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ABSTRACT 

 

The alpha rhythm is the dominant frequency in the adult electroencephalogram 

(EEG). It and is presented by a peak in spectral analysis. The individual alpha frequency 

can be used to assess alpha borders individually and to subdivide the alpha band into an 

upper (fast) and a lower (slow) alpha band. High individual alpha frequency and high 

power in the upper alpha band correlate positively with memory performance. 

Neurofeedback is a special form of biofeedback that uses the EEG signal in order 

to learn via operant conditioning to modify and control brain activity. The following 

project intended to use this technique to enhance upper alpha power and thus improve 

declarative memory performance in young healthy subjects.  

52 subjects were randomly assigned to either a neurofeedback group (N = 27; 14 

men) or a control group (N = 25; 13 men). Subjects of the neurofeedback group had to 

attend 10 sessions of visual neurofeedback. The goal was to increase power in the upper 

alpha band, i.e., to attain selective increase in the fast alpha components while holding the 

lower alpha band power stable. Sessions were held twice daily on five consecutive days. 

Finally subjects of both groups were tested in the paired-associate word list task to assess 

declarative memory performance.  

Subjects gained control over their alpha activity and succeeded in raising power in 

the upper alpha band over the neurofeedback training sessions. Subjects that used 

neurofeedback directly before the testing situation yielded significantly higher upper to 

lower alpha power ratio as compared to an untrained control group. Power in the two 

subbands was not affected, though. With regard to declarative memory, recall scores were 

comparable between the groups. In addition, sex differences were assessed. During 

neurofeedback, women showed a faster upper alpha power increase, especially in the 

beginning. In contrast to an untrained control group, women of the neurofeedback group 

outperformed men in word pair testing. 

To sum up, subjects succeeded in altering alpha band power via neurofeedback 

training towards an increase of fast alpha components. However this did not affect 

declarative memory performance. Sex differences were found in training and testing 

procedures. 
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ZUSAMMENFASSUNG 

 

Der Alpha-Rhythmus ist die dominierende EEG-Frequenz im menschlichen 

Gehirn. Mithilfe der individuellen Alpha-Frequenz (IAF) können die Alpha-Band Grenzen 

individuell bestimmt und in ein oberes (schnelles) und ein unteres (langsames) Alpha-

Band unterteilt werden. Eine hohe individuelle Alpha-Frequenz und hohe Leistung im 

oberen Alpha-Band korrelieren mit guter Gedächtnisleistung. 

Neurofeedback ist eine Sonderform des Biofeedbacks, die es dem Anwender 

ermöglicht, seine Hirnströme zu beeinflussen. Mit der vorliegenden Arbeit soll die 

Leistung im oberen Alpha-Band durch Neurofeedback gesteigert, und in weiterer Folge 

die Gedächtnisleistung junger gesunder Probanden verbessert werden. 

52 Probanden wurden zufallsverteilt einer Neurofeedback-Gruppe (N = 27, 14 

Männer) und einer Kontroll-Gruppe (N = 25, 13 Männer) zugeteilt. Die Probanden aus der 

Neurofeedback-Gruppe nahmen an 10 Trainingssitzungen mit visuellem Neurofeedback 

teil. Ziel des Trainings war es die Leistung im oberen Alpha-Band zu erhöhen, ohne dabei 

den langsameren Alpha-Anteil zu verändern. Danach wurden beide Gruppen mit einer 

Wortpaar-Assoziationsaufgabe getestet. 

Im Verlauf der Trainingssitzungen zeigte sich durch das Neurofeedback ein 

Anstieg der Leistung im oberen Alpha-Band. Im Vergleich der Probanden der 

Neurofeedback-Gruppe mit jenen der Kontroll-Gruppe zeigten erstere auch vor dem 

Testen ein höheres Verhältnis von schneller zu langsamer Alpha-Leistung. Verglichen zur 

Kontroll-Gruppe  verbesserte sich die Gedächtnisleistung dennoch nicht signifikant. Bei 

der Analyse von Geschlechterunterschieden zeigten sich Differenzen während des 

Trainingsverlaufs. Frauen erhöhten vor allem am Beginn des Trainingsverlaufs ihre 

Leistung im oberen Alpha-Band deutlich schneller als Männer. Im Gegensatz zur 

Kontroll-Gruppe, wo sich kein Geschlechterunterschied zeigte, übertrafen die Frauen in 

der Neurofeedback-Gruppe die Männer in der Wortpaar-Assoziationsaufgabe. 

Zusammenfassend lässt sich feststellen, dass es mithilfe des Neurofeedback-

Trainings zwar möglich war, die Leistung im oberen Alpha-Band zu erhöhen, positive 

Effekte hinsichtlich der Gedächtnisleitung resultierten daraus aber nicht. Sowohl im 

Training als auch beim Testen zeigten sich Unterschiede zwischen Männern und Frauen. 
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1 INTRODUCTION 

 

1.1 The EEG alpha rhythm 

 

1.1.1 Basics on EEG alpha rhythm 

Electroencephalography (EEG) is a method to register brain electrical activity via 

electrodes that are placed on the human scalp. The EEG signal is classically split up into 

defined frequency bands, the delta (1.5 to 3.5 Hz), theta (3.5 to 7.5 Hz), alpha (7.5 to 12.5 

Hz), beta (12.5 to 22.5 Hz) and gamma (over 22.5 Hz) band. The alpha rhythm is the 

dominant frequency in the adult EEG and was first described by Hans Berger (1929). 

Since then, the meaning and relevance of these brain oscillations has been discussed. With 

the progress in research the picture of alpha reflecting only passive states of the brain was 

replaced by assigning in addition functional significance (sensory, motor and memory 

processes) to the alpha rhythm (Basar et al., 1997). Generally, the alpha rhythm is best 

expressed in a state of relaxed wakefulness with eyes closed; it manifests with a peak in 

spectral analysis (Markand, 1990; Klimesch, 1999). Klimesch (1999) devised the 

following definition: “Usually, alpha frequency is defined in terms of peak or gravity 

frequency within the traditional alpha frequency range (f1 to f2) of about 7.5 – 12.5 Hz. 

Peak frequency (PAF) is that spectral component within f1 to f2 which shows the largest 

power estimate”. When the dominant EEG frequency is defined for a single subject the 

term individual alpha frequency (IAF) is used. For young healthy subjects individual alpha 

frequency lies in the range of about 9.5 – 11.5 Hz (Klimesch, 1999).  

Alpha frequency varies with age. It first increases from early childhood to 

adolescence and then declines with increasing age (Markand, 1990; Klimesch, 1999; 

Aurlien et al., 2004; Duffy et al., 1984; Gmehlin et al., 2010). Köpruner et al. (1984, cited 

from Klimesch, 1999) even found a linear relationship between age and alpha peak 

frequency. According to their formula (alpha peak frequency = 11.95 – 0.053 x age) PAF 

decreases continuously with age and is thus about 2 Hz lower in a 70 year old subject 

compared to a 20 year old one. This decrease with age has in addition a topographic effect 

being stronger in frontal brain regions compared to posterior ones (Clark et al., 2004). 

Still, there are large interindividual differences even in age-matched subjects (Klimesch, 

1999). Furthermore, a correlation of PAF with verbal intelligence but not with general 
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intelligence was detected (Anokhin and Vogel, 1996). Subjects with neurological 

impairment reveal lower alpha frequency. Examples are patients suffering from dementia 

(Klimesch, 1999) or traumatic brain injury (Angelakis et al., 2004).  

EEG power mirrors the number of neurons that discharge synchronously; it is 

influenced by specific and unspecific factors such as e.g. skull thickness (Klimesch, 

1999). According to Hageman et al. (2008) the correlation between scull thickness and 

alpha power is weak. Thus, it can be used “to index intracranial factors such as individual 

differences in brain activity“. EEG alpha power also varies over the lifespan with changes 

resembling those of alpha frequency, in that the transgression from childhood to 

adolescence is mainly reflected by an absolute decrease of slower band-power (Gmehlin et 

al., 2010) and an increase of alpha power. Later, the process is inversed, and alpha power 

decreases (Aurlien et al., 2004) while theta power increases when people grow older. 

Brainwaves not only get altered with aging but also in sleep. The transition from wake to 

sleep, the so called hypnagogic state, is associated with reduced alertness and altered 

states of brainwaves. While falling asleep, theta power increases while alpha power 

decreases. This power shift towards lower EEG frequencies is further continued during 

sleep. Similar EEG brainwave alterations are seen in neurologically impaired people. 

Their EEG alpha is decreased while power in lower bands such as theta power is increased 

(Klimesch, 1999).  

 

1.1.2 The individual alpha frequency and individually adjusted alpha subbands 

Because of the considerable interindividual differences an individual definition of 

alpha frequency and alpha borders was suggested (Klimesch, 1999; Jausovec and 

Jausovec, 2010; Vernon, 2005). The suggested definition is based on physiological criteria 

and on the functional significance of narrow frequency bands. Given that the individual 

alpha frequency is not defined individually the problem arises that due to high or low 

individual alpha frequency the alpha subbands do not lie in the traditionally defined alpha 

band but extend to the theta or beta band. Thus, band-specific effects, e.g. concerning 

memory performance, can be obscured due to incorrect definition. During increasing task 

demands it was observed that alpha power desynchronizes, which means that alpha power 

decreases, while theta power on the contrary synchronizes, which means increases 

(Klimesch, 1999). The point where alpha desynchronization changes into theta 

synchronization is called individual transition frequency (TF, ranging from about 4 – 7 
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Hz). This individual transition frequency correlates with alpha peak frequency and varies 

interindividually. For Klimesch et al. this led to the recommendation to define the alpha 

band individually (for review see Klimesch, 1999). Thus alpha is defined “for each subject 

as that range (f1 to f2) around the individual dominant EEG frequency (above the lower 

delta range) that desynchronizes during task demands” (Klimesch, 1999). This is done as 

follows. The alpha frequency f (i) averaged over all leads is used as benchmark. Hence, 

three alpha subbands and the theta band with a width of 2 Hz each are defined. Two lower 

alpha bands (lower 1 alpha (f (i) - 4 to f (i) - 2) and lower 2 alpha (f (i) - 2 to f (i)) and the 

theta band (f (i) - 6 to f (i) - 4) are fixed below the individual alpha frequency. The upper 

alpha band (f (i) to f (i) + 2) is located above the individual alpha frequency (Klimesch, 

1999).  

 

1.1.3 Alpha frequency and cognition 

Klimesch et al. reported in several experiments that alpha frequency was about 1 

Hz higher in subjects with good memory performance as compared to age matched 

controls with bad memory performance during rest, learning and retrieving of information 

(Klimesch, 1993; for review see Klimesch, 1997). Further, subjects with higher alpha 

frequency show faster reaction times which was interpreted as an indicator for speed of 

cognitive processing (Klimesch et al., 1996; Klimesch, 1999). Angelakis et al. (2004) 

stated that PAF might represent not especially memory or reading abilities, but cognitive 

ability in general. In addition, Angelakis et al. (2004) tested subjects on a working 

memory task on two different days. PAF in pre-task resting conditions correlated with 

performance in the task on the same day, but not with the one on another day. PAF and the 

performance on the second testing day were also significantly higher than on the first day. 

Further, those subjects starting with a PAF lower than the group median increased 

significantly after the testing situation. From their results the authors concluded that PAF 

can detect and predict differences in cognitive preparedness which refers to brain states 

and traits for optimal cognitive performance and for higher level cognitive functions. 

Clark et al. (2004) found a positive relationship between alpha frequency and performance 

in a working memory task. Although alpha frequency changes over age, this effect was 

independent of the age of the subjects.  
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1.1.4 Alpha power and cognition 

Concerning band power changes one has to differentiate between tonic (e.g. age-

related differences) and phasic changes. The latter occur at a rapid rate and event-related, 

that means in response to a task or stimulus. Phasic changes are compared to tonic ones 

under volitional control (Klimesch, 1999).  

To define event–related, phasic changes in different EEG subbands, the method of 

“event-related desynchronization” (Aurlien et al., 2004) was used (Pfurtscheller, 1977). A 

reference interval is compared to a test interval and band power changes are expressed in 

terms of ERD values. A desynchronization is reflected by positive ERD value. In contrast 

event related synchronization is reflected by negative ERD values. In this context Fink et 

al. (2005) found that when correlating ERD during simple task demands, adjacent 

frequency bands (e.g. the lower 2 and the upper alpha band which together would almost 

represent the classically defined alpha band) inter-correlated strongly. With increasing 

task demands however, this correlation decreased. Thus, the authors concluded that 

especially with high-challenging tasks the individually defined, small-frequency bands are 

warranted as some kind of functional specialization in the subbands takes place.  

A study by Vogt et al. (1998) reported a significantly positive correlation between 

high upper alpha power (10 – 12 Hz) and performance in memorizing words. Comparing 

good with bad memory performers, good ones revealed significantly higher upper alpha 

band power. Concerning upper alpha ERD, Klimesch et al. (2006) reported that high 

power in a resting interval before testing was associated with good memory performance. 

Furthermore, high desynchronization which means decrease of upper alpha power with 

consequentially low power during the actual performance interval was also associated 

with good performance. These power changes were found topographically restricted. 

Good memory performers showed higher ERD than bad performers. Besides, with 

increasing cognitive load upper alpha desynchronization linearly increases (Stipacek et al., 

2003). On a neurobiological basis Klimesch (1999) described that “alpha synchronization 

is a state in which millions of cortical neurons oscillate synchronously with the same 

phase and within a comparatively narrow frequency band. Desynchronization seems to 

imply that different oscillators within the alpha band are no longer coupled and start to 

oscillate with different frequencies”. Although upper alpha desynchronization is important 

in various types of tasks, Klimesch et al. (1994; for review see Klimesch, 1997, 1999) 

demonstrated that it especially corresponds to the processing of sensory-semantic 
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information. When it comes to other challenges such as episodic short-term memory 

performance, upper alpha power synchronizes selectively. This synchronization in the 

upper alpha band might be seen as inhibition or deactivation of those brain areas that are 

not relevant at the moment; it was interpreted as cortical idling or active inhibition 

(Sauseng et al., 2005; Klimesch et al., 1999; Pfurtscheller et al., 1996). In contrast, for 

theta power opposite conditions were found to have positive effects on memory 

performance. Small power in the theta frequency range before, combined with high 

synchronization during task demands were found effective for encoding of new 

information, episodic and working memory performance (Klimesch, 1999). Sauseng et al. 

(2002) hypothesized that a specific interplay between upper alpha and theta oscillation 

reflects information transfer between the working and long term memory systems. They 

referred to Klimesch (1999) who stated that “the encoding of new information was 

reflected by theta oscillations in hippocampo-cortical feedback loops, whereas search and 

retrieval processes in (semantic) long-term memory are reflected by upper alpha 

oscillations in thalamo-cortical feedback loops”. In accordance Mölle et al. (2002) found 

that the combination of upper alpha desynchronization (10 – 12 Hz) with theta 

synchronization (4 – 8 Hz) during learning of words or faces led to efficient encoding. 

Again, these effects were restricted to those brain areas that are known to be important for 

the learning of these specific tasks.  

Concerning lower alpha power, Cajochen et al. (1995) found that power in the 6.25 

to 9 Hz frequency range increased during sustained wakefulness. High power in this 

frequency range, which widely overlaps with the individually defined lower alpha band, 

during tonic states correlates with increasing fatigue. Desynchronization in the lower 

alpha band was observed shortly before and during task demand and reflects attention 

(Klimesch, 1997). This assignment was further subdivided. Effects concerning expectancy 

are said to relate to the lower 2 alpha band, while alertness is related to lower 1 alpha band 

(Klimesch, 1999). These effects were rather widespread over the scalp.  

Apparently the interrelation between alpha power and cognitive performance is 

rather complex. When assessing it, it thus has to be taken into account that different alpha 

subbands are said to relate to different cognitive processes. 
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1.2 Neurofeedback 

 

1.2.1 Definition and general principles of neurofeedback 

Neurofeedback is also called EEG biofeedback or neurobiofeedback. The term 

biofeedback can be defined as a “technique of making unconscious or involuntary bodily 

processes (as heartbeats or brain waves) perceptible to the senses (as by the use of an 

oscilloscope) in order to manipulate them by conscious mental control” (www.merriam-

webster.com). Different body signals such as heart rate, muscle tonus or in the case of 

neurofeedback the electroencephalogram are used.  

 

“EEG biofeedback is a n operant condition ing procedure whereby an individua l 

modifies the amplitude, frequency, or cohere ncy of the electrophysiolog ical dynamics of 

his/her own brain” (Cohen, 1975; Blanchard, 1978; Rosenfeld, 1990; cited from Evans, 

1999, p.31). 

 

A subject thus learns to modify and influence aspects of the cortical activity, which 

can be either amplitude, frequency and/or coherence of distinct electrophysiological 

components (Vernon, 2005). The goal is to find strategies, emotions or states that alter the 

brain activity in the directed way. The final goal can be a reduction or an increase of 

defined brain patterns. Depending on the disease, dysfunction or condition treated, 

different electrode sites and electrophysiological components will be chosen. At the 

beginning of a neurofeedback session, electrodes are placed on the chosen treatment sites 

on the scalp and connected to a computer. The computer analyses the EEG signal in real-

time, splits it into determined frequency bands, and gives feedback about ongoing 

changes. Subjects or patients are instructed to try to find a way to influence the feedback 

signal as directed. Feedback is mostly provided auditory (e.g. noise, music), visual (e.g. 

colours, bars, video clips) or as a combination of the two (e.g. computer games). The final 

goal is that the training process will lead to changes in the EEG which in turn will change 

behaviour (Vernon, 2005). In addition, it is assumed that the training-benefits persist and, 

in contrast to medical treatment, outlast the actual treatment, thus requiring no on-going 

training (Gunkelmann and Johnstone, 2005).  
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1.2.2 Neurobiological principles of neurofeedback 

At present, the knowledge concerning the underlying neurobiological principles for 

neurofeedback treatments is incomplete. Ros et al. (2010) stated that “EEG-based 

neurofeedback may be a promising technique to modulate cerebral plasticity in a non-

invasive, painless, natural way”. They showed that successful suppression of absolute 

alpha (8 – 12 Hz) amplitude after only one neurofeedback training session had an effect on 

neurotransmission, which was tested with corticomotor response to transcranial magnetic 

stimulation. Successful desynchronization of the alpha rhythm increased corticospinal 

excitability and decreased intracortical inhibition. Thus, the authors concluded that brain 

oscillations could be part of the so called neural plasticity process. In contrast the low beta 

amplitude (12 – 15 Hz), which was intended to increase, did not change during the single 

training session. According to Gunkelmann and Johnstone (2005) neural plasticity is the 

mechanism the brain uses during learning processes, after damage or in normal growth. 

The effect is growth by utilization, which means that those dendritic connections that are 

used are strengthened, while those that are not used are cut back (Gunkelmann and 

Johnstone, 2005). This corroborates Lubar (1997) who argues that these modulatory 

effects happen in so called resonant loops between cells in the cortex that are influenced 

by thalamic pacemakers and determine the specific EEG frequencies. These resonances 

altered by neurofeedback training have an impact on learning. Lately, studies which are 

done mainly in the fields of epilepsy (for review see Sterman, 2010) and Attention Deficit 

Hyperactivity Disorder (ADHD) (Levesque et al., 2006) intend to further investigate the 

neurobiological effects of neurofeedback by using functional magnetic resonance imaging 

and thus provide well-founded models for its efficacy.  

 

1.2.3 Methodological aspects of neurofeedback training 

According to Angelakis et al. (2007) a typical neurofeedback session includes 20 

to 40 minutes of neurofeedback plus time for preparation and is held twice a week. 

Neurofeedback requires time to learn. Still there are no clear guidelines for the optimum 

treatment time needed to achieve neurophysiological or behavioural changes. Angelakis et 

al. (2007) indicate that the number of sessions needed varies depending on the condition 

that is treated, its severity and subject-specific variables. The suggested duration for 

training ranges from at least five hours for anxiety disorders (Moore, 2000) up to 40 to 80 

sessions for the treatment of ADHD (Lubar, 1991; cited from Angelakis, 2007). 
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Concerning healthy individuals trained in alpha/theta neurofeedback, changes after only 

one session were very variable between subjects and partly due to individual 

psychological patterns of these subjects (Konareva, 2005, 2006). At least three sessions 

were necessary according to Tribrat et al. (2007) to gain significant shifts in the EEG 

spectral pattern using this protocol. Vernon et al. (2003) stated that “eight sessions of 

operant training of EEG activity are sufficient to produce significant changes in a specific 

EEG frequency of healthy young individuals assessed objectively”. Concerning behavioral 

changes Gunkelman and Johnstone (2005) reported that they occurred already long before 

the end point of training. For most individuals early signs of change are seen after 5 to 10 

sessions. Sometimes they show even strong effects after the initial sessions. Interestingly, 

Weber et al. (2010) tried to find an algorithm to predict performance during 

neurofeedback training and thus provide a tool to distinguish early between performers 

and non performers in order to prevent vain endeavour and unnecessary expense. For them 

performers were defined as subjects that are able to increase their EEG amplitude at the 

end of training and that tend to increase over the training sessions. They succeeded in 

finding a formula that correctly predicted performance of 12 out of 13 subjects. Still, so 

far this can only be rated as a first attempt, but reliability in other training settings or 

within a sample of non-healthy subjects has to be further investigated. 

 

1.2.4 Historical overview and fields of application  

The history of neurofeedback treatment started in the late 1960s. First studies dealt 

with conscious control of alpha rhythm in people (for a review see Evans, 1999) and 

sensorimotor rhythm (SMR) training in cats (for an overview see Sterman, 2000). Cats 

that were trained to enhance 11 to 15 Hz EEG rhythm over the somatosensory cortex 

showed reduced frequency of substance induced epileptic seizures compared to untrained 

cats (cited from Sterman, 2000). Because of its location this rhythm was called 

sensorimotor rhythm. Neuropsychological research on animals during inactive but focused 

and alert behaviour has shown that the attenuation of somatosensory inputs promotes burst 

firing in the ventrobasal thalamic nuclei, initiating SMR (Howe and Sterman, 1972). Thus, 

SMR relates behaviourally to sustained immobility or motionlessness in the context of 

attention (Sterman, 2000).  

One recently published study dealt with operant control of brainwave activity in 

nonhuman primates and was done by Philippens and Vanwersch (2010). The authors used 
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epidural electrodes over the somatosensory cortex to train marmoset monkeys in 

voluntarily increasing SMR rhythm (11 – 14 Hz). An increase in this frequency band was 

positively reinforced with food. Within only four sessions the monkeys succeeded and 

managed to significantly enhance brain activity for the trained frequency range.  

Generally, most research in this field was done on humans. In 1972, the first paper 

on SMR operant conditioning in treatment of humans was published. Sterman and Friar 

(1972) presented the case report of a woman suffering of epileptic seizures for years. The 

woman was trained in enhancement of mid-central 11 to 15 Hz activity twice weekly for 

three months. Reward was given in form of light and tone. The training did not only 

reduce her seizure frequency, but also induced EEG changes in form of an increase in 11 

to 15 Hz and decrease of slower activity. 

Research in the last decades has focused on different medical and psychiatric 

disorders (for an overview see Heinrich et al., 2007). According to Angelakis et al. (2007), 

the “clinical efficacy of neurofeedback varies across studies and treatment protocols for 

epilepsy and ADHD seem to have the strongest empirical support, followed by those 

developed to treat anxiety and substance abuse”.  

For epileptic patients Sterman (2000) reports that 82 percent of the subjects treated 

in six studies conducted between 1981 and 1996 demonstrated significant (over 30 

percent) seizure reduction, with an average value exceeding 50 percent. Various reported 

also reduction in seizure severity. In addition, Sterman (2000) states that those epileptic 

patients who show clinical improvement also depict related EEG changes and a shift 

towards EEG normalization. Still, as epileptic patients differ concerning past medical 

history, seizure types and medications studies in this field are challenging. Nowadays, 

enhancement training of slow cortical potentials is used as well to regulate the level of 

cortical activation (e.g., Kotchoubey et al., 2001). In a meta-analysis by Tan et al. (2009) 

on the effect of neurofeedback training on seizure reduction in epileptic patients, nine out 

of ten studies used SMR neurofeedback protocols, and one study trained slow cortical 

potentials. In total, 87 participants were analyzed. Notably only subjects whose seizures 

were not controlled by medical therapies were included in the study. The results showed a 

significant reduction of seizure frequency after neurofeedback treatment.  

Another syndrome that has been treated with neurofeedback early on is Attention 

Deficit Hyperactivity Disorder. This condition is characterized by hyperactivity, 

inattention and impulsiveness and occurs usually in children. As SMR training minimized 
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also motor activity in epileptics a possible positive effect on reduction of hyperactivity in 

hyperkinetic patients was expected. The first report on the use of neurofeedback training 

in this condition was a case report using SMR biofeedback training (Lubar and Shouse, 

1976). Since then, not only SMR protocols have been used to treat ADHD but also SMR 

over theta, beta over theta and training of slow cortical potentials. 

A meta-analysis by Arns et al. (2009) considered neurofeedback treatment 

effective for ADHD. The authors analyzed 15 studies investigating the effect of 

neurofeedback treatment in children. Taken together, 476 subjects in prospective 

controlled studies and 718 subjects in studies using pre-post-test design were included. 

SMR or beta enhancement combined with theta suppression or the training of slow 

cortical potentials was used. Electrodes were mainly positioned centrally, for a few studies 

also at frontal area sites. Pre- and post-assessment measures for hyperactivity, inattention 

and impulsivity were collected. Results indicate a large effect size of neurofeedback on 

impulsivity and inattention and a medium one on hyperactivity. The different 

neurofeedback approaches did not differ in efficacy. In the case of inattention more 

sessions resulted in better effects. However, most studies lack an active control group. 

Lansbergen et al. (2010) approached this problem by performing a double-blind 

randomized placebo-controlled feasibility pilot study. Their results indicated that although 

patients did improve concerning symptoms of ADHD, there were no differences between 

an actual and a placebo neurofeedback group found. Still, these were only the first 

attempts to implement placebo controlled studies in this field of research and future 

research will try to identify specific and nonspecific effects of the training in detail.  

Further research concentrated either on reducing or increasing anxiety (for review 

see Moore, 2000; Hammond, 2005) but also on the effects of theta feedback on the 

treatment of substance use disorders. The first ones to use alpha/theta neurofeedback on 

alcoholics were Peniston and Kulkosky (1989). Patients treated with this method showed 

increased alpha and theta brain rhythms and follow-up data indicated a sustained 

prevention of relapse. This feedback technique intends to increase occipital alpha (8 – 13 

Hz) and theta (4 – 8 Hz) rhythms by means of relaxation (Trudeau, 2000). Still, after years 

of research the different protocols used for substance use disorders are at present rated 

only as “probably efficious” by Sokhadze et al. (2008). 

Other research areas (for an overview see Evans, 1999) include for example 

affective disorders (Hammond, 2005; Rosenfeld, 2000), schizophrenia (Gruzelier, 2000) 
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and traumatic brain injury (Thatcher, 2000; Thornton and Carmody, 2009). Moreover, 

neurofeedback has been used to influence artistic, creative, sports and cognitive 

performance (Evans, 1999; Gruzelier, 2009; Vernon, 2005).  

 

1.2.5 Neurofeedback and cognition 

Studies in this field aim at altering specific frequency components of the EEG and 

thus improving diverse aspects of cognitive performance. The association between 

particular frequency bands and cognitive functions are complex. In addition, one has to 

keep in mind that at least some of the frequency bands might overlap, especially when the 

alpha rhythm is defined on an individual basis (e.g. SMR and upper alpha rhythm). 

Further difficulties arise from the fact that hypotheses concerning main effects are diverse 

and sometimes difficult to define. The following section attempts a brief overview on 

studies dealing with the effects of theta, alpha, beta and SMR neurofeedback on aspects of 

cognitive performance (for an overview see Vernon, 2005).  

SMR neurofeedback training improved attention in patients suffering from ADHD. 

Based on these findings it was assumed that increasing SMR in healthy subjects might 

have the same effect. Egner and Gruzelier (2001) intended to increase SMR (12 – 15 Hz) 

or beta 1 (15 – 18 Hz) band power without concurrently rising power in theta (4 – 7 Hz) or 

high beta (22 – 30 Hz) via neurofeedback. Ten training sessions were held twice weekly. 

Attention measures were assessed before and after training. From their results the authors 

concluded “that both SMR and beta 1 training improve cognitive integration of sensory 

input presumably by affection top-down resource allocation, whereas their impact on 

subsequent motor response is counteractive” (Egner and Gruzelier, 2001). In a follow up 

study (Egner and Gruzelier, 2004) the authors intended to demonstrate that modulation of 

defined frequency bands results in frequency specific effects and that these effects differ 

between a SMR and a beta 1 protocol. Their findings supported this hypothesis and the 

authors ascribed improvement in attention to SMR training and effects on arousal to beta 1 

training. Above all, they included a non-neurofeedback control group and found no 

changes in this group. Neurofeedback induced influence on brain activity was analyzed 

separately in a consecutive study (Egner et al., 2004). EEG was recorded before and two 

weeks after ten training sessions of SMR, beta 1 or alpha/theta neurofeedback protocols. 

Changes in the spectral EEG topography after training were found, but these changes were 
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not consistent within the two studies and did not necessarily correlate to the expected and 

by the training intended alterations.  

Vernon et al. (2003) conducted a neurofeedback study and tested immediate effects 

on both EEG and cognitive performance. They trained subjects in either enhancing their 

SMR (12 – 15 Hz) activity while simultaneously inhibit theta (4 – 7 Hz) and beta (18 – 22 

Hz) activity or in enhancing theta activity. After eight training sessions subjects of the 

SMR-group succeeded in selectively increasing their SMR activity. In contrast, the theta-

group did not show any changes in their EEG activity. Cognitive tests were performed 

prior and after training in both groups and in a third, non-neurofeedback control-group. 

The tests assessed attention and semantic working memory performance. Although all 

groups improved in testing, in specific aspects results in the SMR-group exceeded those of 

the others. Thus, the authors concluded that successful enhancement of SMR via 

neurofeedback training may have a positive impact on semantic working memory 

performance and to some extent also on accuracy of attention processing.  

The positive effects of neurofeedback training on attention could not be confirmed 

by the following study. Logemann et al. (2010) used a sham-controlled, double-blind 

between-subjects design study to investigate the effects of neurofeedback on attention and 

impulsive behavior. Young healthy students with high scores on impulsivity/inattention 

questionnaires were assigned to either a neurofeedback treatment or a sham group. The 

neurofeedback protocol aimed at altering power in different frequency bands (increasing 

power in the 11 and 17 Hz range, while decreasing it in lower and higher ranges) at 

multiple electrode sites at the same time. Audiovisual feedback was provided in form of a 

movie. Interestingly, when asked, most participants (20 out of 26) thought that they had 

received sham feedback. After completing 16 training sessions the neurofeedback and the 

sham group were equal in their behavioral attention measures. To some degree the authors 

assigned the missing effects of neurofeedback above placebo to methodological problems 

(e.g. feedback modality, missing instructions, and lack of individualized protocols) and a 

potential ceiling effect concerning the possibility of improvement in attention in healthy 

subjects. Anyway, following ethical guidelines, the study was prematurely aborted 

because no neurofeedback-induced improvement was evident. 

Neurofeedback training in the fast frequency range does not only aim at 

influencing memory performance via increasing attention. Based on the fact that sleep 

spindles, an EEG phenomenon during stage 2 sleep, might be associated with good 
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memory performance, Berner et al. (2006) intended to enhance spindle frequency, more 

precisely frequency in the sigma band (11.6 to 16 Hz), via neurofeedback and thus 

influence declarative memory performance. Young healthy students were trained in only 

one session of neurofeedback or pseudofeedback session and then tested in a word list 

task. No changes in EEG power directly after the training session were found. 

Furthermore, subjects did not show any improvement in memory performance, either 

directly after training or on the next day. To conclude, the authors did not find an impact 

of a single neurofeedback session on declarative memory testing. 

The alpha rhythm − either defined traditionally or individually − is another EEG 

frequency band that is said to relate to good memory performance. In an early study, 

Bauer (1976) investigated the effects of alpha enhancement on short term memory. 

Subjects were trained in feedback sessions and were then tested in memory trials. 

However, as recall scores in the tasks did not change compared to an untrained control 

condition the author concluded that the gained increase in alpha activity had no effect on 

the performance in short-term memory tasks.  

Angelakis et al. (2007) concentrated on the effects of an increase of peak alpha 

frequency on memory performance in the elderly. Due to small sample size and only 

descriptive presentation of the data only limited conclusions can be drawn. The results 

point towards a positive effect of PAF neurofeedback on some cognitive functions, such 

as processing speed and executive function, but not on memory performance per se.  

Other groups used the individual alpha frequency to define the alpha rhythm 

individually and then aimed at a specific increase only in the fast alpha components, in the 

upper alpha band. For example Hanslmayr et al. (2005) used this in order to enhance 

working memory performance in young healthy subjects. Subjects attended only one 

session of either upper alpha or theta neurofeedback training. This session was held 

directly before testing. Only those subjects who were able to increase upper alpha power 

during upper alpha enhancement (so called upper alpha responder: 9 out of 18 subjects) 

yielded a significant improvement in the mental rotation task. The authors reject that their 

results might be due to the fact that upper alpha responders principally show better 

cognitive performance as there were no group differences in a baseline condition. 

Furthermore, EEG power values were higher only for upper alpha responders. To sum up, 

the results revealed that when subjects succeeded in increasing their upper alpha power in 
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a neurofeedback training session, this increase had a positive influence on memory 

performance and EEG power during testing.  

A study that not only managed to confirm the above described findings but also 

extended them to a long-term aspect was done by Zoefel et al. (2011). The authors also 

intended to increase upper alpha power, although over five training sessions. All but three 

(out of 12) subjects, who were then excluded from further analysis, succeeded in 

significantly increasing upper alpha amplitude through neurofeedback training. The upper 

alpha amplitude did increase linearly over the course of the training sessions. This 

increase was specific for the upper alpha band and did not affect other frequency bands. 

Cognitive performance was assessed by the mental rotation task. Cognitive performance 

was significantly higher for the group trained in upper alpha enhancement compared to an 

untrained control group. Furthermore, only for the neurofeedback training group upper 

alpha amplitude was significantly higher before the second testing compared to the first 

one. To sum up, these results support a relation between successful upper alpha 

enhancement, increased upper alpha amplitude and good cognitive performance.  

In conclusion, results of studies on alpha, theta, SMR and beta neurofeedback 

protocols and cognitive performance are inconsistent regarding basic approach, 

methodology and results. The principal assumption on how brain activity relates to 

cognitive functions has proven to be difficult to define and thus has led to various 

treatment strategies and protocols. Accordingly, there are often several hypotheses on how 

a distinct frequency band at a defined scalp location may affect cognition. In the end, 

conclusions that are drawn may often appear divergent and sometimes even contradictory. 

Up to now, evidence for positive effects of neurofeedback training on cognitive 

performance remains uncertain, warranting new scientific approaches in this field.  
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1.3 Sex differences 

 

1.3.1 Sex differences in brain activity 

Already during growth and development Gmehlin et al. (2010) identified a sexual 

dimorphism in brain electrical activity. They examined a group of children and a group of 

adolescents two times at an interval of four years. For peak alpha frequency no 

dissimilarities were found between boys and girls. The developmental progress was not 

equal for both sexes, though. For girls, power changes were stronger during childhood, 

although these changes did not reach significance. In contrast boys had stronger and 

significant power changes in adolescence for all absolute power measures except alpha 

(individually adjusted). Clarke et al. (2001) also investigated age-related changes in 

children using classically defined frequency bands. They found stronger power changes 

with age in girls. Boys were more constant. Direct comparison of boys and girls disclosed 

differences in absolute theta and relative theta and alpha bands. In addition, these 

differences were dependent on brain topography with boys having more absolute and 

relative alpha power in posterior regions and less theta in these regions.  

Aurlien et al. (2004) concentrated on sex dissimilarities in adults in the classically 

adjusted alpha band (8 – 13 Hz). They found higher alpha rhythm frequencies and 

amplitudes in women compared to men and an increase of this difference with age. It has 

to be taken into account that the study analyzed EEG from patients with suspected 

dysfunction of the brain. Comparison of pathological and non pathological EEG revealed 

differences for the alpha rhythm frequency but not for alpha rhythm amplitude. Alpha 

frequency was higher in the non pathological EEG.  

Jausovec and Jausovec (2010) investigated resting brain activity during eyes closed 

condition and used narrow frequency bands based on individually determined peak alpha 

frequency. They opined that previous, sometimes contradictory assumptions on sex 

differences in the alpha band might have been obscured by the use of too wide frequency 

bands. Furthermore, they tried to rule out non-physiological effects by considering 

hormonal differences during the menstrual cycle. They found significantly higher power 

for women compared to men in the beta and gamma frequency band. For alpha subbands 

(lower alpha 1, lower alpha 2 and upper alpha band) sex differences were only present in 

posterior regions. This was due to the fact that the effects were dependent on location and 
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increased from anterior to posterior. Thus, most pronounced divergence for all subbands, 

including upper alpha power, were present at parieto-occipital brain locations. Another 

study of the same group (Jausovec and Jausovec, 2007) revealed less power in the three 

alpha subbands and again in the gamma band for men at different brain areas. The gender 

location effect with increasing differences from frontal to posterior areas was confirmed.  

According to Bell et al. (2006), differences in performance are not always reflected 

in varying brain activity and vice versa and thus should be assessed separately. The 

authors did a study on sex differences in brain activity, measured in the functional 

magnetic resonance imaging and performance differences in cognitive tasks (one motor 

task and three cognitive tasks). The only difference was found in a spatial attention task 

where men outperformed women. However, this was the one task were no sex differences 

were found concerning brain activity. In all the other tasks, significantly higher brain 

activity in task specific areas were found in men compared to women. 

Guntekin and Basar (2007) did a study on brain oscillations as a response to simple 

visual stimulation. They found strong sex-related differences for delta, beta and gamma 

oscillations at right occipital electrode site, which was over visual areas. Alpha 

oscillations yield significant effects concerning location (largest responses over occipital 

regions), but not concerning sex differences at any of the investigated brain locations. 

Jausovec and Jausovec (2009a, 2009b) investigated gender differences in simple auditory 

and visual tasks. In both studies verbal or figural content was presented in the two 

modalities. EEG and blood oxygenation (assessed with near infrared spectroscopy) were 

done. In total, differences between men and women were stronger for the visual task than 

for the auditory. Only in visual tasks women had shorter reaction times. Event-related 

potentials revealed a more efficient “visual event-categorization process” in women than 

in men. However, oxygen saturation was higher in frontal brain areas and did increase 

during task demands in men.  

 

Speaking of more complex task demands, Fink and Neubauer (2006) investigated 

effects on brain activity during verbal creativity tasks. They concentrated on the analysis 

of task related power changes in the individually adjusted upper alpha band (~ 9.6 - 11.6 

Hz). Opposite to what they expected, upper alpha increased from reference to the actual 

task interval especially in anterior brain regions, although not significantly. However, the 

authors interpreted their results as lower level of cortical arousal during problem solving. 
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They assessed men and women separately and correlated brain activity with verbal IQ. In 

women, those with high verbal IQ showed stronger synchronization in alpha power than 

those with average verbal IQ. Interestingly, for men the opposite was true concerning 

verbal IQ and alpha cortical activity during a verbal creativity task. The same was found 

by Jausovec and Jausovec (2005) for resting brain activity and was strongest for the upper 

alpha band. A term that is often used in this context is “neural efficiency”. It means that 

brighter individuals show less brain activation during tasks. This was assessed in a study 

by Neubauer et al. (2005) where men and women were tested with verbal and spatial 

tasks. Women showed more neural efficiency during verbal tasks and men during spatial 

tasks. Furthermore, these effects were seen in those topographical regions that were 

associated with the task demands and thus also differed between the sexes. 

As we have seen, differences in brain activity can become manifest through 

different cognitive challenges. Structural differences and the influence of sex hormones 

might further exert influence. According to Goldstein et al. (2001) men have larger 

cerebrums unadjusted to whole brain size than women, although adjustment does not yield 

significance. However, there was a sexual dimorphism concerning some cortical and 

subcortical brain regions, all relative to cerebrum size. Men had larger volumes in the 

amygdala and hypothalamus, while women had larger volumes mainly in frontal and 

medial cortex. Interestingly, strongest differences were found mainly in areas that are 

under the influence of sex steroids during important periods of brain development. Sex 

hormones are said to have an influence on brain development and function not only during 

development but also in adult live (Kimura, 1996). 

 

1.3.2 Sex differences and neurofeedback  

Concerning sex differences in neurofeedback effects, only little is known so far. In 

this context, Barnea et al. (2005) did a study on children (10 to 12 years old). They trained 

them in SMR/theta neurofeedback and tested them in a lateralized lexical decision test. 

This test provided the possibility to differ to what extent each hemisphere contributes to 

word recognition. Neurofeedback training was done in the form of a computer game; thus 

audiovisual feedback was used. The intention was to increase SMR power while holding 

theta power low at C3 and C4 electrode sites. In total, 20 training sessions were done over 

4 weeks. Results were calculated separately for boys and girls. First of all, the results 

confirmed the known main effects of the lexical decision test. Sex differences for training 
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effects were found. In boys, C4 training improved right visual field accuracy signaling 

increase in left hemisphere specialization. For girls, the same effects were found after C3 

training. Thus the authors conclude that “lateralized NF protocol activates asymmetric 

hemispheric control circuits which modify distant hemispheric networks and are organized 

differently in boys and girls”. So the authors concentrated on the effects of training on 

hemispheric activation and test performance, but they did not investigate differences 

during training course or in the amount of power changes during neurofeedback learning.  

So far there is evidence that men and women differ in the electrical activity of their 

brains not only during resting state but also during functional activity. Still, results create a 

rather controversial picture on sexual dimorphism. Moreover, studies concentrating on 

differing effects of neurofeedback training on brain activity in the brains of healthy men 

and women are missing.  
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2 PROJECT AIM AND HYPOTHESES 

 

The aim of the following project was to evaluate an alpha neurofeedback protocol 

and test its effects on declarative memory performance in young healthy subjects.  

Neurofeedback training was held in ten sessions and aimed at an increase of the 

upper to lower alpha ratio by increasing upper alpha power while holding lower alpha 

power stable. Alpha subbands were defined individually during all procedures. First of all 

training success over the course of ten training sessions was evaluated. Training success 

was defined as increase of upper to lower alpha ratio in the sense of increasing upper alpha 

power and constant lower alpha power values during the feedback intervals over the ten 

sessions. Further the relative power differences between a baseline interval and the actual 

neurofeedback intervals were expected to alter in the described direction during the 

training course as well. After some sessions of neurofeedback training subjects were tested 

in applying the strategies they learned during training without giving them feedback about 

the momentary power progress. This aimed at providing a technically independent use of 

learned EEG brainwave alteration. Third of all neurofeedback subjects were compared to a 

control group. Subjects of the control group had not attended any training sessions. The 

neurofeedback group was expected to reveal higher upper to lower alpha power ratio 

through higher upper alpha power in a neurofeedback interval which was compared to a 

control interval in the control group. 

The effects of upper alpha enhancement on declarative memory performance were 

tested with a paired-associate word list task. High upper alpha power was said to have a 

positive effect on semantic memory performance. Thus neurofeedback subjects who were 

trained to increase upper alpha power were expected to achieve higher recall scores than 

subjects of a control group.  

Furthermore, during the whole training and testing procedures differences between 

men and women were evaluated. The question was whether one sex performed better 

during training than the other one and whether this had an impact on memory 

performance. 
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To sum up the following hypotheses and questions were formulated: 

 

1. By means of visual neurofeedback young healthy subjects are able to increase their 

upper to lower alpha power ratio via increasing upper alpha power while holding 

lower alpha power stable over the course of ten training sessions. 

a. Subjects can induce the described power shifts during neurofeedback intervals. 

b. Regular training induces the described power shifts also during baseline intervals. 

c. Subjects succeed in increasing relative power differences for upper to lower alpha 

power ratio and upper alpha power between baseline and feedback intervals over 

the course of the training sessions. Lower alpha power is stable between the 

intervals and shows no variation in time. 

 

2. Subjects can voluntarily reproduce an increase of upper to lower alpha power ratio by 

increasing upper alpha band power while holding lower alpha power stable without the 

assistance of visual neurofeedback. 

 

3. After attending ten sessions of neurofeedback training the individual alpha frequency 

is higher in the neurofeedback group compared to an untrained control group.  

 

4. Neurofeedback subjects are able to increase their upper to lower alpha power ratio by 

increasing upper alpha power while holding lower alpha power stable compared to an 

untrained control group directly before a testing situation. 

 

5. Neurofeedback training improves performance in a declarative memory task.  

 

6. Are there differences between men and women in neurofeedback training and 

declarative memory testing?  

This last question is intentionally undirected as research so far does not provide 

sufficient information on how men and women perform differently during 

neurofeedback training. 
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3 MATERIALS AND METHODS 

 

3.1 Subjects 

Fifty-two healthy students aged between 18 to 30 years (mean age: 23.69 ± 0.40 

SEM) participated in the study, 27 men (mean age: 24.48 ± 0.48 SEM) and 25 women 

(mean age: 22.84 ± 0.61). Subjects were randomly assigned to either the neurofeedback (N 

= 27; 14 men, 13 women) or the control group (N = 25; 13 men, 12 women) (see 4.1 and 

4.7.1). All subjects were right-handed and non-smokers. Subjects with current or previous 

drug abuse, psychoactive medication, a history of mental or neurological illness were 

excluded. Furthermore, only subjects who showed spontaneous alpha rhythm in a resting 

EEG recording prior to the experiment were accepted, as there are some healthy persons 

that do not show detectable posterior alpha rhythm (Niedermayer, 1997). Another 

inclusion criterion was a regular sleep-wake cycle (e.g., no night-work). Thus, we 

intended to rule out alpha power alterations due to increased tiredness and sustained 

wakefulness (Cajochen et al, 1995).  

All subjects were informed in detail about the study procedures and gave their 

written informed consent. They received financial reward for their participation. The study 

was approved by the Ethics Committee of the Medical University of Vienna and the 

General Hospital of Vienna (EC 180/2006). 

 

3.2 Study design 

First, subjects of both groups attended an entrance examination. The entrance 

examination included tests concerning mental health (Self-rated Anxiety Scale (SAS; 

Zung, 1971) and Self-rated Depression Scale (SDS; Zung, 1965)), personality (NEO 

Personality Inventory (NEO-PI, NEO-FFI; Costa and McCrae, 1985)), intelligence 

(Advanced Progressive Matrices (APM; Raven et al., 1980)) and memory performance 

(Wechsler Memory Scale Revised (WMS-R; Haerting et al., 2000)). Five days after their 

first visit all subjects of both groups were tested in a paired-associate word list task. 

Between entrance examination and final testing only subjects of the neurofeedback group 

attended ten sessions of neurofeedback training.  

 



During the whole examination period all subjects of both groups had to report their 

sleep-wake cycle in form of a sleep diary and had to wear an activity monitor on the wrist 

of their right hand, called actigraph. The monitors were set to 30 seconds sampling rate. 

Time periods when actigraphs were taken off were restricted to brief periods and had to be 

documented in the sleep diary. The combination of the activity monitory combined with 

the sleep diary allowed to observe the regularity of the circadian rhythm and sleep periods 

(data not shown).  

 

3.3 Neurofeedback training 

Only subjects of the neurofeedback group participated in the training. In total, 

subjects attended ten neurofeedback training sessions on five consecutive days. The two 

training sessions per day were separated by a 30 minutes break. All training sessions 

followed the same protocol. During the whole trainings course subjects sat down in front 

of a screen. Subjects were not allowed to move their body including mimics and they were 

not allowed to close their eyes. At the beginning of each training session IAF and alpha 

borders were defined in an eyes closed resting interval (30 sec). Then a baseline interval 

(BL) which was followed by six neurofeedback intervals (NF) and again a baseline 

interval (BL II) were recorded (Figure 1). Each of these intervals lasted three minutes, 

separated by a 30 seconds break.  

 

 

 

 

Figure 1: During a neurofeedback training session six neurofeedback (NF) intervals were preceded and 

succeeded by baseline (BL, BL II) recordings, three minutes each. All intervals were separated by a 30 

seconds break.  
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During baseline and neurofeedback intervals, subjects were instructed to watch two 

circles on the screen. These circles changed in size according to EEG power alterations at 

P3 (presented in the right circle) and P4 (presented in the left circle) electrode sites. These 

two circles were again split up into an inner blue and an outer red circle. The outer red 

circle represented the power in the upper alpha frequency band. The inner blue circle 

represented the power in the lower alpha frequency band (Figure 2, left circle).  

During baseline intervals, subjects were told to just watch the circles move. The 

moving of the circles was pre-recorded and independent from their own EEG power 

distribution. However, EEG was recorded and neurofeedback performance limits were set 

by minimum and maximum of alpha subband power (defining a range of 100% 

performance) during these baseline intervals. During neurofeedback intervals, subjects 

were asked to alter the circles and thus their own EEG power. The aim was to increase the 

upper alpha power, represented by the red circle, while holding the lower alpha power, 

represented by the blue circle, stable. Thus, subjects were instructed to find strategies 

which broadened the outer red circle and held stable the inner blue circle. An additional 

reward stimulus given in form of a colour change (orange) of the outer circle 

demonstrated optimal power alterations. The following conditions had to be fulfilled at the 

same time: 70% performance in the upper alpha band (red circle) and 50% in the lower 

alpha band (blue circle) (Figure 2, right circle). 

 

 

 

 

Figure 2: Circles presented on the computer screen during visual neurofeedback. The left and right circle 

exhibit power alterations at parietal electrode sites. Both circles were subdivided into an outer red 

(representing upper alpha power) circle and an inner blue (representing lower alpha power) circle. The aim 

was to broaden the outer red circle while holding the inner blue narrow. Optimal training conditions were 

indicated by a colour change of the outer circle from red to orange. 
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Before and after each training unit, a set of psychometric questionnaires was 

presented to the subjects. These questionnaires were for the most part visual analog scales 

which enquired mainly vigilance and subjective training success. In addition, participants 

were asked to write down the different strategies they had tried out during training and to 

rate how successful they were in influencing the circles from their point of view. Data of 

these questionnaires are not presented in this work.  

 

3.4 Neurofeedback induced independent alpha control 

Subjects were tested to apply neurofeedback strategies without support of visual 

feedback. This was done before the seventh and ninth and after the eighth and tenth 

training session. Three consecutive eyes open intervals (EO 1, EO 2 and EO 3) were 

recorded for three minutes each (Figure 3). Subjects viewed a black screen during all three 

intervals. They were instructed to simply watch the black screen during the first and third 

interval (EO 1 and EO 3), the so called baseline or control intervals. During the second 

interval (EO 2), subjects were asked to apply strategies that from their point of view 

worked best in altering EEG power during neurofeedback training so far.  

 

 

 

 

Figure 3: Three consecutive eyes open (EO) intervals were recorded. Subjects viewed a black screen during 

all three intervals. During the second interval (EO 2) subjects were asked to apply strategies that to their 

opinion were successful in altering EEG alpha rhythm during the preceding neurofeedback training sessions. 

EO 1 and EO 3 served as baseline intervals. 
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3.5 Declarative memory testing 

An adapted version (Schabus et al., 2004) of the paired-associate word list task by 

Plihal and Born (1997) was used to test declarative memory performance. The test 

consisted of two encoding (learning) sessions and one retrieval session. Before each 

encoding session an eyes closed interval (30 sec, definition of IAF), a baseline interval 

(BL, 3 min) and either two neurofeedback (NF, 3 min) in the neurofeedback group or two 

additional baseline intervals (BL, 3 min) in the control group were done (Figure 4).  

 

 

 

 

Figure 4: The paired-associate word list task is subdivided in two times encoding (learning) followed by a 

retrieval of the 160 word pairs. Before each encoding session the following intervals were recorded: In both 

groups a baseline interval (BL) was done, which was either followed by two neurofeedback intervals (NF) in 

the neurofeedback group or by two additional baseline intervals (BL) in the control group.  

 

Baseline and neurofeedback intervals were managed in the same way as during 

neurofeedback training. Thereafter the encoding sessions were started. In these sessions 

160 randomly related word pairs were presented in white letters on the black computer 

screen. The word pairs were presented in a predefined time lapse. During encoding 

sessions, the presentations started with a 3500 msec interval. Subjects were instructed to 

wait and expect the following word pair. On the screen, a small orange fixation circle was 

present to indicate the interval. Then, the word pair was presented on the computer screen 

for 1500 msec. By the time the words had disappeared subjects had 5000 msec to 

memorize the two words together. On the screen, a small red circle indicated the time to 

memorize words. This procedure was repeated for all word pairs. In total, one encoding 

session lasted for about 30 minutes. After a short break, subjects performed the recall task. 

The time lapse resembled the one during encoding. The pre-stimulus interval lasted for 

3500 msec (small orange fixation circle). Next, the first of the two words of a pair was 
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presented on the screen. The second was replaced by a question mark. The word was 

shown for 1500 msec, followed by a 5000 msec post-stimulus interval (red fixation circle). 

Before answering, subjects had to press a button to record reaction times and then give a 

loud and clear response. Subjects were allowed to answer during both stimulus and post-

stimulus intervals. All recalled words were documented, and the number of correctly 

corresponding ones counted.  

 

3.6 EEG recordings and analysis 

During the whole training and testing procedures electroencephalography (EEG), 

eye movements (EOG), muscle movements (EMG), and heart rate (ECG) were recorded. 

Subjects were observed via video recordings. Together with the EOG, EMG and ECG this 

was used for later movement artefact recall and correction. For all EEG recordings done 

during neurofeedback training and testing situations, a 32-channel alpha-trace digital EEG 

system equipped with the alpha-trace NeuroSpeed Software Version 412.07 for EEG 

recording, quantitative EEG analysis, videometry, and neurofeedback (B.E.S.T. Medical 

Systems, Vienna, Austria) was used. Electrodes (Gold plated cup electrodes, Grass F-

E5GH, Grass Technologies, West Warwick, USA) were placed on the scalp according to 

the 10/20 system, with a ground electrode at the forehead and a reference electrode 

midline between Fz and Cz. EEG was recorded from frontal (Fz, Fp1, Fp2, F3, F4, F7, 

F8), central (Cz, C3, C4), temporal (T3, T4, T5, T6), parietal (Pz, P3, P4) and occipital 

(O1, O2) brain areas. Only P3 and P4 electrode sites were used for neurofeedback 

training. Impedance values were kept between 5-10 kΩ. Low and high frequency filters 

were set between 0.3 Hz to 70 Hz. The sampling rate of the EEG was 256 Hz. The Fast 

Fourier Transformation used 4 seconds epochs for analysis.  

To clear for ocular artefacts like eye blinks and movements horizontal and vertical 

electrooculogram (EOG) was recorded as mentioned above. Before analysis, all EEG 

recordings were first screened automatically and, in a second step, corrected and cleaned 

visually for ocular artefacts by the investigators.  

 



33 

3.7 Statistics 

EEG data was recorded from different sites all over the scalp (see 3.6). For 

neurofeedback, EEG data from P3 and P4 electrode sites was used. The following work 

concentrated only on results of one electrode site. P3 electrode site was chosen as it plays 

an important role in cognitive processing of language (Walker, 2009). All presented data 

referred to P3 electrode site.  

For statistical analysis, the SPSS 15.0 software suite (SPSS Inc., Chicago, IL, 

USA) was used. Power means ± standard error (SEM) were calculated for all intervals for 

absolute upper and lower alpha power and upper to lower alpha power ratio separately. 

Upper and lower alpha power were said to correlate with different memory functions (see 

1.1.4). Thus power changes in the two bands were first of all calculated separately. The 

main target for the neurofeedback training was an increase in upper alpha power, while 

holding the lower alpha power stable. Thus, we further provided results for the upper to 

lower alpha power ratio. For all statistical calculations significance level was set at α < 5 

percent, two tailed. Normal distribution of the blocks was checked with the Kolmogorov-

Smirnov Test. Depending on the results parametric or non-parametric testing was used. 

ANOVA with repeated measures was used as a method to assess changes over time. First 

homogeneity was tested with Levene’s test and sphericity in the Mauchly test. Whenever 

sphericity was not assumed the Greenhouse-Geisser correction was used. Post hoc testing 

was done with LSD. 



4 RESULTS 

 

4.1 Sample 

In total data of fifty-two subjects was analysed. The neurofeedback group 

consisted of 27 subjects (mean age = 23.67 ± 0.53 SEM) and the control group of 25 

subjects (mean age = 23.72 ± 0.61 SEM). The following section will present test results 

for intelligence, memory performance, personality factors, anxiety and depression in and 

between the two groups.  

 

Intelligence was examined with the Advanced Progressive Matrices (APM) test. 

Results for the two groups are shown in Table 1. No significant differences were found 

between the two groups (Student’s t-test: T = 1.588, N1 = 27, N2 = 25, p = 0.119). 

 

 

Table 1: Results for intelligence quotients achieved in the Advanced Progressive Matrices test. No 

significant differences between the neurofeedback group and the control group.  

 

Group N Min Max Mean  ± SEM

Neurofeedback 27 97 145 119.44 ± 2.50
Control 25 103 145 125.32 ± 2.73

 

 

34 



Memory Performance was tested with the Wechsler Memory Scale Revised 

(WMS-R). No significant differences were found between the two groups with regard to 

verbal memory (Student’s t-test: T = -0.093, N1 = 27, N2 = 25, p = 0.926), visual memory 

(Student’s t-test: T = 0.662, N1 = 27, N2 = 25, p = 0.511), general memory performance 

(Student’s t-test: T = 0.148, N1 = 27, N2 = 25, p = 0.883), concentration (Student’s t-test: T 

= 0.667, N1 = 27, N2 = 25, p = 0.508) or delayed recall (Student’s t-test: T = 0.403, N1 = 

27, N2 = 25, p = 0.689). Results are shown in Table 2. 

 

 

Table 2: Results for mean indices in the memory subcategories of the Wechsler Memory Scale Revised. The 

groups were equal concerning memory performance in all subcategories.  

 

Group Memory Subcategory N Min Max Mean ± SEM

Neurofeedback Verbal 27 75 137 107.15 ± 2.39
Visual 27 83 126 107.89 ± 2.28
General 27 76 136 108.22 ± 2.32
Concentration 27 69 134 111.48 ± 2.58
Delayed Recall 27 79 135 112.37 ± 2.28

Control Verbal 25 80 135 106.80 ± 2.89
Visual 25 93 126 109.92 ± 2.03
General 25 84 135 108.76 ± 2.81
Concentration 25 85 132 113.96 ± 2.67
Delayed Recall 25 88 140 113.68 ± 2.32
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Personality Dimensions were assessed using the NEO Personality Inventory (NEO-

PI, NEO-FFI). Results are shown in Table 3. No significant differences were found 

between the two groups for any of the personality dimensions (neuroticism: Mann-

Whitney-U-Test: Z = -1.123, N1 = 27, N2 = 25, p (exact) = 0.266; extraversion: Student’s t-

test: T = -0.196, N1 = 27, N2 = 25, p = 0.845; openness: Student’s t-test: T = 0.742, N1 = 

27, N2 = 25, p = 0.462; agreeableness: Student’s t-test: T = 0.154, N1 = 27, N2 = 25, p = 

0.878; conscientiousness: Student’s t-test: T = -0.049, N1 = 27, N2 = 25, p = 0.961). 

 

 

Table 3: Results for different personality dimensions in the NEO Personality Inventory. There were no 

significant differences between neurofeedback and control group. 

 

Group Personality Dimension N Min Max Mean ± SEM

Neurofeedback Neuroticism 27 1.25 2.17 1.56 ± 0.05
Extraversion 27 2.00 3.17 2.60 ± 0.06
Openness 27 1.17 2.08 1.71 ± 0.05
Agreeableness 27 2.08 3.42 2.73 ± 0.07
Conscientiousness 27 1.33 3.25 2.52 ± 0.07

Control Neuroticism 25 0.58 2.00 1.46 ± 0.07
Extraversion 25 1.75 3.25 2.58 ± 0.08
Openness 25 1.33 2.17 1.75 ± 0.04
Agreeableness 25 2.17 3.75 2.75 ± 0.08
Conscientiousness 25 2.00 3.00 2.52 ± 0.06
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Anxiety and depression were assessed with the Self-rated Anxiety Scale (SAS) and 

Self-rated Depression Scale (SDS). Results are shown in Table 4. There were no 

significant group differences for SAS (Student’s t-test: T = -0.301, N1 = 27, N2 = 25, p = 

0.765) or SDS indices (Student’s t-test: T = 0.753, N1 = 27, N2 = 25, p = 0.455). 

 

 

Table 4: Results shown for the Self-rated Anxiety Scale (SAS) and Self-rated Depression Scale (SDS) in the 

neurofeedback and control group. The two groups did not differ significantly in anxiety or depression. 

 

Group N Min Max Mean ± SEM

SAS

Neurofeedback 27 20 37 28.63 ± 0.89
Control 25 21 41 28.20 ± 1.13

SDS

Neurofeedback 27 22 43 30.07 ± 1.07
Control 25 21 46 31.32 ± 1.28

 

 

 

Conclusion: 

The neurofeedback and the control group were alike concerning intelligence, 

memory performance, personality factors, anxiety and depression prior to the experiment. 
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4.2 Neurofeedback training 

Subjects were trained to alter alpha power in ten neurofeedback training sessions. 

The aim was to increase the upper alpha power while holding the lower alpha power 

stable. Thus subjects tried to increase upper to lower alpha power ratio. The ten sessions 

included each a baseline recording followed by six neurofeedback training intervals. All 

intervals lasted three minutes. Baseline recordings were held before neurofeedback 

intervals and provided the same visual input, though independent from actual band power 

progress in EEG. Subjects did not attempt to influence the alpha band power during these 

intervals.  

First, baseline and neurofeedback intervals were analysed separately. For the 

following analysis the six consecutive neurofeedback intervals per session were averaged. 

An increase in upper alpha power and upper to lower alpha power ratio was expected for 

feedback intervals. This increase would reflect the learning effect over the training time as 

subjects reach higher levels of upper alpha power from session to session. At the best, the 

power increase outlasts the actual training sessions and leads to an increase in upper alpha 

and upper to lower alpha power ratio during the baseline recordings. This shift in alpha 

power independent from the actual training sessions would illustrate a long-term effect of 

training. Power in the lower alpha band was expected to be stable during all intervals.  
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4.2.1 Alpha power progress during neurofeedback intervals  

For the following calculations the six neurofeedback intervals per session were 

averaged. In the neurofeedback training intervals upper alpha power significantly 

increased from training session 1 to training session 10 (ANOVA with repeated measures:  

F (10, 27) = 5.087, df = 3.490, p = 0.002). Upper alpha power showed a zigzag course. It 

increased and at every second session decreased again, although to a higher level than 

before (Figure 5b). Lower alpha power increased significantly as well, with a slight 

decrease at training session 3 (ANOVA with r epeated measures: F (10, 27) = 6.697, df 

=3.636, p < 0.001). Starting from training session 5 lower alpha power steadily increased 

(Figure 5c). The upper to lower alpha power ratio revealed significant changes during the 

course of the ten training sessions (ANOVA with repeated measures: F (10, 27) = 3.268, df = 

3.843, p = 0.016). Most noticeable, there was a strong increase in the beginning until 

training session 4. During training session 5, power ratio decreased and then remained 

stable at a slightly lower level. This is due to the course of lower alpha power that 

revealed a strong increase during the second half of the training course. This strong 

increase attenuated the increase of upper alpha power and thus keeps the upper to lower 

alpha power ratio at the same level (Figure 5a).  

 

Conclusion and discussion: 

Subjects gained control over upper alpha power and increased it over the ten 

training sessions. The fact that upper alpha power increased and then decreased in every 

second session might be due to the fact that two consecutive training sessions were held 

per day, separated by a short break. The second daily session always showed higher power 

in the upper alpha band than the first one did. Thus, effects on EEG could have intensified 

attending two training sessions in a row. This opens up questions about the optimum 

training length. Until now, the optimum training length per session and day has not yet 

been defined. As a conclusion, longer session times per day probably would contribute to 

better training results.  

Subjects were not able to keep lower alpha power stable or decrease it. Similar to 

the upper alpha band, power in the lower alpha band increased over the training sessions. 

Noticeable, in the lower alpha band the alternate power increase and decrease at every 

second session was only present until training session 5. From then on, the lower alpha 
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power simply increased up to training session 10. The lower alpha band is said to reflect 

attention. Concerning lower alpha power, we hypothesized that keeping it stable would 

improve attention. Keeping this in mind, the constant increase after some training sessions 

might point out that subjects got more and more inattentive. The fact that every session 

was held under identical conditions, i.e., using the same visual inputs and the same 

demands, might have proven boring to our subjects. They may have lost interest and were 

perhaps not that attentive any more, as they knew what to expect.  

The increase in lower alpha power had its impact on the power ratio. The lower 

alpha power increase attenuated the one we found for upper alpha power and thus held the 

upper to lower alpha power stable during the second half of the training course. Still, in 

total, subjects succeeded in significantly increasing power ratio from the start to the end of 

the neurofeedback training.  
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Figure 5: Time course over the ten training sessions (T1-T10) of a) upper to lower alpha power ratio b) 

upper alpha power and c) lower alpha power in the neurofeedback intervals. N = 27. Means ± SEM given. *: 

p < 0.05 
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4.2.2 Alpha power progress before neurofeedback intervals 

During baseline recordings, both upper alpha power (ANOVA with repeated 

measures: F (10, 27) = 2.501, df = 5.125, p = 0.032) and lower alpha power (ANOVA with 

repeated measures: F (10, 27) = 5.077, df =3.540, p = 0.002) showed a significant increase 

over the course of the ten training sessions. The strongest power increase for both 

subbands was seen in training session 2, followed by a decrease in training session 3. The 

power maximum for lower alpha power lay at training session 10 (Figure 6b, 6c).  

The upper to lower alpha power ratio revealed a zigzag course over the ten training 

sessions with an overall slight and non-significant decrease (ANOVA with repeated 

measures: F (10, 27) = 0.542, df = 5.739, p = 0.768). This was due to the similarity of the 

power curves of the two alpha subbands. The decrease was due to the fact that lower alpha 

power at some points demonstrated a stronger power increase than the upper alpha power 

did (Figure 6a).  

 

Conclusion and discussion: 

Upper alpha power revealed a significant increase over the ten training sessions in 

baseline intervals. The same was true for lower alpha power. During baseline intervals, the 

course of the two subbands was quite similar which may have been the cause that upper to 

lower alpha power ratio was stable and did not show a significant time course.  

A long-term effect in the sense of an alpha power increase in baseline intervals 

across the training sessions was evident. However, this increase did affect the total alpha 

band and did not reflect the higher increase in the faster alpha subband.  

The second daily session always showed higher power in both subbands than the 

first one did, which parallels the results shown for neurofeedback intervals. This might 

indicate that immediate were stronger than long-lasting effects and that training impact 

would be increased the more often and temporally closer the sessions were held.  
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Figure 6: Time course over the ten training sessions (T1-T10) of a) upper to lower alpha power ratio b) 

upper alpha power and c) lower alpha power before neurofeedback intervals. N = 27. Means ± SEM given. 

*: p < 0.05 
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4.2.3 Relative alpha power changes from baseline to neurofeedback intervals 

The neurofeedback training consisted of ten training sessions. Each session 

included a baseline (BL) interval followed by six neurofeedback intervals. For the 

following calculations the six neurofeedback intervals were averaged for each training 

session. To determine power changes between baseline and feedback intervals the relative 

difference between the two intervals was calculated as follows: 

 

Change from baseline to neurofeedback intervals (in %) = [(NF - BL) / BL] x 100 

 

The mean power in the first baseline interval was subtracted from the averaged 

power in the neurofeedback intervals and again divided by the baseline interval. The 

results are given in percent. 

As seen during baseline and feedback intervals, significant power changes over the 

trainings intervals occurred. The present section thus addresses the question whether 

subjects were higher in the feedback intervals compared to baseline intervals and whether 

these differences increased over the time. This would mean that, as the baseline was kept 

stable, increasing power in the feedback interval reflected training success. The longer the 

subjects attended the training the more successful they would be in increasing their power 

during neurofeedback intervals.  

The change in percent between baseline and neurofeedback intervals increased 

significantly over the time course during the ten training sessions for upper alpha power. 

First, there was a distinct increase from session 1 to session 4; it then stayed almost stable 

(ANOVA with repeated measures:  F (10, 27) = 3.646, df = 3.920, p = 0.009). The highest 

difference between baseline and feedback for upper alpha power, 10 %, was found during 

training session 10 (Figure 7b). Until the end of the training, lower alpha power showed 

mostly negative percentage values, which means a power decrease from baseline to 

neurofeedback intervals. Between the single sessions the variation was so strong that 

calculations yielded a significant course (ANOVA with repeated measures:  F (10, 27) = 

2.709, df = 5.292, p = 0.021), although there was no clear sign of an increase or decrease 

over the training time (Figure 7c). In contrast, upper to lower alpha power ratio only 

showed negative values in session 1. Thereafter, it steadily increased up to session 4 and 

remained quite stable at this level. The maximum with an increase of 12 % from baseline 
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to feedback interval was reached at training session 10. The changes over the training 

sessions were significant (ANOVA with repeated measures: F (10, 27) = 3.399, df = 5.387, p 

= 0.005) (Figure 7a). 

 

Conclusion and discussion: 

The relative power difference for the upper alpha power increased significantly 

over the week and was at the endpoint of training 10% higher in the feedback interval 

compared to the baseline interval. Training success was strong at the beginning. Even 

though diminishing after the fourth session, subjects still showed improvement from 

session to session. The longer they were training the higher were the power differences 

between the inactive and the active intervals. For lower alpha power, the difference was 

smaller than for the upper alpha power. Secondly, the lower alpha power decreased from 

the baseline to the feedback interval in most of the sessions. No clear trend for increase or 

decrease was observed, thus changing values for lower alpha power remained quite stable 

over the trainings period. This was one of the predefined goals. These differences between 

the two subbands get obvious when looking at the course of upper to lower alpha power 

ratio. Subjects succeeded in selectively increasing the difference in upper to lower alpha 

power ratio between baseline and feedback intervals. 
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Figure 7: Time course over the ten training sessions (T1-T10) of relative difference between baseline and 

neurofeedback intervals (in %) in a) upper to lower alpha power ratio b) upper alpha power and c) lower 

alpha power. N = 27. Means ± SEM given. *: p < 0.05 
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4.3 Alpha power control independent of visual neurofeedback  

To test neurofeedback independent effects, four sessions were recorded in total. 

Each trial included three eyes-open intervals (EO 1, EO 2 and EO 3). Subjects viewed a 

black screen during all intervals. The EO 1 and EO 3 interval served as baseline intervals. 

The EO 2 interval was the interval with the definitive attempt to enhance upper alpha 

power while holding lower alpha power stable without actually receiving feedback about 

alpha power changes.  

Data of the four trials were averaged and the resulting mean per interval used for 

further analysis. Upper to lower alpha power ratio in the EO 2 interval significantly 

exceeded the power ratio during the pre- and succeeding EO intervals (ANOVA with 

repeated measures with post hoc LSD:  F (3, 27) = 13.987, df = 1.664, p < 0.001). Pair-wise 

comparison between the three intervals confirmed that power ratio increased from the first 

to the second interval (p < 0.001) and then decreased significantly from the second to the 

third interval (p = 0.002). The first and the third interval, the so called baseline intervals, 

did not differ significantly in upper to lower alpha power ratio (p = 0.151). Results for 

total upper alpha power resembled those of the power ratio. Again subjects reached by far 

the highest power values in the second interval (ANOVA with repeated measures with post 

hoc LSD: F (3, 27) = 4.563, df = 1.475, p = 0.026). This interval exceeded the two other (EO 

1 to EO 2: p = 0.038, EO 2 to EO 3: p = 0.022), which did not differ from each other 

significantly in total upper alpha power ratio (p = 0.905). Lower alpha power decreased 

significantly from the first to the second EO interval. The increase after the active interval 

to the second baseline interval was obvious but not significant while again the two 

baseline intervals did not differ in lower alpha power (ANOVA with repeated measures 

with post hoc LSD: F (3,27) = 3.749, df = 2, p = 0.030: EO 1 to EO 2: p = 0.024, EO 2 to 

EO 3: p = 0.053, EO 1 to EO 3: p =0.318) (Figure 8). 

 

Conclusion and discussion: 

Subjects succeeded in increasing their upper alpha power and upper to lower alpha 

power ratio when asked to do so. Furthermore, lower alpha power decreased as we 

expected. At this point, subjects had attended seven to ten neurofeedback training 

sessions. The instructions given were to apply strategies that subjectively seemed to work 

best during neurofeedback sessions. One major limitation was the lack of a control group. 
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Only the inclusion of a control group can clarify whether the obtained alpha power 

changes really result from training success. In contrast, simply the attempt to influence 

one’s brainwaves could probably create comparable EEG power shifts. Participating in a 

concentrated and attentive state of mind might have mimicked the training related power 

changes. The following section will try to clarify differences potentially caused by this 

effect by comparing the neurofeedback group with an untrained control group in an extra-

session after ten times of neurofeedback training. The setting was the same as during 

training.  
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Figure 8: Three consecutive eyes open (EO) intervals (averaged over four sessions): EO 1 and EO 3: 

baseline intervals, EO 2: interval with the attempt to alter alpha power independent of visual neurofeedback. 

Results are shown for a) upper to lower power ratio b) upper alpha power and c) lower alpha power. N = 27. 

Means ± SEM given. *: p < 0.05 
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4.4 Individual alpha freq uency in the ne urofeedback group compared to an 

untrained control group 

On the day of the testing in the paired-associate word list task, IAF was assessed 

before the encoding sessions in a 30 seconds eyes closed interval in both groups. The IAF 

before the first encoding session was used to assess group differences, as it was still 

unaffected by word pair learning. Until this time point, only the subjects of the 

neurofeedback group had attended ten sessions of neurofeedback training. 

IAF in the neurofeedback and the control group is shown in Table 5. IAF was 

higher in the neurofeedback group, although not significantly (Student’s t-test for 

unpaired samples: T (52) = -0.371, N1 = 27, N2 = 25, p = 0.712).  

 

Conclusion: 

Subjects of the neurofeedback group were compared to untrained control subjects. 

After completing ten sessions of neurofeedback training, the individual alpha frequency 

was not significantly higher in the neurofeedback training group than in the untrained 

control group.  

 

 

Table 5: IAF in the neurofeedback group after completing ten sessions of neurofeedback training and in an 

untrained control group. Means ± SEM given. 

 

Group IAF 

N Mean  ± SEM

Neurofeedback 27 9.91 ± 0.06
Control 25 9.88 ± 0.08
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4.5 Alpha power in the neurofeedback gro up compared to an untrained control 

group 

Subjects of the neurofeedback group completed ten sessions of neurofeedback 

training. Before memory testing, their performance in alpha power shift was compared to 

an untrained control group. The setting was the same for both groups. All subjects first 

performed a baseline recording. Then, the neurofeedback group had two neurofeedback 

intervals. The neurofeedback intervals were held in the same way as during training. The 

control group had two additional baseline intervals (BL). They were done in the same way 

as the first baseline interval that was identical for both groups. The described session was 

held before the two encoding sessions of the memory test. For the following calculations, 

the means of the two sessions and for the two intervals (NF or BL) were averaged.  

One subject of the neurofeedback group was excluded from the calculations of 

EEG power shifts before the testing situation because data was missing due to technical 

problems. First, power changes between baseline and consecutive intervals in the two 

groups were assessed separately. The control group decreased significantly from the first 

to the following baseline interval in upper alpha power and upper to lower alpha power 

ratio (Student’s t-test for paired samples:  upper alpha power: T = 3.791, N1 =N2 = 25, p = 

0.001; upper to lower alpha power ratio: T = 4.776, N1 =N2 = 25, p < 0.001) (Figure 9). 

Lower alpha power did not increase significantly (Student’s t-test for paired samples: T = 

-1.584, N1 =N2 = 25, p = 0.126). Subjects of the neurofeedback group increased from 

baseline to feedback interval in upper alpha power and upper to lower alpha power ratio. 

This increase was distinct but missed the significance criterion (Student’s t-test for paired 

samples: upper to lower alpha power ratio: T = -1.929, N1 =N2 = 26, p = 0.065; upper alpha 

power: T = -1.622, N1 = N2 = 26, p = 0.117). For lower alpha power no significant variation 

was found (Student’s t-test for paired samples: T = 0.391, N1 =N2 = 26, p = 0.699). 

Secondly, the two groups were compared to assess power differences in the 

intervals. A comparison between neurofeedback and control group revealed no difference 

for alpha EEG parameters for the baseline interval (Student’s t-test: upper alpha power: T 

= -0.006, N1 = 26, N2 = 25, p = 0.995; lower alpha power: T = 0.119, N1 = 26, N2 = 25, p = 

0.906; upper to lower alpha power ratio: T = -0.451, N1 = 26, N2 = 25, p = 0.654). The 

next interval which was either a feedback or again a baseline interval revealed 

significantly higher values for upper to lower alpha power ratio for the neurofeedback than 

the control group (Student’s t-test: T = -2.123, N1 = 26, N2 = 25, p = 0.039) (Figure 9). No 
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differences between the two groups in these intervals were found for total upper and lower 

alpha power (Student’s t-test: upper alpha power: T = -1.1, N1 = 26, N2 = 25, p = 0.277; 

lower alpha power: T = 0.422, N1 = 26, N2 = 25, p = 0.675).  

 

Conclusion and discussion: 

For all the assessed alpha power measures, the two groups showed contrasting 

changes between the two intervals. From the first to the second baseline interval, the 

control group decreased significantly in upper to lower alpha power ratio. Upper alpha 

power decreased significantly while the increased in lower alpha power was obvious 

although not significant. The visual input and the instructions were the same for both 

intervals. Still, alpha power was not stable but altered. In fact, it altered exactly in the 

opposite way as it was expected to happen in the neurofeedback group. Subjects of the 

neurofeedback group did show the expected alpha power course. The upper to lower alpha 

power ratio and the upper alpha power increased while the lower alpha power decreased. 

They succeeded not only in compensating the decrease seen in the control group, but 

increased upper to lower alpha power ratio and upper alpha power between the intervals. 

Lower alpha power decreased. However in the neurofeedback group, none of the changes 

reached significance.  

Direct comparison between the two groups revealed no baseline differences in 

alpha power measures. Neurofeedback subjects did not show higher upper to lower alpha 

power ratio or upper alpha power in these baseline: after ten training sessions, this could 

have been a sign of a long-term effect. When comparing the second item, the 

neurofeedback interval to the control interval, upper to lower alpha power ratio was 

significantly higher in the neurofeedback group compared to the control group. For the 

subbands, the difference was obvious but not significant.  

To sum up, subjects that were trained in ten sessions of neurofeedback training 

could alter their brainwaves in the direction intended by training and thus exceeded an 

untrained control group in upper to lower alpha power ratio during a neurofeedback 

interval compared to a control interval.  
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Figure 9: a) Upper to lower alpha power ratio b) upper alpha power c) lower alpha power in the baseline 

interval (BL) and the consecutive averaged baseline intervals in the control group (BL, N = 25) or 

neurofeedback intervals in the neurofeedback group (NF, N = 26). Means ± SEM given. *: p < 0.05 
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4.6 Declarative memory testing 

All subjects were tested in the paired-associate word list task. This test comprised 

160 word pairs that had to be learned in two encoding sessions and then retrieved. All 

correctly recalled words were counted.  

The number of correctly remembered words in the paired-associate word list task 

ranged from 24 to 142 words. On average, subjects retrieved 92.04 (± 4.34 SEM) words, 

i.e., 58% of the 160 word pairs presented.  

Mean recall score was 87.68 (± 6.802 SEM) out of 160 words in the control group 

and 96.07 (± 5.504 SEM) out of 160 words in the neurofeedback group. Groups did not 

differ significantly from each other (Student’s t-test: T = -0.966, N1 = 27, N2 = 25, p = 

0.339) (Figure 10). 

 

Conclusion and discussion: 

Declarative memory performance was tested with the paired-associate word list 

task. After learning a set of 160 word pairs, subjects were tested in a cued recall task. Thus 

the more words they remembered, the higher was the recall score and the better was 

memory performance.  

Subjects of the neurofeedback group showed higher recall scores than control 

subjects. However these group differences failed to be significant. Although subjects of 

the two groups differed in upper to lower alpha power ratio before the testing this had no 

influence on the test results. Memory performance was not influenced by use of upper 

alpha neurofeedback training and application.  
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Figure 10: Recall scores for the paired-associate word list task (in total 160 word pairs) in the control group 

(N = 25) and the neurofeedback group (N = 27). Means ± SEM given.  

 

 

55 



4.7 Sex differences 

 

4.7.1 Sample 

The neurofeedback group consisted of 14 men (mean age = 25.21 ± 0.56 SEM) and 

13 women (mean age = 22 ± 0.66 SEM). The control group of 13 men (mean age = 23.69 

± 0.76 SEM) and 12 women (mean age = 23.75 ± 1 SEM).  

 

Intelligence was tested with the Advanced Progressive Matrices (APM) test. Mean 

intelligence quotients for the men and women separated by groups are shown in Table 6. 

No significant differences were found between the sexes in the neurofeedback group 

(Student’s t-test: T = -0.327, N1 = 14, N2 = 13, p = 0.747). In the control group men had a 

significantly higher intelligence quotient than women (Student’s t-test: T = 2.44, N1 = 13, 

N2 = 12, p = 0.023). 

 

Table 6: Results for intelligence quotients achieved in the Advanced Progressive Matrices test. No sex 

differences for men and women were found in the neurofeedback group (p = 0.747). In the control group 

mean intelligence quotient in men was significantly higher than in women (*p = 0.023).  

 

Group
Men Women

N Mean ± SEM N Mean ± SEM

Neurofeedback 14 118.64 ± 3.62 13 120.31 ± 3.58

Control 13 * 131.15 ± 3.60 12 119.00 ± 3.41
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Memory performance was tested with the Wechsler Memory Scale Revised 

(WMS-R). Results are shown in Table 7. No significant differences between men and 

women were found in the neurofeedback group for any of the memory subcategories 

(Student’s t-test: verbal: T = -1.159, N1 = 14, N2 = 13, p = 0.257; visual: T = -1.698, N1 = 

14, N2 = 13, p = 0.102; general memory performance: T = -1.436, N1 = 14, N2 = 13, p = 

0.163; concentration: T = 0.460, N1 = 14, N2 = 13, p = 0.650 or delayed recall: T = -0.881, 

N1 = 14, N2 = 13, p = 0.387). In the control group no significant differences between men 

and women were found either (Student’s t-test: verbal: T = 0.342, N1 = 13, N2 = 12, p = 

0.735, visual: T = 0.468, N1 = 13, N2 = 12, p = 0.644, general memory performance: T = 

0.395, N1 = 13, N2 = 12, p = 0.697, or delayed recall: T = 0.005, N1 = 13, N2 = 12, p = 

0.996). With regard to concentration, men scored significantly higher than women did 

(Student’s t-test: T = 2.097, N1 = 13, N2 = 12, p = 0.047). 

 

 

Table 7: Results for mean indices in the memory subcategories of the Wechsler Memory Scale Revised. No 

significant sex differences were found except for concentration in the control group (*p = 0.047). 

 

Group Memory
Men Women

N Mean ± SEM N Mean ± SEM

Neurofeedback Verbal 14 104.50 ± 3.96 13 110.00 ± 2.46
Visual 14 104.29 ± 2.84 13 111.77 ± 3.40
General 14 105.07 ± 3.71 13 111.62 ± 2.53
Concentration 14 112.64 ± 3.06 13 110.23 ± 4.34
Delayed Recall 14 110.43 ± 3.87 13 114.46 ± 2.27

Control Verbal 13 107.77 ± 3.36 12 105.75 ± 4.95
Visual 13 110.85 ± 2.63 12 108.92 ± 3.22
General 13 109.85 ± 3.38 12 107.58 ± 4.72
Concentration 13 * 119.00 ± 3.77 12 108.50 ± 3.23
Delayed Recall 13 113.69 ± 3.23 12 113.67 ± 3.48
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Personality Dimensions were assessed using the NEO Personality Inventory (NEO-

PI, NEO-FFI). Results are shown in Table 8. Significant differences between men and 

women were neither found in the neurofeedback group (Mann-Whitney-U-Test: 

neuroticism: Z = -0.099, N1 = 14, N2 = 13, p (exact) =0.932; Student’s t-test: extraversion: 

T = 0.191, N1 = 14, N2 = 13, p = 0.850; openness: T = -0.221, N1 = 14, N2 = 13, p = 0.827; 

agreeableness: T = -0.709, N1 = 14, N2 = 13, p = 0.485; conscientiousness: T = -1.498, N1 

= 14, N2 = 13, p = 0.147) nor in the control group (Mann-Whitney-U-Test: neuroticism: Z 

= -0.796, N1 = 13, N2 = 12, p (exact) = 0.443; Student’s t-test: extraversion: T = -0.901, N1 

= 13, N2 = 12, p = 0.377; openness: T = 1.090, N1 = 13, N2 = 12, p = 0.287; agreeableness: 

T = -1.196, N1 = 13, N2 = 12, p = 0.244; conscientiousness: T = 0.848, N1 = 13, N2 = 12, p 

= 0.405). 

 

 

Table 8: Results for different personality dimensions in the NEO Personality Inventory. There were no sex 

differences for any subgroup. 

 

Group Personality 
Dimension Men Women

N Mean ± SEM N Mean ± SEM

Neurofeedback Neuroticism 14 1.54 ± 0.06 13 1.58 ± 0.08
Extraversion 14 2.61 ± 0.07 13 2.58 ± 0.11
Openness 14 1.70 ± 0.06 13 1.72 ± 0.08
Agreeableness 14 2.69 ± 0.07 13 2.78 ± 0.11
Conscientiousness 14 2.42 ± 0.11 13 2.63 ± 0.09

Control Neuroticism 13 1.44 ± 0.09 12 1.47 ± 0.12
Extraversion 13 2.51 ± 0.11 12 2.65 ± 0.11
Openness 13 1.79 ± 0.07 12 1.71 ± 0.04
Agreeableness 13 2.65 ± 0.11 12 2.85 ± 0.13
Conscientiousness 13 2.57 ± 0.09 12 2.47 ± 0.09
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Anxiety and depression were assessed with the Self-rated Anxiety Scale (SAS) and 

Self-rated Depression Scale (SDS). Results are shown in Table 9. No significant 

differences were found in the two groups for men and women, either for SAS (Student’s t-

test: neurofeedback group: T = -1.511, N1 = 13, N2 = 12, p = 0.143; control group: T = -

0.673, N1 = 13, N2 = 12, p = 0.507) or SDS indices (Student’s t-test: neurofeedback group: 

T = 0.546, N1 = 13, N2 = 12, p = 0.590; control group: T = 0.175, N1 = 13, N2 = 12, p = 

0.863) . 

 

 

Table 9: Results for the Self-rated Anxiety Scale (SAS) and Self-rated Depression Scale (SDS). No 

significant sex differences neither in the neurofeedback nor the control group. 

 

Group
Men Women

N Mean ± SEM N Mean ± SEM

SAS

Neurofeedback 14 27.36 ± 1.05 14 30.00 ± 1.42
Control 13 27.46 ± 1.43 13 29.00 ± 1.80

SDS

Neurofeedback 14 30.64 ± 1.10 14 29.46 ± 1.91
Control 13 31.54 ± 1.31 13 31.08 ± 2.32
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Conclusion: 

In the neurofeedback group men and women did not differ concerning intelligence 

in the APM or memory performance in the WMS-R test. Contrastingly, men in the control 

group had significantly higher mean intelligence quotients in the APM than women. The 

APM is a nonverbal test of analytic intelligence. Further the intelligence quotients in the 

APM did not correlate with the scores attained in the paired-associate word list task 

(Pearson’s correlation: r (52) = -0.120, p = 0.397). Thus we concluded that this difference 

in the APM test between men and women in the control group had no impact on memory 

performance in the paired-associate word list task. Second, men and women in the control 

group differed concerning the concentration sub-score in the WMS-R. Again we 

correlated results in the two tests and could not find any correlation between the two 

(Pearson’s correlation: r (52) = 0.098, p = 0.491). 

Concerning the other subtests in the WMS-R, including verbal memory 

performance, men and women in the control group did perform equally prior to the 

experiment.  

For personality, depression and anxiety sex differences were found in neither of the 

two groups.  
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4.7.2 Sex differences during neurofeedback training 

 

4.7.2.1 Alpha power progress during neurofeedback intervals 

There were major differences concerning power courses during feedback intervals 

for men and women. For the latter, power increase of upper alpha power, lower alpha 

power, and upper to lower alpha power were significant over the training sessions 

(ANOVA with repeated measures:  upper alpha power: F (10, 13) = 4.152, df = 3.340, p = 

0.01; lower alpha power: F (10, 13) = 4.708, df = 2.845, p = 0.008; upper to lower alpha 

power ratio: F (10, 13) = 3.776, df = 2.792, p = 0.022). Power in the upper alpha band was 

highest at training session 4. The same was found for upper to lower alpha power ratio, 

which then decreased and, probably due to increase of lower alpha power in the second 

half of the training course, remained at almost the same level. All in all, power progress 

resembled the one in the total sample. 

Men differed in their power changes in that they showed a steady increase up to 

training session 10. Upper alpha power, lower alpha power and power ratio reached 

highest values at the last training session. Still the course over the ten training session was 

not significant for upper alpha power (ANOVA with repeated measures:  F (10, 14) = 2.214, 

df = 2.471, p = 0.116), upper to lower alpha power ratio (ANOVA with repeated measures: 

F (10, 14) = 0.768, df = 4.114, p = 0.554), or lower alpha power (ANOVA with repeated 

measures: F (10, 14) = 2.816, df = 2.630, p = 0.060) (Figure 11). 

At no point in time during training, direct comparison of upper alpha power, lower 

alpha power and upper to lower alpha power ratio yielded significant differences between 

men and women (Student’s t-tests for unpaired samples, results not shown).  

 

Conclusion and discussion: 

The strongest increase in upper alpha power and, as a consequence, in upper to 

lower alpha power ratio for women was during the first four intervals. Compared to men, 

women started with a minor power in the upper alpha band and then increased up to a 

maximum at training session four. This maximum was never reached again during the rest 

of the training course. Starting from the fifth session, upper alpha power progress for both 

sexes resembled each other, with power values for women always slightly higher. Lower 

alpha power showed a higher increase in women in the second half than it did in men. 
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This affects upper to lower alpha power ratio. Hence, upper to lower alpha power ratio in 

men marginally exceeded those in women in the last training sessions.  

Taken together, women and men did differ in the course of training sessions. 

Women showed a significant power change over the course of the training. They clearly 

succeeded during the first sessions. This may indicate high motivation at the beginning. 

Still, they could not hold this level but dropped back instead. Secondly, they increased 

stronger than men with regard to lower alpha power. Both may be a sign of inattentiveness 

and loss of interest during the second half of training. In contrast, men lacked this initial 

success but showed a more steady increase over the sessions for all assessed alpha 

measures. This increase was steady, although not significantly so.  
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Figure 11: Time course over ten training sessions (T1-T10) in a) upper to lower alpha power ratio b) upper 

alpha power and c) lower alpha power in neurofeedback intervals for men (blue lines, N= 14) and women 

(red lines, N = 13). Means ± SEM given. *: p < 0.05 
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4.7.2.2 Alpha power progress before neurofeedback intervals 

Lower alpha power increased significantly in women (ANOVA with repeated 

measures: F (10, 13) = 3.484, df = 2.044, p = 0.046) but not in men (ANOVA with repeated 

measures: F (10, 14) = 2.615, df = 2.955, p = 0.066) during the training course. Regarding 

upper alpha power, women decreased at training session 4 and then increased again, but 

the variation was not significant (ANOVA with repeated measures:  F (10, 13) = 1.469, df = 

3.529, p = 0.233). Men showed a very unstable zigzag course of upper alpha power during 

baseline recordings that was not significant (ANOVA with repeated measures:  F (10, 14) = 

1.938, df = 9, p = 0.053).They showed very strong differences between the single sessions. 

Yet upper alpha power lay at the same level at the start and in the end of the training 

course. For both sexes the upper to lower alpha power ratio remained stable or decreased 

without showing any significant changes (ANOVA with repeated measures: men: F (10, 14) 

= 0.699, df = 3.901, p = 0.593; women: F (10, 13) = 0.513, df = 4.609, p = 0.752) (Figure 

12).  

Comparing upper alpha power, lower alpha power and upper to lower alpha power 

ratio in baseline intervals between men and women yielded no significant differences 

(Student’s t-tests for unpaired samples, results not shown).  

 

Conclusion and discussion: 

For men, all variation in alpha power and alpha ratio was unspecific or fluctuating, 

without a distinct increase or decrease. For women, only the lower alpha band power 

increased significantly over the week, mainly in the second half of the training course. 

This parallels the strong increase in lower alpha power for women in feedback intervals 

during these last sessions. All in all, men and women showed quite different power 

progress during baseline recordings. Women tended to increase both the upper and the 

lower alpha power, while men stayed stable. Women were probably affected more 

strongly during feedback intervals. The upper to lower alpha power ratio seemed not to be 

influenced by neurofeedback training at all. 
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Figure 12: Time course over ten training sessions (T1-T10) in a) upper to lower alpha power ratio b) upper 

alpha power and c) lower alpha power before neurofeedback intervals for men (blue lines, N= 14) and 

women (red lines, N = 13). Means ± SEM given. *: p < 0.05 
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4.7.2.3 Relative alpha power changes from baseline to neurofeedback intervals 

With regard to upper alpha power, a rise over the time course was observable 

(ANOVA with repeated measures:  F (10, 14) = 2.637, df = 3.326, p = 0.056) in men, but the 

variation was only marginally significant for relative power differences calculated from 

baseline and feedback intervals. In women, upper alpha alterations varied significantly, 

with a sharp increase in session 4 and an equally distinct decline in session 5 of the 

training. Values remained steady afterwards (ANOVA with repeated measures: F (10, 13) = 

3.175, df = 2.838, p = 0.039). No significant differences were found when comparing 

values of women and men, except for session 4 of the training (Student’s t-test: T = -

2.458, N1 = 14, N2 = 13, p = 0.021). At session 4 women reached their highest difference 

in upper alpha power of 23% between the baseline and neurofeedback interval. In contrast, 

men even decreased in upper alpha power at this time point. At training session 10 the 

increase for women was 14% compared to men with 7%.  

Referring to lower alpha power, relative delta values did not vary significantly over 

the training sessions in men (ANOVA with repeated measures: F (10, 14) = 2.290, df = 3.623, 

p = 0.079). Likewise, no significant variation was found in women (ANOVA with repeated 

measures: F (10, 13) = 1.998, df = 3.457, p = 0.121). For most data points, women surpassed 

men, albeit not significantly, except for session 3 (Student’s t-test: T = -2.683, N1 = 14, N2 

= 13, p = 0.013) and 6 (Student’s t-test: T = -2.931, N1 = 14, N2 = 13, p = 0.007).  

As to upper to lower alpha power ratio relative delta values, no significant time 

course was found for men (ANOVA with repeated measures: F (10, 14) = 1.806, df = 2.960, p 

= 0.163). Women showed significant variation over the ten training sessions, with a peak 

at training session 4 (ANOVA with repeated measures : F (10, 13) = 2.949, df = 3.589, p = 

0.035), at that time point surpassing men significantly (Student’s t-test: T = -2.376, N1 = 

14, N2 = 13, p = 0.029). At the end, upper to lower alpha power ratio differences lay at 

18% in women and 8% in men (Figure 13). 

 

Conclusion and discussion: 

Both sexes succeeded in holding the difference for lower alpha power stable 

between baseline and feedback intervals during the training course. Men even decreased 

from baseline to feedback intervals during most training sessions. For upper alpha power 

and upper to lower alpha power ratio changing values, clear dissimilarities were seen 
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between men and women. In the beginning, men even decreased between baseline and 

feedback intervals in upper alpha power. Starting from training session 7, they steadily 

increased their difference in upper alpha power. However, this increase was not significant 

and did not reach the level of women. In contrast, women increased in the first sessions 

strongly up to a maximum. At their best, during training session 4, upper alpha power of 

neurofeedback was 23% higher than that of baseline intervals. Afterwards, they decreased 

but stayed at a much higher level than men until the end of training. This considerable 

increase and the higher power differences also affected upper to lower alpha power 

changing values. Hence, again women got ahead of men during the whole trainings period 

and succeeded in increasing alpha power ratio difference over the whole sessions.  

To sum up, men and women revealed clear differences in learning to enhance 

upper to lower alpha power ratio by increasing upper alpha power during neurofeedback 

intervals compared to baseline. Women succeeded in doing so, men did not. At training 

session 4 the differences between the sexes even yielded significance. 
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Figure 13: Time course over ten training sessions (T1-T10) of relative difference between baseline and 

neurofeedback intervals (in %) in a) upper to lower alpha power ratio b) upper alpha power and c) lower 

alpha power for men (blue lines, N= 14) and women (red lines, N = 13). Means ± SEM given. *: p < 0.05 
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4.7.3 Sex differences for alpha power control independent of visual neurofeedback 

Men (ANOVA with repeated measures with post hoc LSD: F (3, 14) = 4.693, df = 2, p 

= 0.018; EO 1 to EO 2: p = 0.033, EO 2 to EO 3: p = 0.042, EO 1 to EO 3: p =0.470) and 

women (ANOVA with repeated measures with post hoc LSD:  F (3, 13) = 10.055, df = 2, p = 

0.001; EO 1 to EO 2: p < 0.001, EO 2 to EO 3: p = 0.024, EO 1 to EO 3: p =0.214 ) 

showed a significant increase in the second interval concerning upper to lower alpha 

power ratio (Figure 14). For women this significant increase of power ratio was due to a 

strong decrease in lower alpha power (ANOVA with repeated measures with post hoc 

LSD: F (3, 13) = 6.410, df = 1.312, p = 0.016; EO 1 to EO 2: p = 0.018, EO 2 to EO 3: p = 

0.244, EO 1 to EO 3: p =0.003 ), while the increase in upper alpha power was obvious 

although not significant (ANOVA with repeated measures: F (3, 13) = 1.931, df = 1.347, p = 

0.183). For men neither the decrease in lower alpha power (ANOVA with repeated 

measures: F (3, 14) = 0.059, df = 2, p = 0.943) nor the increase in upper alpha power 

(ANOVA with repeated measures:  F (3, 14) = 3.022, df = 1.389, p = 0.088) yielded 

significant results.  

Comparing men and women during the three intervals, no significant differences 

were found concerning upper alpha power (Student’s t-test: N1 = 14, N2 = 13: EO 1: T = 

0.225, , p = 0.824, EO 2: T = 0.469, p = 0.643, EO 3: T = 0.521, p = 0.607), lower alpha 

power (Student’s t-test: N1 = 14, N2 = 13: EO 1: T = 0.626, p = 0.537, EO 2: T = 0.310, p 

= 0.759, EO 3: T = 0.472, p = 0.641) or upper to lower alpha power ratio (Student’s t-test: 

N1 = 14, N2 = 13: EO 1: T = -0.270, p = 0.790, EO 2: T = 0.403, p = 0.690, EO 3: T = 

0.213, p = 0.833). 

 

Conclusion and discussion: 

Repeating the power shifts without receiving neurofeedback worked for both sexes 

with all alpha measures as expected. For upper to lower alpha power ratio, the increase 

was significant. Furthermore, women succeeded in decreasing lower alpha power 

significantly. Upper alpha power of men and women increased in the interval when 

subjects were asked to alter EEG brainwaves, if not significantly so. Men and women did 

not differ in power or ratio in any of the three intervals. 
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Figure 14: Upper to lower alpha power ratio for the three eyes open (EO) intervals (averaged over four 

sessions). Data shown separately for men (blue bars, N = 14) and women (red bars, N = 13). Power ratio 

during the interval with the attempt to alter alpha power (EO 2) significantly exceeded the baseline intervals 

(EO 1 and 3). No significant differences were found for men and women for any interval. Means ± SEM 

given. *: p < 0.05 
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4.7.4 Individual alpha frequency for both se xes in the neurofeedback group and in 

an untrained control group 

IAF was assessed on testing day before word pair learning. Results are shown in 

Table 10. In neither group, significant differences in IAF were found for men and women 

(Student’s t-test for unpaired samples:  control group: T = -0.449, N1 = 13, N2 = 12, p = 

0.657; neurofeedback group: T = -0.629, N1 = 14, N2 = 13, p = 0.535).  

 

Conclusion: 

Neither in the neurofeedback group nor in an untrained control group differences 

in individual alpha frequency were found between men and women. 

 

 

Table 10: IAF for men and women in the neurofeedback group after completing ten sessions of 

neurofeedback training and in an untrained control group. Means ± SEM given. 

 

Control Group Neurofeedback Group

Sex N Mean  ± SEM N Mean  ± SEM

Men 13 9.84 ± 0.12 14 9.88 ± 0.07
Women 12 9.91 ± 0.10 13 9.95 ± 0.09
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4.7.5 Sex differences concerning alpha power in the neurofeedback group and in an 

untrained control group  

Alpha power alterations in the two groups for men and women were assessed in a 

similar way as described in 4.5. One man of the neurofeedback group was excluded from 

the calculations of EEG power shifts before the testing situation because of missing data 

due to technical problems.  

When comparing baseline to subsequent neurofeedback values of the group trained 

in neurofeedback no significant variation was found for any EEG parameter or sex 

(Student’s t-test for paired samples:  upper alpha power; men: T = -0.694, N1 = N2 = 13, p 

= 0.501; women: T = -1.479, N1 = N2 = 13, p = 0.165; lower alpha power; men: T = 0.313, 

N1 = N2 = 13, p = 0.760 ; women: T = 0.238, N1 = N2 = 13, p = 0.816; upper to lower alpha 

power ratio; men: T = -0.891, N1 = N2 = 13, p = 0.391; women: T = -1.828, N1 = N2 = 13, p 

= 0.092) (Figure 15). No significant differences were found for the direct comparison of 

men and women at the two consecutive intervals either (Student’s t-test: baseline interval: 

upper alpha power: T = 0.775, N1 = 13, N2 = 13, p = 0.446, lower alpha power: T = 0.486, 

N1 = 13, N2 = 13, p = 0.631, upper to lower alpha power: T = 0.871, N1 = 13, N2 = 13, p = 

0.392; feedback interval: upper alpha power: T = 0.125, N1 = 13, N 2 = 13 , p = 0.902, 

lower alpha power: T = 0.024, N1 = 13, N2 = 13, p = 0.981, upper to lower alpha power: T 

= 512, N1 = 13, N2 = 13, p = 0.613). 

In the control group, both men and women decreased significantly between the 

consecutive baselines with regard to upper alpha power (Student’s t-test for paired 

samples: men: T = 2.987, N1 = N2 = 13, p = 0.011; women: T = 2.442, N1 = N2 = 12, p = 

0.033) and upper to lower alpha power ratio (Student’s t-test for paired samples: men: T = 

4.400, N1 = N2 = 13, p = 0.001; women: T = 2.899, N1 = N2 = 12, p = 0.014) (Figure 15). 

No significant changes were found for the lower alpha power (Student’s t-test for paired 

samples: men: T = -1.382, N1 = N2 = 13, p = 0.192; women: T = -0.809, N1 = N2 = 12, p = 

0.436). Further no significant differences were found for the direct comparison between 

men and women for the two consecutive intervals (Student’s t-test: baseline interval: 

upper alpha power: T = -0.457, N1 = 13, N 2 = 1 2, p = 0.652, lower alpha power: T = 

0.358, N1 = 13, N2 = 12, p = 0.724, upper to lower alpha power: T = -1.150, N1 = 13, N2 = 

12, p = 0.262; feedback interval: upper alpha power: T = -0.409, N1 = 13, N2 = 12 , p = 

0.686, lower alpha power: T = 0.733, N1 = 13, N 2 = 12, p = 0.345, upper to lower alpha 

power: T = -1.040, N1 = 13, N2 = 12, p = 0.309). 
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Conclusion and discussion: 

The results for sex differences in the neurofeedback and control group resemble 

those of the total sample. Men and women of the same group always altered their alpha 

power in the same direction. The only significant result was a decrease in upper to lower 

alpha power ratio and upper alpha power from baseline to the consecutive control interval 

in the control group for both sexes. Neither in the control group nor in the neurofeedback 

group did men and women differ significantly in alpha power measures in any interval.  
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Figure 15: Upper to lower alpha power ratio for men and women in the first baseline (BL) and the 

consecutive averaged baseline (BL, control group: men: N = 13, women: N = 12) or neurofeedback (NF, 

neurofeedback group, men: N = 13, women: N = 13) intervals. No significant sex differences at any interval 

were found. In the control group both sexes reduced their UA/LA power ratio significantly from first to 

consecutive BL intervals. Means ± SEM given. *: p < 0.05 
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4.7.6 Sex differences in declarative memory testing 

Regarding a potential sexual dimorphism recall scores in the paired-associate word 

list task were compared between men and women for the complete sample and separately 

for the two groups. No significant differences between men and women concerning recall 

scores were found for the complete sample (women: 99.96 ± 5.288; men: 84.70 ± 6.553; 

Student’s t-test: T = -1.794, N1 = 27, N 2 = 2 5, p = 0.079) and in the control group 

(women: 91.83 ± 8.887; men: 83.85 ± 10.419; Student’s t-test: T = -0.578, N1 = 13, N2 = 

12, p = 0.569). In the neurofeedback group, women (107.46 ± 5.562) did retrieve 

significantly more words than men (85.50 ± 8.514; Student’s t-test: T = -2.124, N1 = 14, 

N2 = 13, p = 0.044) (Figure 16).  

 

Conclusion: 

In the neurofeedback group women scored significantly better than men in the 

paired-associate word list task. These sex differences in memory performance were not 

found in the control group or in the complete sample.  
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Figure 16: Recall scores for the paired-associate word list task (in total 160 word pairs) for men and women 

of the control group (men: N = 13, women: N = 12) and the neurofeedback group (men: N = 14, women: N 

= 13). In the neurofeedback group women retrieved significantly more words correctly than men. There 

were no significant differences for memory performance between men and women for the control group. 

Means ± SEM given. *: p < 0.05 
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5 DISCUSSION 

 

5.1 Neurofeedback training 

The intention of the project was first of all to design a new neurofeedback training 

protocol in order to train subjects in altering their EEG activity in a very distinct way, 

namely in a selective increase of the individually adjusted upper alpha band. Selective in 

this context meant that we aimed at increasing the fast components of the alpha band 

while holding the slower ones stable. A significant power course together with an overall 

increase over the training sessions was defined as training success. First of all we were 

interested in power shifts during the neurofeedback intervals through training. Subjects 

were successful in altering EEG brainwave activity during these intervals. They increased 

in both upper alpha power and upper to lower alpha power ratio significantly. Although 

training protocol intended to hold lower alpha power stable, it increased as well. 

Especially in the second training–half, lower alpha power continuously increased and thus 

attenuated the increase of the power ratio. This could be due to the fact that it is difficult to 

increase one part of the alpha band selectively. Zoefel et al. (2011) found that it was 

possible to alter alpha subbands separately, i.e., to influence the upper alpha power 

without affecting other frequency patterns above or below. Still, in our case the exercise 

regimen was more complex. First of all, subjects had to concentrate on two circles for the 

two hemispheres (P3, P4) and in addition on two sub-circles representing the two 

subbands upper and lower alpha power. Probably, a training setting with reduced elements 

would have been more appropriate and easier to handle for the subject when asked to 

influence subbands independently. Alternatively, the increase in lower alpha power could 

also have been induced by the following reasons: subjects got bored due to the fact that all 

sessions were held in the same way. They might have become accustomed to the situation 

and to the exercise. The challenge remained constant over the whole training phase. This 

monotonous activity can be attributed to reduced vigilance and tiredness. Fatigue was 

according to Cajochen et al. (1995) related to a power increase in the range of 6.25 to 9 

Hz. Thus, this power increase in the individually defined lower alpha band, which 

overlaps with the described frequency range, might depict some kind of habituation and 

boredom with the training protocol. Probably, after some sessions, a new or modified 

visual input or some additional reward stimulus would be beneficial in inducing higher 

success in the second half of training.  
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Variation of power between sessions could also be an unspecific effect over time 

and not simply neurofeedback dependent, in light of the fact that it occurred in both 

subbands in similar way. Dempster and Vernon (2009) pointed out that shifting baseline 

values may confound power alterations, especially in studies concentrating on across-

session effects. Thus, simply assessing power shifts during the intervals might not be 

adequate; ultimately, baseline intervals should be included as well. We accounted for this 

by calculating changes in relative power differences between the baseline and 

neurofeedback intervals over the training session. Our results yielded differences between 

the two alpha subbands. First of all, subjects succeeded in increasing upper alpha power 

and upper to lower alpha power ratio from baseline to feedback intervals. Secondly, this 

relative power increase did also rise over the training sessions. The strongest effects were 

seen in the first half of the experiment, but continued towards the end of the training. 

Again, the neurofeedback target was met. In contrast, the lower alpha power decreased 

from baseline to feedback intervals most of the time. The variation between sessions was 

significant, although no distinct increase or decrease was observable. This stands in 

contrast to what we found during feedback intervals. For lower alpha power, the need to 

assess power shifts relative to baseline intervals was thus demonstrated.  

As a last step, baseline intervals were analysed separately. Long-time effects on 

spectral EEG topography were taken into account. Upper and lower alpha power increased 

significantly during baseline intervals. As both alpha subbands rose in a similar way − 

lower alpha power even slightly stronger − the ratio between the two domains decreased 

over the sessions. Accordingly, the increase was not restricted to the upper alpha band but 

rather affected the whole band. This is in clear contrast to the effects we found during 

feedback sessions where the increase in upper alpha power exceeded that of lower alpha 

power. Taken together, the power alterations in baseline intervals might be due to 

additional unspecific variations in tonic alpha power rather than actually being induced by 

training effects. This parallels the findings of Egner et al. (2004) who assessed effects on 

EEG topography two weeks after ten sessions of neurofeedback training and found 

neurophysiologic changes, but not training-specific ones. However, in this case the long-

lasting time interval between initial training and later assessment can be criticized. In 

contrast, Zoefel et al. (2011) reported that due to upper alpha training an increase of this 

power value remained obvious in between sessions. They interpreted this as an effect of 

neurofeedback that outlasted the actual feedback sessions. 
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Concerning methodological aspects, a noticeable fact was that EEG power showed 

a zigzag variation from session to session. Our training protocol was designed with two 

sessions of training per day, with 6 intervals of 3 minutes neurofeedback each. Regarding 

sessions of one day, power in the second session was almost always higher than in the 

previous one. This indicates some kind of summation effect, actually, the more often and 

the more intensive training sessions are held the better. Training frequency and time varies 

strongly between the protocols of different research groups. Temporal settings in healthy 

subjects range from a single training lasting 20 minutes (Hanslmayr et al., 2005) to twice-

weekly sessions over several weeks (Egner and Gruzelier, 2001; Vernon et al., 2003). 

Taking the above mentioned into account, potentially important effects might have been 

obscured due to a long lapse of time between the training sessions. Further research is 

warranted to define optimized neurofeedback training effects. Above all, as these 

methodological aspects play a crucial role for the future routine practice of this method.  

All told one point that can be criticized is that we did not include a control group in 

the whole training process. This control group could have received neurofeedback in other 

frequency ranges or sham-neurofeedback. EEG power in the two groups before and during 

neurofeedback training sessions could have been compared.  

 

5.2 Neurofeedback-independent upper alpha power control 

Neurofeedback is a method that is dependent on technical equipment. Its use is 

restricted to several very specific situations where technical support is present.  However, 

the ultimate goal should be some kind of unlimited use in daily life. This means that the 

optimum learning conditions and effects should be ready in every possible situation (e.g. 

exams) and not restricted to the training situation. For this reason, we conducted a test for 

a neurofeedback-independent application of trained power alteration. This was done to 

answer the question whether it was possible to reproduce brain states without actually 

receiving feedback. Our results were promising. After completing a defined number of 

training sessions, subjects were asked to apply their strategies for power alteration in a 

recording interval that was compared to two baseline intervals. The interval that was 

associated with the attempt to influence brain rhythms significantly differed in EEG alpha 

power measures from baseline intervals. As intended, the subjects succeeded in 

significantly increasing upper alpha power and upper to lower alpha power ratio. At the 
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same time, lower alpha power even decreased. Still, there is one major limitation to this 

finding. This was the lack of a control group. It is possible that the power shifts we found 

were not related to feedback but rather represent some effect of mental activity. In detail, 

as subjects were asked in the beginning to activate their feedback strategy one can assume 

that they changed from a relaxed to a more active state of mind. Lower alpha band power 

increases during sustained wakefulness and fatigue (Cajochen et al., 1995). It could be 

assumed that compared to the other intervals the one with the neurofeedback attempt was 

much more challenging and thus kept our subjects from getting bored and tired. Thus, the 

lower alpha rhythm was reduced in this interval. In addition, a shift from slow to fast 

alpha bands could have occurred, with power in the fast alpha bands consequently 

increasing. Although, this is in contrast to the statement that alpha power in general is 

reduced during mental effort (Markand, 1990).  

 

5.3 Neurofeedback effects compared to an untrained control group 

After completing ten sessions of neurofeedback training subjects were compared to 

a control group. First, individual alpha frequency was assessed in both groups. The idea 

was that an increase of fast alpha power during ten sessions of neurofeedback training 

might have led to an increase of the individual alpha frequency as well. This would be 

beneficial as high individual alpha frequency is positively correlated with good memory 

performance (Klimesch, 1999; Angelakis et al., 2004; Clark et al., 2004). Compared to the 

untrained control group, alpha frequency in the neurofeedback group was higher, although 

not significantly so. The upper alpha enhancing effects during training did thus not affect 

individual alpha frequency. One negative aspect was that the individual alpha frequency 

was assessed independently from training. Whether the alpha power shifts during training 

were not high enough or ten training sessions were simply not enough to induce shifts of 

individual alpha power over a longer period cannot be answered with the current study 

design. In future studies, it would be interesting to determine individual alpha frequency 

before and after each training session to detect possible immediate effects.  

Besides individual alpha frequency, alpha power differences between the two 

groups were assessed. The session before testing was intended not only to test efficient 

execution of alpha acceleration but to induce optimum EEG conditions in neurofeedback 

subjects, as it was held before testing. The two groups were equal in EEG power during 

baseline intervals. In the consecutive intervals, the neurofeedback group significantly 
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exceeded the control group with regard to upper to lower alpha power ratio. Absolute 

power values in the upper and lower alpha band did not differ significantly between the 

two groups. Analysing the situation in detail revealed further interesting findings. In the 

control group, power in the upper alpha band significantly decreased over the consecutive 

baseline intervals, while lower alpha power increased. In this group, EEG power in three 

consecutive baseline intervals was recorded. Subject had to simply watch circles on the 

screen. This means that over the whole time their visual input changed only slightly; 

subjects thus acted passively. One cannot dismiss that this procedure might have led to 

sleepiness and/or loss of interest. Subsequently, this could have caused a shift from fast to 

slow alpha power, a phenomenon that has also been described in hypnagogic states 

(Klimesch, 1999). In contrast, subjects of the neurofeedback group changed their alpha 

power in the intended direction, but these alterations were not significant. However, one 

has to take into account that they effectively managed to fight the inverse brain wave 

alterations seen in the control group. For the interpretation of neurofeedback effects it 

would have been beneficial if the control group had been engaged in some kind of sham-

feedback or active control.  

 

5.4 Neurofeedback and declarative memory performance 

In our study, the paired-associate world list task was used to assess memory 

performance. Different alpha subbands correspond to different functions with regard to 

memory performance (for review see Klimesch, 1999). High power in the upper alpha 

band correlated positively with good semantic memory performance. Furthermore, the 

IAF, the individually defined peak in the alpha band, was said to be higher in good 

performers than in bad ones. Thus, we hypothesized that a shift in the alpha band towards 

the fast alpha components would induce better results in semantic declarative memory 

testing. In our study, subjects of the neurofeedback group scored higher than those of the 

control group; the difference was not significant, however. Thus, neurofeedback effects 

during training and before testing did not improve performance in the paired associate 

word list task. This is in line with studies that found no improvement via neurofeedback 

on attention (Logemann et al., 2010), short term memory (Bauer, 1976) or declarative 

memory performance (Berner et al., 2006) 

However, a positive effect of upper alpha power training on memory performance 

sometimes has been reported. A study done by Hanslmayer et al. (2005) found that testing 
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in a mental rotation task immediately after one session of upper alpha-directed 

neurofeedback yielded better scores for those subjects who succeeded in enhancing upper 

alpha power. Zoefel et al. (2011) trained their subjects for five sessions: subjects 

succeeded in increasing upper alpha power during training and before testing and 

outperformed an untrained control group with regard to memory performance. In our 

study, we found an enhancing effect during training on upper alpha power. Directly before 

the testing situation, this difference was evident, compared to a baseline interval or to a 

control group, although not significant. This would speak for the importance to induce 

optimal brain states directly before the testing situation. Another aspect is that the 

encoding units in the word pair test lasted for about thirty minutes. This is a rather long 

period, which might have constituted an additional factor ultimately attenuating the impact 

of neurofeedback training on testing. As we have already seen, three baseline intervals on 

the row altered the alpha power in the control group towards the slower frequency range. 

Thus, during extended learning exercises like the one used in this study, repeated 

application of short neurofeedback intervals could be beneficial. Thereby, the power in the 

alpha EEG band could be re-increased towards fast components and conditions optimized.  

Another limitation in this study was the fact that the memory test was set at the end 

of training. This causes the problem that the effect of training on memory performance 

was insufficiently investigated. Only a pre/post test could provide important data 

concerning changes in memory performance within subjects. This would be even more 

important, as results in the paired associate word list task vary strongly between subjects. 

In our case, we tried to foreclose potential group differences prior to training via 

intelligence and memory tests. These tests disclosed no differences between subjects. Still, 

in contrast to inter-individual differences, assessing intra-individual changes would have 

perhaps facilitated detection of specific training-effects.  

 

5.5 Sex differences in neurofeedback training and testing 

During neurofeedback training some distinct differences between men and women 

became evident. Most impressive was the difference in power progress over the course of 

the ten sessions. Women did achieve our defined goals concerning training success. 

During feedback intervals, they succeeded in increasing power in all three 

electrophysiological measures. Regarding baseline recordings, only lower alpha power 

increased, mainly during the second half of the training. Thus, the relative difference 
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between the baseline and feedback intervals increased in upper alpha power and upper to 

lower alpha ratio, but remained stable with regard to lower alpha power. The highest 

power alterations were seen in the first sessions. From the start until training session 4, 

women boosted their faster alpha power to a maximum. Afterwards, in the second half of 

the training, their increase became attenuated. A possible explanation could be that after 

an initially high motivation women later adjusted to the situation and thus slowed down in 

their learning success. This might partly be indicated by the fact that lower alpha power 

increased more strongly in the second half of the training, thus indicating more fatigue 

(Cajochen et al., 1995). On the other hand, variation in men occurred at a much slower 

and steadier rate over the whole training course. For upper alpha power, increasing power 

values mainly occurred in the second half of training.  

All in all, the apparent difference between the sexes in learning properties had little 

impact on overall absolute alpha power and ratio values during the training sessions. 

Concerning alpha power in resting states, Jausovec and Jausovec (2010) described that 

differences were found in men and women at posterior and parieto-occipital sites. Given 

these basic alpha power differences, we would have expected them in the first recording 

sessions. However, neither in the first baseline nor in the first feedback session sexes 

differed from each other. The fourth training session was the only one where women 

exceeded men significantly in fast alpha power regarding relative difference between 

baseline and feedback intervals. This poses the question whether a longer training will 

eliminate in the end any potential differences between men and women. Nonetheless, men 

may also surpass women, since they reveal a steadier increase over the sessions. Women, 

in contrast, may regain their motivation after some sessions and overshoot men again. To 

answer these questions the recording of additional sessions would be necessary. 

In any case, the described sex differences during training did not affect the single 

testing of technically independent power control that was done during the second half of 

the training. Men and women did not differ with regard to alpha power measures at any 

interval. The same held true for the sessions before the actual learning situation. Neither 

for individual alpha frequency nor for alpha power was any sex difference found before 

testing. Power shifts in the two groups did alter in the same way as described for the total 

sample. This is not surprising considering the fact that mainly power course and not power 

values differed between the sexes during training.  
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In the neurofeedback group, the score for word pair testing differed significantly 

between men and women. Here, women had significantly higher recall scores than men. 

However, for this group EEG measures did not differ between sexes before testing. This 

would speak against our earlier hypothesis that it is crucial to induce power shifts directly 

before memory testing. In addition, according to Bell et al. (2006), sex differences in 

performance are not always reflected in varying brain activity and vice versa and thus 

should be assessed separately. However, one could also assume that this was due to the 

fact that women are said to generally perform better concerning verbal memory (Kimura, 

1996). A fact that was also stated by Neubauer et al. (2005) as women need less brain 

activation during verbal tasks. This stands in contrast to our result that sex differences 

were found neither in the control group nor in the complete sample. Furthermore, men and 

woman did not differ in the verbal memory sub-score of the WMS-R assessed at the 

beginning of the study in any group. The higher scores in the APM and the concentration 

subcategory in the WMS-R testing for men in the control group might have impaired our 

result, although no direct correlation between these scores and performance in the 

declarative memory test were found. As already mentioned above, this calls for the 

inclusion of a pre/post test in order to assess impact of neurofeedback training success on 

declarative memory performance also in sexes more adequately.  

There are some weak points concerning analysis of sex differences in this protocol 

in general. First of all, we did not consider hormonal differences during the menstrual 

cycle. Secondly, Barnea et al. (2005) found that control circuits activated during 

lateralized neurofeedback protocols are probably organised differently in boys and girls, 

although the authors did not account for power changes during the actual neurofeedback 

learning. We did not use a lateralized neurofeedback protocol, but trained both the P3 and 

P4 electrode site simultaneously. However, one can criticize that only P3 electrode sites 

were analyzed. One has to take into account that effects at P4 would probably differ 

between sexes. Further, Jausovec and Jausovec (2009a, 2009b) found a more efficient 

“visual event categorization process” in women compared to men. Probably using another 

feedback modality, such as acoustic neurofeedback instead of visual would have suited 

men better. 

To sum up, our results concerning sex differences are not totally conclusive. The 

positive effects we found during neurofeedback training in women do fit the outstanding 

performance in memory testing. Yet, sex differences were just seen during training course 
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and were not obvious in absolute power differences during training or in the 

neurofeedback setting before testing. However, as these findings reveal differences 

between men and women, future studies are warranted to specify sex-dependent 

characteristics on neurofeedback learning and associated performance.  
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6 SUMMARY AND FUTURE PERSPECTIVE 

 

A new protocol for alpha neurofeedback was implemented. Over the course of ten 

training sessions subjects succeeded in influencing their brain activity in the intended 

direction. However, the training effect had no impact on declarative memory performance 

compared to an untrained control group. Sex differences appeared during training, 

favouring women especially at the beginning. Although power measures before testing 

were not affected, women outperformed men in memory testing in the neurofeedback 

group.  

The present study was a pilot project. Most of the claimed modifications in the 

setting were implemented, and a follow-up study designed. First of all, we included a 

sham-feedback group that had to attend training sessions and fulfilled exactly the same 

study protocol as neurofeedback subjects. However, during sham-feedback sessions, pre-

recorded training sessions were shown on the screen. Thus, actual EEG power alterations 

had no influence on the circles viewed on the screen. Furthermore, the version of the 

paired-associate word list task was extended and subjects were tested before and after 

neurofeedback training sessions.  
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7 ABBREVIATIONS 

 

ADHD  Attention Deficit Hyperactivity Disorder 

ANOVA Analysis of Variance 

APM  Advanced Progressive Matrices 

BL  Baseline Interval 

EC  Eyes closed interval 

ECG  Electrocardiogram 

EEG  Electroencephalography 

EMG  Electromyogram 

EO  Eyes Open Interval 

EOG  Electrooculogram 

ERD  Event Related Desynchronization 

IAF  Individual Alpha Frequency 

LA  Lower Alpha 

NEO-FFI NEO-Fünf-Faktoren-Inventar  

NEO-PI NEO Personal Inventory 

NF  Neurofeedback  

PAF  Peak Alpha Frequency 

SAS  Self-rated Anxiety Scale 

SDS  Self-rated Depression Scale 

SMR  Sensory Motor Rhythm 

T  Training Session 

TF  Individual Transition Frequency 

UA  Upper Alpha 

UA/LA Upper to Lower Alpha  

WMS-R Wechsler Memory Scale Revised 
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