy individuals can 

benefit from neurofeedback training as well. The rapid changes taking place in our 
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modern society can sometimes be demanding. Technological advances, such as 

ever greater internet access and sophisticated communication technologies enable 

us to work faster and more efficiently, but also place a greater burden on 

individuals. These technological advances also mean that we are always ‘online’ 

and open to distracters, such as e-mail, online chat, or social media, all of which 

can lead to ‘information overload’. When we are overloaded with information and 

choices, this severely tests our attention. We direct our attention to select from all 

the external stimuli we receive from our environment, and to select internally from 

our own thoughts (Shaw, 2003). In modern society we often try to multi-task. 

Although we are hardly able to give our attention to more than one object at a time, 

or perform more than two tasks at once (Marois & Ivanoff, 2005). The capacity of 

the human brain is known to be limited (Broadbent, 1958), and when we are 

overloaded with multiple inputs, our performance suffers as a result. 

Individuals who find it difficult to remain focused on a task and are easily affected 

by distraction may benefit from strengthening their attention capacity through 

training. Meditation training, for instance, has been mentioned as a means of 

mental training of attention (Kozasa et al., 2012), given that its original goal was to 

reduce irrelevant thought processes by focusing attention internally, which in turn 

may lead to mental and physical calmness (Rubia, 2009). Other forms of attention 

training include: mindfulness (yet another relaxation therapy; e.g., Jensen, 

Vangkilde, Frokjaer, & Hasselbalch, 2011), a computer-based attention 

modification (learning to allocate attention related to a specific cue in social 

phobia; e.g., Heeren, Reese, McNally, & Philippot, 2012), or cognitive behavioural 

therapy (CBT). 

Our hypothesis in this thesis is that attention capacity (or the ability to focus 

attention) in healthy participants can be trained by providing neurofeedback. In our 

training protocol we focused on alpha brain activity (here defined as consisting of 

all neuronal oscillations between 8-12 Hz). Because alpha waves dominate the 
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EEG during a resting and awake state, we expected this frequency band to be more 

easily trainable. One of our initial ideas was to develop neurofeedback training to 

facilitate self-regulation of heightened arousal in healthy subjects. However, more 

recent research has indicated that, instead of purely representing a specific degree 

of arousal, alpha activity is also related to selective attention processes. While 

focusing on relevant input during task performance, irrelevant and disturbing input 

(including thoughts) can be suppressed by means of neuronal inhibition. Thus, 

when a task-related brain area is activated, the surrounding area shows alpha 

activity, representing the inhibition of task-irrelevant brain areas (Klimesch, 

Sauseng and Hanslmayr, 2006; Neuper & Pfurtscheller, 2001; Suffczynski, 

Kalitzin, Pfurtscheller & Lopes da Silva, 2001). Because alpha activity seems to 

play an important role in the selection and inhibition of incoming information, our 

hypothesis is that through alpha neurofeedback training individuals may learn to 

strengthen their ability to focus their attention, and therefore be less disturbed by 

distracters in their environment. 

Because our focus was on healthy participants, another objective of this thesis was 

to investigate whether our neurofeedback training could be applied in a consumer 

product for everyday use outside the laboratory. We investigated the concept of a 

portable neurofeedback device similar to an MP3 player, with earplugs or a 

headset, which could be worn by a person commuting on the train while listening 

to music and receiving neurofeedback training at the same time. With this idea in 

mind as the final product, we developed a specific protocol and a novel device to 

provide neurofeedback training in healthy participants in such situations. Because 

it was our intention to let participants sit back and listen to music while receiving 

the training, the training protocol had to be designed in such a way that auditory 

feedback on the participants’ brain activity was provided by the quality of the 

music they listened to. We also wanted to avoid complex or demanding training 

instructions. The EEG measurement was also greatly simplified. Instead of using 

electrodes that require conductive gel or paste, we wanted to use water-based 
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electrodes as an intermediate step towards using dry electrodes. See Figure C2 in 

Appendix C for an example of a participant receiving our neurofeedback training 

during our study, and Figure C3 for the headset with water-based electrodes used 

for the training. 

Because neurofeedback training offers us the opportunity to investigate the 

relationship between brain activity, cognition, behaviour and well-being, under 

both task performance and resting state conditions, our final objective was to 

broaden our scientific knowledge of the functional significance and trainability of 

EEG alpha activity. 

 

1.3. Outline 

 

The following chapter (2) presents an overview of the underlying 

neurophysiological origins and functional significance of alpha activity. Because 

research has shown that alpha activity can occur under different conditions and 

during different activities, e.g., during a more attentive mental state while 

performing a cognitive task (e.g., Klimesch, Doppelmayr, Russegger, Pachinger, & 

Schwaiger, 1998; Zoefel et al., 2010), the research shifted from focusing on tonic 

mental states to phasic cognitive processes (i.e., with a shorter time-window), such 

as memory and selective attention. This chapter concludes with a summary of 

current alpha neurofeedback applications for healthy subjects. 

Chapter 3 introduces our alpha neurofeedback training protocol and device, as well 

as presenting our first experimental study. In this study, we investigated the 

feasibility of the training protocol and device in healthy participants (we used 

students for this). Firstly, measurements of alpha EEG activity using water-based 

electrodes were compared to measurements taken using a conventional full-cap 
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EEG system. Secondly, the feasibility of training alpha activity (8-12 Hz) was also 

investigated. Thirdly, the effects of the training on student behaviour are then 

reported, such as subjectively reported sleep quality, relaxation, and mood. 

As previously mentioned, there is a lack of consistency in neurofeedback training 

designs. Chapter 4 presents our investigation of two design factors: session length 

and session frequency. We investigated these design factors by analysing the in-

training EEG measurements of the study with students (as reported in chapter 3). 

As with other forms of learning, neurofeedback training builds on experience 

gained in previous days (Zoefel et al., 2010), therefore it very interesting to track 

the session-to-session learning effects in alpha activity. 

Chapters 5 and 6 present the investigations of our neurofeedback training outside 

the laboratory. Thus, the applicability of our training to specific target groups and 

in specific situations was put to the test. Chapter 5 presents the study of 

neurofeedback training in healthy soldiers returning from their deployment. During 

deployment military personnel are at increased risk of exposure to highly stressful 

situations, which is typically associated with a heightened level of vigilance that 

can be detrimental if it persists after returning home. Here our hypothesis was that 

such soldiers could benefit from alpha neurofeedback training because they could 

then learn to self-regulate their heightened vigilance level, possibly decreasing 

stress-related symptoms as a result. 

In chapter 6 we present the investigation of alpha neurofeedback training for elite 

gymnasts. Here our hypothesis was that the athletes could learn to enhance their 

ability to focus their attention through training. We expected these athletes to 

benefit from our training, because previous findings suggest that particular mental 

capacities are needed to achieve peak performance in sports; including attentional 

control, focus, relaxation, and positive affect. 
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In the last chapter (7) we discuss our study findings, including strengths and 

weaknesses, and make suggestions for future research. More importantly, we 

critically summarise and discuss the potential applicability of our training protocol 

and device in healthy, everyday users. 
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Chapter 2 

Theoretical background: EEG alpha brain activity 

 

Abstract 

Alpha EEG activity (8-12 Hz) was formerly thought to be functionally related to a 

relaxed mental state. However, as more recent studies have shown that alpha 

activity can be found under different conditions and activities, our aim was to 

evaluate the main theories on the psychophysiological correlates of alpha activity, 

and consider how these can be used in applications for healthy subjects. Instead of 

passive idling, alpha EEG activity represents an active function in the human brain: 

information processing is regulated by means of neuronal inhibition. Higher-order 

cognitive processes, such as memory and selective attention are facilitated by this 

mechanism of filtering out irrelevant input, while focusing on relevant input. The 

conventional (8-12 Hz) alpha band has been divided into lower (IAF-4 Hz to IAF) 

and upper (IAF to IAF+2 Hz) alpha activity, which are associated with distinct 

cognitive processes. Given that selective attention processes are being put to the 

test in modern society, the ability to focus attention may become increasingly 

important for cognitive performance and well-being. We suggest that training of 

alpha EEG activity may help to strengthen attention capacity. 

 

 

 

This chapter was submitted for publication as: Dekker, M.K.J., Sitskoorn, M.M., Denissen, A.J.M., & 

Van Boxtel, G.J.M. A review of the psychophysiological correlates of alpha EEG activity and 

applications in healthy subjects. 
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2.1. Alpha EEG properties 

 

Alpha activity is mostly observed in the occipital brain areas, in which case it is 

referred to as the classical ‘alpha rhythm’ (Berger, 1929). However, alpha activity 

can also be measured in other parts of the cortex. Examples include the central ‘mu’ 

rhythm (blocked by movement; Walter, 1960), the auditory ‘tau’ or ‘third’ rhythm 

(Tiihonen, Hari, Kajola, Karhu, Ahlfors, & Tissari, 1991; Niedermeyer, 1991), and 

the alpha activity recorded over the frontal cortex (e.g., Kasamatsu & Hirai, 1966). 

In addition to other work (e.g., Pfurtscheller & Klimesch, 1991) Klimesch, Sauseng 

and Hanslmayr (2006) identified three types of alpha EEG activity: task-related 

alpha, driven alpha (e.g., prompted by a flickering light) and ongoing alpha activity. 

Because task-related alpha activity has a relatively short time-window, and ongoing 

alpha activity a relatively long one, it is tempting to associate these sorts of alpha 

activity with phasic processes and tonic states, respectively, as indicated in the 

introduction. Alpha oscillations are characterized by certain properties, such as 

amplitude, spectral power (i.e., in the 8-12 Hz band), level of alpha suppression 

(e.g., in response to opening the eyes), peak frequency, and phase, which vary 

between individuals (Bazanova, 2011; Bazanova & Vernon, in press). The peak 

frequency of alpha activity is a strongly heritable factor (Posthuma, Neale, 

Boomsma & de Geus, 2001). Because of the differences between individuals in 

peak frequency, Klimesch and colleagues (Klimesch, Pfurtscheller, Mohl, & 

Schimke, 1990) recommended using the power around the individual alpha peak 

frequency (IAF), such as IAF-2 Hz to IAF+2 Hz, instead of the power in the 

conventional 8-12 Hz band. There is also some variation in alpha peak frequency 

between individuals. Peak frequency increases through childhood (Bazanova, 

2008), while in adults alpha peak frequency is known to decline with age (Osaka, 

Osaka, Koyama, Okusa & Kakigi, 1999). The alpha peak frequency also shows 

little variation between cortical positions, and appears to be most stable in the 
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posterior brain areas when the eyes are closed (Bazanova & Vernon, in press; 

Bazanova, 2011). 

 

Alpha EEG activity is not stationary but waxes and wanes over time (also called 

the ‘alpha attenuation cycle’; Mulholland, 1964). Cohen and Sances (1977), for 

example, found stationarity to be maintained only for about 12 seconds in an awake 

and eyes-closed state. It has been suggested that the fluctuations in alpha activity 

are related to different variables. Simply closing or opening the eyes, for example, 

(causing alpha suppression, known as the ‘Berger effect’) will influence the 

amplitude of alpha EEG activity. Physiological variables like blood sugar level and 

hormones (such as progesterone activity in women) also constantly change, 

influencing the properties of alpha oscillations (Bazanova & Mernaya, 2008; 

Bazanova & Vernon, in press; Shaw, 2003). Besides this, it has been suggested that 

both arousal (state) and attention are involved in regulating alpha activity in a 

continuous and complex interplay (Skinner & Yingling, 1977; Robbins, 1997). 

Finally, if two oscillations with different but similar frequencies in the alpha band 

occur simultaneously, they can mingle to produce ‘beating’ with a waxing and 

waning amplitude (Walter 1950). Although alpha EEG activity can be described by 

its various properties, in this chapter we will mainly focus on alpha 

synchronization versus desynchronization (i.e., alpha blocking; small groups of 

neurons working in an independent manner), to evaluate its psychophysiological 

correlates. 

 

2.2. The underlying neurophysiological origins of alpha activity 

 

Soon after the discovery of the alpha rhythm, Berger had already assumed that the 

thalamus was involved in regulating cortical alpha activity, because he found alpha 
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synchrony between the hemispheres (in Gloor, 1969). The thalamus is a 

symmetrical brain structure connecting the midbrain with the cerebral cortex. Apart 

from sensory-specific thalamic nuclei that process and relay sensory information, 

the thalamus contains nuclei that project to widely diffused parts of the cortex, 

named the ‘diffuse thalamic projection system’. The thalamus as alpha activity 

generator became one of the basic concepts around the 1940s. Because the 

thalamus is closely connected with the brainstem, these were thought to work as an 

integrated lower centre (Jasper, 1949). Owing to the remarkably precise frequency 

regulation of alpha activity by the thalamus, Stefanis and Jasper (1964) suggested 

the ‘recruiting system’, associated with the medial part of the thalamus, as a central 

controller for alpha activity. This structure became known as the ‘pacemaker’ for 

cortical alpha activity (Stefanis & Jasper, 1964). 

According to Andersen, Andersson and Lomo (1967) the idea of one central 

pacemaker for alpha activity, localized in the medial thalamic structures was very 

unlikely. They found spontaneous alpha spindles (i.e., waxing and waning alpha 

oscillations) in the lateral thalamus and the cortex in cats, even after elimination of 

the thalamic medial structure. Because they found alpha (around 10 Hz) spindles 

with a strict synchrony in the projection areas of the thalamus and cortex (in 

barbiturate anaesthetized cats), Andersen and colleagues suggested a localized and 

point-to-point relationship between a thalamic cell group and its cortical projection 

area. Based on their findings, Andersen and colleagues suggested many different 

thalamic pacemakers, each driving a particular cortical area with independent 

frequencies around 10 Hz. 

Lopes da Silva, Van Lierop, Schrijer, and Storm Van Leeuwen (1973) tested the 

pacemaker hypothesis of Andersen, Andersson and Lomo (1967) and measured the 

alpha activity of six dogs by implanting electrodes in various cortical and thalamic 

nuclei. They supported the pacemaker hypothesis of Andersen and colleagues 

(1967), because they found alpha activity with the same peak frequency in the 
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thalamus as well as in the occipital cortex. However, they found relatively small 

thalamo-cortical coherences, compared to large cortico-cortical coherences. They 

interpreted this result as an indication that important cortical mechanisms were 

responsible for the spread of alpha activity over large areas in the cortex, instead of 

large cortical areas driven by the thalamus. Lopes da Silva and colleagues (1973) 

assumed that there are both thalamic and cortical generators of alpha activity, 

containing two types of collaborating neurons: inhibitory interneurons and 

excitatory thalamo-cortical relay cells (which relay sensory information to the 

cortex). During alpha activity, several thalamo-cortical relay neurons excite a 

single interneuron, which in turn inhibits its surrounding thalamo-cortical relay 

cells, representing a negative feedback system. These relay neurons are thought to 

act in two ways, namely as ‘distributor’ neurons (i.e., spreading alpha activity) 

during alpha synchronization, and as relay neurons during desynchronization (or 

alpha blocking; Deschenes, Paradis, Roy, & Steriade, 1984; Jahnsen & Llinas, 

1984). In further research, Lopes da Silva suggested small areas in cortical layers 

IV and V acting as alpha ‘epicentres’, generating and spreading alpha activity 

around cortico-cortical connections (Lopes da Silva & Storm van Leeuwen, 1977; 

1978). These cortical areas were the areas in which they found an inversion of 

polarity, which indicated the location of alpha activity generation. 

The idea of such cortical ‘epicentres’ was supported by Bollimunta, Mo, Schroeder 

and Ding (2011), who found separable alpha current generators located in 

superficial, granular, and deep cortical layers of the primary visual cortex in 

macaque monkeys. In summary, both subcortical and cortical activities are 

assumed to be involved in the generation of alpha EEG activity. While the 

thalamus is considered to be the locus of alpha activity generation, alpha activity 

spreads through the cortical layers via ‘cortical epicentres’, independently of the 

thalamus. 
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2.2.1. A gating mechanism 

It has been suggested that both the arousal state and processes of selective attention 

are involved in regulating alpha brain activity (Skinner & Yingling, 1977; Robbins, 

1997). The interplay between arousal and selective attention was thought to take 

place via two excitatory pathways (the brainstem and the basal forebrain, 

respectively), which converge on the reticular thalamic nucleus (Skinner & 

Yingling, 1977). Because the reticular thalamic nucleus, resembling a shell, exerts 

an inhibitory influence (using the strong inhibitory neurotransmitter GABA) over 

the thalamic relay cells just below the shell (Steriade, Datta, Pare, Oakson & Curro 

Dossi, 1990), Skinner (1978) suggested that the reticular thalamic nucleus controls 

the sensory input to the cerebral cortex, which he referred to as ‘thalamic gating’. 

This gating hypothesis was built on Sanford’s ‘perceptual moment’ hypothesis 

(1971), which proposed that sensory data reaches consciousness in discrete chunks, 

rather than as a continuous flow. An example of this perceptual theory is that when 

two stimuli are presented separately but with a very short interval, they are 

perceived as one. Thus, when a neuron becomes activated, it seems that it takes a 

short period of time (‘perceptual moment’) before it responds to a second stimulus, 

which implies that we are limited in information processing. Sanford (1971) 

suggested that ‘perceptual moments’ were controlled by a mechanism that selects 

incoming sensory information by means of a gating process. He associated this 

process with alpha activity and suggested alpha activity to be acting as some sort of 

gatekeeper. According to Sanford, selective attention modulates this process by 

‘focusing’ on a specific sensory channel and inhibiting others. The brain areas 

associated with these other channels were then thought to show alpha oscillations, 

and thought to be unable to process information. 

It was further suggested that arousal has an influence on the reticular thalamic 

nucleus. While processes of selective attention were thought to have a phasic effect 

(around 100 ms) (Skinner, 1978), arousal had a tonic effect (around 20-30 sec) on 
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the reticular thalamic cells (Yingling & Skinner, 1975). Furthermore, selective 

attention was found to enhance responses only to attended stimuli (Spong, Haider 

& Lindsley, 1965), thus having a specific regulation, while increased arousal 

enhances responses to both attended and irrelevant stimuli (e.g., Näätänen, 1970), 

thus having a nonspecific regulating effect on the reticular thalamic nucleus. In 

summary, the thalamic gating hypothesis of Skinner (1978) suggested that the 

thalamic ‘gates’ are controlled by arousal and selective attention. When the ‘gates’ 

are closed, there is no sensory transmission from the thalamus to the cortex, and 

alpha activity can be measured. 

 

2.3. Functional significance 

 

2.3.1. Mental state 

In the previous section it was argued that alpha activity is associated with a ‘closed 

thalamic gate’; thalamo-cortical relay cells are thought to be inhibited and brain 

areas associated with the closed gate are unable to process information. 

Pfurtscheller and colleagues had a similar idea. Because alpha activity was found 

to be desynchronized during task performance, Pfurtscheller (2001) and Aranibar 

(Pfurtscheller & Aranibar, 1977) suggested that this alpha event-related 

desynchronization (ERD) could represent an activated brain state with enhanced 

processing of information through increased excitability, whereas alpha event-

related synchronization (ERS) represents a deactivated cortical state with reduced 

information processing. Pfurtscheller and Klimesch (1991) associated synchronized 

alpha activity with cortical areas that were at rest or idling (the latter term had 

already been coined by Adrian and Matthews, 1934). Later studies which combined 

EEG recordings with functional Magnetic Resonance Imaging (fMRI) or Positron 
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Emission Tomography (PET) showed increased alpha EEG power coinciding with 

decreased cortical blood flow (Goldman, Stern, Engel & Cohen, 2002; Laufs et al., 

2003; Sadato et al., 1998), thereby strengthening the relationship of alpha EEG 

activity and decreased neuronal activity. This deactivated or idling state was 

formerly associated with feelings of relaxation (e.g., Adrian & Matthews, 1934; 

Berger, 1929; Nowlis & Kamiya, 1970; Tyson, 1987). The meditation state during 

several relaxation techniques such as Transcendental Meditation, Zen, and Yoga, 

has also been associated with increased alpha EEG activity (e.g., Aftanas & 

Golosheykin, 2005; Kasamatsu and Hirai, 1966; Moore, 2000; Plotkin, 1976). 

2.3.2. Memory processes 

Recent work on alpha EEG activity has led to a shift in interpretation from a 

correlate of passive mental states (e.g., arousal, drowsiness, relaxation) to more 

active mental processes. Klimesch and colleagues, for example, focused on the 

relationship between alpha EEG activity and memory processes. In an experiment 

with 17 students performing a semantic memory task, they found a positive 

relationship between alpha activity and memory performance (Klimesch, 

Pfurtscheller, Mohl & Schimke, 1990). They assumed that memory codes are 

stored in widely distributed and interconnected cortical areas. To access these 

codes, pathways linking deep brain structures with cortical areas are activated 

because thalamo-cortical pathways project to relatively large cortical regions - 

Klimesch (1996) used the term ‘alpha field’ - that are desynchronized during 

searching and retrieving memory information. Additional factors may also play a 

role. 

Their experiment further showed that the alpha peak frequency differed between 

good (11.9 Hz) and poor (10.23 Hz) memory performers (Klimesch et al., 1990). It 

was suggested that the higher the alpha peak frequency, the greater the memory 

speed and capacity of individuals (Lebedev, 1994). Moreover, an association 

between alpha peak frequency and intelligence (IQ) has been made, because high 
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task performance was found to be correlated to higher IAFs in participants 

(Klimesch, Schimke, & Pfurtscheller, 1993). Later, participants with greater upper 

alpha power (between 10-12 Hz) were also classified as more intelligent compared 

to participants with less upper alpha power (Doppelmayr, Klimesch, Hodlmoser, 

Sauseng & Gruber, 2005), and were thought to have an enhanced capacity to 

inhibit irrelevant processes during task performance (Bazanova & Vernon, in 

press). However, additional factors may also play a role in this relationship 

(Posthuma, Neale, Boomsma, & de Geus, 2001), which is still under debate. Thus, 

although alpha activity clearly seems to be related to cognitive performance, it is 

too premature to state that alpha activity (peak frequency or amplitude) is 

representative of intelligence. 

2.3.3. Attention processes 

While focusing on alpha activity and cognitive processes, investigators considered 

the idling hypothesis to be too limited to describe alpha EEG activity (e.g., 

Klimesch, Sauseng, & Hanslmayr, 2006; Cooper, Croft, Dominey, Burgess & 

Gruzelier, 2003). Because Cooper, Croft, Dominey, Burgess and Gruzelier (2003), 

and Jensen, Gelfand, Kounios and Lisman, (2002), for example, had found 

increasing alpha activity (in brain areas not engaged in the task) with increasing 

task demands, they assumed alpha activity represented active processes of 

inhibition, rather than passive idling. Klimesch and colleagues (Klimesch, Sauseng, 

& Hanslmayr, 2006) found alpha synchronization not only in the resting brain – 

when brain areas ‘are not occupied’ – but also during retention of several items in a 

memory scanning task. Klimesch and colleagues (2006) assumed that alpha 

activity was related to neuronal inhibitory processes, but in a different way than 

Skinner (1978) and Pfurtscheller (1991). Inhibition was not thought to be 

associated with a deactivated thalamo-cortical network, but with inhibitory top-

down attentional control which was used to block cortical retrieval of items from 

previous trials. Thus, these neuronal inhibitory processes were thought to be 
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important in both memory and attention tasks and Klimesch (1996) suggested that 

the upper alpha band (IAF – IAF+2 Hz) is (inversely) related to task performance 

(i.e., cognitive activity mostly driven by memory processes), whereas the lower 

alpha band (IAF-4 Hz – IAF) is (inversely) related to attention processes. The 

following study supported their idea: during a visual target/non-target oddball task, 

14 volunteers had to press a button when they saw a target stimulus. Because the 

target/non-target stimulus was always preceded by a warning signal, expectancy 

was involved. They found significant alpha desynchronization in the lower alpha 

(IAF-4 Hz – IAF- 2 Hz) band after the warning signal, but only when it preceded a 

target. They associated this process with alertness, an important component of 

attention. Because the desynchronization was rapid and strong, they assumed this 

alertness to be phasic. In the second lower alpha band (IAF-2 Hz – IAF), a more 

tonic desynchronization response was found as early as 1000 ms before the onset 

of the stimulus. Because no differences were found between target and non-target, 

they assumed this alpha band concerned expectancy. The upper alpha band 

desynchronized during the onset of a non-target stimulus, or at about 500 ms post-

target. This process was associated with task performance. Thus, more specifically, 

Klimesch and colleagues (Klimesch, 1996; Klimesch, Dopperlmayr, Russegger, 

Pachinger, & Schwaiger, 1998) related the lower alpha band (inversely) with 

phasic alertness (IAF-4 Hz - IAF-2 Hz) and tonic expectancy (IAF-2 Hz – IAF) 

during task performance. 

Selective attention involves both bottom-up or reflexive (stimulus-driven) 

mechanisms and top-down voluntary mechanisms, constantly ‘competing’ for the 

focus of attention. While reflexive mechanisms select input at the level of sensory 

processing, voluntary mechanisms do so at the level of semantic encoding. The 

brain uses selective attention because it has a limited capacity (Broadbent, 1958). 

Limited resources are available for attention, processing, encoding, and storing of 

information (Posner, 1982). We are hardly able to attend to more than one object at 

a time, or perform more than two tasks at once, for instance (Marois & Ivanoff, 
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2005). When we want to perform a second task, we must divide our attention, and 

the processing of incoming information becomes fragmented. As a result, encoding 

is disrupted, and the quantity and quality of information that can be stored is 

decreased (Pashler, 1994). When the brain is overloaded by multiple inputs, human 

performance suffers. During multi-tasking, for example, in which we are constantly 

interrupted by other tasks, we are more likely to show reduced performance 

(Wickens & Hollands, 2000). 

According to the ‘inhibition-timing hypothesis’ (Klimesch, Sauseng, & Hanslmayr, 

2006) attention is a control function for inhibiting irrelevant information (input or 

thoughts) which prevents interference from task-irrelevant brain areas and keeps 

the focus on the relevant aspects of task performance. Here, it is suggested that 

attention acts as a ‘spotlight’ (Posner et al., 1980) or ‘zoom lens’ (Eriksen et al., 

1986). A clear example is the antagonistic ERD/ERS phenomenon (Neuper & 

Pfurtscheller, 2001), in which the task-related brain area is locally activated and 

surrounded by alpha activity, assumed to represent the inhibition of task-irrelevant 

brain areas (Klimesch, Sauseng and Hanslmayr, 2006; Suffczynski, Kalitzin, 

Pfurtscheller & Lopes da Silva, 2001). 

Cole and Ray (1985) also associated alpha activity with processes of top-down 

attention. However, Cole and Ray made a distinction between externally-directed 

attention (passive observation of external input) and internally-directed attention 

(during a task where the subject had to ‘reject’ all external input). They found more 

alpha EEG power during internally-directed attention tasks, such as recalling 

events from the past or imagining future plans, than during externally-directed 

attention tasks, like looking at pictures. They interpreted this result, according to 

their intake-rejection hypothesis, as the following; while during mental imagery 

one must ‘reject’ all of the incoming sensory information, when looking at pictures 

one must not or should only reject some of the sensory information (‘intake’). Later, 

specifically the lower alpha band (IAF-4 Hz – IAF) was associated with internally-
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directed attention and decreased vigilance (i.e., a state of externally-directed 

attention) by Aftanas and Golocheikine (2001) who found lower (band) alpha 

synchronization during internally-directed meditative states in long-term 

meditators. Cooper, Croft, Dominey, Burgess and Gruzelier (2003) also described 

more alpha activity during internally-directed attention than externally-directed 

attention and interpreted this phenomenon in the same same way as Cole and Ray 

(1985). Because they found increasing alpha activity under increasing task 

demands under both internally and externally-directed attention conditions, Cooper 

et al. (2003) suggested that alpha activity represents a more general process of 

inhibition. To summarize this section, recent investigations have shown that alpha 

EEG activity represents not passive idling, but an active processes of inhibitory 

top-down attentional control which is important in cognitive processes. While 

attentional focus is on relevant aspects of the task, ‘irrelevant’ brain areas are 

inhibited and interference from task-irrelevant input is reduced. 

2.3.4. Regulation of incoming information 

Alpha activity seems to represent important inhibitory processes in the brain. It has 

been demonstrated that by inhibiting task-irrelevant or distracting input, responses 

to relevant input are enhanced. This was shown, for example, by Romei, Gross and 

Thut (2010). They used Transcranial Magnetic Stimulation (TMS) in the alpha 

frequency range to inhibit the occipital cortex contralateral to a presented stimulus. 

This indeed increased alpha activity and led to reduced target visibility in the 

hemisphere contralateral to the stimulation, but to enhanced target visibility in the 

ipsilateral hemisphere. Romei et al. (2010) interpreted their results as evidence of a 

causal and mechanistic role of alpha activity, regulating incoming information 

through higher-order top-down attentional bias. 

During both stimulus processing and thereafter, inhibitory processes are considered 

to be important in enhancing information processing. That is, after stimulus 

processing, alpha resynchronization was interpreted as preparation for performing a 
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new task (Klimesch, Sauseng, & Hanslmayr, 2006). Klimesch and colleagues 

(2006) suggested that this alpha activity may be related to an active but unspecific 

inhibition of activity not relevant to the task that needs to be done (‘noise’). Similar 

ideas were put forward by Dockree and colleagues (Dockree, Kelly, Roche, Hogan, 

Reilly & Robertson, 2004; Dockree, Kelly, Foxe, Reilly, & Robertson, 2007), who 

suggested that ongoing alpha activity might be an index for noise attenuation, i.e., 

reducing background noise to increase the signal-to-noise ratio in the brain. In their 

view, alpha synchronization may be the result of a gating mechanism to control 

competing sensory and cognitive processes in the brain (Dockree et al., 2007). 

Noise as well as distracting thoughts could be irrelevant sensory input. Dietrich and 

Kanso (2010) also interpreted alpha ERS as inhibitory processes to prevent 

interference by ‘noise’, but considered alpha activity as a marker of enhanced 

concentration. Sadaghiani and co-workers (Sadaghiani, Scheeringa, Lehongre, 

Morillion, Giraud & Kleinschmidt, 2010) also suggested that alpha activity is 

“rhythmically and synchronously clearing the flood of sensory information on a 

rapid time scale to reduce distraction and hence enhance detection of novel and 

relevant sensory information” (Sadaghiani et al., 2010, p. 10249).   

In other words, alpha activity has been suggested as representing active regulation 

of information processing. Both the alpha amplitude and phase are considered to be 

important in this regulation (Klimesch, Sauseng, & Hanslmayr, 2006; Klimesch, 

2012; Palva & Palva, 2007). Klimesch (2012), for instance, associated the alpha 

amplitude with suppression (or inhibition), and the alpha phase with selection of 

input, representing two fundamental functions of selective attention. The phase of 

alpha activity was thought to represent the selection of input by timing neuronal 

activity (Klimesch, Sauseng, & Hanslmayr, 2006). Bishop (1933) was early in 

suggesting that the cortex exhibits cyclic changes between maximum and minimum 

responsiveness. Varela, Toro, John and Schwartz (1981) likewise found reaction 

times to co-vary with the alpha phase. Palva and Palva (2007) had a similar idea. 

They found stronger alpha phase synchrony in those who performed a cognitive 
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task better rather than worse, and suggested that alpha phase synchrony over 

cortical areas is associated with top-down attentional modulation for optimum 

input processing. 

2.3.5. Interim summary 

While alpha EEG activity was once associated with a deactivated cortical network 

and a relaxed mental state, the idea of passive idling is clearly outdated. Instead, 

alpha activity seems to represent an important and active function in organising the 

flow of incoming information (Kerr, Sacchet, Lazar, Moore, & Jones, 2013). 

Higher-order cognitive processes, such as memory and selective attention, are 

enabled by this mechanism of filtering out irrelevant input while focusing on 

relevant input (Kerr, Sacchet, Lazar, Moore, & Jones, 2013). According to Kerr 

and colleagues (2013), irrelevant input could come from the outside world, as well 

as internally, such as background contemplative memories or associations. 

The conventional (8-12 Hz) alpha band has been divided into lower (IAF-4 Hz to 

IAF) and upper (IAF to IAF+2 Hz) alpha activity associated with distinct cognitive 

processes. While the higher alpha band has been (inversely) associated with task 

performance, the lower alpha band has been (inversely) associated with attention 

processes. Besides, lower alpha EEG activity seems to represent some sort of 

internal focus, as it has been associated with internally-directed attention, and 

decreased external attention to incoming sensory information. 

 

2.4. Current alpha neurofeedback applications 

 

As alpha activity seems to play an important role in the processes of selective 

attention and task performance, in this section we would like to evaluate how these 
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processes can be optimized with training or evocation, and thus have a beneficial 

value in healthy participants. Based on the previous section, we argue that alpha 

evocation or training could lead to an enhanced capacity to focus attention, such 

that all irrelevant input is inhibited, which in turn may lead to better performance 

of a task. A comparison with meditation training may provide further insight into 

this argument. The original goal of meditation training, which has been described 

as a mental training of attention (Kozasa et al., 2012), is to reduce irrelevant 

thought processes through focusing attention internally, which in turn may lead to 

mental and physical calmness (Rubia, 2009). Experienced meditators have even 

been shown to have a long-term reorganisation of their brain activity patterns 

(Chiesa and Serretti, 2010), such as having increased alpha EEG activity (Aftanas 

& Golosheykin, 2005), as well as thicker cerebral and subcortical areas, which are 

involved in attentional processes, introception, and sensory processing (Chiesa and 

Serretti, 2010; Lazar et al., 2005; Lutz, Greischar, Rawlings, Richard & Davidson, 

2004). Therefore, it has been suggested that they can sustain focus longer, and are 

less susceptible to interference from distracters during task performance (Kozasa et 

al., 2012). Alpha evocation or training may have a comparable effect on attention 

capacity. 

2.4.1. Enhancing cognitive performance through stimulation 

First we will discuss studies which investigated alpha evocation. As indicated in 

the previous section, Romei, Gross, and Thut (2010) found increased alpha activity 

in the TMS-stimulated hemisphere, which was associated with enhanced target 

visibility in the other hemisphere. Klimesch, Sauseng, and Gerloff (2003) found 

enhanced cognitive performance after they evoked alpha activity with TMS in a 

task-relevant brain area. They evoked alpha activity around the IAF during an 

interval preceding the task. This pre-task evoked alpha activity was associated with 

enhanced event-related alpha desynchronization during the task, and enhanced 

cognitive performance of the (mental rotation) task. 
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Besides TMS, alpha activity can also be evoked, or ‘prompted’, by a visual or 

auditory stimulus (Klimesch, Sauseng & Hanslmayr, 2006). For instance, a steady-

state visually evoked potential (SSVEP) was shown in response to a visual stimulus 

that is repeated at a steady rate of 8 Hz or more (e.g., by a flickering light; Morgan, 

Hansen, & Hillyard, 1996). The SSVEP is evoked in visual cortical areas and 

shows an oscillation with the same frequency as the driving stimulus (Regan, 1989). 

SSVEP is mostly used to investigate spatial attention and cortical activation 

patterns (attending to different visual stimuli with different frequencies; e.g., 

Linden, Picton, Hamel, & Campbell, 1987; Morgan, Hansen, & Hillyard, 1996). A 

study by Mishra, Zinni, Bavelier, and Hillyard (2011) looked at SSVEPs (around 

10 Hz) in 41 participants, who were divided into video game players and non-video 

game players, performing an attention-demanding task. The video game players 

showed greater speed and accuracy in performing the task, which was explained by 

their increased ability to focus; due to regularly playing video games, their 

inhibition capacities (here driven by the 10 Hz stimulus) are enhanced and their 

target detection capabilities are superior to non-video game players. 

2.4.2. Enhancing cognitive, artistic and sports performance through 

neurofeedback 

Several studies that investigated the effects of alpha neurofeedback have shown 

positive results in cognitive performance, such as shorter reaction times in a 

cognitive task (e.g., Dockree et al., 2004; Hanslmayr, Sauseng, Doppelmayr, 

Schabus, & Klimesch, 2005; Klimesch, Pfurtscheller, Mohl & Schimke, 1990; 

Klimesch, Sauseng & Hanslmayr, 2006; Vernon, 2005; Zoefel, Huster, & 

Sherrmann, 2010). 

Neurofeedback in the alpha frequency band has also shown positive results in 

artistic and sports performance. Bazanova and colleagues (Bazanova, Kondratenko, 

Kondratenko, Mernaya, & Zhimulev, 2007), for instance, found improved musical 

performance, as assessed by independent musical experts, in student musicians 
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after alpha neurofeedback (in combination with muscle tension biofeedback) 

training. They explained these musical improvements as enhanced psychomotor 

functioning. Similarly, Egner and Gruzelier (2003) found improvements in musical 

performance in Conservatoire students after alpha and theta neurofeedback, a 

finding which was recently replicated and generalized to average schoolchildren 

(Gruzelier, Folks, Steffert, Chen & Ros, in press). Alpha and theta neurofeedback 

was also found to lead to improvements in artistic dance performance (Raymond, 

Sajid, Parkinson & Gruzelier, 2005; Gruzelier, Thompson, Redding, Brandt, & 

Steffert, in press). These improvements in dance performance were found after 

participants increased their theta activity over alpha activity through neurofeedback, 

however, the effects were explained as increased expressive creativity (Gruzelier, 

Thompson, Redding, Brandt, & Steffert, in press), by invoking low arousal, 

including in both alpha and theta activity. Alpha neurofeedback has also been 

shown to have an effect in sports performance. Landers et al. (1991) trained the left 

and right brain hemispheres of 24 archers by increasing the low frequency power 

(including alpha). They found that archers who received left hemisphere training 

showed a significant improvement in shot performance compared to archers who 

had received right hemisphere training. Salazar, Landers, Petruzzello, Myungwoo, 

Crews and Kubitz (1990) explained this effect as an increase in alpha activity - 

representing reduced cortical activation due to inhibition - in the left temporal 

region. Therefore, covert verbalizations of the left hemisphere are inhibited and the 

visual-spatial processing of the right hemisphere was thought to become more 

dominant. This cortical activity pattern (increased left hemisphere alpha activity 

compared to right hemisphere) has also been observed in the preparation of motor 

tasks in sharp shooting and archery (Hatfield, Landers, & Ray, 1984; Salazar, 

Landers, Petruzzello, Myungwoo, Crews and Kubitz, 1990). Another study showed 

right hemisphere alpha activity to be related to enhanced performance in elite 

golfers (Crew & Landers, 1993). Vernon (2005) suggested that these differences in 

the location of measured alpha EEG activity may be attributed to differences in the 

task requirements of sports. Global alpha power increases have also been found 
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prior to performance of a skill (Bird, 1987; Collins, Powell & Davies, 1990; 

Salazar et al., 1990), in karate experts, for example, when preparing for and 

executing the task of breaking wooden boards (Collins, Powell & Davies, 1990; 

Del Percio et al., 2009). 

What we conclude from these results is that alpha neurofeedback can lead to 

enhanced performance in cognition, sports or the arts, presumably via an enhanced 

capacity to focus attention. 

2.4.3. Enhancing well-being through neurofeedback 

Besides increased performance, alpha neurofeedback has also been related to 

enhanced mood and feelings, such as greater feelings of relaxation (Nowlis & 

Kamiya 1970; Tyson, 1987, Van Boxtel et al., 2012), with participants feeling 

calmer, more agreeable or confident (Raymond, Varney, Parkinson & Gruzelier, 

2005a). 

Based on these results it could be argued that the ability to focus attention might 

also play a role in mental well-being. This is what we see in meditation training. At 

the start of this section, we showed that meditation training can lead to mental and 

physical calmness by focusing the allocation of attention. Besides increased alpha 

activity, internally-focused meditation training has also been associated with 

activation of the parasympathetic nervous system (Cahn & Polich, 2006), and with 

a resting state network in the brain, called the default mode network (DMN; 

Raichle, MacLeod, Snyder, Powers, Gusnard, & Shulman, 2001). This might 

suggest that both during alpha neurofeedback training and meditation training it is 

possible to learn to focus attention more internally, which in turn may activate the 

resting state brain network, while showing increased alpha activity, representing 

widespread inhibition in other parts of the brain. Relaxed or calm feelings may 

follow, because in this state the brain is doing less information processing. Put 

differently, we suggest that this resting state may be experienced as relaxing, 
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because the brain is less disturbed by noise, such as distracting external input (less 

‘intake’). 

 

2.5. Future applications and conclusions 

 

In the foregoing sections we have argued that alpha activity represents an important 

and active function in cognitive processes, such as memory and selective attention, 

and in well-being. Given that modern society is over stimulating us with 

information, people’s attention capacity is being put to the test. Never before has 

the human brain been asked to do so much information processing (Hallowell, 

2005). In response, a new condition has even been identified, ‘attention deficit trait’ 

(ADT) (Hallowell, 2005), in those who are unable to sustain attention and suffer 

from distraction. Selective attention processes may become increasingly important 

in regulating all the incoming information, and thus preventing information 

overload. Alpha EEG training might possibly help to enhance the ability to focus 

attention. 

Such training could perhaps also be useful for employees so they are less affected 

by distractions and their efficiency at work will increase as a result. Children too, 

who have attention problems or suffer from ADHD (Attention Deficit and 

Hyperactivity Disorder) could benefit from alpha EEG training, perhaps in a game-

like manner. Alpha neurofeedback training might be beneficial for such children, 

while meditation techniques, for example, may be less suitable. Alpha training may 

also be beneficial for athletes because it has been found that focus and 

concentration are very important in athletic sports performance (Aidman & 

Bekerman, 2001; Golby, Sheard & Lavallee, 2003; Wulf, 2007a, 2007b). Athletes 

who have the ability to switch focus on and off and to remain fully focused on the 
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task despite personal or competitive distracters, have been found to have a greater 

chance of achieving athletic success (Thelwell, Such, Weston, Such, & Greenless, 

2010). Interestingly, elite athletes already show changes in attentional processes 

during their process of becoming a top athlete (Neumann & Thomas, 2011). A final 

possibility is that in the future alpha EEG activity could easily by evoked through 

stimulation (such as by TMS) at those times when we need extra focus, such as 

when performing an important cognitive task. 

To conclude, alpha EEG activity represents an important function in the brain. 

Input processing is regulated by means of inhibition processes which are important 

to retaining a rapidly functioning neuronal network to be able to continuously adapt 

to the environment (Jensen & Mazaheri, 2010). Given that selective attention 

processes are being put to the test in modern society, the ability to focus attention 

may become increasingly important for cognitive performance and well-being. We 

propose that training of alpha EEG activity could help to strengthen this attention 

capacity. Alpha EEG training could be combined with other sorts of attention 

training for greater efficiency, or to offer an alternative form of training, given that 

for every individual one sort of training will be more effective than another. 

Investigating the effects of combining alpha neurofeedback training with other 

sorts of training, such as meditation training or cognitive therapy, for example, 

might be interesting for future research. 
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Chapter 3 

A novel self-guided approach to alpha activity 

training 

 

Abstract 

Fifty healthy participants took part in a double-blind placebo-controlled study in 

which they were given either auditory alpha (8-12 Hz) neurofeedback training (N = 

18), random beta neurofeedback training (N = 12), or no training at all (N = 20). A 

novel wireless electrode device was used for training without instructions, 

involving water-based electrodes mounted in an audio headset. Training was 

applied approximately from central electrodes. Post-training measurement using a 

conventional full-cap EEG system revealed a 10% increase in alpha EEG activity 

at posterior sites compared to pre-training levels when using the conventional 

index of alpha activity and a non-linear regression fit intended to model individual 

alpha frequency. This statistically significant increase was found only in the group 

that received the alpha neurofeedback training, and remained evident at a 3 month 

follow-up session. In an exit interview, approximately twice as many participants 

in the alpha training group (53%) mentioned that the training was relaxing, 

compared to those in either the beta (20%) or no training (21%) control groups. 

Overall, the results suggest that our self-guided alpha neurofeedback training using 

this novel protocol and device is feasible and represents a step forward in 

facilitating the instrumental conditioning of brain rhythms. 

This chapter was published as: Van Boxtel, G.J.M., Jäger, M., Vernon, D., Dekker, M.K.J., 

Mihajlović, V., & Sitskoorn, M.M. (2012). A novel self-guided approach to alpha activity training. 

International journal of Psychophysiology, 83, 282-294. 
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3.1. Introduction 

 

Keeping up with the pace of modern society seems to be increasingly difficult for 

many people. It has been estimated that work-related stress negatively affects at 

least 40 million workers in 15 countries of the European Union, costing 20 billion 

Euros annually (European Commission, Employment & Social Affairs, 1999, cited 

in Mental Health Policies and Programmes in the Workplace, WHO, 2005). 

Strategies for coping with such stress can be diverse, for instance, sitting in a 

comfortable chair with eyes closed and listening to music, practising yoga, 

mindfulness training or other meditative techniques, or undergoing a physical 

massage. Here we initiated a programme which explored whether instrumental 

conditioning of alpha activity (alpha neurofeedback) could help people to relax in 

an enjoyable way at low cost. 

3.1.1. Alpha activity 

(In line with Shaw (2003), we use the term ‘alpha activity’ to denote brain rhythms 

in the alpha frequency range, including the traditional posterior alpha rhythm, the 

central mu rhythm, and the temporal tau rhythm). Although the functional 

significance of brain rhythms in the alpha range is not precisely known, an increase 

in alpha activity has often been related to a decrease in cortical activity. Right from 

the discovery of the alpha rhythm it was clear that it was greater with eyes closed, 

and blocked when the eyes were open. Presumably, the absence of input to the 

visual cortex led the brain to exhibit an  ‘idling’ rhythm. More recent theories (e.g., 

Klimesch, Sauseng, & Hanslmayr, 2007) focus on the concept of cortical 

inhibition. This perhaps gives alpha activity a more active connotation, but still 

assumes a relationship between cortical inactivity and increased alpha activity, 

which is further supported by research simultaneously recording EEG and fMRI 

(Goldman, Stern, Engel, & Cohen, 2002). 
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In the light of these theories it comes as no surprise that alpha activity in humans 

has often been related to relaxation at the behavioural level. Berger (1929) already 

observed that alpha activity could be blocked by attention or mental effort – the 

opposite of relaxation. Lindsley (1960) related brain rhythms to arousal states, 

from coma to over activity, and assumed that alpha activity corresponded to a state 

of ‘relaxed wakefulness’, in which attention wanders, free associative thought is 

favoured, but which is still characterised by behavioural efficiency. Increasing 

alpha activity by instrumental conditioning has been reported to increase subjective 

feelings of relaxation and well-being (Hardt & Kamiya, 1978; Nowlis & Kamiya, 

1970; Watson, Herder & Passini, 1978; Rice, Blanchard & Purcell, 1993). One of 

the first systematic studies in this field is that of Nowlis and Kamiya (1970). They 

asked participants to voluntarily produce alternate intervals with either as much or 

as little alpha as possible. Alpha levels differed between those trials, as did the 

verbal labelling that the participants attached to the trials. For high alpha levels, 

verbal reports included relaxation, awareness of breathing, letting go, floating, 

feelings of pleasure, security, and warmth. For low alpha levels, reports included 

being alert and vigilant, tension, agitation, and visual attentiveness. A similar 

pattern was reported by Hardt and Kamiya (1978) who found that enhancing alpha 

activity was associated with a reduction in anxiety levels, but only for those with 

initially high levels. Since that time many studies and reviews have been published 

on the relationship between alpha activity and topics like relaxation (e.g., 

Gruzelier, 2002), meditation (e.g., Cahn & Polich, 2006), and hypnosis (e.g., 

Perlini & Spanos, 1991; Gruzelier, 2002). Unfortunately, much of the research 

focusing on manipulating alpha to enhance mood has suffered from methodological 

difficulties such as the absence of adequate control conditions (e.g., see the review 

of Vernon et al., 2009, for a discussion). 
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3.1.2. Double-blind, placebo-controlled study design 

In recent years there has been much improvement in the ease with which brain 

potentials can be recorded, and in the speed of computers that make it possible to 

calculate on-line feedback based on these potentials. Thus, more elaborate studies 

have become possible, and adequate control conditions have become much more 

feasible, as well as the use of a double-blind, placebo-controlled design, in which 

both the participants and the experimenters are uninformed about the experimental 

conditions. An important question in the design of this type of study is what 

constitutes an adequate control for alpha neurofeedback training. Many studies 

have used ‘treatment-as-usual’ in which the control group does not come to the 

laboratory for training, or a ‘no feedback’ condition, in which the participants just 

sit and relax but receive no training. Such control conditions are often very 

dissimilar to the training condition, and therefore not ideal for a rigorous test. 

Alternatively, ‘mock’ training has been used (e.g., Egner, Strawson, & Gruzelier, 

2002), in which the participants receive feedback of a ‘typical’ training session or 

the feedback of another participant, which is not temporally linked to the brain 

potentials recorded in the actual session. Such a control condition is clearly an 

improvement over no feedback conditions, because the control usually resembles 

the training much more. An interesting design was recently proposed by 

Hoedlmoser and colleagues (2008). They wanted to train the sensorimotor rhythm 

(SMR; 12-15 Hz), and used training of random frequencies (bins of 3 Hz) between 

7 and 20 Hz, excluding the target frequency range of 12-15 Hz. Hence, the real 

training group always received feedback based on SMR, but the control group 

received feedback based on one of the other bins, and also a different bin in each 

training session. Thus, their control group received real feedback training, as did 

the experimental group, just not in the frequency band of interest. We consider this 

design to be an improvement over the mock feedback set-up because the control 

group receives real training in a situation that is otherwise identical to the 
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experimental group. Hence, we incorporated this into our design in which alpha 

training could be compared to random beta training.  

3.1.3. Alpha activity training system 

An important reason for our study concerns the valorisation of scientific 

knowledge. We wanted to investigate whether instrumental conditioning of alpha 

activity could be applied in a consumer product aimed at normal, healthy, everyday 

users. For instance, we envisaged a person commuting on the train, listening to his 

or her favourite music while at the same time receiving relaxation therapy. This 

aspiration resulted in various important design choices. First, we used auditory 

feedback for training, because this would resemble an MP3-like device. 

Specifically, because we wanted people to listen to their own favourite music, this 

also meant that the feedback needed to be a manipulation of the type of music. The 

three aspects of sound waves are amplitude (perceived as loudness), frequency 

(perceived as pitch), and complexity (perceived as timbre). Pilot work showed that 

a simple high-pass filter on the sound greatly affected the music quality, making 

the music sound very distant and thin. This turned out to provide the basis of a 

highly intuitive form of feedback, especially because people know their own 

favourite music very well. In fact, the feedback was so intuitive that no instructions 

needed to be given to the participants for the training to occur. Using auditory 

feedback was also the reason for incorporating a third condition in our design – a 

group of participants who did nothing other than listen to their favourite music. In 

this way, we hoped to assess any differences in alpha neurofeedback training, not 

only in comparison to a well-controlled beta training condition, but also relative to 

just listening to music. Listening to music is perceived by many people as relaxing, 

and for a new device to be successful it should add value to that already relaxing 

experience. 

Secondly, if such a device is to be used in real-life situations, the measurement of 

alpha activity has to be simplified. It goes without saying that using electrodes that 
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require conductive gel or paste would be out of the question. Innovation is required 

to reach our goal of valorisation. Our ultimate aim is to use dry electrodes 

connected (with or without wires) to a recording device built into an MP3-like 

device. However, as an intermediate step, here we used water-based electrodes 

mounted into the connection band of a consumer-style auditory headset, connected 

to a portable amplifier that transmitted the signals via Bluetooth to a computer that 

controlled the feedback (in the future the computer could be replaced by an MP3-

like device or smartphone). Using this set-up, the participants could put the headset 

on themselves, and the computer software would give them feedback about signal 

quality. For the purpose of this study, an experimenter applied some control signals 

such as ECG and EOG that could be omitted in real-life situations. Nevertheless, 

such a set-up enabled us to investigate whether such a water-based electrode 

device, which is likely to result in signals of lower quality than with a conventional 

system, would be sufficiently sensitive to enable adequate alpha neurofeedback 

training which, in turn, would increase relaxation. Our device already represents a 

major improvement over conventional neurofeedback equipment, which is mostly 

gel-based and can only be used by trained personnel. 

The brain rhythm that can be measured over the central scalp is called the mu or 

sensorimotor rhythm (SMR), and is often of a slightly higher frequency than the 

alpha rhythm. Functionally, it is thought to be similar to the alpha rhythm in that it 

blocks in response to motor action, just as the alpha rhythm blocks in response to 

visual input (Pfurtscheller & Aranibar, 1979). Thus, we wanted to know whether 

training at central sites is related to subjectively experienced relaxation, just as 

training at more posterior sites is thought to be, and also whether central training 

generalises to other brain areas. There is some, but not much, evidence that training 

of brain rhythms may generalise over the scalp (e.g., Egner, Zech, & Gruzelier, 

2004). 
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To summarize, we investigated the effect of alpha neurofeedback training at central 

locations for alpha activity itself, measures of heart rate variability, and 

subjectively experienced relaxation. We used an innovative set-up with water-

based electrodes in young healthy participants, and relatively short training periods 

in 15 sessions on consecutive days. Using short training periods with young 

participants (mostly college students) who might be considered already very 

relaxed perhaps means that the chances of finding strong effects are not very great. 

On the other hand, we reasoned that such a situation constitutes a powerful test, 

and that finding such effects would be quite meaningful and important. 

 

3.2. Study method 

 

3.2.1. Participants 

Participants were recruited by means of a website that explained in great detail the 

procedures involved in the research. A total of 171 people (48 male, 123 female) 

responded on the website that they were willing to take part in the research. Their 

ages ranged from 17 to 27 years (mean 20.5 years). One person was rejected 

because of hearing problems; 109 people either did not follow-up on our request, 

turned out to be unavailable at the time of the research, or decided to withdraw. 

The remaining 62 people provided written informed consent and were randomly 

assigned to one of three groups (see section 3.2.2. Design and procedure): alpha 

training (A), random beta training (B), or control (C, music only). Twelve people 

had to be excluded from the final analyses, either because they failed to complete 

the training sessions (N=5), or because of technical problems during the sessions 

(N=7). The final group consisted of 50 participants (36 female, 14 male), mostly 

psychology students, all right handed and in good health with normal or corrected-
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to-normal vision and hearing. They were distributed over the three groups as 

follows: A (alpha training): N=18 (12 female), mean age 20.68 years (18-25, S.D. 

1.79 years); B (random beta training): N=12 (9 female), mean age 20.59 years (19-

23, S.D. 1.50 years); C (control, music only): N=20 (15 female), mean age 21.02 

years (18-25, S.D. 2.06 years). The three groups did not differ statistically in mean 

age (F(2,47) = 0.26, p =.775). All participants were paid about € 300 plus travel 

expenses for their participation. 

Although the participants were informed about the overall purpose of the study, 

details such as the different conditions were not revealed. The participants as well 

as the experimenters were blind to the experimental condition that a particular 

participant was randomly assigned to (double-blind design). 

3.2.2. Design and procedure 

Figure 3.1a provides an overview of the experimental design. After signing in on 

the website, participants filled in a medical questionnaire, and performed on-line 

versions of a Sternberg memory task and a 2D mental rotation task. The medical 

questionnaire was screened by qualified personnel for a history of psychiatric or 

neurological disease.    

Pre-training, post-training and follow-up measurements. The neurofeedback 

training period (See neurofeedback training) was immediately preceded and 

followed by a quantitative EEG (qEEG) session that lasted about 4 hours. The 

same recording was again conducted at a follow-up 3 months after the second 

measurement. We aimed to achieve a one week delay between the first qEEG 

session and the start of training and between the end of training and the second 

qEEG session. 
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Figure 3.1. Schematic representation of the time line of the whole experiment 

(a), and of a single neurofeedback training session (b). 

 

The qEEG recording sessions were conducted in a dimly-lit and quiet experimental 

chamber that was not electrically shielded. The measurements consisted of a qEEG 

including neuropsychological tests according to the protocol developed by the 

Brain Resource Company (Brain Resource, Inc.). EEG was acquired using a 

Neuroscan system using a Quickcap and 40 channel NuAmps recording from 26 

electrodes located according 10-10 system from the following sites: Fp1, Fp2, F7, 

F3, Fz, F4, F8, FC3, FCz, FC4, T3, C3, Cz, C4, T4, CP3, CPz, CP4, T5, P3, Pz, 

P4, T6, O1, Oz and O2, referred to algebraically linked ears. Horizontal eye 

movements were recorded from electrodes placed 1.5 cm lateral to the outer 

canthus of each eye. Vertical eye movements were recorded with electrodes placed 

3 mm above the middle of the left eyebrow and 1.5 cm below the middle of the left 
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bottom eyelid. In addition, facial muscle activity was recorded bilaterally from the 

orbicularis oculus and the masseter muscles. Electrodermal activity was recorded 

from the left index finger. Heart rate was recorded from an electrode placed on the 

left wrist, and R-R intervals were detected using a computer algorithm that was 

manually checked and corrected if necessary. EEG data was recorded relative to 

the virtual ground and referenced off-line to linked mastoids; EMG and heart rate 

data was recorded using a bipolar set-up. Electrode impedance was kept below 5 

kOhms. Data were low-pass anti-aliasing filtered at 100 Hz (12 dB/octave roll-off) 

and then sampled at 500 Hz using a 22 bit A/D converter. 

The EEG was recorded during periods of 2 minutes eyes open and eyes closed, and 

the data recorded in these intervals was used in this study. Event-related potentials 

in an auditory oddball task, Go/No-go task, and continuous performance task were 

also recorded, but are not reported here. The data collected from the 

neuropsychological testing module (IntegNeuro) is also not included here. 

After the second and third qEEG sessions, interviews were conducted with each 

participant individually and these were recorded. 

Training sessions. In the three weeks after the first qEEG measurement, the 

participants came to the lab to undergo the neurofeedback training on 15 

consecutive working days. This turned out to be practically impossible for some 

participants, but everyone completed the 15 training sessions within 4 weeks. The 

training sessions took place in a normal office space, in which each participant was 

seated in a comfortable reclining chair in front of a small table with a laptop on it. 

There were five such chairs and tables with laptops in the room, separated by 

wooden partitions, so that five participants could be trained at the same time by a 

single experimenter. The whole training session was automated as much as 

possible. The experimenter supervised the whole training session, and only took 

action if something went wrong (usually bad electrode contacts, which were 

automatically signalled). 
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The participants were given a set of headphones that they used to listen to their 

favourite music. Participants could either bring their own music for that particular 

day on an MP3 player, or they could select that day’s music from a playlist 

containing thousands of songs from a myriad of artists. There was no limitation on 

the kind of music that the participants could listen to. Categories included genres 

like hard rock, easy listening and classical music. 

EEG was measured using Ag/AgCl ring electrodes (outer diameter: 12 mm; inner 

diameter: 5 mm), mounted on the inner side of the band connecting the ear covers 

of the headphone. The electrodes were positioned roughly over C3 (measured 

against A1, mounted in the left ear cover) and C4 (measured against A2, mounted 

in the right ear cover). Tap water was used to optimise contact between the 

electrodes and the skin. No impedance checks were made, but the quality of the 

data was assessed on-line via the ratio of the power in the 49-51 Hz (noise) range, 

relative to the power in the 4-35 Hz (signal) range. The signals were amplified 

(DC-400 Hz) and sampled at a rate of 1024 Hz by a 24 bit A/D converter on a 

Nexus-10 portable device (MindMedia B.V., The Netherlands). The signals were 

transmitted via Bluetooth to a PC that controlled the experiment and at the same 

time stored the data on a flash SD card for off-line analysis. 

Horizontal and vertical EOG was measured from electrodes placed at the outer 

canthi and above and below the left eye, respectively. The electrocardiogram 

(ECG) was recorded from electrodes attached to the left and right wrists for ease of 

electrode application. Skin conductance and respiration were also measured, but 

are not reported here. All these signals were amplified and sampled by means of 

the Nexus-10 device. 

The neurofeedback protocol was applied as follows. Eight times per second (each 

125 ms) a segment of the preceding 4 seconds was filtered by a third-order 

Butterworth band-pass filter from 4-35 Hz, and a first-order notch filter at 50 Hz. 

To be usable for a feedback update, this segment should meet three criteria: (i) no 
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clipping or overflow of the amplifier; (ii) peak-to-peak of at most 200 µV; (iii) the 

ratio between the line noise (49-51 Hz) and EEG power (4-35 Hz) should be 

smaller than 1.0. The feedback update depended on the group that a particular 

participant was assigned to: 

Alpha training. For each channel (C3-A1, C4-A2), the relative alpha power was 

calculated as the sum of the power in the alpha band (8-12 Hz), divided by the sum 

of total power (4-35 Hz). A low cut-off frequency of 4 Hz was used in the 

calculation of total power to be relatively free of slow drift artefacts. If both 

channels showed a good epoch of 4 seconds, then the average of the two channels 

was used. If only one channel yielded a good epoch, then only that channel was 

used. If neither channel resulted in a good epoch, then no feedback update was 

given. The relative alpha measurement was filtered by a first-order IIR filter with a 

time constant of 4 seconds. In this way, the speed of the changes in the feedback 

was smoothed somewhat, and did not go back and forth too quickly. 

The feedback measure was used to drive the cut-off frequency of a first-order high-

pass filter built into the audio path of the music played through the headphones. 

This cut-off frequency equalled 2 Hz if the current alpha level was greater than the 

maximum alpha level for the previous part, and 2000 Hz if the current alpha level 

was lower than the minimum alpha level for the previous part. For intermediate 

levels, a linear interpolation was done in such a way that the cut-off frequency was 

high for low current alpha levels and low for high alpha levels. Using the following 

formula: fc = 2000 – (2000-2) * (alpha-min_alpha)/(alpha_max-alpha_min), where 

fc = audio cut-off frequency, alpha = current alpha level, min_alpha = minimum 

alpha level, max_alpha = maximum alpha level. This procedure resulted in a very 

intuitive feedback mechanism in which a person’s own well-known favourite 

music sounded thin and distant if alpha levels were low because the low tones were 

removed. When alpha levels were high, however, the music sounded rich and full, 

as the participants were used to hearing it. 
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Random beta training. The procedure for this condition was exactly the same as for 

the alpha group, except for the EEG frequency used to drive the audio filter, which 

was always in the beta range. The beta level was a 4 Hz bin (same bin width as the 

alpha range), randomly chosen on each day (session) between 14 and 30 Hz. Beta 

bands on different days did not overlap. The minimum and maximum beta levels 

were calculated from the first eyes open measurement of that day in the band that 

was chosen for that day. Thus, the random beta group also received training, but 

not in a fixed frequency band, and not in the alpha range. 

Control. In this condition group, the quality of the music did not vary as a function 

of an EEG rhythm. The participants in this group always listened to their favourite 

music in full quality. Thus, there was no training under this condition, but the 

participants did complete all the tasks in the same way as the participants in the 

other two condition groups. 

Importantly, the participants received no instructions about the training. They were 

not told that they were expected to improve the quality of the music; they were 

only asked to ‘sit back and relax’. 

A training session on a particular day always consisted of the same sequence of 

tasks. After the signals were found to be valid, a baseline measurement of 5 

minutes rest with eyes open was recorded, followed by 5 minutes with eyes closed. 

After that, 3 neurofeedback training intervals of 8 minutes duration were 

interspersed by cognitive tasks lasting about 5 minutes each. The fixed sequence 

was: flanker task, neurofeedback training 1, stop-signal task, neurofeedback 

training 2, Stroop task, neurofeedback training 3, N-back task. The purpose of this 

sequence, which is depicted in Figure 1b, was fourfold. Firstly, we wanted to avoid 

participants falling asleep during one long neurofeedback session in which they 

simply listened to their favourite music in a comfortable reclining chair. Secondly, 

we wanted to assess the effects of alpha training on simple cognitive tasks 

administered ly. Thirdly, by alternating conditions of relaxation and cognitive 
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work, we hoped to capture details relating to the dynamics of the alpha rhythm. 

Finally, it allowed us to match alpha levels to the audio filter. 

Questionnaires and subjective data. We also assessed possible effects of the 

neurofeedback training on mood, perceived stress, sleep quality, and general 

quality of life. The participants were asked to fill in questionnaires on the first, 

middle and last training sessions, as well as in the follow-up session. Because the 

first and last training sessions were close in time to the pre-training and post-

training qEEG sessions, we used the questionnaire data from these sessions to 

match the alpha power and heart rate variability (HRV) data from the pre-training 

and post-training qEEG sessions. The questionnaires that the participants filled in 

were on: 

        Mood: we used the abbreviated Dutch version of the Profile of Mood States 

(POMS; Van der Ark, Marburger, Mellenbergh, Vorst & Wald, 2006). 

Stress: the tension subscale of the POMS was used as a measure of 

subjectively perceived stress. In addition, we used the Dutch version of the 

Perceived Stress Scale (PSS, Cohen, Kamarck & Mermelstein, 1983). 

Sleep: a Dutch translation of the Karolinska Sleepiness Scale (KSS; Akerstedt, 

1990) was administered. The participants also filled in the Dutch version of the 

Sleep-50 questionnaire (Spoormaker, Verbeek, Van den Bout & Klip, 2005). 

Quality of Life: the Dutch WHOQoL-bref is an abbreviated version of the 

WHO Quality of Life questionnaire that correlates well with the full version 

(Trompenaars, Masthoff, Van Heck, Hodiamont & De Vries, 2005). 

Subjective relaxation: At the beginning of each training session, the 

participants also indicated their current subjective relaxation state using a visual 

analogue scale (VAS) presented on the computer screen, in which they had to 

position a vertical mark on a horizontal line using the computer mouse. They also 

did this after each separate phase of a training session (eyes open, eyes, closed, 

training periods, cognitive tasks) Thus, there were 10 subjective relaxation 

measurements taken in each of the 15 training sessions. 
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3.2.3. Data analysis 

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

training, post-training, and follow-up sessions was computed for 2 minutes eyes 

open and 2 minutes eyes closed segments. Alpha power spectral density was 

estimated using the Welch (1967) method on a digitally filtered EEG. The EEG 

and EOG data channels were first off-line filtered with a 50 Hz first-order (6 dB 

down per octave) notch filter to remove line noise, and then by a third-order (18 dB 

down per octave) Butterworth high-pass filter at 1 Hz and low-pass at 65 Hz. EEG 

spectra were computed and the EEG record was then segmented in 75% 

overlapping intervals of 4 seconds. Thus, each epoch was shifted one second 

forward in time, and there were 120 segments in total. Horizontal and vertical EOG 

channels were used to correct the EEG signal for eye movement artefacts using a 

linear regression method with separate coefficients for horizontal and vertical eye 

movements (cf. Verleger, Gasser, & Möcks, 1982). This correction was only 

applied if the EOG in a particular segment exceeded 60 µV. The segments were 

then transformed to the frequency domain using a Hanning window for tapering. 

The FFT power values were then transformed to a log10 scale and all frequency 

components (0.25 Hz resolution) were averaged to form the frequency bands alpha 

(8-12 Hz), Beta (15-30 Hz), and total power (4-35 Hz). Relative alpha and beta 

power were calculated as the ratio between alpha or beta and total power. 

We also used a novel method to estimate the individual alpha peak (IAF). Peak 

alpha varies as a function of cognitive performance and may represent a permanent 

functional parameter (e.g., Klimesch, 1997), and is therefore a useful and 

acceptable measure. This method is more fully described in Appendix A, and used 

in the results section as an addendum, not a replacement, of alpha power measured 

as the mean in the 8-12 Hz band. However, we feel that it captures the essential 

features of the peak alpha concept better than traditional methods. 
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Heart rate variability. The raw R-R intervals were exported to the Kubios package 

for HRV analysis (Tarvainen et al., 2009). This package produced a 

cardiotachogram, which was again checked by eye for any remaining artefacts 

(there were none). The package calculates time domain measures HRV, of which 

we used the following: the standard deviation of the RR intervals (SDNN), the root 

mean square of successive differences (RMSSD), the number of successive 

intervals differing more than 50 ms (NN50), the corresponding relative amount of 

these intervals (pNN50), and the HRV triangular index. The frequency domain 

measures we used were: low frequency power (LF; 0.04 – 0.15 Hz), high frequency 

power (HF; 0.15-0.4 Hz), also in normalised units (nLF and nHF, relative to total 

power), the LF/HF power ratio, and peak frequencies for each band. All measures 

were calculated based on FFT transformed heart period series, and autoregressive 

models of the series. Finally, the following non-linear methods of HRV were used: 

the SD1 and SD2 axes of the Poincaré plots, approximate entropy (ApEn), sample 

entropy (SampEn), detrended fluctuation analysis (DFA), and the correlation 

dimension D2. All measures, which followed international recommendations 

(Malik et al., 1996; Berntson et al., 1997) were log10 transformed to make their 

sampling distributions Gaussian. 

Statistical analysis. Before statistical analysis, we checked all measurements for 

normality of the sampling distribution, and log-transformed the data if necessary. 

We then computed linear mixed models with fixed between-subjects factor Group 

(levels A=alpha, B=beta, C=control), and random within-subjects factors Sessions 

(levels 1=pre-training, 2=post-training, 3=follow-up), and Participant. For tests 

involving different electrodes, we defined further appropriate fixed factors as 

necessary. Covariance structure was determined based on the information criteria 

given by the statistical output, but did not differ very much between covariance 

types. We always used an autoregressive (1) pattern with random intercept and 

random slope, because that seemed the best match to our design with three 

sessions. Mixed models have the advantage being able to cope with missing values. 
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Because of a varying number of missing values for each dependent variable, the 

number of degrees of freedom for identical tests may vary somewhat between 

dependent variables. Observed power was calculated at an alpha level of 0.05. All 

calculations were done using SAS PROC MIXED 9.1. 

 

3.3. Results 

 

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

Figure 3.2 shows the full power spectra of all participants as measured with the 

novel headset on the first training day. These data resemble spectra recorded with 

conventional EEG systems quite closely, and the alpha peak is clearly discernible 

around 10 Hz. Figure 3.3 shows grand average spectra recorded from C3 and C4 

with the conventional full-cap EEG system on the first qEEG measurement, 

together with spectra recorded with the novel device on the first training day. This 

figure shows that the systems were remarkably alike in the alpha frequency range; 

the difference at higher frequencies arises because of the different ways that 50 Hz 

line noise was filtered. Alpha power (8-12 Hz) recorded with the qEEG system and 

with the novel device could not be distinguished statistically (qEEG versus 

headset: F(1,43) = 1.67, n.s.; Eyes open versus eyes closed: F(1,43) = 9.87, p < 

0.01; C3 versus C4: F(1,43) = 0.28, n.s.). In addition, the correlations between the 

alpha power values recorded with the two systems were always between 0.8 and 

0.9 (C3, eyes open: 0.88; C3, eyes closed: 0.80; C4 eyes open: 0.88; C4, eyes 

closed: 0.84). In summary, the novel device allowed recording and thus training 

alpha activity very well. 
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Figure 3.2. Full power spectra of all participants, recorded with the novel 

EEG system using water- based electrodes mounted in the headset. Electrode C3-

A1, eyes closed. Note the prominent alpha peak around 10 Hz. 

 

3.3.2. Guided interviews 

As a qualitative measure of the way in which the participants perceived the training 

sessions, we examined how many participants in each group indicated that the 

sessions were relaxing, without them being prompted. We did not inform the 

participants that this study was about relaxation, and asked them neutrally about 

how they had experienced the training. We then counted the number of people who 

reported spontaneously that they thought the training was relaxing. The resulting 

percentages are shown in Figure 3.4. In the alpha training group (A), 53% of the 

participants spontaneously remarked that they experienced the training sessions as 
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relaxing, as opposed to 20% in the random beta group (B) and 21% in the music 

only control group (C). Hence, about twice as many in the alpha training group 

spontaneously mentioned relaxation compared to the control groups. 

 

 

Figure 3.3. Grand average power spectra of C3-A1 (left) and C4-A2 (right), 

recorded under eyes open and eyes closed conditions with the conventional qEEG 

system and novel headset. 

 

3.3.3. Behavioural data (questionnaires) 

Statistical tests on the questionnaires are given in Table 3.1. As can be seen in the 

table, there were only a few effects of the training conditions on the behavioural 

scales.  
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Figure 3.4. Percentage of participants who – unprompted – specifically 

mentioned in the exit interview that the training was relaxing, expressed as a 

function of Group. 

 

Only the Environment dimension of the Quality of Life scale, and Factors 

Influencing Sleep, yielded statistically significant effects across sessions, as a 

function of Group. The means from these effects (Figure 3.5) indicated that they 

were mainly due to the music only control condition not to one of the training 

conditions. However, looking at the means displayed in Figure 3.5, it is striking 

that, with the exception of those two tests, all patterns are largely as might be 

expected based on the hypothesis that alpha training - not random beta or music 

only - induces relaxation. Perceived stress decreases over sessions in the alpha 

group, whereas it remains roughly the same in the other groups. POMS Vigour 

increases in the alpha group and decreases in random beta and music only control 

groups. The POMS Negative Mood scales all seem to decrease to a greater extent 

in the alpha group than in the other groups. Similar relationships can be observed 

for the Quality of Life and the Sleep scales. Thus, the formal tests might not reveal 
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statistically valid differences, but it is interesting to note that most variables show 

the expected pattern. Such a situation suggests a possible power problem: that is, 

there may have been too few participants in the study to draw statistically valid 

conclusions. The overall low power values shown in Table 3.1 tend to support such 

an interpretation. 

 

Table 3.1 

 

 

Subjective relaxation identified using the visual analogue scale (VAS) was not 

measured during the pre-training, post-training, and follow-up measurements. 

However, we compared the average relaxation scores of the first and the last 

training sessions, as a means of investigating whether subjective relaxation changes 

during the training were specific to the training groups. Unfortunately, this was not 

the case.  
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Figure 3.5. Averaged scores of the behavioural questionnaires, shown 

separately for groups and recording sessions. 

 

Mean relaxation scores were slightly lower in the last compared to the first training 

session, but the corresponding effect failed to reach significance (Session: F(1,47) 

= 0.36, n.s., power = 0.09; Group: F(2,47) = 2.20, n.s., power = 0.43; Session * 

Group: F(2,47) = 0.43, n.s., power = 0.12). 

3.3.4. qEEG measurements 

We performed omnibus tests for relative alpha power (8-12 Hz / 4-35 Hz) with a 

subset of posterior electrodes, C3, C4, P3, P4, O1, O2, and we defined the 

appropriate within-subject factors Position (C, P, O), and Laterality (left, right). As 

expected, alpha power was higher for eyes closed than for eyes open (F(1,47) = 

491.15, p < 0.001, power = 1.00), and greater at occipital and parietal electrodes 
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compared to central electrodes (F(2,94) = 8.06, p < 0.001, power = 0.95. The 

difference between eyes open and eyes closed was largest in the alpha training 

group and smallest in the music only control group, and the random beta group had 

an intermediate value (F(2,47) = 5.79, p < 0.01, power = 0.85). 

In all three groups, alpha power increased over the sessions (F(2,90) = 66.96, p < 

0.001, power = 1.00). Importantly, the increase in relative alpha power was largest 

for the alpha training group (F(4,90) = 20.60, p < 0.001, power = 1.00, compared 

to control groups, especially in the eyes open condition (F(4,89) = 6.39, p < 0.001, 

power = 0.99). Figure 3.6 provides a visual representation of this effect. The figure 

not only shows the greatest increase in the alpha training group, but also that alpha 

levels, especially in eyes open, continued to increase after the post-training 

measurement to the follow-up meeting three months later. For eyes open, the 

increase between the pre-training and post-training measurements roughly equals a 

further increase between the post-training and the follow-up measurement. 

Apparently, the participants learned how to control their alpha level, and maybe 

through rehearsing even without receiving feedback were able to increase it further. 

In any event, the effect of alpha training did not fade after ending the training. 

We also tested the relative beta power (15-30 Hz / 4-35 Hz) to investigate whether 

this would show a similar pattern to that seen for alpha activity. For relative beta 

power, a completely different pattern of results was found. Relative beta power was 

greater in eyes open compared to eyes closed (F(1,47) = 126.13, p < 0.001, power 

= 1.00) – as expected, the opposite to alpha power. The difference between eyes 

open and eyes closed was exactly equal for the alpha and random beta training 

groups, and smaller in the music only control group (F(2,47) = 9.48, p < 0.001, 

power = 0.97). Beta power decreased over the sessions (F(2,90) = 13.99, p < 0.001, 

power = 1.00), especially in the random beta group (F(4,90) = 15.50, p < 0.001, 

power = 1.00). 
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Figure 3.6. Increase in relative alpha power over sessions, as a function of 

experimental group, shown separately for recordings made with eyes open 

and eyes closed. 

We then used a non-linear regression model (Appendix A) to estimate the 

individual alpha frequency and its power. The IAF power (C parameter in the 

model) was greater for eyes closed than for eyes open (F(1,47) = 1074.14, p < 

0.001, power = 1.00), and largest over the occipital electrodes and smallest over the 

central pair (F(2,94) = 47.24, p < 0.001, power = 1.00), especially for eyes closed 

(F(2,94) = 36.91, p < 0.001, power = 1.00). This scalp distribution was most 

prominent in the alpha training group (F(4,94) = 3.70, p < 0.01, power = 0.87). As 

in the relative alpha power, IAF power estimated by non-linear regression 

increased from the pre-training to the post-training session, only for training with 

eyes open (F(2,89) = 3.89, p < 0.05, power = 0.70, and continued to increase in the 

alpha training group but not in the other groups (F(4,89) = 6.83, p < 0.001, power = 

0.99). No other statistically meaningful differences were found for the C parameter 

in the model. The IAF itself (D parameter in the model) was smaller in the random 
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beta group compared to the alpha and music only control groups (F(2,47) = 19.00, 

p < 0.001, power = 1.00), especially for eyes open (F(2,47) = 35.20, p < 0.001, 

power = 1.00) and smaller at the central than at the parietal and occipital electrodes 

(F(2,94) = 24.78, p < 0.001, power = 1.00), especially in the eyes open task in the 

random beta group (F(2,94) = 2.73, p < 0.05, power = 0.73). Turning now to the 

possible effects of training in the IAF, we found that in the recordings with eyes 

closed the individual alpha frequency slightly decreased from the pre-training to 

the post-training session, relative to the eyes open recordings. However, at the 

follow-up measurement, both eyes open and eyes closed recordings showed IAF 

values that had returned to the pre-training level (F(2,89) = 6.04, p < 0.01, power 

0.87). This effect was somewhat stronger in the random beta group compared to 

the other two groups (F(4,89) = 2.58, p < 0.05, power = 0.70). Importantly, there 

were no session effects of alpha neurofeedback training; the IAF seems to be a 

relatively stable subject characteristic uninfluenced by the alpha training procedure. 

We also produced topographic maps of power at the IAF resulting from the non-

linear regression model described in Appendix A. Figure 3.7 illustrates the 

difference between post-training and pre-training peak alpha activity (eyes open) as 

indexed by the C parameter, along with the corresponding probability and 

significance maps. It can be seen that the alpha increase that resulted from the 

alpha training mainly involved the left fronto-central areas (near to the training 

site), and surprisingly also the right occipital area (distant from the training site). 

No appreciable changes were observed for the random beta and music only control 

groups. The activity recorded when the eyes were closed did not show a 

statistically meaningful increase in alpha activity from the pre-training to the post-

training session. 
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Figure 3.7. Upper: topographic map (eyes open) of the difference between post 

and pre-training peak alpha power measured by the C parameter in the non-linear 

regression fit (see Appendix A; scale in log10(µV
2
)); Middle: probability map of 

the paired t-test of post versus pre-training peak alpha activity; Bottom: 

significance map for same t-test. 

 

3.3.5. Heart rate variability 

The mean R-R interval was not influenced by the training (e.g., effect of Sessions: 

F(2,90) = 2.29, n.s.). Overall heart rate variability (SDNN) did not respond to 

training either, but in the random beta group was greater for eyes closed than for 

eyes open, whereas the reverse was true for the music only control group (Task * 

Group interaction; F(2,47) = 4.46, p < 0.05, power = 0.74), and the same pattern 

was found for RMSSD (F(2,47) = 3.35, p < 0.05, power = 0.61). Spectral analysis 

was used to decompose the variability further, and we observed the same effect for 
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high frequency power (HF; F(2,47) = 4.61, p < 0.05, power =0.75), but not for low 

frequency power (F(2,47) = 2.51, p > 0.05). No other effects of training on any of 

the HRV parameters were found, so it appears that our training did have any 

systematic effect on heart rate variability. The full analyses and means are given in 

Appendix B. 

 

3.4. Discussion 

 

The purpose of this study was to investigate whether alpha neurofeedback training 

using an innovative self-guided device with water-based electrodes mounted in an 

audio headset would be feasible. There are several indications which support this 

feasibility. First, the device was able to record EEG in the alpha range, the spectral 

properties of which correspond to what is usually reported in the literature. Spectral 

plots of EEG records show power decreases as a function of frequency, with a clear 

alpha peak around 10 Hz. In addition, alpha power recorded with a conventional 

qEEG system and with the novel device was statistically indistinguishable. 

Importantly, alpha neurofeedback training using our new device resulted in an 

increase in alpha activity as recorded using a conventional EEG system. Alpha 

activity increased specifically in the group that received alpha training, but not in 

the other groups in which either random beta or no training was given. Beta 

activity did not increase in the alpha training group, indicating that the training 

elicited a frequency-specific effect, and did not simply increase overall EEG 

power. The present findings add to the growing body of literature on the 

trainability of alpha activity in relation to relaxation (e.g., Dempster & Vernon, 

2009; Egner, Strawson & Gruzelier, 2002; Gruzelier, 2002). These specific effects 

of alpha neurofeedback training on alpha activity as opposed to beta activity were 

evident despite a stringent control condition that included real training of random 
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beta frequencies (Hoedlmoser et al., 2008). For the most part the results of the 

random beta training were statistically indistinguishable from a second control 

condition in which the participants merely listened to their favourite music. The 

inclusion of these two control conditions is a strong point in the present study, and 

demonstrates the trainability of alpha activity beyond doubt. 

Alpha activity recorded with the eyes open exhibited the largest increase. It is 

tempting to relate these findings to the fact that the alpha training was given with 

the eyes open. Alpha training is often given with eyes open because the training 

itself may rely on information provided by the visual feedback (see Angelakis et 

al., 2007). However, the differential effects of training with eyes open and eyes 

closed on post-training recordings of eyes open and eyes closed activity is not well 

studied (see Vernon et al., 2009). The present study was not designed to 

specifically examine these effects, but our results suggest that the effects with eyes 

open training may not generalize to training with eyes closed. 

Another important result of the present study is that the increase in alpha activity as 

a result of alpha training persisted, and even increased slightly, at the follow-up 

session 3 months after the last training session. In the interval between the post-

training measurement and the follow-up measurement, the participants did not 

receive any additional training, or any other information about the experiment. 

Furthermore, these effects were specific to the alpha training group, so the changes 

brought about by the alpha training were long lasting. It is possible that the 

participants in the alpha training group, unlike those in the random beta or music 

only control groups, learned to produce a solid alpha rhythm that they may be able 

to evoke at will whenever needed. Such a possibility not only supports the 

conclusion that use of such an innovative self-guided device can elicit learning, 

with regard to altering alpha activity, but that due to the self-guided nature of the 

learning it is also more easily maintained. However, further research is needed in 

order to substantiate such a claim. 
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This pattern of results was roughly similar when alpha activity was defined broadly 

as being in the 8-12 Hz range, relative to the total range of 4-35 Hz, and in the 

model of the individual alpha peak using a non-linear regression analysis. The 

regression model has the advantage over the broad definition in that it is much 

more specific, and it has the ability to model the individual alpha frequency as well 

as the power at that frequency. Although the training conducted here was based on 

the broad 8-12 Hz power band and was sufficient to show clear changes as a 

function of the training, future research may wish to utilize an approach based on 

the IAF in order to further develop and refine this method. Such an approach will 

allow for a more individualized training scheme, and also avoid suboptimal 

training effects for participants who have an IAF outside of the 8-12 Hz range. 

Related to the above, an important finding of this study was that alpha training 

increased power within the IAF range, but did not alter the IAF itself, which 

remained stable across groups and measurement sessions. This is remarkable 

because our study lasted for several weeks and 72% of the participants were 

female. Luteal phase is known to affect the IAF (Bazanova & Aftanas, 2008), but 

appeared not to have influenced our results differentially for our training groups. 

The insensitivity of the IAF to alpha neurofeedback training is important as it 

relates to possible side effects. The present method of training using an easily 

applicable electrode set-up and a highly intuitive form of auditory feedback was 

able to increase alpha activity without showing signs of potentially adverse side 

effects. 

The results of our study also support the notion that instrumental conditioning of 

alpha and other brain rhythms using double-blind, placebo-controlled experiments 

is feasible. Using a random beta training protocol as a control, as utilized by 

Hoedlmoser and colleagues (2008), and also recently applied in the gamma 

neurofeedback studies of Keizer and colleagues (2010), seemed to work quite well. 

Importantly, the random beta group did not show any adverse effects of the random 

beta training. Hence, random beta might be considered an appropriate control in 
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situations where EEG activity outside the beta band needs to be trained. Our 

second control group, in which the participants listened to their favourite music 

without receiving any training, constitutes a less than ideal control for the alpha 

training group in that these groups differ not only in alpha training, but also in 

receiving rewards of whatever nature. It is instructive to note that alpha 

neurofeedback training produced more alpha activity along with verbal reports of 

relaxation, than the music only control group. This is surprising because listening 

to music in itself is considered to be a relaxing experience. Our research would 

suggest that combining alpha neurofeedback training with listening to music adds 

an extra element of relaxation. 

It could be argued that using random beta training as a control condition is less 

than ideal. The original work by Hoedlmoser et al. (2008) used rhythms above as 

well as below the frequency range trained in the experimental condition (12-15 Hz 

in their case), while we only used higher frequencies in our control condition. 

Using equal control frequency bins above and below the alpha range would have 

resulted in training of frequency ranges in some sessions where artefacts could 

contaminate the signals, such as eye blinks in the delta and sometimes theta range. 

Using only frequency bins higher than alpha avoided such potential problems, 

perhaps with the drawback that Rolandic beta activity was trained, which is not 

independent of Rolandic alpha (mu). Indeed, the beta group did show a slight 

increase in alpha activity as a result of the training. However, this increase was 

smaller than in the alpha group, presumably because a different frequency bin was 

used on each day (RANDOM beta), whereas the same alpha band was used in the 

alpha group every day. Although a case could be made for using random control 

frequencies outside the Rolandic beta band (higher than 24 Hz), it could also be 

argued that the current design provided a more rigorous test in that the chance of 

finding significant differences was minimized, but still found. Finding the optimum 

control condition in neurofeedback studies remains an important issue for future 

work. 
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It was also found that training of alpha activity at central sites increased alpha 

activity more posteriorly. This is quite a surprising finding, although to some extent 

consistent with others who have found that neurofeedback training can lead to 

changes beyond the target frequency and location (e.g., Egner et al., 2004). The 

topographic maps indicated that some effect of the training was also present around 

central sites, at least to the left, which is the hemisphere contralateral to the 

dominant right hand in our participants. These maps, along with the statistical 

results using mixed linear models, point to effects of central alpha neurofeedback 

training on more posterior sites associated with the classical alpha rhythm. In all 

the statistical tests, alpha activity levels were greatest at the occipital electrodes, 

with parietal electrodes also displaying considerable activity. This is what is 

usually reported for the classical alpha rhythm (Shaw, 2003). It is unclear how the 

activity in central and posterior areas is related. A first possibility is that we trained 

the mu or sensorimotor rhythm and that this rhythm is somehow coupled to the 

more posterior alpha rhythm, possibly via the thalamus. This possibility seems 

unlikely because the mu rhythm is usually slightly faster than the alpha rhythm 

(Pfurtscheller & Aranibar, 1979). A second option is that the posterior alpha 

rhythm spreads via volume conduction to more central sites, where it is picked up 

by our sensors and increased by the training. Indeed, Nunez (1995) suggested that 

posterior alpha activity may spread toward the frontal region, and as a consequence 

can be picked up by central electrodes. However, if this were the case, it would 

seem that the increased alpha activity resulting from the training (not necessarily 

the absolute amount of alpha power) would be strongest at the central electrodes. 

By contrast, we found that the effect of training reached a maximum at occipital 

sites. A third possibility - which is more consistent with the pattern of the results - 

is suggested by the work of Thatcher and colleagues (1986). Based on theoretical 

and neurophysiological grounds, they proposed a model of alpha activity involving 

two generators; one posterior (parieto-occipital) and one more central (centro-

parietal), with reciprocal connections and even mutual competition for neuronal 

resources. There is some support for this model of alpha generation based on 
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coherence between brain regions, but the present data can neither corroborate nor 

contradict the model. The distant effects of training specific frequencies and 

locations are clearly an interesting issue for further study. 

The present study further indicates that in young, healthy participants, a long 

lasting change in alpha activity can be obtained in a limited number of short 

training sessions. We used 15 sessions, and the duration of the training in each 

session was 24 minutes. Yet this limited amount of training, without explicit 

instructions, was sufficient to produce an increase in alpha activity which remained 

evident 3 months after the last training session, without any additional training. 

Further work might reveal that even less training is capable of producing similar 

stable changes. Of course, shortening the amount of training in each training 

session may also restrict the possibility of eliciting a robust effect. We currently 

hypothesise that there are three main reasons contributing to the success of the 

training method used. Firstly, the ease of setting up the EEG device has many 

advantages to start with. Using a standard EEG system, which involves attaching 

electrodes with gel, sticking EOG electrodes around the eyes, etcetera, can be 

irritating for participants, resulting in a higher state of stress before the training 

begins and is also more time consuming. With the current device, it takes less time 

to set the participants up and as a consequence they may be more relaxed. 

Secondly, the intuitiveness and familiarity of the auditory feedback might also have 

played a role. Providing feedback about brain activity, for example, is often very 

indirect. Nevertheless, modern applications using game-like interfaces represent a 

significant improvement. However, our device worked by manipulating the 

participants’ own favourite music to provide feedback regarding target cortical 

activity. Given that the participants know their own music very well and as such 

would be able to detect changes in tone quickly and easily, this represents a mode 

of feedback that is both engaging and informative. A third reason, which 

admittedly may be a little more speculative, concerns the alternation of cognitive 

effort and relaxation that was part of our training scheme. For instance, a sign of 
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good cardiovascular condition is the ability to recover quickly from physical effort 

and can be measured by the recovery of heart rate after the physical exercise 

(Chorbajian, 1971). It may be that similar processing capabilities are important for 

peak mental condition, and the fact that our training incorporated alternating 

cognitive tasks with relaxation may be more effective than simply training absolute 

alpha levels per se. 

Relating the increase in alpha activity resulting from the training to subjective and 

cardiovascular indices proved to be cumbersome. Nevertheless, the use of a semi-

structured interview resulted in about twice as many participants in the alpha 

training group stating, without prompting,  that the training was relaxing. However, 

this represents only a very crude measure of relaxation. We expected to find 

relationships between (the increase in) alpha activity and behavioural measures of 

stress, relaxation and sleep. However, although many of the analyses showed the 

expected pattern, we failed to obtain statistical support for the hypothesized 

relationships. As indicated above, it may be that our groups were too small for tests 

to have sufficient statistical power. In addition, it is possible that alpha activity and 

relaxation defined behaviourally represent descriptions of a similar process but at 

entirely different levels. 

The same may be true for the lack of a clear relationship between alpha activity 

and heart rate variability seen in our study. It was expected that indices of 

relaxation, alpha activity, and HRV would be positively correlated. Surprisingly 

however, it is difficult to find statistically meaningful correlations in the literature. 

In the present study, the inclusion of alternating sequences of training and 

cognitive tasks in the protocol may have prevented such effects occurring in that 

the interaction between relaxation and cognition may have rendered the 

cardiovascular system insensitive to the training effects (this possibility was 

suggested to us by an anonymous reviewer). 
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To sum up, comparing the training of alpha activity to the training of random beta 

and a no training control, we found that alpha neurofeedback training at central 

sites enhanced alpha activity at posterior sites. Although the relationship between 

alpha activity and the behavioural indices of relaxation were weak we have 

demonstrated the feasibility of alpha neurofeedback training using an easy, 

wireless, water-based electrode device combined with an intuitive form of auditory 

feedback based on the participant’s own favourite music. We consider our device 

to be an important step forward in the development of a system for instrumental 

conditioning of brain rhythms that can be used both in the clinic as well as at home. 

In our view, the availability of such a system would solve a number of technical 

weaknesses currently surrounding such systems, so that more emphasis can be 

placed on factors that really matter in these studies, such as the protocols to be 

used, the number and nature of the training sessions, the influence of different 

instrumental conditioning schedules, and the transfer of the trained brain area to 

other areas, to name but a few. 
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Chapter 4 

The time-course of alpha neurofeedback training 

effects in healthy participants 

 

Abstract 

The time-course of alpha neurofeedback training (NFT) was investigated in 18 

healthy participants who received 15 sessions of training (eyes open), each 

consisting of three training periods (data from the study presented in the previous 

chapter was used for this). Here we report on the within-session and between-

session training effects using multilevel analyses. Over the sessions, total alpha 

power (8-12 Hz) increased up to the tenth session, after which low alpha power (8-

10 Hz) remained at the same level, while high alpha power (10-12 Hz) decreased. 

Within each training session, total alpha power increased from the first to the 

second period, and then decreased again. This decrease, however, was caused by a 

reduction in high alpha power only; low alpha power remained up until the end of 

training. These effects are discussed in terms of attention and motivation, and 

suggest different trainability for low and high alpha power. 

 

 

 

This chapter was published as: Dekker, M.K.J., Sitskoorn, M.M., Denissen, A.J.M., & Van Boxtel, 

G.J.M. (2014). The time-course of alpha neurofeedback training effects in healthy participants. 

Biological Psychology, 95, 70-73. 
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4.1. Introduction 

 

In a recent study (Van Boxtel et al. (2012); presented in the previous chapter) a 

novel neurofeedback training device was introduced based on a commercially 

available audio headset with water-based electrodes mounted in the band between 

the ear pads. The device was tested in healthy participants who received alpha (8-

12 Hz) neurofeedback training in 15 daily sessions while listening to their favourite 

music, the quality of which adapted as a function of the alpha power. Each session 

consisted of three 8 minute periods of NFT, interspersed with cognitive tasks, 

which were intended to prevent the participants from falling asleep, while at the 

same time allowing the effects of alpha training on cognition to be studied. Total 

alpha power indeed increased after training. Interestingly, a further increase was 

observed in a 3 month follow-up measurement without further training. The 

training appeared to be self-guided in that participants received no instruction and 

yet still managed to increase their alpha power. 

Here we report on the learning effects of the alpha NFT in that study. We wanted 

to know how alpha training progressed over the sessions and between the three 

training periods in a single training session. If alpha power would reach an 

asymptote over the sessions, this would suggest that the number of training 

sessions was appropriate or could be fewer. In clinical applications individuals 

often need repetitive sessions (20 to 80) for clear effects to occur at late stages of 

training (e.g., Ros & Gruzelier, 2010). Non-clinical applications often use fewer 

sessions (1 to 30; e.g., Myers & Young, 2011; Ros & Gruzelier, 2010; Vernon, 

2005), and we wanted to make sure that 15 sessions were appropriate. Analysing 

the training data allowed us to check whether the design choices were appropriate, 

while at the same time demonstrating that learning actually occurred. 
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In the original report (Van Boxtel et al., 2012) only total alpha power was 

analysed. However, as lower and upper alpha bands may be differentially involved 

in selective attention (e.g., Klimesch, Pfurtscheller, Mohl, & Schimke, 1990; 

Klimesch, Sauseng, & Hansmayr, 2007) and cognitive processing (e.g., 

Doppelmayr, Klimesch, Hodlmoser, Sauseng, & Gruber, 2005; Zoefel, Huster, & 

Sherrmann, 2010), we analysed the lower (8-10 Hz) and upper (10-12 Hz) alpha 

bands separately. It is largely unknown whether lower and higher alpha bands 

differ in trainability, a few isolated studies suggest that this may be the case 

(Aftanas & Golocheikine, 2001; Bazanova, 2012). 

 

4.2. Study method 

 

4.2.1. Participants 

Eighteen healthy participants (6 male and 12 female; M age = 20.7 years, 18-25, 

S.D. 1.79 years; Group A in the study presented in the previous chapter) took part. 

4.2.2. Design and procedure 

The NFT sessions took place in a normal office space. All the participants 

underwent 15 NFT sessions on consecutive working days. Each training session 

always consisted of the same sequence of tasks: 5 minutes baseline with eyes open 

(EO), 5 minutes baseline with eyes closed (EC), 5 minutes cognitive task, 8 

minutes neurofeedback training (NFT1), 5 minutes cognitive task, 8 minutes 

NFT2, 5 minutes cognitive task, 8 minutes NFT3, 5 minutes cognitive task. The 

NFT was always performed with the eyes open. Training was given by auditory 

feedback, provided in the form of the quality of participants’ favourite music that 
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they listened to through a headset in which 4 water-based electroencephalography 

(EEG) electrodes (Ag/AgCl ring) had been mounted (roughly at C3 and C4, 

referred to as mastoids). The NFT procedure (see previous chapter for details) 

resulted in a highly intuitive feedback mechanism in which a person’s own well-

known favourite music sounded thin and distant if alpha levels were low; and 

sounded rich and full, as the participants were used to hearing it, when alpha levels 

were high. Participants received no instructions for the training; they were not told 

that they were expected to improve the quality of the sound.   

4.2.3. Data analysis 

The EO baseline period and the three NFT periods were used in the analyses. See 

previous chapter for details about eye movement correction, filtering and 

segmentation of the EEG training data. The segments were transformed to a 

frequency domain using a Hanning window for tapering. The FFT power values 

were transformed to a log10 scale and all frequency components (0.25 Hz 

resolution) were averaged to form the frequency bands Low alpha (8-10 Hz), High 

alpha (10-12 Hz) and Total alpha (8-12 Hz). 

4.2.4. Statistical analysis 

Linear mixed models (Pinheiro & Bates, 2000) were used for all analyses. For 

between-session comparisons of alpha power, the eyes open (EO) baseline data 

were analysed with fixed within-subjects factors Session (15 levels) and Electrode 

(C3, C4). For within-session training, the fixed within-subjects factors were Period 

(3 levels), Session (15 levels) and Electrode (C3, C4). Polynomial contrasts were 

computed for the Session factor; only linear and quadratic are reported here 

because no higher-order contrasts were found. We used an AR1 covariance 

structure with random intercept, which resulted in the best models, determined by 

Aikake's Information Criterion. All tests were computed separately for Low, High, 

and Total alpha power. NFT responders versus non-responders were determined by 



71 

 

positive and negative difference values for the alpha power between training 

sessions 1 and 15. 

 

4.3. Results 

 

The fixed factor Electrode was removed in all analyses because alpha power 

appeared not to differ between positions (F(1,290) = 0.97, p = 0.33). 

4.3.1. Alpha power between training sessions 

Figure 4.1a shows the Total (baseline) alpha power as a function of Session. As the 

figure suggests, there were linear (F(1,92) = 17.4, p < 0.001) and quadratic 

(F(1,125) = 12.9, p < 0.001) effects of Sessions. Fifteen participants were found to 

be responders. Alpha power seemed to show a maximum at around session 10. 

Statistically, the total alpha power indeed showed a linear increase from sessions 1 

to 10 (F(1, 74)= 33.4, p< 0.001), and tended to remain unchanged thereafter 

(session 10 to 15: F(1, 42) = 3.3, p = 0.08). 

Figure 4.1 also presents both Low (Figure 1b) and High (Figure 1c) alpha power as 

a function of Session. There were similar linear and quadratic effects of Session 

(Low alpha power: linear F(1,82) = 28.7, p < 0.001, quadratic F(1,120) = 15.7, p < 

0.001; High alpha power: linear F(1,104) = 4.9, p = 0.03, quadratic F(1,132) = 6.9, 

p = 0.01). Sixteen participants were found to be responders in Low alpha power, 

and 13 in High alpha power. In both Low and High alpha power, a linear increase 

between sessions 1 and 10 was found (Low alpha power: F(1,66) = 42.7, p < 0.001; 

High alpha power: F(1,78) = 14.4, p < 0.001), and this increase did not differ 

statistically between both sub-bands (F(1,126) = 3.3, p = 0.07). After session 10, 
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the Low alpha power remained unchanged (linear: F(1,45) = 1.56, p = 0.22), while 

the High alpha power decreased (linear: F(1,42) = 4.3, p = 0.045). 
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c.  

Figure 4.1. Total alpha power (1a), Low alpha power (1b), and High alpha 

power (1c) at position C3 as a function of Session, including the fitted quadratic 

functions by Linear Mixed Models analysis. Error bars show SEM. 
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period (F(1,852) = 6.8, p = 0.01). This pattern appeared to be constant over the 15 

training sessions (Period * linear effect of Session; F(2,1390) = 2.76, p = 0.06). 

Figure 4.2 presents both low (Figure 2b) and high (Figure 2c) alpha power of the 

three NFT periods in a training session. The increase between the first two periods, 

averaged over training sessions, was also found in low alpha power (F(1,880) = 

13.8, p < 0.001). Low alpha power did not change between the second and third 

NFT periods, however (F(1,859) = 2.43, p = 0.12). High alpha power was 

statistically indistinguishable between the first and second NFT periods (F(1,858) 

= 0.002, p = 0.97), and decreased from the second to the third periods (F(1,848) = 

10.8, p = 0.001). 
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b.  

c.  

Figure 4.2. Total alpha power (2a), Low alpha power (2b), and High alpha 

power (2c) at position C3 as a function of (NFT) Tasks. The figure presents data 

from training session 15. Error bars show SEM. 
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4.4. Discussion 

 

Clear learning indices were observed with the novel NFT device. Alpha power 

increased both between and within training sessions. The results suggest that 10 

training sessions are sufficient for this increase to develop, as the last 5 sessions did 

not result in further change. A similar pattern was found for training within a 

session; an increase from the first to the second training period, and a decrease 

towards the end of the session. We interpreted these results as time-on-tasks 

effects; it seems that the participants grew tired after a while and could not sustain 

their attention, an effect which has been shown in previous neurofeedback research 

(e.g., Gruzelier, 2013). Although the NFT was without instruction and perceived as 

relaxing, this might still have influenced the participants’ ability to regulate their 

EEG alpha activity. 

We also found differences between alpha sub-bands. In contrast to the baseline 

measurements, the upper alpha power measured during the three NFT periods did 

not show any increase, neither within nor between sessions. We consider a ceiling 

effect in high alpha power unlikely, because lower alpha power showed greater 

values than high alpha power, and because training was done with the eyes open. A 

possible explanation might be that every NFT period was preceded by a cognitive 

task which might have specifically influenced high alpha power. It has been 

suggested that this could play an important role in cognitive performance (e.g., 

Doppelmayr, Klimesch, Hodlmoser, Sauseng, & Gruber, 2005; Zoefel, Huster, & 

Sherrmann, 2010). However, upper alpha power also differed from lower alpha 

power in the progression over sessions of baseline power, and the baseline period 

was not preceded by cognitive tasks. After the initial increase in alpha power in 

both sub-bands from session 1 to session 10, upper alpha power decreased in the 

last 5 sessions, while lower alpha power remained stable. It is an intriguing 

possibility that training of the lower alpha band, often associated with decreased 
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vigilance and increased internal attention (Aftanas & Golocheikine, 2001; 

Klimesch et al., 2007) may inherently be easier to accomplish and that the effects 

may persist longer after the training. Bazanova (2012), who reported on differences 

in test performance between participants with individual alpha frequency in the 

high or low alpha band, suggested that such differences may be of 

neurophysiological origin.  

To summarise, we showed between-session and within-session learning effects of 

the alpha NFT device, as described in the previous chapter. These effects were 

different for the lower and upper alpha bands in that power decreased at the end of 

each individual session, as well as at the end of the series of sessions in the upper 

but not the lower alpha band. 
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Chapter 5 

Alpha neurofeedback and mental fitness in soldiers 

returning from deployment  

 

Abstract 

Upon returning from deployment military personnel are at increased risk of 

persistent high vigilance levels that can contribute to operational stress-related 

symptoms or cognitive problems. Current mental interventions are not universally 

effective with veterans, and there is considerable demand for novel interventions. 

Alpha activity (8-12 Hz) of the human electroencephalogram (EEG) is known to be 

associated with improved efficiency of information processing. We therefore 

wanted to investigate whether alpha neurofeedback training, delivered as a 

comfortable and self-guided training approach, facilitates self-regulation and 

normalisation of heightened physiological arousal after deployment. Thirty-one 

soldiers who had recently returned from military deployment received 10 eyes 

open neurofeedback training sessions. Cognitive performance and subjective 

measures of well-being also improved, and the training experience was generally 

more positive in the alpha group relative to the random beta group. The findings 

support the feasibility of neurofeedback training in soldiers returning from 

deployment. They also suggest that alpha neurofeedback training may be effective 

in regulating psychophysiological arousal in soldiers, but further extensive studies 

with greater statistical power are warranted to validate these effects. 

This chapter has been submitted for publication as: Dekker, M.K.J., Vermetten, E., Denissen, A.J.M., 

Kallen, V., Sitskoorn, M.M., & Van Boxtel, G.J.M. Alpha neurofeedback and mental fitness in 

soldiers returning from deployment. 
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5.1. Introduction 

 

5.1.1. Background 

During deployment military personnel are at increased risk of exposure to highly 

stressful situations, such as high intensity combat stressors and potentially 

traumatic events. This exposure is typically associated with a heightened vigilance 

level (Hauschildt, Peters, Moritz, & Jelinek, 2011), which is operational during 

deployment, but can be quite uncomfortable and even detrimental if it persists after 

returning home. This can contribute and co-occur with an increased risk of a range 

of stress-related symptoms, such as insomnia, fatigue, depressive symptoms and 

anxiety, but sometimes also flashbacks, panic attacks, and persistent hyper 

vigilance, anger outbursts, as well as memory and concentration problems 

(McFarlane, Atchison, Rafalowicz, & Papay, 1994; Vasterling et al., 2010; 

Vermetten & Lanius, 2012). 

Current stress management interventions, such as cognitive-behavioural therapies, 

are not universally effective with patients (Tan, Dao, Farmer, Sutherland, & 

Gevirtz, 2011). In addition, a large number of returning soldiers (e.g., from Iraq 

and Afghanistan) seek no professional help for mental health issues, because they 

feel shame, fear the consequences, distrust mental health professionals, or 

encounter practical difficulties like not getting time off work for treatment (Hoge, 

Castro, Messer, McGurk, Cotting, & Koffman, 2004; Osorio, Jones, Fertout, & 

Greenberg, 2013; Stecker, Shiner, Watts, Jones, & Conner, 2013). As a result of 

these issues, there is a demand for novel interventions for soldiers returning from 

deployment. 

Earlier studies involving soldiers returning from deployment have suggested 

problems with sustained attention and working memory, and difficulties in focused 

concentration, especially to their inner sensations and perceptions (Geuze, 
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Vermetten, Ruf, de Kloet, & Westenberg, 2008; Vasterling, Brailey, Constans, & 

Sutker, 1998). Attention functions have recently been associated with ‘alpha’ 

activity of the human electroencephalogram (EEG). EEG power has traditionally 

been divided into specific frequency bands: delta (~0-3 Hz), theta (~4-7 Hz), alpha 

(~8-12 Hz), beta (~13-30 Hz, and gamma (> 30 Hz). Alpha activity is thought to be 

involved in top-down neuronal inhibition of irrelevant brain areas, which plays an 

important role in selective attention (Klimesch, 1996; Klimesch, Pfurtscheller, 

Mohl, & Schimke, 1990; Klimesch, Sauseng, & Hanslmayr, 2007). While the brain 

is focusing on relevant input, distracting or irrelevant input is attenuated by 

neuronal inhibition; thereby increasing the signal to noise ratio of the brain and 

improving efficiency in information processing (Cooper, Croft, Dominey, Burgess, 

& Gruzelier, 2003; Dockree, Kelly, Foxe, Reilly, & Robertson, 2007; Dockree et 

al., 2004; Jensen & Mazaheri, 2010; Klimesch, Doppelmayr, Rohm, Pollhuber, & 

Stadler, 2000; Klimesch et al., 2007). Not surprisingly, alpha EEG activity has 

therefore been associated with improved cognitive (Dockree et al., 2004; Klimesch 

et al., 2007) and memory performance (Klimesch, 1996). 

Our hypothesis therefore is that soldiers could benefit from up-training alpha 

power, and (1) learn to self-regulate their heightened arousal, thereby decreasing 

stress-related symptoms; and (2) learn to increase their alpha power, thereby 

improving efficiency in information processing, which is associated with increased 

cognitive performance. EEG training (or neurofeedback training) in the alpha 

frequency band has already shown positive results in improving cognitive 

performance (Bazanova & Aftanas, 2006a; Hanslmayr, Sauseng, Doppelmayr, 

Schabus, & Klimesch, 2005; Vernon, 2005; Zoefel, Huster, & Herrmann, 2011), as 

well as mood and anxiety (Moore, 2000) in healthy participants. Neurofeedback in 

soldiers returning from deployment has also shown encouraging results. Peniston 

and Kulkosky (1991) found reduced stress symptoms in 29 (Vietnam) veterans 

after receiving 30 alpha/theta training sessions. More recently, Othmer and Othmer 

(2009) successfully used alpha and theta training in combat veterans with multiple 
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post-traumatic stress symptoms. After 25 sessions they found a reduction in 

symptoms and a self-reported increase in the  quality of life, and the veterans 

mastered traumas they were unable to overcome with other forms of therapy. 

5.1.2. Objectives 

Given the above theoretical rationale and the limited evidence available, we sought 

to determine whether up-training of alpha activity would lead to down-regulation 

of the heightened arousal in military personnel returning from deployment. We 

employed the comfortable and self-guided training approach developed by Van 

Boxtel and colleagues (2012), which consists of an audio headset with water-based 

EEG electrodes mounted in it, through which auditory feedback about the ongoing 

alpha activity can be given via the quality of the music. Because participants could 

listen to their own favourite music while sitting in a comfortable chair for a limited 

amount of time each day, we anticipated that this training approach would improve 

the participants’ satisfaction and compliance. 

It has been suggested that the functional significance of alpha activity differs 

between the lower (8-10 Hz) and upper (10-12 Hz) frequency bands (Aftanas & 

Golocheikine, 2001; Alekseeva, Balioz, Muravleva, Sapina, & Bazanova, 2012). 

However, because these bands are believed to be involved in focused attention and 

cognitive processing, respectively, both aspects that we wanted to improve, we 

used total alpha power for the training. In addition, because the individual peak 

alpha frequency (IAF) varies between participants (e.g., Bazanova, 2012), we used 

a band of IAF +/- 2 Hz for the training. 

Soldiers from the Redeployment Task Force (RDTF) were recruited to take part in 

this study. In previous tours of duty several improvised explosive devices (IEDs) 

had exploded resulting in a considerable number of casualties and subsequently 

greater arousal and vigilance in both the teams and the individuals concerned. 

These soldiers had been deployed during the last phase of the Netherlands’ role as 

a lead nation as part of the NATO International Security Assistance Force (ISAF) 
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operation in Uruzgan, Afghanistan. Their tasks were concerned with infrastructure 

transfer, packing material, convoy transport, and mostly involved providing 

protection for convoys and other operations. Consequently, although there was no 

direct contact between this redeployment unit and enemy combatants, heightened 

vigilance - primarily for IED ambushes - appeared to have been persistent. As a 

result, after the soldiers returned from their deployment they were assumed to be 

potentially in a state of increased arousal for at least some time (Van Wingen, 

Geuze, Vermetten, & Fernandez, 2011a), though without immediate signs of more 

severe post-combat symptoms (Van Wingen, Geuze, Vermetten, & Fernandez, 

2011b). 

To summarise, the purpose of the present study was three-fold. Firstly, we wanted 

to investigate the feasibility of a relatively novel alpha power training method in 

military personnel returning from deployment. To this end, we attempted to make 

an inventory of the training experience of the soldiers and various practical issues 

during the experiment. Secondly, we wanted to investigate the effectiveness of 

(eyes open) alpha power training in soldiers returning from deployment. Because 

the soldiers were expected to have heightened vigilance, we expected them to 

benefit from our training in two ways: (1) through a demonstrable reduction in 

stress-related symptoms, and (2) a post-treatment improvement in cognitive 

performance compared to pre-treatment. To do this, we measured brain activity 

using quantitative EEG (qEEG), stress-related symptoms with behavioural 

measures and heart rate variability (HRV) which has been suggested as a 

cardiovascular marker of relaxation (Berntson, Cacioppo, Binkley, Uchino, 

Quigley, & Fieldstone, 1994; Dishman, Nakamura, Garcia, Thompson, Dunn, & 

Blair, 2000; Sloan et al., 1994), and cognition by means of a cognitive task. 

Thirdly, because the soldiers were expected to be in a state of increased arousal, we 

wanted to investigate their stress levels with behavioural measures and heart rate 

variability at entry to the study. 
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5.2. Study method 

 

5.2.1. Participants 

We recruited soldiers who had taken part in the Redeployment Task Force, and had 

served a 4 month tour of duty in Uruzgan, Afghanistan as part of the NATO ISAF 

operation. The inclusion criteria were that the soldiers were between 18 and 55 

years of age, and had recently returned from deployment (no more than 8 months 

previously). Exclusion criteria included the use of psychotropic medication, 

participation in other mental interventions and significant alcohol use. Thirty-seven 

soldiers were recruited after returning to the ‘Generaal Majoor Koot’ military base 

in Garderen, the Netherlands. After being informed about the research project and 

its purpose, the soldiers were invited to take part on a voluntary basis and signed an 

informed consent form. The participants were randomly assigned to either the 

experimental group receiving alpha neurofeedback (NFB), or to the control group 

who received random beta power training (see section 5.2.2. Design and 

procedure). Six soldiers ended the training prematurely because they lost interest. 

By the end of the study, 17 participants in the NFB group had completed all the 

assessment and training sessions (2 female; mean age 29.3 years, SD 9.5 years), 

and 14 in the control group (5 female; mean age 24.6 years, SD 3.6 years). The 

soldiers were informed that they would receive EEG training, but were not aware 

of the existence of the two groups. The study was approved by the government-

accredited Medical Research Ethics Committee of the Elisabeth Hospital, Tilburg, 

the Netherlands. 

5.2.2. Design and procedure 

Figure 5.1 provides an overview of the two-part design, comprising the training, 

together with the pre-training and post-training effect measurements. All the 

participants started with a 90 minute pre-training measurement which consisted of 
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a full-cap qEEG measurement and an extensive set of questionnaires. The pre-

training measurement was followed by training sessions (5.1b), after which a post-

training effect measurement was carried out that was the same as the pre-training 

measurement. The total duration of the programme was 4 weeks (see Figure 5.1a). 

The whole experiment was conducted in quiet rooms in one building on the 

military base. Effect measurement rooms were divided into: one questionnaire 

room (2 chairs) and one qEEG measurement room (2 chairs). The training room 

was divided into four training cubicles in total. One experimenter or test assistant 

was present in each room during the entire investigation. 

 

a.  

b.  

Figure 5.1. Study design (a) and set-up of a single training session (b). 
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This study was double-blind and placebo-controlled; the experimental NFB group 

received eyes open alpha power training in a 4 Hz EEG frequency band centred on 

the individual alpha frequency (IAF), and the control group received eyes open 

training in a randomly chosen 4 Hz band in the beta range (16-30 Hz). Thus, both 

groups received real brain activity training and could have experienced success in 

enhancing the quality of the music. Group assignment was determined by a 

computer algorithm unbeknown to either the participants or the experimenter. 

Effect measurements. Psychophysiological measures (qEEG and HRV): The qEEG 

measurement lasted about 45 minutes and consisted of 15 minutes of preparation, 

followed by a 5 minute eyes open baseline measurement (EO1), a 5 minute eyes 

closed baseline measurement (EC), 5 minutes of cognitive task execution, 10 

minutes of picture viewing (not reported here), and a 5 minutes eyes open baseline 

measurement (EO2). The qEEG measurements were acquired with a Biosemi 

ActiveTwo amplifier system from electrode positions Fp1, Fp2, AF3, AF4, Fz, F3, 

F4, F7, F8, FC1, FC2, FC5, FC6, C3, C4, T7, T8, CP1, CP2, CP5, CP6, Pz, P3, P4, 

P7, P8, PO3, PO4, Oz, O1, and O2. Additional electrodes were used to measure 

vertical eye movements (above and below the left eye, perpendicular to the pupil), 

horizontal eye movements (1.5 cm lateral to the outer canthus of each eye), and 

heart rate (5cm proximal of each wrist, on the inner side). Two additional 

electrodes were placed on the left and right mastoids to provide a reference signal. 

EEG data were recorded relative to a virtual ground and re-referenced off-line to 

linked mastoids. Data were low-pass anti-aliasing filtered and sampled at 1024 Hz 

using a 24 bit A/D converter. 

Cognitive performance: A 5 minute cognitive task was executed. The N-Back task 

with N=2 was used (20 letters randomly presented in 40 trials; Kirchner, 1958). 

Behavioural and psychological questionnaires. After the qEEG measurement, 

several questionnaires were completed in a period of approximately 45 minutes: 
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- perceived stress: 14-item Perceived Stress Scale (PSS; (Cohen, Kamarck, 

& Mermelstein, 1983); 

- sleep quality: 10-item Pittsburgh Sleep Quality Index (PSQI; (Buysse, 

Reynolds, Monk, Berman, & Kupfer, 1989); 

- distress, depressive symptoms, anxiety and somatic complaints: 50-item 

Vierdimensionale Klachten Lijst (DKL4; four-dimensional complaints list; 

(Terluin et al., 2006); 

- burnout symptoms (mental distance, emotional fatigue, competence): 15-

item Utrecht Burnout Scale (UBOS; Schaufeli, 2000); 

- fatigue: 20-item Checklist Individuele Spankracht (CIS; checklist 

individual strength (Vercoulen, Swanink, Fennis, Galama, Van der Meer, 

& Bleijenberg, 1994); 

- post-deployment reintegration: 36-item Post-Deployment Reintegration 

Scale (PDRS; Blais, Thompson, McCreary, 2005); 

- training experience: a 5-item questionnaire only administered for the post-

training measurement (1. Participant number; 2. What did you think of the 

training?; 3. Did/do you notice effects from the training?; 4. Do you 

believe this training can help soldiers de-stress?; 5. How can we improve 

this training?) . 

Training sessions. Participants performed 10 eyes open alpha power training 

sessions on consecutive days (in the afternoon; except weekends). The training was 

performed with eyes open in order to reduce the risk of participants falling asleep. 

One session took about 50 minutes and consisted of 5 minutes of preparation 

followed by a 3.5 min eyes open (EO1) baseline measurement and a 3.5 min eyes 

closed (EC) baseline measurement. Subsequently, 3 periods of 7 min alpha power 

or random beta training were given, alternated with 2 cognitive tasks: a 2D mental 

rotation task (144 stimuli) and a Stroop task (168 stimuli). These cognitive tasks 

were included in the training to prevent participants from falling asleep and to 

assess the dynamics in alpha power related to cognition (not discussed here). The 
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training ended with a 3.5 min eyes open (EO2) baseline measurement. During the 

EEG power training, the participants listened to their favourite music and did not 

receive any training instructions (self-guided training). 

During each training session, that participants sat at a table with a laptop on it. 

Each participant could bring his/her own favourite music or choose music from a 

list on the computer that offered a wide range of music (from classical to reggae). 

The participant was given a set of headphones that played the music that he or she 

had picked. The headset contained 4 Ag-AgCl electrodes on the inner band 

between the ear pads, placed roughly over C3, C4, A1, and A2. Tap water was used 

to optimise contact between the electrodes and the skin. Heart rate (electrodes 5 cm 

proximal of each wrist, on the ventral side) was also measured. The whole training 

session was as automated as possible. The quality of the EEG signal was checked 

via the ratio of the power in the 49-51 Hz (noise) range, relative to the power in the 

4-36 Hz (signal) range. Signals were amplified (DC-400Hz) and sampled at a rate 

of 1024 Hz using a 24 bit AD converter on a Nexus-10 portable device 

(MindMedia B.V., the Netherlands). The signals were transmitted via Bluetooth to 

a PC that controlled the experiment and stored incoming data. The experimenter 

supervised the whole training session and only took action if intervention was 

required. 

Experimental group (alpha training). Because individuals differ in their alpha peak 

frequency (IAF; (Klimesch et al., 1990), participants in this group were trained in 

their individual alpha band: IAF +/- 2 Hz. Their IAF was determined with a pre-

training (qEEG) baseline measurement. Because the clearest and most stable 

individual alpha peaks are seen at the occipital sites (Bazanova & Aftanas, 2006b), 

electrodes O1, Oz, and O2 were used to determine the IAF. After creating the 

individual frequency power spectra of these sites, a nonlinear regression model was 

fitted to compute the magnitude and frequency of the individual alpha peak. 

Subsequently, a weighted average was calculated: the product of magnitude and 

frequency was calculated for each electrode site, and then averaged to obtain a 
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single IAF per subject. For each training channel (A1-C3, C3-C4, C4-A2) the 

relative individual alpha power was calculated as the sum of the power in the IAF 

band (IAF +/- 2 Hz), divided by the sum of the total power (4-36 Hz). The power 

below 4 Hz was removed to avoid slow drift artefacts. If all channels showed a 

good epoch of 4 seconds, then the average of the three channels was used. If only 

one channel showed a usable epoch, then only this channel was used for feedback. 

If none of the channels showed a usable epoch, no feedback update was given. 

Because the eyes open alpha power was found to wax and wane with every 0.5 Hz 

on average, the relative alpha measure was filtered by a first-order IIR filter with a 

time constant of 4 seconds, to smooth the rapid changes in feedback. The feedback 

measure was used to drive the cut-off frequency of a first-order high-pass filter 

built into the audio path of the music played through the headphones. This 

procedure resulted in a highly intuitive feedback mechanism in which a person’s 

own well-known favourite music sounded thin and distant if their alpha power 

levels were low, and rich and full when the alpha power levels were high. 

Control group (random beta training). The same procedure as for the NFB group 

was used. Only the EEG frequency range which was used to drive the audio filter 

was different. The beta level was a 4 Hz bin between 16 and 36 Hz, randomly 

chosen at each session. Beta bands did not overlap in different sessions. The 

minimum and maximum beta levels were calculated from the first eyes open 

baseline measurement of that session in the band chosen for that session. 

5.2.3. Data analysis 

qEEG. Spectral density was estimated using the Welch (1967) method applied to 

the digitally filtered EEG. The EEG and EOG data channels were first off-line 

filtered with a 50 Hz first-order (6 dB octave) notch filter to remove line noise, and 

then with a third-order (18 dB octave) Butterworth high-pass filter at 1 Hz and low-

pass at 65 Hz. The EEG spectra were computed and the EEG record then 

segmented into 75% overlapping intervals of 4 seconds. Thus, each epoch was 
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shifted forward one second in time, with 120 segments in total. Horizontal and 

vertical EOG channels were used to correct the EEG signal for eye movement 

artefacts using Independent Component Analysis (ICA). After the EEG was 

decomposed into independent components (ICs), the correlation between the left-

right and up-down EOG and each of the ICs was calculated. Any IC with an 

absolute correlation at or above a threshold of 0.4 was zeroed out (Flexer, Bauer, 

Pripfl, & Dorffner, 2005) and the EEG reconstructed. The segments were then 

transformed to the frequency domain using a Hanning window for tapering. The 

FFT power values were transformed to a log10 scale and frequency components 

(0.25 Hz resolution) were averaged to form an individual alpha frequency band 

(IAF +/- 2 Hz). Apart from the EEG electrodes C3 and C4 where training took 

place, frontal electrodes F3, Fz, and F4, and posterior electrodes P3, Pz, P4, O1, Oz 

and O2, where the alpha power has been found to be most stable and prominent 

(Bazanova & Aftanas, 2006b), were used for the analyses. 

Heart rate variability (HRV). From the original ECG recordings raw R-R intervals 

were exported to the Kubios package for HRV analysis (Tarvainen, Niskanen, 

Lipponen, Ranta-Aho, & Karjalainen, 2009). This package produced 

cardiotachograms that were visually checked for any remaining artefacts. Then, the 

following time domain variables were calculated: standard deviation of RR 

intervals (SDNN), root mean square of successive differences (RMSSD), number 

of successive intervals differing more than 50 ms (NN50), and the HRV triangular 

index. In the frequency domain, we used low frequency power (LF, 0.04-0.15 Hz; 

normalised units), high frequency power (HF, 0.15-0.4 Hz; normalised units), and 

the LF/HF ratio. Both FFT transformed heart period series and autoregressive 

models of the series were used for calculations. All measurements were log10 

transformed to make their sampling distributions Gaussian. 

Behavioural assessment. to reduce the variance in scoring between participants and 

between different questionnaires, z-scores were calculated for all variables 
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5.2.4. Statistical analysis 

Repeated measurement analysis of variance (GLM; IBM SPSS 20.0) was used for 

analysis, with between-subjects factor Group (NFB and Control), and within-

subjects factor Time (effect measurements; pre-training and post-training). Chi-

squared tests were used to analyse the participants’ training experience. T-tests 

were used to compare between groups (analysis within effect measurement). A p-

value of 0.05 was used as the statistical significance level (and for power 

calculations). Alpha power training responders versus non-responders (some 

participants were unable to change their EEG) were determined with positive and 

negative difference values for the IAF power (+/- 2 Hz) in pre-training and post-

training measurements. 

 

5.3. Results 

 

5.3.1. Demographics 

Table 5.1 shows the demographics of the participants included. Consistent with a 

military population, there were more men than women in this study (24 men and 7 

women). There was no age difference between the experimental groups t(21) = 

1.89, p = 0.07). The military ranks of the groups (mostly private and corporal) were 

also comparable. All the military personnel had been on a tour of duty for at least 4 

months, and had returned 2 to 8 months before taking part in the investigation. 

5.3.2. Stress level of the participants at entry 

A score of more than 28 points on the Perceived Stress Scale (PSS) is usually 

considered to be indicative of stress (Shah, Hasan, Malik, & Sreeramareddy, 2010). 
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Table 5.1 

 

The participants in the present study remained well below that cut-off score (mean 

19.4, SD 6.5), and thus, on average, could not be considered as stressed. Table 5.2 

lists the entry values for stress-related symptoms as measured by the 

questionnaires, divided between participants with PSS scores above and below the 

28 point cut-off. There were only three participants with a PSS score greater than 

28 (all included in the control group). 

Heart rate variability (HRV) at entry is also shown in Table 5.2. Variability 

(SDNN) of the three soldiers who had a PSS score greater than 28 was about 45.8 

(eyes closed: mean 40.9, SD 13.1; eyes open: mean 50.6, SD 14.6), which is 

considered normative (mean 50 +/- 16; Nunan, Sandercock, & Brodie, 2010). The 

SDNN in most of the soldiers with a PSS score below 28 was about 73.9 (eyes 

Demographics 

Variable Group A (N=17) Group B (N=14) Total (N=31)

Gender

male 15 9 24

female 2 5 7

Age 29.3 (9.5) 24.6 (3.6) 26.8 (6.6)

Marital status

single 9 7 16

relationship 5 7 12

married 3 0 3

Military rank

Private 5 6 11

Corporal 8 6 14

1st Sergeant 1 0 1

Sergeant major 2 0 2

1st Lieutanent 0 2 2

Colonel 1 0 1

Deployed (months) 12.3 (25.7) 7.0 (3.8) 8.0 (15.2) 

Back from deployment (months) 5.4 (2.5) 4.5 (2.0) 5.0 (2.1)

Smoker

yes 9 5 14

no 8 9 17
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closed: mean 67.1, SD 26.4; eyes open: mean 80.6, SD 30.0), which is above 

normative SDNN values. 

In summary, the group of RDTF soldiers that returned from deployment and 

completed this study did not appear to be more stressed than healthy participants. 

Only three soldiers showed a perceived stress score above cut-off, indicating stress. 

These three soldiers showed normal heart rate variability (measured by SDNN). 

 

Table 5.2 

 

5.3.3. Training experience 

More participants in the NFB group (47 %) than in the control group (8 %) 

reported positive effects of the training (χ
2 

(1, N = 29) = 4.9, p =.03; see Figure 

5.2a). Participants in the NFB group mentioned having experienced ‘relaxation’, 

‘empty thoughts’, ‘more calmness’, ‘becoming more patient’, ‘rethinking 

Entry values for stress-related symptoms

Variable Stress score > 28 Stress score < 28 Total 

N= 3 N= 28 N= 31

Stress score (PSS) 34.0 (4.6) 17.8 (4.4) 19.4 (6.5)

Sleep complaints (PSQI) 6.7 (3.5) 4.1 (1.9) 4.4 (2.1)

Fatigue (CIS-20) 62.9 (26.4) 44.7 (15.0) 46.4 (16.7)

Emotional fatigue (UBOS) 3.1 (2.4) 1.0 (0.6) 1.2 (1.0)

Mental distance (UBOS) 2.8 (2.1) 1.7 (1.1) 1.8 (1.2)

Somatic complaints (DKL4) 5.1 (3.2) 1.9 (0.9) 2.2 (1.5)

Depression (DKL4) 1.5 (0.6) 1.2 (0.4) 1.2 (0.5)

Distress (DKL4) 9.7 (10.2) 1.8 (1.0) 2.6 (3.6)

Anxiety (DKL4) 3.6 (2.3) 1.2 (0.5) 1.4 (1.0)

HRV eyes closed 40.9 (13.1) 67.1 (26.4) 67.8 (23.4)

HRV eyes open 50.6 (14.6) 80.6 (30.0) 67.1 (26.4)
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deployment setbacks’ and ‘learning how to face them in the future’. Other 

participants reported that they had not noticed any effects (41% in the NFB group; 

83% in the control group), or that they did not know whether they had experienced 

any effects as a result of the training sessions (NFB: 12%; control: 9%). 

Importantly, no negative effects were reported by any of the soldiers. 

More participants in the NFB group relative to the control group answered in the 

affirmative to the question: do you believe this training can help soldiers to de-

stress? (65% versus 25%; χ
 2 

(1, N = 29) = 4.4, p =.04; see Figure 5.2b). The others 

replied in the negative (NFB: 12%; control: 42%), or that they did not know (NFB: 

24%; control: 33%). 

The groups showed no difference in answering the question about what they 

thought of the training (χ
 2 

(1, N = 29) = 0.2, p =.67). Both groups gave positive 

answers such as ‘interesting’ or ‘nice’ (41% versus 33%). However, both groups 

also mentioned ‘boring’ (53% and 42%) and ‘time-consuming’ (6% and 25%). 

Some participants (2 in the NFB and 1 in the control group) mentioned that they 

liked listening to the music during the training sessions; they found it ‘relaxing and 

a nice break from work’. 

Suggestions for improving the training included ‘creating more variety in the 

training sessions’ (mentioned by 16 participants), ‘using shorter training sessions’ 

(mentioned by 3), ‘increasing the difficulty of the cognitive tasks in between the 

music parts to make the training more motivating’ (mentioned by 2). 

5.3.4. Training effects 

qEEG. The individual alpha power (IAF+/- 2 Hz) was compared between Groups 

and Time points (before and after the training). Figure 5.3 shows alpha power 

measured pre-training and post-training for the electrode positions at which the 

training actually occurred (C3 and C4, eyes open).  
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a.  

Figure 5.2a. Training experience of the soldiers. Answering to the question (a) 

Did/do you experience effects from the training? Presented separately per Group. 

 

b.  

Figure 5.2b. Training experience of the soldiers. Answering to the question (b) 

Do you believe this training can help soldiers de-stress? Presented separately per 

Group. 
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Although the NFB group showed an increase in alpha power and the control group 

did not, the interaction failed to reach significance (F(1,21) = 0.07; p=.79). On an 

individual level, only 6 out of the 17 participants in the NFB group (35%) were 

found to be responders. 

Table 5.3 presents the test results per Condition (eyes open and eyes closed) and 

per electrode position (Frontal: F3, Fz, F4; Central: C3, Cz, C4; Parietal: P3, Pz, 

P4; Occipital: O1, Oz, O2). The groups did not differ in alpha power in a way 

which was statistically reliable. At all positions in the eyes open condition, the 

NFB group showed increasing alpha power over Time (although not statistically 

significant), while the control group showed a decreasing pattern (as shown in 

Figure 5.3a). This pattern was different for the eyes closed condition; both groups 

decreased in alpha power for all positions (main effect of Time; Figure 5.3b). The 

interaction between Group and Time, under both Conditions and for all positions, 

appeared not to be significant. Large p-values could be explained by low statistical 

power (between 5 and 20%; see Table 5.3). 

 

Table 5.3 

 

Analysis of Variance for qEEG

Main Effect

Condition Position Group power Time power Group*Time power

Eyes closed Frontal F(1,20)= 0.70 0.13 F(1,20)= 7.19* 0.72 F(1,20)= 1.29 0.19

Central F(1,21)= 0.11 0.06 F(1,21)= 7.87* 0.76 F(1,21)= 1.08 0.17

Parietal F(1,20)= 0.06 0.06 F(1,20)= 11.82** 0.91 F(1,20)= 0.58 0.11

Occipital F(1,20)= 0.48 0.10 F(1,20)= 7.92* 0.76 F(1,20)= 0.07 0.06

Total F(1,16)= 0.26 0.77 F(1,16)= 10.27** 0.85 F(1,16)= 0.01 0.01

Eyes open Frontal F(1,20)= 0.04 0.05 F(1,20)= 0.38* 0.09 F(1,20)= 0.02 0.05

Central F(1,21)= 0.01 0.05 F(1,21)= 0.05 0.06 F(1,21)= 0.07 0.06

Parietal F(1,18)= 0.17 0.06 F(1,18)= 0.60 0.11 F(1,18)= 0.12 0.06

Occipital F(1,21)= 0.11 0.06 F(1,21)= 0.61 0.12 F(1,21)= 0.92 0.15

Total F(1,17)= 0.25 0.08 F(1,17)= 0.40 0.09 F(1,17)= 0.40 0.09

* p < .05.  ** p < .01.
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a.   

b.  

Figure 5.3. Central alpha power (IAF+/- 2 Hz) presented separately for each 

Group (black = NFB; grey = control), as a function of Time (effect measurements). 

Error bars represent SEM. (a) Eyes open; (b) Eyes closed. 

 

Heart rate variability: Table 5.4 illustrates the statistical results of the HRV 

parameters. No differences were found between groups, but there was an increase 

in some of the time domain HRV parameters from the pre-training to the post-

training (NN50, triangular index, SDNN), under both eyes open and eyes closed 
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conditions. There was a Group*Time interaction in the trained eyes open condition; 

while the NFB group did not change in high frequency power over time (pre-

training: 24.1%, SEM 5.1; post-training: 25.6%, SEM 5.3; t(8) = -0.63, p = 0.55), 

however, this decreased in the control group (pre-training: 37.4%, SEM 6.9; post-

training: 21.5%, SEM 7.2; t(4)= 3.61, p=.02). 

N-Back task. After the training, the NFB group showed greater accuracy in this 

task than the control group (NFB pre-training: mean 52.3, SEM 1.7; post-training 

mean 57.5, SEM 2.2; control: pre-training mean 46.9, SEM 1.9; post-training mean 

49.8, SEM 2.6; F(3,37) = 2.78, p =.02; see Figure 5.4). It should be noted, 

however, that these accuracy scores were quite low. No differences in reaction 

times were found between the two groups (F(1,24) = 0.10, p = 0.75). 

 

Table 5.4 

 

Analysis of Variance for Heart Rate Variability (HRV)

Main Effect

Parameter Group power Time power Group*Time power

Eyes closed

Mean heart rate F(1,11)= 0.0 0.05 F(1,11)= 3.2 0.37 F(1,11)= 0.2 0.07

Standard deviation heart rate F(1,11)= 2.3 0.28 F(1,11)= 1.0 0.15 F(1,11)= 8.2* 0.74

Mean RR F(1,11)= 0.0 0.05 F(1,11)= 2.1 0.27 F(1,11)= 0.0 0.05

Standard deviation RR (SDNN) F(1,11)= 0.2 0.07 F(1,11)= 2.5 0.30 F(1,11)= 1.2 0.17

Root mean square successive differences F(1,11)= 0.0 0.05 F(1,11)= 2.7 0.32 F(1,11)= 0.6 0.11

number of successive intervals differing > 50 ms F(1,11)= 0.2 0.07 F(1,11)= 8.3* 0.75 F(1,11)= 0.0 0.05

triangular index F(1,11)= 0.2 0.07 F(1,11)= 6.4* 0.64 F(1,11)= 0.3 0.08

relative low frequency power F(1,11)= 0.1 0.06 F(1,11)= 0.4 0.09 F(1,11)= 0.4 0.09

relative high frequency power F(1,11)= 0.3 0.08 F(1,11)= 1.5 0.2 F(1,11)= 0.9 0.14

ratio low frequency/high frequency F(1,11)= 1.0 0.15 F(1,11)= 0.9 0.14 F(1,11)= 0.5 0.09

Eyes open

Mean heart rate F(1,12)= 0.1 0.06 F(1,12)= 1.2 0.17 F(1,12)= 0.0 0.06

Standard deviation heart rate F(1,12)= 2.3 0.29 F(1,12)= 6.7* 0.66 F(1,12)= 0.2 0.07

Mean RR F(1,12)= 0.0 0.06 F(1,12)= 0.7 0.11 F(1,12)= 0.0 0.05

Standard deviation RR (SDNN) F(1,12)= 1.2 0.17 F(1,12)= 9.2** 0.80 F(1,12)= 0.0 0.05

Root mean square successive differences F(1,12)= 0.0 0.05 F(1,12)= 2.6 0.31 F(1,12)= 1.8 0.24

number of successive intervals differing > 50 ms F(1,12)= 0.7 0.13 F(1,12)= 4.6 0.50 F(1,12)= 0.2 0.07

triangular index F(1,12)= 1.1 0.16 F(1,12)= 5.5* 0.58 F(1,12)= 0.0 0.05

relative low frequency power F(1,12)= 1.2 0.17 F(1,12)= 1.7 0.22 F(1,12)= 0.0 0.05

relative high frequency power F(1,12)= 0.3 0.08 F(1,12)= 9.7** 0.82 F(1,12)= 14.3** 0.93

ratio low frequency/high frequency F(1,12)= 1.3 0.18 F(1,12)= 1.9 0.25 F(1,12)= 1.9 0.25

* p < .05.  ** p < .01.
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Figure 5.4. Accuracy in the N-Back task, presented separately for Group and Time 

(effect measurements). Error bars show SEM. 

 

Behavioural assessment. As Table 5.5 shows, there was no main effect of Group, 

nor of Time, and no significant interaction effect between Group and Time. 

However, most behavioural measures showed patterns in the expected direction, 

i.e., positive changes in the NFB compared to the control group (see Figure 5.5 for 

stress-related behavioural measures). Remarkably, participants in the NFB group 

scored more positively in the pre-training measurement than group B (i.e., more 

negatively for stress-related symptoms). The standard error of the mean (SEM) was 

about 0.25, and was similar between groups and questionnaires. 
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Table 5.5 

 

 

 

Figure 5.5. Stress-related behavioural measures, presented (z-scores) 

separately for Group and Time (effect measurements). 

Analysis of Variance for behavioural measures (Z-scores)

Main Effect

Variable Group power Time power Group*Time power

Stress score (PSS) F(1,27)= 2.77 0.36 F(1,27)= 0.22 0.07 F(1,27)= 0.85 0.14

Sleep complaints (PSQI) F(1,28)= 0.91 0.15 F(1,28)= 0.41 0.10 F(1,28)= 0.30 0.08

Fatigue (CIS-20) F(1,28)= 1.13 0.18 F(1,28)= 0.65 0.12 F(1,28)= 0.71 0.13

Emotional fatigue (UBOS) F(1,28)= 3.55 0.45 F(1,28)= 1.23 0.19 F(1,28)= 1.76 0.25

Mental distance (UBOS) F(1,28)= 0.62 0.12 F(1,28)= 0.75 0.13 F(1,28)= 1.50 0.22

Somatic complaints (DKL4) F(1,29)= 1.00 0.16 F(1,29)= 0.01 0.05 F(1,29)= 0.81 0.14

Depression (DKL4) F(1,29)= 0.14 0.07 F(1,29)= 0.01 0.05 F(1,29)= 0.70 0.13

Distress (DKL4) F(1,26)= 0.18 0.07 F(1,26)= 0.08 0.06 F(1,26)= 1.64 0.24

Anxiety (DKL4) F(1,29)= 0.46 0.10 F(1,29)= 0.01 0.05 F(1,29)= 0.59 0.12

* p < .05  ** p < .01
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5.4. Discussion 

 

The aim of the present study was three-fold. Firstly, we wanted to assess whether 

alpha neurofeedback training would be feasible in a group of soldiers returning 

from deployment. The present findings clearly indicate that this was the case. The 

subjective assessments suggested that more than half the participants in the NFB 

group felt that this form of training could help soldiers to de-stress. A larger 

number of participants in the NFB group compared to the control group agreed on 

this, which might indicate that our training of specifically the alpha power had been 

experienced as positive and relaxing. It is possible that the soldiers gave socially 

desirable responses to these questions; however, because the soldiers were blind to 

group allocation, and were not even aware of the existence of a control group, we 

would expect to find equal proportions in both groups. Apart from specific group 

effects, the training in both groups may have been physically relaxing, because 

heart rate variability increased in both groups. About half the soldiers responded 

positively to the training sessions. Some participants mentioned, for example, that 

they liked listening to the music, and found it a nice break from work, or relaxing. 

We consider the listening to music as a strength of the training system because 

music has been shown to improve performance (Karageorghis & Priest, 2012a, 

2012b; Van der Zwaag, Gentile, Gruetter, Spierer, & Clarke, 2011).   

Conversely, six participants did not complete the experiment due to motivation 

problems. Other soldiers who did complete the experiment mentioned the training 

sessions were boring or time-consuming. More variety in the training sessions, 

shorter training sessions, and an increase in the difficulty of the cognitive tasks 

were recommended for improving the training programme in general. More variety 

might help to keep the soldiers more motivated to complete the training. Shorter 

training sessions would allow the training to be integrated more easily into the 

soldiers’ daily routine. With regard to the cognitive tasks, some soldiers indicated 
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that they were not very informative or entertaining, too easy and not challenging 

enough. These cognitive tasks – added to measure cognition and to prevent 

participants from falling asleep – could be shortened and replaced by more 

enjoyable computer games, and perhaps more varied in nature. A further 

refinement of the instrumentation would be the use of dry electrodes connected to 

the feedback system. This would make the feedback tool even easier to implement 

in a home situation, e.g., in a Smartphone or mobile media application. 

To summarise, the training system is not yet ideal, but the soldiers were generally 

positive about it, especially in the group that received the alpha NFB training. 

Optimisation is needed, following which the training system may have added 

potential in that it could be used outside of a clinical setting, in the soldiers’ leisure 

time. 

Turning now to the second objective of this study, the important question of 

whether alpha activity training is effective in reducing stress-related symptoms, we 

found that most stress-related symptoms (such as perceived stress, sleep 

complaints, fatigue, emotional fatigue, mental distance, and distress) altered in the 

expected direction. The NFB group showed decreases in stress-related symptoms, 

while the control group showed increases. However, none of these differences were 

statistically significant. We did find a reliable group difference in training 

experience; more participants in the NFB group reported to have experienced 

positive effects from the alpha power training, such as relaxation, calmness, and 

patience, compared to the control group. Importantly, the soldiers were not aware 

of the existence of a control group. Furthermore, no negative effects of the training 

were reported in either group. Heart rate variability, which can be interpreted as an 

increase in cardiovascular signs of relaxation (Berntson et al., 1994; Dishman et al., 

2000; Sloan et al., 1994) increased as a result of the training, but most specifically 

in the group that received the alpha NFB training. High frequency HRV power 

decreased in the control group compared to the NFB group, which may indicate 

less recovery in the first group, specifically in the parasympathetic component of 
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autonomic control associated with recovery and recuperation. As high frequency 

HRV is inversely related to emotional stress symptoms (such as distress, 

depression and anxiety; Friedman, 2007; Friedman & Thayer, 1998; Porges, 

Doussard-Roosevelt, & Maiti, 1994), this finding may indicate a potential 

beneficial effect, or at least no detrimental effect, of alpha power training on the 

psychophysiological recuperation processes. 

A more apparent result was found for cognitive performance, measured by the N-

Back task, which mainly draws on working memory. Accuracy in this task 

increased in the NFB group as opposed to the control group after training, a result 

which is in line with previous results (Hanslmayr et al., 2005; Zoefel et al., 2011), 

and can be interpreted as enhanced efficiency in information processing. 

Apparently, the alpha training resulted in participants being able to focus attention 

and concentration better. It should be noted, however, that accuracy in both groups 

in this task was quite low, an issue perhaps related to the monotony of the task and 

the training situation already addressed above. 

Several factors might account for the absence of clear-cut and statistically valid 

behavioural results. Firstly, there is the issue of statistical power. None of the 

statistical tests showed a power greater than 0.5. More participants may be required 

to make the effects statistically significant. In addition, it is indeed so that central 

alpha power under the eyes open condition (C3 and C4) increased in the 

experimental group compared to the control group, but the difference failed to 

reach statistical significance. Given that the increase in alpha power was not strong 

in this study, a concomitant increase in behavioural measures is also unlikely. The 

alpha increase results contradict the findings reported by Van Boxtel et al. (2012), 

who used the same training system. However, they used more training sessions and 

more participants, which might also account for the divergence. In addition, it is 

possible that the participants in the present study lacked motivation, as discussed 

above, compared to the students in the previous study, who were paid for their 

participation. Furthermore, in that study most of the participants were female, 



104 

 

while in the present study most of the participants were male. Because the 

hormonal cycle in females has been found to have a strong influence on training 

efficiency and cognitive capacities (Bazanova & Aftanas, 2006c), the effects of 

alpha power training may differ between the genders. Finally, it could be argued 

that using random beta power training as a control condition for alpha NFB 

training is inadequate. The control condition was inspired by the work of 

Hoedlmoser and colleagues (Hoedlmoser et al., 2008), who used rhythms above as 

well as below the frequency range trained in the experimental condition (12–15 Hz 

in their case), while we used only higher frequencies in our control condition. 

Using equal control frequency bins above and below the alpha range would, in 

some sessions, have resulted in training frequency ranges where artefacts could 

contaminate the signals, such as eye blinks in the delta and sometimes theta ranges. 

Using only frequency bins higher than the alpha range avoided such potential 

problems, perhaps with the drawback that Rolandic beta activity was trained, 

which is not independent of Rolandic alpha (mu). However, it could also be argued 

that the current design provided an extra rigorous test in that the chance of finding 

significant differences was minimized. 

Another factor which may explain the absence of clear-cut effects of alpha training 

in the present study may be that the soldiers who took part in this study were not 

very stressed to begin with. This brings us to the third objective of the present 

study. The low stress scores and normative heart rate variability measured 

indicated that the soldiers were indeed no more stressed than a normal population. 

Moreover, the soldiers were likely to be physically fitter than normal based on the 

nature of their profession, as supported by the above normative heart rate 

variability measures. As a consequence, it might have been almost impossible for 

this group of participants to de-stress, relax and increase focus more because they 

were already near ceiling. Perhaps the training would be more effective in 

participants with relatively high stress levels, and therefore it would be useful to 
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investigate a large group of soldiers who were deployed in earlier stages of the 

ISAF mission.  

In conclusion, the use of alpha neurofeedback training in a group of soldiers 

returning from deployment is feasible. Some recommended adjustments need to be 

made in the training protocol (such as changing length and adding variety), most 

soldiers responded positively to the training. Clear-cut effects of the training on 

stress-related symptoms were not found, but all changes were in the expected 

direction. Design and protocol aspects, the small number of participants, and the 

fact that the participants were not stressed at the start of the study, could possibly 

account for these findings. Nevertheless, this training might provide an effective 

tool that can be added to behavioural training for soldiers returning from 

deployment. It is important that more opportunities in mental health interventions 

are created for this vulnerable group, such as ‘empowerment-based’ opportunities 

in mental health interventions and tools to prevent progression (Smid, Kleber, 

Rademaker, Van Zuiden, & Vermetten, 2013). This is the first study in which the 

present novel approach, aimed at facilitating arousal regulation and cognition, was 

employed the context of soldiers returning from deployment. 

  



106 

 

  



107 

 

Chapter 6 

Feasibility of eyes open alpha power training for 

mental enhancement in elite gymnasts 

 

Abstract 

This study focuses on a novel, easy-to-use, and instruction-less method for mental 

training in athletes. Previous findings suggest that particular mental capacities are 

needed for achieving peak performance; including attention control, focus, 

relaxation, and positive affect. Electroencephalography (EEG) alpha brain activity 

has been associated with neuronal inhibition during processes of selective attention 

to improve efficiency in information processing. Here our hypothesis is that eyes 

open alpha power training with music can teach athletes how to (1) self-regulate 

their brain activity, and (2) increase their baseline alpha power, thereby improving 

their mental capacity, such as focusing the allocation of attention. The study was 

double-blind and placebo-controlled. Twelve elite gymnasts were given either eyes 

open alpha power training or random beta power training (controls). The results 

showed small improvements in sleep quality, mental and physical shape. Based on 

our first attempt at getting a grip on mental capacity in athletes, we think this novel 

training method may be promising. Give that gymnastics is one of the most 

mentally demanding sports, we consider that even small benefits for the athlete 

may be of value and therefore indicative for future research. 

 

 

This chapter was published as: Dekker, M.K.J., van den Berg, B., Denissen, A.J.M., Sitskoorn, M.M., 

& Van Boxtel, G.J.M. (2014). Feasibility of Eyes Open Alpha Power Training for Mental 

Enhancement in Elite Gymnasts. Journal of Sport Sciences. Advance online publication. DOI: 

0.1080/ 02640414.2014.906044 
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6.1. Introduction 

 

To reach peak performance in sports, factors such as clear goal setting, relaxation, 

intrinsic rather than extrinsic motivation, attention control, and having a positive 

self-concept without negative thinking, have been found to be important (Jackson, 

Thomas, Marsch & Smethurst, 2001). Gould, Dieffenbach, and Moffett (2002) 

reported that the ability to focus and shut oneself off from distracters is an essential 

quality in professional athletes. Athletes who have the ability in sports to switch 

focus on and off and remain fully focused on the task despite personal or 

competitive distracters, have been found to have a greater chance of achieving 

athletic success (called ‘mentally tough athletes’, by Thelwell, Such, Weston, 

Such, & Greenless, 2010). Similarly, Golby & Sheard (2004) showed that 

international athletes (in rugby) had higher levels of attention control than national 

team players, which they explained as a greater capacity to give full concentration 

to the task. Thus, attention focus has an important role in sports performance 

(Wulf, 2007a, 2007b), and changes in attention processes have been found in 

individuals who progressed from being a novice athlete to an elite athlete 

(Neumann & Thomas, 2011). 

In the present investigation our hypothesis was that athletes could increase their 

mental capacity through alpha power training, under the eyes open condition. 

While alpha brain activity (8-12 Hz) was associated in the past with a relaxed 

mental state (e.g., Lindsley, 1952), subsequent research associated alpha activity 

with processes of neuronal inhibition playing an important role in selective 

attention (associated with lower alpha 8-10 Hz; e.g., Aftanas & Golocheikine, 2001; 

Klimesch, Pfurtscheller, Mohl, & Schimke, 1990; Klimesch, Sauseng, & 

Hansmayr, 2007), and cognitive performance (associated with upper alpha 10-12 

Hz; e.g., Doppelmayr, Klimesch, Hodlmoser, Sauseng, & Gruber, 2005; Zoefel, 

Huster, & Sherrmann, 2010). While the brain is focusing on relevant input, 
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distracting or irrelevant input is attenuated by inhibition; thereby increasing the 

signal to noise ratio of the brain and improving efficiency in information 

processing (Cooper, Croft, Dominey, Burgess, & Gruzelier, 2003; Dockree, Kelly, 

Foxe, Reilly, & Robertson, 2007; Jensen, & Mazaheri, 2010; Klimesch, Sauseng, 

& Hansmayr, 2007). Training in the alpha frequency band has already shown 

positive results in cognitive performance (e.g., Bazanova, & Aftanas, 2010; 

Hanslmayr, Sauseng, Doppelmayr, Schabus, & Klimesch, 2005; Vernon, 2005; 

Zoefel, Huster, & Sherrmann, 2010), musical performance (Bazanova, 

Kondratenko, Kondratenko, Mernaya, & Zhimulev, 2007), surgical performance 

(by Alpha/Theta activity; Ros, Moseley, Bloom, Benjamin, Parkinson, & 

Gruzelier, 2009), and mood and anxiety (e.g., Moore, 2000; Norris, Lee, 

Burshteyn, & Cea-Aravena, 2001) in healthy participants. Positive results of alpha 

activity training have also been found in athletes. Landers et al. (1991) trained the 

left and right brain hemispheres of 24 archers by increasing the low frequency 

power (including alpha power). They found archers who received left hemisphere 

training showed a significant improvement in shot performance compared to 

archers who received right hemisphere training. This effect was explained by an 

increase in alpha power - representing reduced cortical activation by inhibition - in 

the left temporal region (e.g., Hatfield, Landers, & Ray, 1984; Salazar, Landers, 

Petruzzello, Myungwoo, Crews and Kubitz, 1990). Therefore, covert verbalizations 

of the left hemisphere are reduced and visual-spatial processing of the right 

hemisphere was thought to become more dominant. This cortical activity pattern 

(increased left hemisphere alpha power) has also been observed in the preparation 

of motor tasks in sharp shooting, golf, and archery (Crews & Landers, 1992; 

Hatfield, Landers, & Ray, 1984; Salazar, Landers, Petruzzello, Myungwoo, Crews 

and Kubitz, 1990). Increased global alpha power prior to performance of a skill 

was also found (Collins, Powell & Davies, 1990; Del Percio et al., 2010; Salazar et 

al., 1990). It has been shown that superior performance is related to lower cortical 

activation, including increased alpha power, possibly related to selective attentional 

and neuronal efficiency processes (Bird, 1987; Del Percio et al., 2009). 
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Top athletes seem to have different cortical activity patterns from that seen in 

amateurs (Vernon, 2005). The above results suggest that an athlete may benefit 

from increased alpha power before or during their sports performance. While it has 

been mentioned that task-related alpha power during performance inhibits task-

irrelevant input to enhance response to relevant input; it has also been indicated 

that baseline alpha power acts as inhibition to increase the signal to noise ratio of 

the brain when preparing to perform a new task (Klimesch, Sauseng, & Hanslmayr, 

2007). The main goal of the present investigation was to train the athlete’s baseline 

alpha power with eyes open alpha power training (thus we could avoid certain 

practical issues such as movement artefacts; see Thompson, Steffert, Ros, Leach, & 

Gruzelier, 2008, for discussion). Our hypothesis is that athletes could benefit from 

eyes open alpha power training, and learn to (1) self-regulate their brain activity, 

and (2) increase their baseline alpha power, thereby improving mental capacity in 

focusing the allocation of attention, for example. 

6.1.1. The alpha power training method 

The training system in this study uses a direct feedback mechanism for alpha 

power in the IAF band (Individual Alpha Frequency; IAF +/- 2 Hz), which is 

represented by the quality of music that can be heard through a headset equipped 

with water-based electrodes. The system has already shown its effectiveness in 

significantly increasing the alpha power in a previous study (Van Boxtel et al., 

2012). Because participants can listen to their own favourite music while relaxing 

in a comfortable chair for a few minutes a day, it is believed that this training 

approach will significantly increase participant satisfaction. Additionally, the 

applied training appeared to be ‘self-guided’ (Van Boxtel et al., 2012), which 

means that it did not involve any effort by the participants, but still resulted in an 

increase in alpha power. 
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6.1.2. Aims of the present investigation 

The main aim of the present study was to investigate the effects of alpha power 

training on the mental capacity of athletes, such as attention control. For this, brain 

activity was measured (with quantitative electroencephalography; qEEG), along 

with mental capacities, such as focus and self-confidence, mood, stress, and sleep 

(using behavioural measures). We also wanted to investigate the feasibility of a 

relatively novel training protocol in a new target group. For this, we used the 

athletes’ reported training experiences. To date, little research has been done with 

gymnasts (Thelwell et al., 2010), or with alpha power training for athletes in 

general. Therefore, we consider our investigation to be a valuable pilot study which 

was believed to produce positive effects based on subjective reports of mental 

capacity as a result of the alpha power training, despite the relatively small number 

of participants involved (a direct consequence of working with elite gymnasts). 

 

6.2. Study method 

 

6.2.1. Participants 

The athletes were recruited from the national gymnastics centre Flik-Flak at Den 

Bosch, by InnoSportNL (Den Bosch, the Netherlands). After all those participating 

and the coaches had given their permission for them to take part, the athletes were 

informed about the investigation and signed informed consent forms. Thirteen 

athletes in total took part and were assigned to either the experimental training 

group (A; alpha power training) or the control group (B; random beta power 

training). The assignment was balanced with the factors; age, gender, profession 

(gymnast, acro-gymnast, or trampolinist), ranking (top, rising talent, national), and 

their perceived stress, mood, sleep, and social desirability scores based on a pre-
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training measurement test. Unfortunately, one participant became injured 

(unrelated to our investigation) and was unable to finish the programme. 

Eventually, 6 gymnasts took part in group A (2 female, Mage = 22.0 years, SD: 2.3 

years) and 6 in group B (2 female, Mage = 23.8 years, SD: 4.6 years). Athletes 

were not given any training instructions; they were only told to sit back and relax. 

Although the athletes were aware of the existence of a control group, none of them, 

nor the experimenter, knew which group they were in (double-blind design). Only 

a technologist, who supervised the grouping but did not interact with the 

experimenter and the participants, knew which athlete had been assigned to which 

group. This study meets the guidelines for ethical conduct, and was approved by 

the ICBE (Internal Committee for Biomedical Experiments). 

6.2.2. Design and procedure 

All participants began with a one hour pre-training measurement which consisted 

of a quantitative EEG (Electroencephalography) measurement followed by several 

questionnaires. After taking part in ten training sessions, participants took part in a 

post-training measurement, which was similar to the pre-training measurement. 

The period in between the pre-training measurement and first training and between 

last training and post-training measurement was no more than a week. After two 

months, a follow-up measurement was carried out to assess possible long-term 

effects. This involved the same tests as in the pre-training and post-training 

measurements. One week after the follow-up measurement, athletes took part in a 

‘simulated competition day’ in the gymnastics hall at the Flik-Flak centre. A 

gymnastics competition was organised on this day to measure the training effects 

(on mood) in practice. All the athletes were told that this day was training to 

prepare themselves for the forthcoming National Championships. They were also 

told that they were going to be filmed and interviewed for national television, and 

that some measurements would be taken by the ‘alpha training team’. Although 

athletes were unaware of the real purpose of the day, their coaches were and had 
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given their approval for it. Because all the participants had an intensive sport 

training schedule, the whole investigation was conducted on-site at the Flik-Flak 

centre, in a quiet room where participants would not be disturbed. The room was 

arranged into 4 seating areas: 1 chair for effect measurements, 2 chairs for training, 

and 1 chair for the experimenter. Because the training sessions and effect 

measurements never overlapped, no more than three people were ever present in 

the room at one time. 

Effect measurements. The qEEG measurement took about 40 minutes in total and 

consisted of 20 minutes of preparation followed by a 5 minute eyes open baseline 

measurement (EO1), a 5 minute eyes closed baseline measurement (EC), a 5 

minute cognitive task (N-Back task), and ended with a 5 minute eyes open baseline 

measurement (EO2). The N-Back task was included to obtain some additional 

cognitive information (not analysed here). The qEEG measurements were made 

with a BioSemi® ActiveTwo amplifier system using a head cap with 32 actively 

shielded electrodes, because it has been found that brain activity training can lead 

to EEG changes beyond the target frequency and location (Egner, Zech, & 

Gruzelier, 2004). Additional electrodes were used to measure vertical eye 

movements (positioned above the left eyebrow and on the left cheekbone), and 

horizontal eye movements (positioned 1.5 cm lateral to the outer canthus of each 

eye). Two additional electrodes (A1 and A2) were placed on the left and right 

mastoids. EEG data was recorded relative to the virtual ground and referenced off-

line to linked mastoids. Data were low-pass anti-aliasing filtered and sampled at 

1024 Hz using a 24 bit A/D converter. After qEEG measurement, several 

questionnaires were filled in. These questionnaires assessed perceived stress (using 

the 14-item Dutch version of the Perceived Stress State; Cronbach’s α=.84, r=.55; 

Cohen, Kamarck & Mermelstein, 1983), mood (with a 20-item Dutch version of 

the Profile of Mood States; Cronbach’s α=.63, r=.65; Van der Ark, Marburger, 

Mellenbergh, Vorst & Wald, 2006), and sleep quality (with the 10-item Dutch 

version of the Pittsburgh Sleep Quality Index; Cronbach’s α=.83, r=.87; Buysee, 
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Reynolds, Monk, Berman & Kupfer, 1989). A measurement of social desirability 

(using the Dutch version of the Eysenck Personality Questionnaire; Cronbach’s 

α=.60, r =.61; Sanderman, Arrindell, Ranchor, Eysenck & Eysenck, 1995) was 

used to group participants. Because we intended to assess the participants’ training 

experiences, we developed a 5-item questionnaire (e.g., What do you think of the 

training sessions?) for the post-training measurement. 

Training sessions. While group A received alpha power training, the control group 

received random beta power training (beta activity is associated with higher-order 

executive cognitive function; e.g., Jensen & Bonnefond, 2013; Ray & Cole, 1985). 

Thus, both groups received real brain activity training and may have perceived 

success in controlling the music quality, and their brain activity. Due to athlete 

availability, we chose not to include a second control group that only listens to 

music without receiving any brain activity training, as in Van Boxtel et al. (2012). 

Each training session lasted about 50 minutes and started with 5 minutes eyes open 

and 5 minutes eyes closed measurements, to measure baseline EEG at entry. 

Subsequently, 3 periods of 8 minutes of alpha power training were given, 

alternated with 2 cognitive tasks (Mental Rotation and Stroop task). Training ended 

with a 5 minute eyes open baseline measurement. The alternation of alpha power 

training with cognitive tasks was used to examine the dynamics of the alpha 

amplitude (not analysed here); to prevent participants from falling asleep; and to 

enhance enjoyment during the experiment. Before the start of each training session 

participants completed a 26-item ‘Being in Shape’ questionnaire, as recommended 

by a sports psychologist (De Ridder Consult Mental coaching, Sirjansland, the 

Netherlands), covering four domains; physical shape, rest, mental shape, and eating 

behaviour. Items were scored on a discrete scale ranging from 1 to 4 (1 = poor and 

4 = excellent). A shortened version of the Stress Arousal Check List (Mackay, Cox, 

Burrows & Lazzerini, 1978) was also used at every training session to measure the 

participant’s feelings at that moment in time. This list contained 6 items (i.e. 

relaxed, tired, satisfied, active, energetic, and insecure) on which participants had 
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to rate their feelings, and was scored using a visual analogue scale (-100 = strongly 

disagree to 100 = strongly agree). Participants filled in this list after each phase of 

the training. 

Alpha power training. See Van Boxtel et al. (2012) for details of the training in 

both groups A and B. In the present study individuals in group A were trained in 

their individual alpha band (IAF +/- 2 Hz), because individuals differ in their alpha 

peak frequency (IAF; Klimesch, Pfurtscheller, Mohl, & Schimke, 1990). The IAF 

was determined with occipital measurements (electrodes Oz, O1, O2) during the 

pre-training measurement. The weighted average of the height (C) and position (D) 

of the IAF was calculated: (CxDo1 + CxDo2 + CxDoz)/(Co1 + Co2 + Coz) to obtain one 

IAF per subject (see Appendix A). The relative individual alpha band power was 

calculated as the sum of the power in the IAF band (IAF +/- 2 Hz), divided by the 

sum of the total power (4-36 Hz). In the random beta training group, the beta range 

was used to drive the audio filter, which was a 4 Hz bin between 16 and 36 Hz, 

randomly chosen at each session (see Van Boxtel et al., 2012, for details). Because 

group B received training using a different frequency bin each day, the EEG 

training effects were expected not to be lasting. The training was performed with 

eyes open in order to reduce the risk of participants falling asleep. The feedback 

procedure resulted in a highly intuitive feedback mechanism in which a person’s 

own well-known favourite music sounded thin and distant if alpha levels were low; 

and rich and full when alpha levels were high. 

Simulated competition day. Nine weeks after the last training session mood and 

brain activity were measured during a simulated competition day. Only four 

participants per group could participate. In between these measurements, the 

athlete was filmed and interviewed and performed his or her exercise. Four Stress 

and Arousal Check Lists were completed; at entry (I), before exercise (II), after 

exercise (III), and at the end (IV). 
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6.2.3. Data analyses 

Quantitative EEG. Horizontal and vertical electro-oculography channels were used 

to correct the EEG signal for eye movement artefacts using Independent 

Component Analysis. See Van Boxtel et al. (2012) for details of data filtering and 

segmenting. The segments were transformed to the frequency domain using a 

Hanning window for tapering. The Fast Fourier Transform power values were then 

transformed to a log10 scale and frequency components (0.25 Hz resolution) were 

averaged to form an individual alpha frequency band (IAF +/- 2 Hz). Apart from 

electrodes C3 and C4 where training took place, frontal electrodes F3, Fz, and F4, 

and posterior electrodes P3, Pz, P4, O1, Oz and O2, where alpha power has been 

found to be most stable and prominent (Bazanova & Aftanas, 2010), were also 

used for the analyses. 

6.2.4. Statistical analysis 

Effect measurement. We computed linear mixed models (CS model) with fixed 

between-subjects factor Group (2 levels: A and B), and repeated within-subjects 

factors Effect Measurement (3 levels: pre-training, post-training, and follow-up), 

baseline Condition (2 levels: eyes open and eyes closed), Position (4 levels: frontal, 

central, parietal, and occipital), and Participant, to test the quantitative EEG data. 

For the questionnaires, linear mixed models analysis (CS; fixed factor Group; 

repeated factors Effect Measurement and Participant) and the Reliable Change 

Index (Jacobson & Truax, 1991) were used for statistical analysis at individual 

level. 

Training data and simulated competition day. Only 10 items on the Being in Shape 

list, associated with our hypotheses, were used for analyses (see Table 6.2). Both 

the Stress and Arousal Check List and Being in Shape measures from week 1 

(training 1-5) were averaged, together with the measures from week 2 (training 6-

10). Independent samples t-tests were computed to test difference scores (between 
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week 1 and 2) between the groups. The four Stress and Arousal Check List 

measures from the simulated competition day were averaged to analyse 

participants’ average mood over the whole day. Independent samples t-tests were 

computed to test mood between the groups. All calculations were done using 

IBM® SPSS® Statistics (Version 20.0). A p-value of 0.05 was used as the 

statistical significance level. 

 

6.3. Results 

 

6.3.1. Alpha power 

The individual alpha power was calculated and compared between Groups and 

Effect Measurements. The individual alpha power was, as expected, larger under 

eyes closed than under eyes open conditions (F(1, 165)= 260.50, p<0.001), and 

larger on parietal (Pz, P3, P4) positions compared to frontal positions (Fz, F3, F4) 

(F(3, 165)= 11.80, p<0.001). There was no main effect of Group (F(1, 12) = 0.00, 

p = 0.98), or of Effect Measurement (F(1, 165) = 0.66, p = 0.42). As shown in 

Figure 6.1, Group A showed an overall positive change (including for all positions) 

from pre-training to post-training measurements, as we expected, although not 

significantly different from group B (Group x Effect Measurement interaction: F(1, 

165)= 0.64, p= 0.43). 

6.3.2. Training experience 

The training experience questionnaire was used to obtain qualitative information 

about how participants perceived the training sessions. The groups did not differ in 

their opinion of the training (χ
2 
(1, N = 12) = 1.33, p =.25, Cramer’s V = 0.33): both 

groups responded positively and mentioned, for instance ‘interesting’ and ‘fun’ (4 
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people in group A, 2 people in group B), and responded more negatively 

mentioning, for instance, ‘tiresome’ and ‘boring’ (2 people in group A, 4 people in 

group B). 

 

 

Figure 6.1. Overall alpha power (IAF +/- 2 Hz; including error bars) as a function 

of time (Effect Measurement), separately for each Group. 

 

One participant in group A found the training ‘restful’, and another participant in 

group A stated with regard to experience “more focus and it is easier to shut myself 

off from my surroundings”. 

More participants in group A experienced positive effects from the training (see 

Fig. 2a; 4 people in group A, none in group B; χ
2 

(1, N = 12) = 5.24, p =.02, 

Cramer’s V = 0.66). Participants mentioned for example, more focus, improved 

sleep, better stress handling, feeling more relaxed, mental calmness, clearing their 

mind, easier to be themselves, more control of their thoughts, or found it easier to 

set aside irritated feelings. One participant in group A mentioned “Now I can shut 
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myself off from everything around me more easily. I am able to focus better, am 

better at coping with stress, and I sleep better”. Another participant in group A 

mentioned using the alpha power training to gain renewed energy for the next 

gymnastics practice. But, this participant also mentioned feeling too relaxed 

straight after the alpha power training to take part in a competition. No negative 

effects were reported by either group. 

More participants in group A believed in the beneficial value of the alpha power 

training to their sporting performance (see Fig. 2b; 5 people in group A, 1 person in 

group B; χ
2 
(1, N = 12) = 5.33, p =.02, Cramer’s V = 0.67). The other participants 

were not sure about the use of alpha power training (1 person in group A and 3 

people in group B), or were not convinced of its beneficial value (2 people in group 

B). 

Participants also made suggestions for improving the training, such as: use a more 

peaceful setting (2 people), use more varied cognitive tasks (3 people), and shorten 

the training (1 person). 
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b.   

Figures 6.2a-b. Training experience of the athletes. 

 

6.3.3. Questionnaires 

While the average perceived stress score remained about the same in group A (pre-

training measurement M = 23.7 SEM 3.68; post-training measurement M = 24.3 

SEM 2.39; follow-up M= 23.5 SEM 3.09), it decreased in group B (pre-training 

measurement M= 28.2 SEM 4.59; post-training measurement M = 24.0 SEM 2.39; 

follow-up M= 21.8 SEM 3.75). However, these changes were not statistically 

significant (Group x Effect Measurement interaction: F(1,12)= 1.59, p= 0.23). 

Because the cut-off score of the Perceived Stress questionnaire is 28 (scores >28 

give a stress diagnosis; Shah, Hasan, Malik & Sreeramareddy, 2010), group A can 

be considered to be not at all stressed, and group B as stressed only in the pre-

training measurement. 

A reduction was found in sleep complaints (measured with the Pittsburgh Sleep 

Quality Index) in group A (pre-training measurement 7.0 SEM 1.13; post-training 

measurement 5.3 SEM 0.62; follow-up 6.3 SEM 0.80), compared to group B (pre-

training measurement M = 5.2 SEM 1.08; post-training measurement M = 5.7 SEM 
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1.02; follow-up M= 5.5 SEM 0.85). This effect was not statistically significant 

(Group x Effect Measurement interaction: F(1,12)= 3.33, p= 0.09). Because a cut-

off score of 5 has been recommended for this questionnaire (scores >5 indicate 

subjective insomnia; Buysse, Reynolds, Monk, Berman, Kupfer, 1989), both 

groups may be considered to have subjective sleep complaints. 

None of the changes in mood were statistically significant between Groups and 

Effect Measurements (Tension Group x Effect Measurement interaction: F(1,12) = 

1.84, p = 0.20; Depressive feelings Group x Effect Measurement interaction: 

F(1,12) = 0.84, p = 0.38; Anger Group x Effect Measurement interaction: F(1,12) 

= 0.09, p = 0.77; Vigour Group x Effect Measurement interaction: F(1,12) = 3.65, 

p = 0.08; Fatigue Group x Effect Measurement interaction: F(1,12) = 2.03, p = 

0.18). 

Reliable Change Indices were used to determine whether a change in score was 

statistically reliable for a specific participant. The Reliable Change Indices are 

presented in Table 6.1. What stands out here is that three participants in group A 

decreased significantly in sleep complaints, compared to none in group B. 

6.3.4. Mental and physical shape during the training sessions 

Table 6.2 presents t-test outcomes of the Being in Shape scores. As shown here, 

group A significantly increased in Physical Shape and Mental Balance, compared 

to group B. The difference scores (between week 1 and 2) are presented in Figure 

6.3, separately for each Group. As shown, group A shows positive changes in most 

of the Being in Shape variables, especially compared to group B, although not 

significantly different from group B. 
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Table 6.1 

 

 

  

Reliable Change indices for behavioural data

Mood

Perceived stress Depressive Tension Vigour Anger Fatigue Sleep complaints

σt1: 9,995 0,746 0,887 0,774 0,729 0,660 2,746

ρ: 0.85
a

0.82
b

0.82
b

0.82
b

0.82
b

0.82
b

0.87
c

Pp Group

x1 A -0,73 0,56 -1,26 1,29 0,32 -0,43 -4.29*

x2 A -0,73 1,39 1,56 -1,72 1,30 2.12* -2.86*

x3 A -1,46 -0,27 -0,94 3.01* 0,00 0,86 -2.14*

x4 A 2.56* 0,83 -0,94 -2.15* -1,30 0,83 0,00

x5 A 0,55 0,00 0,32 3.45* 0,00 -0,43 1,43

x6 A 0,55 0,00 0,32 0,00 0,64 1,26 0,71

x7 B 0,55 0,29 -0,94 -0,43 0,00 0,83 0,71

x8 B -0,18 -0,83 0,00 -0,86 -0,32 0,43 0,00

x9 B -2.37* -3.64* -1,26 0,00 -2.61* 0,83 0,71

x10 B -0,37 0,00 0,00 -3.01* 0,00 0,43 0,00

x11 B 0,00 0,29 -1,26 -0,43 0,00 -1,26 0,00

x12 B -2.19* 2.23* -1,26 -3.01* 2.63* -2.10* 0,71
Note.  σt1 calculated with n=12

* RC> 1.96

a (Cohen, Komarck & Mermelstein, 1983)

b (Fehring, Brennan & Keller, 2007)

c (Backhaus, Junghanns, Broocks, Riemann & Hohagen, 2002)
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Table 6.2 

 

 

 

Figure 6.3. Being in Shape difference scores (week 1 and 2; including error bars), 

presented separately for each Group. 

 

 

 

Being in Shape T-test outcomes 

Variable df t p Confidence interval Cohen's d Power

physical shape 10 2.50 0,03* 0.04 0.69 1.58 0.69

recovery 10 -0.48 0,64 -0.37 0.24 -0.30 0.08

control 10 0.00 1,00 -0.37 0.37 0.00 0.05

mental balance 10 4.15 0,00* 0.2 0.67 2.62 0.98

self-confidence 8,3 1.31 0,23 -0.13 0.46 0.91 0.3

commitment 10 0.15 0,88 -0.46 0.53 0.09 0.05

focus 10 0.43 0,68 -0.55 0.82 0.27 0.07

irritations 5,7 0.54 0,61 -0.48 0.75 0.45 0.11

external factors 10 1.15 0,28 -0.38 0.85 0.73 0.21

mental shape 10 0.50 0,17 -0.09 0.45 0.32 0.08
* p  < 0.05

-0,1

0,0

0,1

0,2

0,3

0,4

0,5 *

physical              recovery             control                mental self            committment          focus                 irritations            external              mental

shape                                                                      balance             confidence                   factors               shape

Being in Shape difference scores week 1 and 2
Group A

Group B
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6.3.5. Mood during the training sessions and simulated competition 

day 

Table 6.3 presents the t-test outcomes of the (Stress and Arousal Check List) mood 

scores of the training sessions. As shown here, group A showed an increase (not 

statistically significant; p = 0.07) in feeling active, compared to group B. See 

Figure 6.4a for difference scores in mood, presented separately for each group. 

This figure shows that group A exhibited positive changes in mood, although not 

significantly different to group B. Table 6.4 presents the t-test outcomes of mood 

during the simulated competition day, and shows that the groups did not 

significantly differ in mood scores. However, Figure 6.4b shows that group A was 

positive for all mood scores, more so than group B, although not significantly. 

 

Table 6.3 

 

 

 

 

 

Mood T-test outcomes

Variable df t p Confidence interval Cohen's d power

relaxation 9 1.07 0,31 -12.58 35.06 0.71 0.31

tired 9 -0.43 0,68 -48.24 32.85 -0.29 0.12

satisfied 9 0.47 0,65 -24.41 37.04 0.31 0.13

active 9 2.07 0,07 -2.85 63.73 1.38 0.71

energetic 9 1.66 0,13 -7.65 49.93 1.11 0.56

insecure 9 0.69 0,51 -21.28 39.96 0.46 0.18
* p  < 0.05
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Table 6.4 

 

 

 

Figure 6.4a. Mood (SACL) difference scores (week 1 and 2; including error 

bars), presented separately per Group. 

 

Mood T-test outcomes- competition day

Variable df t p Confidence interval Cohen's d power

relaxation 6 0.56 0,60 -68.03 108.4 0.46 0.18

tired 6 -0.08 0,94 -76.81 72.18 -0.07 0.06

satisfied 6 0.61 0,56 -27.89 46.51 0.5 0.2

active 6 1.53 0,18 -13.23 57.23 1.25 0.64

energetic 6 0.76 0,48 -33.22 62.85 0.62 0.26

insecure 6 -0.3 0,77 -78.16 60.91 -0.25 0.11
* p  < 0.05
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-5,0
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Mood (SACL) difference scores week 1 and 2
Group A

Group B



126 

 

 

Figure 6.4b. Averaged mood (SACL) scores for the simulated competition day 

(including error bars), presented separately per Group. 

 

6.4. Discussion 

 

The present study had two main aims: (1) to investigate whether our eyes open 

alpha power training protocol could be used for mental enhancement in elite 

gymnasts, and (2) to investigate the feasibility of our alpha power training protocol 

in a new target group. Concerning the first aim, the results indicate a positive 

change in the alpha power (IAF+/- 2 Hz) of the experimental group (A), although 

not significantly different from the control group (B). Nevertheless, group A 

significantly increased in mental balance, as measured by the ‘Being in Shape’ 

questionnaire, which might indicate at least some benefit from our novel form of 

mental training for athletes at the behavioural level, and lend support for our first 

hypothesis. We associate this mental enhancement with the effects of the training 

on attention control. That is, significantly more participants in group A (4 people) 

than in group B (none) mentioned having experienced positive effects as a result of 
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the training. Participants also mentioned having ‘more focus’, ‘more control of 

thoughts’, found it easier to ‘shut off’, ‘clear their mind’, or ‘set aside irritated 

feelings’. On the Being in Shape questionnaire, group A showed positive changes 

in attention-related capacities, such as commitment, focus, removing irritation and 

external factors, although not significantly different from group B. It should be 

noted that the participants were blind to group allocation and were not aware of the 

purpose of the training. 

Although some participants in group A mentioned having experienced ‘better stress 

handling’, ‘feeling more relaxed’, and ‘mental calmness’ from the alpha power 

training, perceived stress did not significantly change after the training sessions. 

Only group B showed positive changes in perceived stress, although not 

significantly, and appeared to have been stressed on average at the start of this 

study, as determined by the Perceived Stress questionnaire. 

The results showed a reduction (although not statistically significant) in sleep 

complaints in group A, compared to group B, i.e., 3 participants (out of 6) in group 

A experienced a significant decrease in sleep complaints, as determined by 

Reliable Change indices. This effect on sleep is striking, given that this effect was 

not part of our hypothesis. Furthermore, both groups were considered to have 

subjective sleep complaints, as determined by the Pittsburgh Sleep Quality Index 

cut-off score, which might indicate room for improvement in the sleep quality of 

elite athletes. Sleep is very important especially in sport, where it has been 

identified by elite athletes, coaches, and trainers as an important aspect in recovery 

after exercise, and as critical for optimum performance (O’Toole, 2005). Because 

athletes experience a great deal of pressure in the period leading up to performance, 

poor sleep quality may be an important determinant of performance. Group A 

significantly improved in physical shape, compared to group B. In line with this 

result, one participant in group A mentioned using the alpha power training to 

regain energy. These results may indicate some effect of the alpha power training 

on the physical shape or energy level of the athletes. Possibly, these results are 
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associated with improved sleep. What was striking is that during the simulated 

competition day, group A felt more relaxed, more active, more energetic, more 

satisfied, and less insecure and tired than group B. Although these effects on mood 

look positive, they failed to reach statistical significance. 

We consider this study a first step in investigating our easy-to-use mental training 

method in athletes. Only a few participants were used in this pilot study. Therefore, 

results should be interpreted with caution. Mostly trends, indicative for future 

research, have been discussed here. The lack of significance in these trends can be 

explained by the low statistical power. However, the strong method of controlling 

(placebo-controlled and double-blind paradigm) increases our confidence in the 

outcomes. Because many sports, like gymnastics, are about small differences in 

points or time, even small changes in skills can determine the success of an athlete. 

Given that gymnastics has been reported as being one of the most mentally 

demanding sports (Fournier, Calmels, Durand-Bush & Salmela, 2005), even small 

individual improvements could be valuable for the athlete. However, larger groups 

will be needed in the future to strengthen the findings and therefore the conclusions 

about the effects and usability of our form of alpha power training in athletes. 

In terms of the second aim of this study, most of the participants in group A 

believed in the beneficial value of this training for their athletic performance, 

which was significantly greater than in group B. One participant in particular 

mentioned the training as useful for getting “mentally calm and focused on the 

important things”. Perhaps the athletes gave socially desirable responses to these 

questions. However, given that the athletes and the experimenter were unaware of 

to group allocation, we would expect this possibility to be equal in both groups. 

A limitation of the present study is that we were unable to collect data about 

objective sports performance. At the start of our study, we intended to collect such 

data both from the athletes involved and their coaches. However, this turned out to 

be impossible in practice. The athletes and their coaches were already working to 
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very demanding schedules and we were unable to fit in this aspect. Thus, the 

effects of our training method on objective athletic performance remain to be 

established. 

The training protocol utilized music. The athletes liked listening to their favourite 

music during the training, and we consider this to be a strength of the training 

system as music has been shown to influence arousal, improve performance (e.g., 

Karageorghis & Priest, 2012a, 2012b; Van der Zwaag et al., 2011), and heighten 

self-confidence prior to sports training (Priest & Karageorghis, 2008). However, 

this means that the listening to music may have been a manipulation in itself, and 

could have influenced the training effects. The fact that both groups were 

manipulated by music diminishes the group differences. The right combination of a 

person’s own favourite music together with alpha power training could possibly 

increase the effect on mood, focus, and performance in athletes. Further research 

should help to clarify these questions. 

Although both groups included the same number of females, their hormonal cycle 

might have influenced the effects of the alpha power training. It appears that the 

hormonal cycle in females has a strong influence on individual alpha amplitude and 

frequency, training efficiency, and cognitive capacities (Bazanova & Aftanas, 

2008). Because the female hormonal cycle was not measured at the start of the 

study, we could not investigate this influence in the present study. 

We think that the training protocol needs some adjustments. For example, a shorter 

training duration would allow the training to be integrated more easily into the 

daily routine of the athletes. A further refinement of the instrumentation would be 

the use of dry electrodes connected to the feedback system. This would make the 

feedback tool even easier to implement in a home situation. The lack of 

significance in the effects in alpha power, contrary to Van Boxtel et al. (2012), 

might indicate that the training programme was not long enough. Alternatively, we 

may have trained just too few participants so that statistical power was low. 
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The present investigation represents a first attempt to gain a better understanding of 

mental capacities like focus and mental fitness in elite athletes with an easy-to-use 

alpha power training protocol. While developments in sport are speeding up, 

mental training should not be left behind. As it is known that combining different 

mental intervention techniques is most effective for athletes, there is a growing 

need for diversity in mental training. We think that the form of training described 

here could serve as a valuable contributor to a mixture of mental interventions for 

athletes. The training is self-guided, which means that the athlete does not need any 

mental or physical effort to experience effects. As an end product, we envisage this 

alpha power training in the form of a compact mp3-like device that can be used by 

the athlete in his or her leisure time. 
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Chapter 7 

General discussion   
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In this chapter we discuss the training effects of our novel training protocol and 

device in healthy users (students, soldiers, and athletes) both inside and outside the 

laboratory. Thereafter, we consider the limitations of our study and make 

recommendations for future research. In the last part of the chapter we suggest 

ideas for future applications and present our final conclusions. 

 

7.1. Study findings and applicability in healthy participants 

 

7.1.1. Training effects in the (Q)EEG 

Chapter 3 presented an investigation of the feasibility of our training device and 

protocol in healthy students. Overall, the results showed that the device and 

protocol are capable of measuring alpha EEG activity, when compared to a 

conventional QEEG measurement system. The students’ alpha activity (i.e. the 

power in the conventional 8-12 Hz frequency band) significantly increased in 15 

neurofeedback training sessions using auditory feedback on music quality. Because 

only the alpha power increased further to the training, while the beta power was not 

significantly affected, we assume that our training elicited a frequency-specific 

effect. Because we found a significant difference in the alpha power between 

groups when using a placebo-controlled design, our conclusion is that our training 

protocol shows ‘specificity’ and the effects in alpha power are not attributable to 

nonspecific factors, such as expectancies (Egner & Gruzelier, 2001; Gruzelier, 

Egner, & Vernon, 2006). Therefore, we believe we have demonstrated the 

trainability of alpha activity (power) using our protocol and device in healthy 

participants. 

When we analysed the in-training data of this study presented in chapter 4, we 

found a clear increase in alpha power both between and within training sessions. In 
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that chapter we argued that 10 training sessions (of about 16 minutes each) would 

have been sufficient to significantly increase the alpha power using our protocol 

and device. Here, the lower alpha band (8-10 Hz) appeared to be more easily 

trainable than the power in the upper alpha band (10-12 Hz), because the increases 

in lower alpha power were greater and persisted for longer. This effect was 

explained by possible differences in the neurophysiological origins of both 

frequency bands. However, this could also be explained by the relaxing nature of 

our training (i.e., listening to music without receiving training instructions), which 

may possibly influence the lower alpha band the most. Here we also found long-

term (3 month) effects in alpha power, which might suggest that participants had 

learned to evoke alpha activity at will whenever they wanted to. 

During our neurofeedback training the EEG was measured at the central positions 

C3 and C4. There were practical reasons for this: the headset was most comfortable 

at this position and the central measurement of alpha activity was adequate. Instead 

of having a very specific training effect centrally, we assume that our training has a 

more general, or widespread, effect on the EEG. Our results showed that 

neurofeedback training at central positions led to increased alpha power at 

posterior positions. Although this is in line with previous research showing that 

neurofeedback training can lead to EEG changes beyond target frequency and 

location (e.g., Egner, Zech, & Gruzelier, 2004), the precise mechanism behind this 

principle is still unclear. One possibility is that local alpha activity at posterior sites 

is picked up by central electrodes, such that central training automatically includes 

training of posterior alpha power. Reciprocal connections (via cortex or also 

thalamus) between these two areas may also cause increased alpha power at 

posterior positions. 

The neurofeedback training in soldiers and elite athletes showed different results in 

the EEG. Although alpha power increased in the experimental group compared to 

the control group (only one control group was used here due to participant 
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availability), this difference failed to reach statistical significance. Although the 

sample size of the soldiers was similar to that of the students (experimental group 

N=18 students, N=17 soldiers), the extent of the statistical effect and power were 

less (also in the statistical tests for the athletes, although here this was to be 

expected because of the smaller sample size). 

An explanation for this failure in significance may be the fact that several 

parameters were changed in the training protocol. Firstly, the length and number of 

training sessions were shortened to only 10 sessions of about 20 minutes, because 

both the soldiers and athletes had demanding training and work schedules. Besides 

this, we had already learned that the training protocol was sometimes perceived as 

as time-consuming or even tedious by the students, which may possibly have 

negatively influenced training efficiency. One of our initial thoughts was that the 

adjusted training protocol may no longer have been sufficient to significantly 

change the EEG alpha power. However, our protocol still met our training 

guidelines (i.e., 10 sessions of at least 16 minutes NFT; as presented in chapter 4). 

Still, it is possible that 15 training sessions are needed to consolidate the learning 

effects in participants. However, because the alpha power in students had already 

significantly increased after 10 training sessions, we consider this possibility to be 

very unlikely. It might be a challenge for future research to investigate this 

possibility. 

Another adjustment to the protocol was that we started training participants in their 

individual alpha frequency band (IAF +/- 2 Hz), instead of training their 

conventional 8-12 Hz frequency band. By using this training approach, we 

expected to circumvent suboptimum training effects in participants with an alpha 

peak outside (or on the edge of) the 8-12 Hz frequency band; thus making the 

training more personal and increasing experimental sensitivity (e.g., Klimesch, 

Schimke, & Pfurtscheller, 1993; Bazanova & Aftanas, 2008). Given that this 

approach was intended to increase training efficiency in participants, we believe it 
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unlikely that this change hindered significant effects in the alpha power of the 

soldiers and athletes. 

Another important change was that the neurofeedback training took place on site, 

outside the laboratory. Thus, because the training environment for both the soldiers 

and elite athletes may have been less optimum than for the students, perhaps the 

participants were less able to focus on the training because they were distracted by 

their surroundings, such as colleagues passing or distracting sounds. 

Another explanation might be that the alpha power in the soldiers and athletes 

differed from that in students at the point of inclusion. When the results are 

compared with the naked eye (i.e., the absolute log alpha power presented in 

chapters 4, 5, and 6), it appears that this might indeed be the case. The soldiers and 

athletes may have had a higher alpha level by nature than the group of students, so 

the alpha training was more challenging for them. The fact that the number of 

responders (i.e., participants who were able to increase their alpha power) in 

students was greater (about 83%) than in soldiers (about 35%) is consistent with 

this argument. We found that the soldiers were quite relaxed and physically above 

average in terms of fitness. It may be that both target groups (i.e., soldiers and elite 

athletes) already possessed a strong capacity to focus their attention, given that 

focus may play an important role in performing their activities (e.g., weapon 

training, or performing a difficult exercise in front of an audience). As a result, 

ceiling effects in the alpha power may have played a role in the training. Thus, the 

alpha level at inclusion may be an important predictor of training efficacy, which 

would be interesting to take into account for further research. 

Besides possible ceiling effects, motivation and tiredness may also have played a 

role in the success of the alpha neurofeedback training, even in an instruction-less 

(self-guided) training paradigm. Participants might have been (or become) tired 

due to their demanding training schedules, and possibly were less able to put effort 

in the neurofeedback training. Given that we found motivation problems in some of 
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the study drop-outs, other soldiers who finished the training programme might have 

suffered from this as well. Even though participants may have had strong focusing 

abilities, they might still have been distracted by their surroundings and these 

distractions may have influenced their motivation for the training (e.g., listening to 

a conversation in the hallway might be more interesting when there is little need for 

neurofeedback training). Thus, we think that motivation is important for training 

efficiency and this should be taken into account in further neurofeedback research. 

In summary, it is possible that due to a higher alpha level at inclusion, motivation 

problems, tiredness, or distraction, participants were less able to undergo the 

training. The soldiers and athletes were possibly less able to improve the quality of 

the music during NFT, and therefore less able to regulate their EEG. The changes 

in music quality during the training sessions are an important indicator of training 

success, but unfortunately we did not assess these in our study series, which we 

consider to be a limitation of the study. By reporting the training success of 

individuals, or groups of individuals, even over time, it could be investigated 

whether some participants performed better in the training than others. This point is 

discussed in more detail in section 7.2 (study limitations and recommendations). 

7.1.2. Training effects in cognition, behaviour and well-being 

In chapter 2 we showed that alpha EEG activity is associated with processes of 

neuronal inhibition to filter out irrelevant input or thoughts while focusing on task-

relevant input. At the beginning of our study series we hypothesized that with alpha 

neurofeedback training participants would be able to self-regulate heightened 

arousal, possibly caused by a fast-changing environment in which we are 

overloaded with information and choices. This hypothesis is in line with previous 

research demonstrating that alpha neurofeedback training results in enhanced well-

being, such as greater relaxation or a sense of calmness. 
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More specifically, we expected participants to be able to enhance their ability to 

focus attention through training. We argued that focused attention might possibly 

lead to a feeling of relaxation, because the brain may show widespread neuronal 

inhibition, along with the activation of a resting state network. 

In the investigation with students (presented in chapter 3) we focused on alpha 

neurofeedback training for mental well-being. The alpha training group showed 

twice as much relaxation (with a qualitative measure) compared to both control 

groups. This effect is remarkable because group allocation was completely blind. 

We interpret this result as the alpha training being twice as relaxing as the random 

beta training. Because the alpha training was also experienced as twice as relaxing 

by the alpha training group compared to the music only group, we further assume 

that neurofeedback training adds to relaxation, more than just listening to music. 

The subjective measure of relaxation appeared not to be associated with 

physiological measures, such as heart rate variability. Here we learned that 

‘relaxation’ is a very broad and complex concept, which can be described at 

different levels, such as mental or physiological (e.g., the ‘physiological relaxation 

response’ showing parasympathetic restorative processes; Benson, Greenwood & 

Klemchuk, 1974), which are seldom associated. 

Because in both the studies with soldiers and elite athletes we did not find 

significant effects in the alpha power, we assumed that finding significant effects at 

the behavioural level would be even more challenging. However, in both studies 

participants did experience positive effects from the training, as reflected by their 

reported experiences of relaxation, more focus, and better sleep. The athletes, for 

instance, significantly increased in ‘mental balance’, which can be interpreted as 

some sort of mental peace in those participants who had learned to focus their 

attention in the right way. The fact that participants reported having experienced 

‘more control over their thoughts’, ‘easier to remove irritated feelings’, and ‘easier 

to shut off from their environment’, may be consistent with this interpretation. 
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Thus, we believe that we have shown some evidence for training effects in 

relaxation and focus. However, these effects were small and often not statistically 

significant, therefore we think these results should be interpreted with caution, and 

further research is needed to support our suggestions. 

In our study series we also found some subjectively reported improvements in 

sleep. Some athletes experienced significantly increased sleep quality after 

receiving alpha neurofeedback training. This effect was considered very valuable, 

given that sleep is important for sports performance. But how can we explain this 

effect on sleep? Alpha activity has been associated with the transition from being 

awake to falling asleep, and this transition from alpha to theta waves is assumed to 

represent a decline in external awareness during sleep onset (Ogilvie, 2001). Alpha 

training may possibly help to influence this transition, making it easier to switch 

from being in a mentally active state (showing beta waves) to a calmer state 

(showing alpha waves), to falling sleep (showing theta waves). The fact that 

insomniacs have shown hyper arousal with relatively more beta and less alpha 

activity (Freedman, 1986) may be in line with our argument. However, future 

research is needed to support our suggestions concerning alpha neurofeedback 

training and its possible effects on sleep onset. 

 

7.2. Study limitations and recommendations 

 

A drawback of our studies which we already mentioned above, is that we did not 

measure training success. In most current neurofeedback studies, researchers 

emphasize the importance of focusing on training success and direct learning 

effects in the EEG and in behaviour. In fact, the assessment of training success and 

the reporting of self-regulation skills with associated behavioural outcomes is a 
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useful tool for controlling nonspecific training effects as well. Although we 

measured day-to-day training effects in the EEG (as presented in chapter 4), we did 

not correlate these effects with the participant’s training success (in regulating 

music quality and therefore the alpha power) nor with day-to-day effects in 

behaviour and well-being. This is important to gain solid evidence for specific 

neurofeedback training effects and to validate neurofeedback training. However, in 

our case, if we had demonstrated the lack of training success in participants, we 

would still have questioned the reasons for this. In future neurofeedback research 

we consider the reporting of training success to be essential to demonstrating 

specific neurofeedback training effects and training efficiency. 

Another point of discussion relates to the previous one, and to the fact that 

participants received no training during artefacts in the EEG measurement. More 

specifically, when the EEG measurement (on C3 and C4) showed artefacts, the 

music quality did not change, nor did the music stop playing. We opted for this 

design because we expected that interrupting the music during training would be 

annoying to the participants. Besides, by using such a design (including artefacts) 

we expected to be able to teach participants to sit still. Because we consider this to 

be another nonspecific training effect, we wanted to prevent it. On the other hand, 

fewer EEG artefacts would be expected when participants can sit still more. But 

again, we have no insight into the number of artefacts nor the training success. 

Another limitation of our study series was the choice of our control group. In 

neurofeedback research it is very important to control for nonspecific training 

effects which can be created, for example, by commitment, participant-

experimenter (or therapist) interactions, the cognitive demand of the neurofeedback 

task, or expectancies created by the training set-up, conscious group assignment, or 

the perceived training instructions (e.g., Arns, de Ridder, Strehl, Breteler, & 

Coenen, 2009; Arns, Heinrich, & Strehl, 2014). Thus, group settings must be as 

identical as possible (Arns et al., 2014). Arns, Heinrich, and Strehl (2014) nicely 
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summarised three sorts of control conditions, each with their own advantages and 

disadvantages: placebo controls, active controls, and semi-active controls. Placebo 

control conditions use a similar set-up, which allows for blind or double-blind 

training, but use, for example, ‘sham’ or ‘mock’ feedback (i.e., the playback of 

another participant’s recorded feedback). In an active control group, according to 

Arns, Heinrich, and Strehl (2014), training is expected to create similar positive 

effects (on cognition, behaviour, or well-being) as in the experimental group. In 

our case, for example, this could concern meditation training to increase attention 

capacity. The only difference in a semi-active control condition is that the control 

group receives a form of training (e.g., heart rate variability biofeedback), which is 

expected to create other behavioural effects in participants (Arns et al., 2014) than 

in the experimental group. A possible disadvantage of these last two control groups 

is that the control group might need a different training set-up, which may create 

dissimilar expectancies in participants. 

In our study series we used a ‘random beta’ control group, in which participants 

received real neurofeedback training under identical training conditions and 

training instructions (i.e., self-guided training). Participants were also blindly 

allocated to a group. By training a different beta frequency bin (14-30 Hz, and later 

16-36 Hz to prevent Rolandic or SMR training) in each training session, we wanted 

to prevent strong training effects in the control group. When setting up our first 

experiment, we thought that our design was suitable to control possible placebo 

effects (expectancies) and a vast improvement on previous neurofeedback research 

using mock feedback, or even no feedback at all. However, we were not aware of 

the fact that it is crucial in neurofeedback research that both the experimental and 

control condition meet the (conditioning) principles of learning (Arns et al., 2014; 

Sherlin et al., 2011). So, although our random beta control group received real 

neurofeedback training and participants could have experienced training success 

(i.e., changing the music quality) in one training session, they probably did not 

experience this over the whole training programme, given that a different 
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frequency bin was trained every day. Moreover, participants probably did not 

experience training success even in one session, because we noticed in the alpha 

group that participants needed several training sessions to gain control over the 

music quality. In the random beta group participants were not systematically 

rewarded for their behaviour, which might have created an experience of 

helplessness in the participants, leading to passive behaviour or motivation 

problems (Seligman, 1975). Thus, in our study series, the alpha training group was 

able to learn by operant conditioning principles, but was compared to two control 

groups (i.e., the music only group and random beta group) in which no real training 

took place. 

By using another form of training in the control group, in which all the settings are 

kept similar but participants can also learn by conditioning principles (referred to 

as an active control group by Arns, et al., 2014), satisfaction and motivation levels 

may be similar to the experimental group. Besides, by including a control group 

that has similar beneficial effects for the participants, the beneficial value of alpha 

neurofeedback training can more easily be compared to that of other training 

methods. 

Another limitation of our random beta control group is that during beta training, the 

alpha band can be influenced as well (which was shown in our study results). 

Firstly, the alpha peak of an individual may be close to the beta frequency band 

(16-36 Hz), such that beta training influences the IAF power. Besides, given that 

some sort of balance in the power spectrum of an individual may be expected, the 

up-training of a specific frequency bin could influence the power in other 

frequency bins. In fact, it has already been shown that the effects in the EEG do not 

always correspond to the training protocol applied (Egner, Zech, & Gruzelier, 

2004). Thus, frequency bins do not always respond independently. 

Because we used a self-guided training design, participants received no explicit 

training instructions. As a result it could be argued that our training did not involve 
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volitional modification of brain activity, as in most forms of neurofeedback 

training. The feedback was also given intrinsically, so that participants were 

probably unaware of the ‘reward’ and ‘punishment’ principles. However, because 

the students managed to increase their alpha power, even without receiving specific 

training instructions, we consider our approach to be productive. Learning to alter 

alpha activity was possibly more intuitive as a result, and therefore easier to 

maintain (even after 3 months). Still we ask ourselves whether the inclusion of 

training instructions would have been more efficient outside the laboratory, 

because then the participants might have been more actively involved in the 

training and more aware of their training success. Another important aspect in 

increasing participants’ involvement and motivation is offering extrinsic feedback 

(knowledge of performance and/or results). Comparing these different forms of 

feedback would be very interesting for future research. 

Another limitation of our study series may have been the use of music. Although 

we consider the auditory feedback on music quality as a strength of the training 

protocol, because it can be experienced as enjoyable or relaxing, listening to music 

is a manipulator in itself,  given that music has been shown to influence arousal and 

performance (e.g., Karageorghis & Priest, 2012a, 2012b; Van der Zwaag et al., 

2011). Because we let the participants choose their own favourite music, we 

expected that they would very easily hear subtle differences in the music quality. A 

drawback of this approach is that the influence of music on mood and arousal 

differs between participants. However, we think that using exactly the same sort of 

music would not solve this issue, but possibly even worsen it. The influence of 

music depends greatly on a participant’s preferences and perception of it, which 

will be determined by the participant’s current mood and state of arousal, along 

with his/her associated memories and emotions. We tried to filter out the influence 

of music in our training as much as possible by letting participants pick their own 

preferred music and songs, and by letting participants listen to music in all groups. 

For future research it might be interesting to find a way to assess the participant’s 
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responses to a song, to gain insight into the effects of listening to music during 

neurofeedback training. 

Participants always underwent our training with their eyes open. Therefore, it is 

tempting to argue that the increases in alpha power were greatest under eyes open 

conditions. Eyes open versus eyes closed training may lead to different results in 

the EEG. Most neurofeedback training sessions take place with the eyes open, 

because visual feedback is used. One of the main reasons why we chose eyes open 

training in our study series, while not using visual feedback, was a practical one: 

we wanted to prevent participants from falling asleep (because the training can be 

very relaxing). If participants fall asleep during the alpha training, the alpha waves 

slowly diminish, and the training would gradually lose its effectiveness. 

Eyes closed alpha neurofeedback training has been demonstrated in the past, e.g., 

in which participants received auditory feedback by listening to relaxing sounds 

(e.g., Gruzelier, Foks, Steffert, Chen, & Ros, 2014; Egner, Strawson, & Gruzelier, 

2002). However, here participants learned to increase theta over alpha activity, and 

the training was typically part of a relaxation-inducing technique, in which closed 

eyes was considered beneficial for relaxation. Vernon et al. (2003) argued that 

including visual feedback in this paradigm might even disturb the inducement of 

relaxation due to focusing on a screen. Thus, having the eyes open or closed does 

have an influence on neurofeedback training effects and comparing both techniques 

would be instructive for future research. 

 

7.3. Conclusions and future applications 

 

In this thesis we investigated whether our neurofeedback training device and 

protocol could be used as a consumer product by healthy, everyday users, outside 
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the laboratory. In doing so, we wanted to increase our understanding of the 

functionality of neurofeedback. By focusing on healthy users, we further aimed to 

widen the applicability of neurofeedback training. Lastly, we wanted to increase 

our scientific knowledge of the functional significance and trainability of EEG 

alpha activity. 

We think that our training device and protocol have several advantages. The device 

developed can be used outside the laboratory because of its manageable size, 

including water-based electrodes that are more convenient for users and take less 

time to set-up. Because the training has an intuitive character, participants also 

need no training instructions and can just sit back and enjoy their own favourite 

music. Besides, we think that only 10 training sessions of about 16 minutes a day 

would be needed. 

We have shown the feasibility of our training device and protocol in significantly 

increasing the EEG alpha power in healthy students, and demonstrated learning 

effects in the EEG both between and within training sessions. However, we failed 

to significantly increase alpha power in healthy participants in more everyday 

situations (i.e., in soldiers and elite athletes). Several challenges were encountered 

when applying our training outside the laboratory, such as possible distracters, less 

optimum training conditions (e.g., available equipment, such as uncomfortable 

chairs), and possible motivation problems in participants. Similarly, the 

investigation of very specific groups of healthy participants (i.e., elite athletes and 

soldiers) on site is challenging, because participants may exhibit significantly 

different characteristics than an average healthy participant. For example, these 

participants may have been above average in terms of fitness or often tired because 

of their intensive training regimes. 

We have shown little support for the association between alpha activity and 

focused attention and relaxed feelings. Besides this, our findings suggest that alpha 

training may lead to increased sleep quality, possibly via effects on sleep onset. 
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Taken together, we think that our study results cautiously confirm our study 

hypotheses. Although most of our findings did not show statistical significance, we 

believe that we have shown interesting trends that mostly point in the right 

(hypothesized) direction. Thus, our findings should be interpreted with caution, but 

could serve as a starting point for future research on alpha neurofeedback training 

in different groups of healthy participants outside the laboratory. 

In further research we would like to use our training device on healthy participants 

in their home setting. Ideally, the training device would be developed into a 

portable and lightweight system with dry EEG electrodes. So far, we have 

developed the device into a portable (wireless) headset and tablet combination, 

which can be used to conduct the training using an App on the tablet. See Figure 

C4 in Appendix C for an example. However, the step towards using dry electrodes 

should still be made. 

Regarding the training protocol, we consider including explicit training instructions 

or even making the training more task or game-oriented might possibly lead to 

more involvement on the part of the participants. Offering extrinsic feedback (e.g., 

with a friendly visual presentation of the alpha power alongside the listening to 

music) during training may also help to increase participants’ motivation. By using 

an active control condition, motivation levels in both groups would be expected to 

be similar. Even closing the eyes during training, with the risk of falling asleep, 

may prevent participants from being distracted from their training (e.g., an end 

product in which participants can sit relaxed in the train, listening to music). We 

still think that alpha training might be more challenging for participants with a 

relatively high alpha power. Thus, the effectiveness and beneficial value of our 

neurofeedback training may increase in individuals with a greater need for such 

training, such as a healthy person who is in a stressful period of his or her life, or 

who finds it difficult to focus and relax, or fall asleep at night. 



146 

 

In the near future, our neurofeedback training device could possibly be used as a 

mental training for participants who aspire to a healthy lifestyle. This could offer 

an alternative form of training, given that for every individual one sort of training 

will be more effective than another. Our training could also be used and 

investigated in combination with other sorts of health promotion training activities, 

such as meditation techniques. Our training could even be more individually 

tailored by specifically focusing on a participant’s upper or lower alpha band, e.g., 

to increase internal focus or task performance in particular. A method such as 

LORETA (low resolution brain electromagnetic tomography; Marqui, Michel, & 

Lehmann, 1994) could be used to localise the specific brain areas or networks 

involved in a participant’s sports performance, so that alpha training can be used to 

inhibit specific task-irrelevant brain areas. The length and number of training 

sessions could also be individually adjusted based on personal needs or 

participants’ responses in the EEG. Investigating training success could also lead to 

personal (early) adjustment of the training protocol.  

Therefore, we think that it is important to continue to apply neurofeedback training 

in healthy participants, and develop suitable training designs for the validation of 

study findings. Firstly, because we think that neurofeedback offers a promising tool 

for cognitive enhancement in healthy individuals. And secondly, given that 

neurofeedback training provides us with an opportunity to investigate the 

relationship between brain activity and cognition, behaviour, and well-being (Ruiz, 

Buyukturkoglu, Rana, Birbaumer, & Sitaram, 2014), it is important that we 

continue to investigate neurofeedback training, both in the clinic and outside the 

laboratory. 
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Appendix A 

 

Measuring peak alpha power in individual participants and at different electrode 

channels has proved to be cumbersome, and many different methods are used. Very 

often, total alpha power is reported as the average power of a single frequency 

band located somewhere between 7 and 13 Hz (usually 8-12 Hz). The work of 

Pfurtscheller, and later Klimesch and colleagues, suggested that it is important to 

distinguish between upper and lower alpha bands (e.g., see Klimesch, 1999, for a 

review). Researchers often use fixed upper and lower alpha bands (for instance, 8-

10 Hz and 10-12 Hz), or 2 Hz bands immediately below and above the individual 

alpha frequency (IAF). Klimesch (1999) reported that the IAF is usually located in 

the upper alpha band, and that the lower alpha band is usually broader than the 

upper alpha band. As a consequence, the use of more specific measures to denote 

the level of ‘alpha activity’ has been advocated. 

 

We used non-linear regression to model the IAF and its power. Using least squares, 

the error in the following function was minimized: 

 

     (     ( ))         
 (   ) 

       

 

where: 

f = frequency, 6-35 Hz, 0.25 Hz resolution [Hz] 

A = a constant, reflecting individual variations in absolute power 

[log10(µV
2
)] 

B = the linear change in power as a function of frequency [log10(µV
2
)] 

C = the power at the individual alpha frequency [log10(µV
2
)] 

D = the individual alpha frequency [Hz] 

E = the width of the alpha peak [Hz] 

  = measurement error 
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Conceptually, this model consists of the sum of two components. A linear 

regression line (A + Bf) represents the background power, which decreases as a 

function of frequency. An inverted U-shape (the Ce term) represents the alpha peak 

that arises on top of the linear decrease. 

 

 Figure A1 shows an example of the fit of this model on the data of an individual 

participant in our study. The figure shows that the model overlaps the real data. 

The root mean square of the measurement error (RMSE) was small but differed 

statistically from zero (F(1,241) = 3984.06, p < 0.001). The RMSE tended to co-

vary with some of the model parameters, and correlated significantly and positively 

with the A (r = 0.31), C (r = 0.13), and D (r = 0.06) parameters, and negatively 

with the B (r = -0.06) and E (r = -0.26) parameters. However, the highest 

correlation of the RMSE and the parameters was 0.31 (A), meaning that a 

maximum of 9.61% of the variance in the A parameter could be explained by 

measurement error. For the important C parameter, the percentage of explained 

variance due to measurement error was only 1.85%. 
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Figure A1. Example of the model fit in a single subject (no. 10, alpha training 

group). The black trace represents the spectrum of averaged activity at the C3 

electrode; the red trace is the fitted model. Left: eyes open; right: eyes closed. 

 

The data presented in Figure A1 suggests that the measurement error in these 

analyses may be largely due to activity in the beta range, where a straight line is fit 

that shows some deviation from the actual data in that range. Further work is 

required to optimize the model if beta power is to be modelled as well. 

 

In conclusion, the present model provided a good fit of the individual alpha peak. 
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Appendix B 

 

Table B1

Statistical effects for heart rate variability measurements 

Effect Group Session Group * Session

df F df F df F

Time domain parameters

Heart rate mean 2,47 1.59 2,45 1.46 4,46 0.47

std 2,47 0.07 2,45 1.05 4,46 0.76

R-R interval mean 2,47 1.51 2,45 1.12 4,46 0.65

std 2,47 0.70 2,46 1.63 4,48 0.99

Successive R-R differencesroot mean square 2,47 1.23 2,46 0.95 4,46 0.61

Succesive R-R intervals differ > 50 msnumber 2,47 1.68 2,46 1.36 4,46 0.17

percentage 2,47 1,72 2,46 1,38 4,46 0,28

R-R Triangular index (see below) 2,47 0.20 2,47 1.04 4,47 0.13

Triangular interpolation of R-R intervals2,47 0,32 2,46 0,09 4,46 0,34

Frequency domain parameters

1. Fast Fourier Transform based

Low frequencypeak frequency 2,47 0.90 2,46 0.73 4,46 0.61

power 2,47 0.73 2,45 1.74 4,58 0.61

relative power 2,47 0,05 2,45 2,35 4,46 0,64

normalized power 2,47 0,81 2,45 5.72** 4,46 0,34

High frequencypeak frequency 2,47 0.90 2,46 0.73 4,46 0.61

power 2,46 1.16 2,45 2.91 4,48 0.57

relative power 2,47 0,77 2,46 7.40** 4,46 0,29

normalized power 2,47 0,05 2,47 1,45 4,47 0,98

 2. Autorgressive based

Low frequencypeak frequency 2,47 0,07 2,46 1,08 4,47 0,22

power 2,47 0,87 2,46 4,6 4,49 1,52

relative power 2,47 0,23 2,46 4.77* 4,46 0,77

normalized power 2,47 0,51 2,46 7.87** 4,46 0,78

High frequencypeak frequency 2,47 0,89 2,45 0,83 4,45 0,17

power 2,46 1,01 2,45 2,61 4,46 0,49

relative power 2,47 0,48 2,46 5.75** 4,46 2,07

normalized power 2,46 0,37 2,45 2,47 4,45 0,56

Low frequency/High frequency ratio 2,47 0,53 2,46 5.77** 4,46 0,27

Non-linear parameters

Correlation between successsive R-R interv.short term variability 2,47 1,23 2,47 0,95 4,46 0,61

long term variability 2,47 0,52 2,46 1,69 4,46 0,98

Complexity of the time-seriesmean line length 2,42 1,54 2,46 2,68 4,46 0,37

maximum line length 2,46 3.39* 2,45 3,15 4,45 1,73

recurrence rate 2,44 1,48 2,46 4.02* 4,46 0,66

determinism 2,43 2,52 2,45 0,95 4,54 1,31

entropy 2,45 2,51 2,46 2,39 4,46 0,37

Complexity of the time-series 2,47 0,64 2,46 4.82* 4,46 0,26

Correlation within the signalshort term fluctuations 2,46 0,87 2,46 3.99* 4,46 0,32

long term fluctuations 2,47 0,04 2,46 2,61 4,54 0,64

Complexity of irregularity in signal 2,47 0,73 2,46 0,78 4,59 1,02

Corrected complexity of irregularity in signal2,46 0,85 2,46 1,73 4,46 0,25

* p  < .05.  ** p  < .01.
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Table B2

Marginal means and standard errors for heart rate variability measurements 

Effect Group Session Group * Session

mean mean std mean std

Time domain parameters

Heart rate 

Mean A 70,941 1 71,153 1,235 A(1) 69,845 2,010

B 70,470 2 73,263 1,397 A(2) 71,681 2,266

C 74,808 3 71,803 1,332 A(3) 71,297 2,225

B(1) 70,330 2,461

B(2) 71,993 2,775

B(3) 69,086 2,625

C(1) 73,284 1,907

C(2) 76,114 2,177

C(3) 75,027 2,034

Std A 4,864 1 4,762 ,227 A(1) 4,520 ,370

B 5,076 2 4,989 ,279 A(2) 5,109 ,454

C 4,872 3 5,062 ,306 A(3) 4,964 ,506

B(1) 5,146 ,453

B(2) 4,889 ,556

B(3) 5,193 ,606

C(1) 4,618 ,351

C(2) 4,969 ,433

C(3) 5,029 ,470

R-R interval

Mean A 865,315 1 860,905 15,644 A(1) 877,63 25,453

B 874,899 2 840,316 18,01 A(2) 859,868 29,223

C 817,524 3 856,517 17,193 A(3) 858,447 28,614

B(1) 873,171 31,173

B(2) 856,663 35,79

B(3) 894,864 33,927

C(1) 831,913 24,147

C(2) 804,419 28,009

C(3) 816,239 26,279

Std A 61,573 1 58,706 3,437 A(1) 57,976 5,592

B 62,36 2 59,056 4,36 A(2) 65,17 7,077

C 52,71 3 A(3)

B(1) 65,477 6,849

B(2) 59,243 8,667

B(3)

C(1) 52,666 5,305

C(2) 52,755 6,774

C(3)

Successive R-R differences

root mean square A 54,326 1 51,188 3,934 A(1) 50,146 6,401

B 58,61 2 49,518 5,397 A(2) 56,563 8,771

C 41,445 3 53,674 6,076 A(3) 56,268 9,976

B(1) 61,42 7,839

B(2) 53,207 10,742

B(3) 61,204 12,061

C(1) 41,999 6,072

C(2) 38,785 8,356

C(3) 43,551 9,342
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Succesive R-R intervals differing more than 50 ms

number A 33,407 1 38,716 3,442 A(1) 35,472 5,599

B 43,931 2 33,295 3,456 A(2) 32,806 5,605

C 29,646 3 34,973 3,813 A(3) 31,943 6,334

B(1) 48,375 6,858

B(2) 40,292 6,865

B(3) 43,125 7,532

C(1) 32,3 5,312

C(2) 26,788 5,383

C(3) 29,85 5,834

percentage A 25,29 1 28,844 2,863 A(1) 27,11 4,657

B 33,359 2 24,423 2,761 A(2) 24,799 4,48

C 21,165 3 26,547 3,204 A(3) 23,96 5,303

B(1) 36,437 5,704

B(2) 29,659 5,487

B(3) 33,982 6,337

C(1) 22,985 4,418

C(2) 18,813 4,295

C(3) 21,697 4,909

R-R Triangular index 

A 11,406 1 11,823 0,519 A(1) 11,874 0,845

B 11,831 2 11,214 0,349 A(2) 10,953 0,566

C 11,228 3 11,429 0,464 A(3) 11,392 0,778

B(1) 11,986 1,035

B(2) 11,669 0,693

B(3) 11,839 0,912

C(1) 11,61 0,802

C(2) 11,018 0,543

C(3) 11,056 0,706

Triangular interpolation of R-R intervals

A 194,517 1 198,338 10,418 A(1) 188,056 16,95

B 199,722 2 202,507 9,81 A(2) 196,389 15,908

C 209,558 3 202,952 11,264 A(3) 199,107 19,037

B(1) 195,833 20,759

B(2) 207,083 19,484

B(3) 196,25 22,072

C(1) 211,125 16,08

C(2) 204,05 15,276

C(3) 213,5 17,097

Frequency domain parameters

1. Fast Fourier Transform basedLow frequency

peak frequency A 0,087 1 0,088 0,003 A(1) 0,082 0,005

B 0,094 2 0,093 0,003 A(2) 0,092 0,005

C 0,088 3 0,089 0,003 A(3) 0,088 0,006

B(1) 0,097 0,006

B(2) 0,096 0,006

B(3) 0,09 0,007

C(1) 0,085 0,005

C(2) 0,09 0,005

C(3) 0,09 0,005

power A 2,821 1 2,798 0,056 A(1) 2,72 0,09

B 2,948 2 2,87 0,061 A(2) 2,895 0,099

C 2,804 3 2,905 0,062 A(3) 2,847 0,104
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B(1) 2,922 0,111

B(2) 2,895 0,121

B(3) 3,028 0,122

C(1) 2,752 0,086

C(2) 2,82 0,095

C(3) 2,841 0,094

relative power A 33,002 1 29,678 2,317 A(1) 26,277 3,77

B 33,305 2 36,238 2,443 A(2) 36,624 3,952

C 34,16 3 34,551 2,196 A(3) 36,104 3,722

B(1) 29,169 4,618

B(2) 36,607 4,841

B(3) 34,137 4,296

C(1) 33,587 3,577

C(2) 35,482 3,828

C(3) 33,411 3,328

normalized power A 52,664 1** 57,691 3,097 A(1) 60,881 5,039

B 53,609 2 47,677 2,982 A(2) 46,944 4,831

C 47,111 3 48,016 2,762 A(3) 50,167 4,658

B(1) 60,904 6,172

B(2) 50,191 5,917

B(3) 49,733 5,417

C(1) 51,289 4,781

C(2) 45,897 4,659

C(3) 44,147 4,196

High frequency

peak frequency A 0,253 1 0,235 0,007 A(1) 0,245 0,011

B 0,252 2 0,252 0,008 A(2) 0,248 0,013

C 0,241 3 0,259 0,007 A(3) 0,268 0,012

B(1) 0,229 0,013

B(2) 0,26 0,015

B(3) 0,266 0,014

C(1) 0,231 0,01

C(2) 0,247 0,012

C(3) 0,244 0,011

power A 2,861 1 2,955 0,064 A(1) 2,957 0,105

B 3,001 2 2,806 0,074 A(2) 2,818 0,121

C 2,75 3 2,851 0,082 A(3) 2,806 0,136

B(1) 3,112 0,128

B(2) 2,868 0,148

B(3) 3,022 0,162

C(1) 2,796 0,099

C(2) 2,731 0,116

C(3) 2,725 0,125

relative power A 37,956 1** 43,382 2,979 A(1) 44,836 4,848

B 39,226 2 33,659 2,644 A(2) 33,439 4,286

C 32,96 3 33,1 2,668 A(3) 35,592 4,469

B(1) 47,224 5,937

B(2) 36,004 5,249

B(3) 34,449 5,251

C(1) 38,085 4,599

C(2) 31,535 4,125

C(3) 29,26 4,067
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normalized power A 1,828 1 1,428 0,298 A(1) 0,834 0,485

B 1,856 2 2,389 0,489 A(2) 2,416 0,793

C 2,015 3 1,883 0,341 A(3) 2,234 0,568

B(1) 1,619 0,594

B(2) 2,618 0,971

B(3) 1,33 0,673

C(1) 1,83 0,46

C(2) 2,133 0,765

C(3) 2,084 0,521

2. Autoregressive basedLow frequency

peak frequency A 0,062 1 0,061 0,004 A(1) 0,057 0,007

B 0,066 2 0,067 0,005 A(2) 0,067 0,007

C 0,064 3 0,063 0,005 A(3) 0,061 0,008

B(1) 0,065 0,009

B(2) 0,069 0,009

B(3) 0,063 0,009

C(1) 0,062 0,007

C(2) 0,065 0,007

C(3) 0,064 0,007

power A 2,888 1 2,846 0,052 A(1) 2,768 0,085

B 3,023 2 2,951 0,056 A(2) 2,989 0,091

C 2,868 3 2,982 0,056 A(3) 2,908 0,094

B(1) 2,963 0,104

B(2) 2,977 0,112

B(3) 3,129 0,111

C(1) 2,808 0,081

C(2) 2,886 0,088

relative power A 32,708 1* 29,447 2,084 A(1) 25,579 3,39

B 35,351 2 37,338 2,185 A(2) 38,322 3,539

C 34,392 3 35,665 2,042 A(3) 34,222 3,462

B(1) 30,12 4,152

B(2) 37,852 4,335

B(3) 38,082 3,995

C(1) 32,643 3,216

C(2) 35,841 3,411

C(3) 34,692 3,095

normalized power A 51,499 1** 56,756 2,851 A(1) 60,231 4,638

B 50,956 2 45,691 2,776 A(2) 45,055 4,498

C 46,855 3 46,863 2,545 A(3) 49,209 4,293

B(1) 59,116 5,68

B(2) 48,4 5,509

B(3) 45,352 4,991

C(1) 50,919 4,4

C(2) 43,618 4,335

C(3) 46,028 3,866

High frequency

peak frequency A 0,242 1 0,23 0,007 A(1) 0,238 0,011

B 0,236 2 0,231 0,009 A(2) 0,236 0,015

C 0,223 3 0,24 0,008 A(3) 0,251 0,014

B(1) 0,231 0,013

B(2) 0,238 0,018

B(3) 0,24 0,016
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C(1) 0,223 0,01

C(2) 0,218 0,014

C(3) 0,227 0,012

power A 2,909 1 2,985 0,061 A(1) 2,983 0,1

B 3,035 2 2,858 0,071 A(2) 2,884 0,116

C 2,808 3 2,909 0,079 A(3) 2,859 0,131

B(1) 3,133 0,122

B(2) 2,932 0,142

B(3) 3,041 0,155

C(1) 2,84 0,095

C(2) 2,759 0,111

C(3) 2,826 0,12

relative power A 35,553 1** 40,334 2,703 A(1) 40,664 4,398

B 37,161 2 32,549 2,551 A(2) 32,579 4,135

C 32,291 3 32,122 2,393 A(3) 33,415 4,025

B(1) 43,962 5,386

B(2) 35,618 5,064

B(3) 31,903 4,699

C(1) 36,377 4,172

C(2) 29,448 3,978

C(3) 31,046 3,64

normalized power A 1,566 1 1,241 0,203 A(1) 0,821 0,331

B 1,493 2 1,942 0,274 A(2) 2,088 0,445

C 1,835 3 1,712 0,22 A(3) 1,789 0,365

B(1) 1,212 0,405

B(2) 1,771 0,545

B(3) 1,498 0,434

C(1) 1,69 0,314

C(2) 1,966 0,427

C(3) 1,85 0,336

Low frequency/High frequency 

ratio A -0,045 1** -0,157 0,066 A(1) -0,237 0,108

B -0,053 2 0,066 0,064 A(2) 0,077 0,104

C 0,055 3 0,049 0,058 A(3) 0,025 0,098

B(1) -0,19 0,132

B(2) 0,027 0,128

B(3) 0,006 0,114

C(1) -0,044 0,102

C(2) 0,094 0,101

C(3) 0,117 0,088

Non-linear parameters

Correlation between successsive R-R intervals

short term variability A 38,565 1 36,335 2,794 A(1) 35,598 4,546

B 41,607 2 35,149 3,833 A(2) 40,153 6,229

C 29,413 3 38,102 4,315 A(3) 39,943 7,085

B(1) 43,598 5,567

B(2) 37,77 7,629

B(3) 43,453 8,565

C(1) 29,807 4,313

C(2) 27,523 5,934

C(3) 30,91 6,634

long term variability A 78,44 1 73,867 4,194 A(1) 73,1 6,824
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B 80,095 2 74,68 5,025 A(2) 81,754 8,163

C 69,649 3 79,638 5,907 A(3) 80,465 9,738

B(1) 80,924 8,358

B(2) 73,996 9,998

B(3) 85,366 11,706

C(1) 67,576 6,474

C(2) 68,289 7,789

C(3) 73,082 9,067

Complexity of the time-series

mean line length A 9,998 1 9,403 0,312 A(1) 9,679 0,508

B 9,667 2 10,085 0,411 A(2) 10,107 0,664

C 10,864 3 11,042 0,673 A(3) 10,207 1,159

B(1) 8,514 0,622

B(2) 9,221 0,813

B(3) 11,266 1,307

C(1) 10,015 0,482

C(2) 10,927 0,645

C(3) 11,652 1,013

maximum line length A* 86,84 1 79,08 4,725 A(1) 81,222 7,687

B 72,986 2 88,98 5,401 A(2) 95,417 8,752

C 100,536 3 92,302 5,592 A(3) 83,881 9,401

B(1) 63,917 9,414

B(2) 67,667 10,718

B(3) 87,375 10,985

C(1) 92,1 7,292

C(2) 103,857 8,431

C(3) 105,65 8,509

recurrence rate A 27,571 1* 25,349 0,908 A(1) 26,379 1,478

B 25,823 2 27,794 1,203 A(2) 28,461 1,948

C 29,194 3 29,445 1,209 A(3) 27,874 2,058

B(1) 22,604 1,81

B(2) 25,552 2,386

B(3) 29,314 2,362

C(1) 27,066 1,402

C(2) 29,368 1,883

C(3) 31,148 1,829

determinism A 97,185 1 96,976 0,164 A(1) 97,264 0,266

B 96,688 2 97,138 0,237 A(2) 97,318 0,383

C 97,572 3 97,331 0,241 A(3) 96,972 0,41

B(1) 96,285 0,326

B(2) 96,482 0,469

B(3) 97,298 0,47

C(1) 97,378 0,253

C(2) 97,614 0,37

C(3) 97,723 0,364

entropy A 2,883 1 2,832 0,03 A(1) 2,869 0,048

B 2,818 2 2,879 0,041 A(2) 2,869 0,066

C 2,958 3 2,947 0,044 A(3) 2,913 0,076

B(1) 2,729 0,059

B(2) 2,8 0,081

B(3) 2,924 0,087
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C(1) 2,899 0,046

C(2) 2,97 0,064

C(3) 3,004 0,067

Complexity of the time-series

A 2,435 1* 2,792 0,134 A(1) 2,718 0,218

B 2,553 2 2,579 0,135 A(2) 2,434 0,218

C 2,708 3 2,325 0,153 A(3) 2,154 0,26

B(1) 2,676 0,267

B(2) 2,554 0,267

B(3) 2,43 0,298

C(1) 2,983 0,207

C(2) 2,75 0,211

C(3) 2,391 0,231

Correlation within the signal

short term fluctuations A 0,978 1* 0,933 0,039 A(1) 0,895 0,063

B 0,962 2 1,04 0,04 A(2) 1,049 0,065

C 1,059 3 1,025 0,042 A(3) 0,992 0,069

B(1) 0,894 0,077

B(2) 0,982 0,079

B(3) 1,009 0,082

C(1) 1,01 0,06

C(2) 1,09 0,062

C(3) 1,076 0,063

long term fluctuations A 0,819 1 0,79 0,03 A(1) 0,812 0,049

B 0,801 2 0,785 0,034 A(2) 0,758 0,055

C 0,811 3 0,856 0,036 A(3) 0,887 0,062

B(1) 0,796 0,06

B(2) 0,795 0,067

B(3) 0,811 0,071

C(1) 0,761 0,047

C(2) 0,801 0,053

C(3) 0,87 0,055

Complexity of irregularity in signal

A 0,769 1 0,769 0,011 A(1) 0,751 0,019

B 0,768 2 0,781 0,013 A(2) 0,768 0,021

C 0,794 3 0,782 0,013 A(3) 0,788 0,022

B(1) 0,776 0,023

B(2) 0,764 0,026

B(3) 0,765 0,026

C(1) 0,78 0,018

C(2) 0,81 0,021

C(3) 0,792 0,02

Corrected complexity of irregularity in signal

A 1,549 1 1,622 0,041 A(1) 1,62 0,067

B 1,656 2 1,534 0,048 A(2) 1,474 0,078

C 1,54 3 1,588 0,049 A(3) 1,552 0,083

B(1) 1,666 0,082

B(2) 1,641 0,095

B(3) 1,661 0,097

C(1) 1,58 0,064

C(2) 1,489 0,075

C(3) 1,551 0,075

* p  < .05.  ** p  < .01.
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Appendix C 

 

 

 

Figure C1. Example of EEG neurofeedback training using a cap with several 

electrodes (BioSemi® ActiveTwo amplifier system) to measure electrical brain 

activity. Feedback on the participant’s brain activity could be given visually via the 

computer screen, for example, by showing an increasing/decreasing bar, 

representing ‘reward’ and ’punishment’ respectively. 
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Figure C2. A participant receiving our neurofeedback training. 

 

 

Figure C3. The headset with water-based EEG electrodes (on C3, C4, A1, and A2) 

built into cotton patches. 



191 

 

 

Figure C4. Our developed neurofeedback device, including a headset with water-

based electrodes and a tablet for performing neurofeedback training (via an App.).   
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Summary 
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Neurofeedback training (NFT) is a behaviour training technique that teaches 

individuals to self-regulate their own electrical brain activity by means of operant 

conditioning. In this thesis we present an investigation of whether our novel 

developed neurofeedback training device and protocol could be applied as a 

consumer product by healthy, everyday users, outside the laboratory. The training 

device has a manageable size and includes water-based EEG electrodes. The 

training protocol includes a self-guided form of feedback (i.e., without instruction), 

which is provided by the quality of the music that the participants listen to during 

the training. 

The rapid pace of change in our modern society can sometimes be demanding. 

When we are overloaded with information and choices, this severely tests our 

attention. Because EEG alpha activity has been associated with processes of 

neuronal inhibition to filter out irrelevant and distracting input, and focus on 

relevant input, our hypothesis was that participants would learn to significantly 

increase their EEG alpha power (8-12 Hz) by receiving 10 to 15 neurofeedback 

training sessions, thereby increasing their attention capacity, and possibly 

achieving greater relaxation. Although healthy students managed to significantly 

increase their alpha power, the alpha power changes in elite athletes and soldiers 

failed to reach statistical significance. These differences are explained by several 

challenges that were encountered when conducting the training outside the 

laboratory, such as possible distracters, lack of involvement by participants, 

tiredness, and motivation problems. The groups may also have differed in their 

alpha levels by nature, so that training may have been more challenging for the last 

two groups. 

Besides little support for our hypothesis, we found an interesting effect of the 

training on subjectively reported sleep quality. Because our findings sometimes 

failed to reach statistical significance, our results should be interpreted with caution 

and used as a starting point for future research on alpha neurofeedback training in 

different groups of healthy participants, outside the laboratory. 
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We think that it is important to continue investigating neurofeedback training in 

healthy participants, and to develop suitable training designs for the validation of 

study findings. In the near future our neurofeedback training device could possibly 

be used as a form of mental training for participants who aspire to a healthy 

lifestyle, and want to enhance their attention capacity. By measuring training 

success in participants we may be able to increase the certainty of the outcome. 

The use of an active control group and offering extrinsic feedback may also help to 

increase participants’ motivation and involvement in the training. 
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Dutch summary (Nederlandse samenvatting) 
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Neurofeedback training (NFT) is een gedragstraining waarin personen leren om 

hun eigen (elektrische) breinactiviteit te reguleren door middel van operante 

conditionering. In dit proefschrift onderzoeken we of ons nieuw ontwikkelde 

neurofeedback trainingssysteem (en protocol) kan worden toegepast als een 

consumentenproduct voor gezonde en alledaagse gebruikers, buiten het 

laboratorium. Het systeem heeft een handzaam formaat en bevat op water 

gebaseerde EEG elektroden. Het neurofeedback trainingprotocol omvat een 

instructieloze vorm van feedback die gepresenteerd wordt in de kwaliteit van de 

muziek waar de  deelnemers naar luisteren tijdens de training. 

Omdat onze moderne samenleving in een vlot tempo verandert, kan deze wel eens 

veeleisend zijn voor sommigen. Omdat we overladen worden met informatie en 

mogelijkheden, wordt onze aandacht ernstig op de proef gesteld. Omdat EEG alfa 

activiteit geassocieerd wordt met processen van neuronale inhibitie (remming) voor 

het filteren van irrelevante en afleidende input, terwijl we ons focussen op 

relevante input, voorspelden we dat deelnemers hun EEG alfa power (8 -12 Hz) 

significant kunnen vergroten na 10 tot 15 neurofeedback trainingen, en daarmee 

hun aandachtscapaciteit en mogelijk hun ontspanning . Hoewel gezonde studenten 

erin slaagden dit effect in de alfa power te laten zien, was dit effect in topsporters 

en soldaten niet statistisch significant. Deze verschillen worden verklaard door 

verschillende uitdagingen die we tegen kwamen tijdens het toepassen van onze 

training buiten het laboratorium, zoals mogelijke afleiders, weinig betrokkenheid 

van de deelnemers, vermoeidheid, of motivatieproblemen. Ook kunnen gezonde 

groepen deelnemers verschillen in hun alfaniveau, zodat de training wellicht een 

grotere uitdaging was voor de laatste twee groepen.   

Naast de minimale bevestiging van onze hypothese, vonden we ook een interessant 

effect van de training op subjectief gerapporteerde slaapkwaliteit. Omdat onze 

bevindingen soms niet statistisch significant waren denken we dat onze resultaten 

voorzichtig geïnterpreteerd moeten worden en gebruikt moeten worden als 
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uitgangspunt voor toekomstig onderzoek van alfa neurofeedback training in 

verschillende groepen gezonde deelnemers, buiten het laboratorium.  

Wij denken dat het belangrijk is om neurofeedback training te blijven toepassen 

voor gezonde deelnemers en om een optimale trainingsopzet te ontwikkelen voor 

het valideren van studie bevindingen. In de nabije toekomst kan ons neurofeedback 

trainingssysteem mogelijk gebruikt worden als een mentale training voor mensen 

die streven naar een gezonde levensstijl en hun aandachtscapaciteiten willen 

vergroten. Door het meten van trainingssucces bij deelnemers kunnen wij de 

betrouwbaarheid van onze resultaten verhogen. Het gebruik van een actieve 

controlegroep en het aanbieden van extrinsieke feedback kunnen mogelijk 

motivatie en betrokkenheid in deelnemers verhogen . 
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