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Summary 
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Supervisor: René J. Huster 

Co-supervisor: Mari S. Messel 

 

Abstract: The present study sought to identify possible predictors for neurofeedback (NF) 

training success. Previous findings have shown that about 30% of participants in NF training 

studies are unable to learn to regulate their brain activity, but the reasons for this remains 

elusive. Considering the widespread interest of NF for the purpose of cognitive enhancement 

and treatment of disorders, it is of great benefit to understand the underlying reasons for this 

variability in performance. The present study focused on 4 such possible predictors of 

training success: individual frequency, power, intertrial coherence (ITC) and motivation 

before training. To investigate this, a double-blind and sham-controlled design, consisting of 

6 NF training sessions and a pre- and post-assessment of executive functions, was set up. 

Results revealed that while participants were able to significantly regulate their brain activity 

within single sessions, no significant effect was seen between sessions. Although a limited 

sample size, trends in the data indicate that three of the four factors, namely individual FM-

theta frequency and its power, and motivation, may be related to better training success. On 

the other hand, participants seemed to demonstrate a ceiling effect of ITC and thus no clear 

trend was present. Further, there appears to be a positive relationship between dominant FM-

theta frequency and NF training success, and the exact nature of the relationship between 

these two should therefore be further investigated. Lastly, this study was the first to 

investigate individual frequency and ITC as possible predictors for training success with 

promising results, highlighting the importance of investigating different neural estimates for 

NF training success. 
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1. Introduction 

Neurofeedback (NF) is a non-invasive method of neuromodulation which allows one to view 

and regulate one’s own brain activity (Gruzelier, 2014a). It utilises a brain-computer interface 

(BCI) which processes the target brain activity and presents it back to participants in real 

time. This feedback is used as a guide for the participant to regulate the brain activity in the 

desired direction (Enrique-Geppert et al., 2013). NF thus allows a non-invasive modulation of 

neural activity, which is assumed to also modulate the associated cognitive and behavioural 

states of the targeted brain activity. Therefore, NF has been utilised for optimizing 

performance in healthy individuals, such as the enhancement of performance in sports and 

arts, and also to increase general cognitive performance (Gruzelier, 2014a). In addition to 

this, NF has been utilised for the treatment of various disorders, such as epilepsy, attention-

deficit hyperactivity disorder (ADHD), autism, depression, as well as tinnitus and motor 

control, with seemingly promising results (Gruzelier, 2014a). BCI setups are also used in the 

field of robotics and computer simulations, where research is being conducted in which brain 

activity in for example, the motor cortex, may aid the moving of virtual or real objects (Ahn 

et al., 2013; Blankertz et al., 2010; Burde & Blankertz, 2006; Kübler et al., 2004). This can 

aid individuals who are otherwise unable to move their own bodies or communicate in typical 

ways due to injury or illness (Kübler et al., 2004). Thus, the implications of NF training in 

both clinical settings and for healthy individuals may be profound. 

Despite the promising results, over the years NF has received much criticism 

(Thibault et al., 2018; Thibault & Raz, 2017). Among these is the significant lack of 

standardised procedures for conducting NF studies, as the design, analysis and reporting of 

results has been varied over the years and between research groups (Alkoby et al., 2017; 

Thibault et al., 2018). Specifically, there has been a lack of studies using proper control 

groups and blinding of both participants and experimenters, making the training results 

difficult to interpret. This has caused many to doubt NF as a scientifically sound 

neuromodulation method (Thornton, 2018).  

The efficacy of NF training is further complicated by the lack of knowledge about the 

underlying mechanisms contributing to neurofeedback learning, and why it seems that some 

people do not learn to regulate their brain activity at all. Indeed, this is such a common 

finding in the literature and seems to entail about 30% of participants, that they have been 

called non-learners (or BCI-illiterates) (Alkoby et al., 2017; Enriquez-Geppert et al., 2013). 
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Considering the strong potential and interest for NF to be used in clinical settings, it is of 

great interest to be able to determine who will and will not benefit from NF training 

beforehand, to avoid potentially costly procedures and wasted time for patients and 

examiners. Investigating such individual differences in training success could also aid in 

developing NF training protocols that are optimized for the individual, thus creating protocols 

that are as effective as possible for everyone who undergoes NF. Further as there is yet no 

consensus in the field on the general efficacy of NF training, a thorough investigation of 

possible mechanisms underlying NF learning is highly necessary. 

 

1.1 Variability in performance 

Several studies over the years have reported that a proportion of their participants, both 

healthy and patient groups, are unable to learn to modulate their brain activity in an NF or 

BCI training setup. For example, Escolano et al. (2011), trained fifteen healthy participants in 

their upper alpha activity and found that only six participants were able to regulate their 

activity. Schaub et al. (2014) reported that eight out of twenty-four healthy participants were 

so-called non-learners in a sensorimotor rhythms (SMR; oscillations measured over the 

sensorimotor cortex) NF protocol. Similarly, Drechsler et al. (2007) trained seventeen ADHD 

children to regulate their slow cortical potentials (SCP) and found that nine out of these were 

non-learners. Moreover, Hsueh et al. (2016) found that those who were more successful at 

self-regulating the target brain activity also experienced increased performance improvement 

in a memory task after NF training, suggesting that variability is present even among the 

participants who are able to regulate their brain activity, or so-called learners. 

Despite the abundant evidence regarding the prevalence of non-learners and the 

variability in performance among learners in NF and BCI studies, attempts to determine 

which factors may cause this variability is scarce (Alkoby et al., 2017). In a review paper by 

Enriquez-Geppert et al. (2017), they suggest four categories for variability in NF 

performance, which can further be categorised into two main categories; neural and 

psychological. Both categories will be discussed in turn below. 
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1.1.1 Neural factors in NF performance variability 

It has been suggested that individual differences in brain structure, function and connectivity 

may explain the variability in the ability to regulate brain activity via NF (Enriquez-Geppert 

et al., 2017). Physical differences such as anatomical variation or abnormalities can be seen 

in for example electroencephalogram (EEG) signal differences due to electrode placement 

relative to brain shape and position (Rice et al., 2013). For example, fixed electrode positions 

on the scalp may not capture the same activity between individuals due to small variations in 

brain structure. In fact, variations in brain shape and size can vary considerably among 

individuals and has been related to variations in behaviour (Kalia, 2008). For example, larger 

volumes of both grey and white matter has shown to be related to better learning and 

plasticity in adults (Lövdén et al., 2013). This may also be the case for NF, which relies on 

neuroplasticity to make short-term and long-term changes in the target brain area. In an EEG-

NF study for the upregulation of frontal midline theta (4-8 Hz), Enriquez-Geppert et al. 

(2013) used structural magnetic resonance imaging (MRI) to find that variability in the ability 

to upregulate the frontal midline theta was positively related to the volume of the 

midcingulate cortex and the underlying white matter. Further, NF performance of the SMR, 

which is believed to originate from a thalamo-cortical circuit consisting of areas in the 

thamalus and the somatosensory cortex (Kober et al., 2015), has been found to be related to 

grey and white matter volumes in the left thalamus, as well as the left and right anterior 

insula, right frontal operculum, right putamen, right middle frontal gyrus and right lingual 

gyrus (Ninaus et al., 2015). Thus suggesting that the level of regulation of the target brain 

frequency relies on the volume of the brain region from where the frequency likely originates 

from. Moreover, using functional MRI (fMRI), it has been found that participants ability to 

control their anxiety levels, positively correlated with the resting state level of brain 

connectivity in the anterior prefrontal cortex before training (Scheinost et al., 2014). 

Similarly, another study found that the integrity and connectivity in the deep white matter 

structures before NF intervention could predict performance (Halder et al., 2011). These 

studies suggest that already existing variations in brain volume, and therefore neural 

connectivity, between and within regions may be related to performance in NF training.  

Such variation in grey and white matter volumes and connectivity in the brain are also 

reflected in for example, the investigation of individual variability in frequency power 

(Enriquez-Geppert et al., 2017). Such variations in frequency power has been observed both 

across ages, mental states and between disorders (Finnigan & Robertson, 2011; Moretti et al., 
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2004), and has been found to affect NF training performance. For example, Ahn et al. (2013) 

found that non-learner individuals have higher theta activity and lower alpha activity than 

learners. In the same vein, resting state alpha power has been found to positively correlate 

with NF alpha-training, and resting beta power before training as well as beta power during 

the first training block could predict the ability to regulate beta/theta ratio (Nan et al., 2015; 

Wan et al., 2014). Furthermore, Reichert et al. (2016) found that participants with lower SMR 

power over the central electrodes before SMR-training performed worse over the course of 

10 sessions. Hence, these studies demonstrate that variability in frequency activity may affect 

training performance. Specifically, it appears that subjects with higher power of the target 

frequency are more successful at further upregulating said frequency which is possibly 

related to the grey and white matter volumes in the related brain regions. 

Another indication of neural communication both within a single brain area and 

across different brain areas, is synchronization of frequencies. For example, cross-frequency 

synchronization, also called cross-frequency coupling, across brain regions are believed to 

indicate communication between regions. Here, lower frequency waves, such as theta and 

alpha waves, carries information in the form of higher frequency waves, such as gamma or 

beta waves, from one region to another (Bonnefond et al., 2017; Vanneste et al., 2018). This 

is done through nested synchronization, where the higher frequency waves are nested within 

the lower frequency waves (Jensen & Colgin, 2007). In NF, the upregulation of alpha and 

downregulation of beta and gamma in the posterior cingulate cortex has been found to relieve 

symptoms of tinnitus (Vanneste et al., 2018). Tinnitus is a condition in which a perception of 

sound is present in the absence of an external source and may be caused by trauma to the 

inner ear or through abnormalities in the brain. When caused by neural abnormalities, tinnitus 

related communication of intensity and loudness between posterior cingulate cortex and the 

lingual gyrus is believed to occur through the nesting of beta and gamma within alpha waves. 

By reducing the power of the information waves (beta and gamma), tinnitus symptoms were 

also reduced (Vanneste et al., 2018). Thus, it appears that the ratio between carrier waves and 

information waves may be an indication of communication between regions and may 

therefore also affect NF performance, for example through the coupling of frontal theta and 

hippocampal gamma, which has been related to working memory (Lisman & Jensen, 2013). 

Theories state that the number of gamma phases inside one theta phase may be an indicator of 

working memory capacity, in which more gamma phases nested within one theta phase 

indicates greater capacity (Lisman & Jensen, 2013). Following this theory, lower frequencies 
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of theta from the frontal cortex and higher frequencies of hippocampal gamma indicates 

greater working memory capacity, and thus perhaps also better learning. This may also 

translate to performance in NF training. Previous research has found that better NF 

performance in both SMR, alpha and SCPs has been related to increased activity in areas of 

the prefrontal cortex of both experimental and control groups (Enriquez-Geppert et al., 2017; 

Halder et al., 2011; Ninaus et al., 2015). This increase in activity is believed to be related to 

working memory and the cognitive control required for NF, and therefore a direct or indirect 

communication path between these areas and the target brain area during NF training may be 

present. Therefore, if this communication is facilitated through theta-gamma coupling, it may 

be possible to predict NF performance through the assessment of individual differences in 

theta or gamma frequency. 

The last method of measuring neural communication to be discussed in this section, is 

intertrial coherence (ITC), which is the synchronization of frequencies across identical trials 

of a task. Higher ITC suggest that more neurons activate at the same time in response to a 

task-related stimulus or response, and measures the degree of synchronization of the 

frequencies over several trials, and may thus be a measure of neural variability and 

connectivity during identical tasks. The ITC is measured between 0 and 1, with 1 indicating 

perfect synchronization over several trials, and 0 indicating no synchronization. Previous 

studies have linked higher ITC in the frontal midline theta range to consistency in reaction 

time (RT) in a Go/NoGo task (Papenberg et al., 2013). Lower ITC in the frontal theta 

following task-related feedback has also been shown to be related to worse performance 

among individuals with autism (van Noordt et al., 2017). The authors concluded that the 

lower feedback related ITC was related to lower decision-making abilities and atypical 

reinforcement learning capabilities. Increased ITC of the frontal theta may thus be an 

indication of increased connectivity in the frontal cortex and may therefore also be a predictor 

for NF success, however this has not yet been investigated. 

 

1.1.2  Psychological factors of NF performance variability 

NF learning can be attributed to the concept of operant learning in which participants learn to 

control their brain activity through positive reinforcing feedback response (Alkoby et al., 

2017). This kind of operant learning can, however, be influenced by a variety of 

psychological factors. To investigate this, Kadosh and Staunton (2019) conducted a 



6 

 

systematic review of published studies that investigated various psychological factors 

affecting NF training success. Of 281 reviewed papers, they identified 21 articles that 

reported the effects of such factors. The authors then identified four factors that have been 

relatively well researched in regard to NF training success: attention, motivation, personality 

and mood. Of these factors, mood and personality appeared to display the most inconsistent 

results. For example, of the three studies that investigated personality, only one found a 

personality trait to correlate with training (Kadosh & Staunton, 2019; Marxen et al., 2016). 

Similarly, one study suggest that better mood is related to better training (Nijboer et al., 

2008), however a follow- up study by the same group did not replicate this finding (Nijboer 

et al., 2010). On the other hand, motivation and attention seem to have the most consistently 

positive results and have also been more extensively researched compared to the other two 

(Kadosh & Staunton, 2019). Therefore, these two will be discussed separately below.  

Attention. A number of studies have found increased attention to be associated with 

better performance, and in fact it may be one of the determining factors for NF training 

success (Kadosh & Staunton, 2019). For example, in a NF training protocol for SMR, 

Hammer et al. (2012) reported that 19% of variance in performance could be accounted for 

by attention span and concentration, the highest of all the factors measured (imagery abilities, 

visual-motor coordination abilities, intelligence, verbal and non-verbal learning abilities, 

personality traits, psychological well-being, motivation and mood). Additionally, in an earlier 

study, Daum and colleagues (1993) found that epilepsy participants with a greater attention 

span could achieve better control over SCPs. Further, better ability to direct attention towards 

inner states have been found to be important for better NF performance. For example, people 

who partake in frequent intense praying have been found to perform better than matched 

control in an NF protocol for the upregulation of SMR (Kober et al., 2017). They also 

demonstrate a negative association between NF performance and grey matter volume in the 

left medial orbifrontal cortex, an opposite trend to that of the control group. The authors 

speculate that this negative association is caused by the increased ability to ignore irrelevant 

information from the outside world, and to avoid task-irrelevant thoughts. Thus, they have 

more inner awareness and consequently enhanced ability to regulate brain activity through 

NF training. In the same vein, participants who had undergone meditation training over the 

course of 4 weeks, performed better in a BCI paradigm, than a group who learned to play 

guitar (Tan et al., 2009). Therefore, it appears that attention seems to be an important factor 

for NF training success across a variety of NF training paradigms, and that this not only 
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varies depending on experience but that NF performance can be improved through frequent 

meditation training. 

Motivation. Motivation is perhaps the most researched psychological factor in 

relation to NF training success, and has been assessed in a variety of ways, including 

monetary incentives and surveys (Baykara et al., 2016; Kadosh & Staunton, 2019). One of 

the most common forms of testing motivation for NF studies have been through the 

Questionnaire for Current motivation (QCM) which assesses four different factors related to 

motivation (i.e., anxiety, challenge, interest and probability of success). The QCM has further 

been adapted for the use with BCI by Nijboer et al. (2008) and thus is a popular tool for 

assessing motivation in NF research. Using the QCM, Nijboer et al. (2008) found a difference 

in performance for the NF training of SMR between a group receiving visual feedback and a 

group receiving auditory feedback. Specifically, participants in the visual feedback group 

performed better when they reported increase in the subscale of “probability of success” and 

worse performance when they reported increase in “anxiety”. However, in the auditory 

feedback group, there appeared to be a relationship between increased performance and 

increased “anxiety”, suggesting an opposite trend. As the auditory feedback group performed 

worse overall, this may indicate that participants fear of failing became higher as learning 

progressed, due to the auditory feedback being perceived as more challenging than the visual 

feedback. This is merely speculation on the part of the authors; however, this highlights the 

complicated relationship between the various facets of motivation and performance and raises 

the question whether or not motivation may also be dependent on the specific NF setup. 

Indeed, results have been equivocal regarding which aspect of motivation has the most 

influence on NF training success. For example, in a SMR-NF study, Kleih et al. (2011) found 

that performance positively correlated with the QCM subscales of “anxiety” and “challenge”, 

while in a separate study, Nijboer et al. (2010) found a positive correlation between 

performance and the subscales “probability of success” and “challenge” in a SMR NF 

protocol. Alternatively, Baykara et al. (2016), found no correlation with any of the subscales 

of the QCM and performance, but found that higher motivation as measured through the 

visual analogue scale (VAS; in which they assessed general motivation on a 10 cm line where 

0 indicated “Not motivated at all” and 10 indicated “Extremely motivated”.) was associated 

with increased P300 amplitude during a BCI task. Kleih et al. (2010), who conducted a 

similar P300 study, also found a similar correlation between P300 and VAS, and further 

found that motivation in the form of monetary reward had no significant effect. Thus, one can 
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conclude that motivation affects performance in NF training, however the exact relationship 

is unclear, as motivation consists of various facets that may affect training differently. 

Therefore, further research is required to determine the exact nature of the effect of 

motivation on NF performance.  

 

1.2 The problem of consensus 

As previously pointed out, NF is a very versatile method and has been used within a wide 

variety of fields, ranging from treatment of psychological and neurological disorders, 

enhancement of performance in sports and arts, to optimising cognitive performance in 

healthy individuals. (Alkoby et al., 2017; Gruzelier, 2014a; Thibault et al., 2018). As each of 

these fields have their own aims and issues, developing a consensus regarding the best way to 

conduct an NF study has proved to be complicated. However, this is of utter importance for 

the credibility of the NF method, and to make it possible to compare and assess different 

studies to find the best NF method that is both effective and adaptable. This section will 

address some of the issues regarding current NF practices and how they can best be addressed 

to ensure a replicable research design.  

Control groups. Control groups in NF studies are important to be able to correctly 

infer a causal effect of NF on brain activity and the associated behavioural performance. The 

use of an appropriate control group can ensure that the training effect is a result of the NF 

itself, and not some other general effect of being part in the study. This is especially 

important in NF studies, where methods can differentiate widely and there is very little 

documented agreement on which methods are more effective (Gruzelier, 2014b; Thibault et 

al., 2016). A suggestion is for example the inclusion of a control group that receive so-called 

sham feedback (Thibault et al., 2018). This can for example be the recording of the feedback 

loop from a participant who received real feedback. This will ensure that the sham 

participants are under the impression of receiving real feedback and will therefore keep trying 

to regulate their activity (Thornton, 2018). 

NF studies over the years have exhibited a general absence of adequate control groups 

(Thibault et al., 2018). The study by Kleih et al. (2010) for example, included no sham-

feedback controlled group, however, did include a control group which received no monetary 

incentive. The same is true for majority of the studies that are reviewed in the previous 

sections; there is a clear lack of sham-controlled NF protocols. One of the few exceptions are 
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for example Enriquez-Geppert et al. (2013) who could therefore also conclude with relative 

confidence that their protocol was effective for the modulation of the target brain activity. 

However, it is important to note that further research is still required to make certain 

conclusions regarding the effectiveness of NF, and the inclusion of a sham-controlled group 

can go a long way to help determine this. 

Blinding. The section of psychological effects reviewed in the previous section nicely 

highlights the effects of beliefs on performance. The participant may have beliefs or 

expectations about the outcome of the study that may bias his or her performance, either 

directly or via other psychological variables such as interest and motivation. Hence, blinding 

of the participant is of utter importance in the case of real and sham-feedback, as this 

knowledge may affect such psychological variables and therefore also NF performance 

(Thibault et al., 2018). Further, blinding of both participant and experimenter (so-called 

double-blinding) ensures the elimination of experimenter bias and inflation of demand 

characteristics in participants (Thibault et al., 2016). Thus, a sham-controlled double-blind 

study design is the most feasible method to produce reliable results.  

Definition of training success and reporting of results. As the focus and goal of NF 

studies may be different, the definition of what is considered training success naturally differ 

from study to study. Generally, NF studies have a pre-post design, wherein an assessment of 

cognitive function or other relevant markers of behaviour is repeated before and after 

completion of NF training. This can for example be a measure of aggressiveness and/or 

impulsiveness in ADHD research (Van Doren et al., 2019) seizure occurrence in epilepsy 

groups (Daum et al., 1993), and/or performance in cognitive tasks (Gruzelier, 2014a). Other 

studies have also looked at training success by comparing pre and post-test assessments of 

neural data (Thibault et al., 2018). Some have additionally reported neural data during NF 

training, for example the change in frequency power from session to session. Additionally, it 

has also been noted that some researchers in the past have chosen to analyse and report only 

the measures that are relevant for their hypotheses, and selective reporting of significant 

results over the years has resulted in misleading information. Hence, clear guidance on what 

results to report is of utter importance and should be decided beforehand. Gruzelier (2014b) 

suggest three indices for learning that should be reported: across sessions, within sessions and 

baseline increments. He especially emphasizes the importance of reporting baseline 

increments, as the goal of neurofeedback training are generally to create effects that will last 

beyond the timeline of the study. Further, Rogala et al. (2016) stress the importance of 
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including both neural and behavioural data when reporting NF results, regardless of the focus 

of the study. This makes it possible to infer causal links between the NF-training and 

behavioural change. Additionally, in a recent consensus guide for neurofeedback studies it 

was also emphasized that all brain activity variables used for the feedback should be included 

in the reporting of results; hence pre- and post-training baseline, all rest and training blocks, 

and, if any, all transfer blocks and long term-follow-ups (Ros et al., 2019). 

Number of sessions. The number of NF training sessions have varied from one to 

several hundred sessions depending on research group and type of NF training (Gruzelier, 

2014). Although it has been suggested that fMRI-NF requires less sessions than EEG-NF due 

to fMRI’s ability to more accurately target the specific brain area of interest (Thibault et al, 

2018), there are no consensus regarding the optimal number of sessions for either imaging 

method. However, some EEG-NF studies have reported that training reaches a plateau after 4 

to 6 training sessions (Gruzelier et al., 2010; Keizer et al., 2010; Enrique-Geppert et al., 

2014). Thus, currently the optimal number of training sessions required for lasting NF effects 

is unclear, and it may depend on the specific protocol and imaging method which is 

implemented. 

CRED- nf checklist. As all these issues mentioned previously are starting to come to 

light, more and more studies are keeping these in mind when designing and running 

experiments. Furthermore, a number of NF researchers have come together to develop a 

guide for future NF studies, the “Consensus on the reporting and experimental design of 

clinical and cognitive-behavioural neurofeedback studies (CRED-nf checklist)”, in the hopes 

of somewhat standardising the reporting and design of NF research and making it more 

replicable and trustworthy (Ros et al., 2019). Along with suggestions regarding the reporting 

of methods and results, the checklist also includes suggestions for implementation of control 

groups and blinding, as well as the storage of data. The authors recommend the inclusion of 

this checklist in any new paper, to make it easier to find relevant sections for anyone 

interested in replicating and/or conducting further research on the topic. Although the current 

study is part of a larger project which began before the publishing of this paper, the CRED-nf 

checklist is included (see appendix: Figure A1) and discussed further in the discussion 

section. 
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1.3 The present study 

The present study aimed to investigate various factors that may predict training success. With 

the issues regarding consensus within NF research in mind, a double blind and sham-

controlled EEG-based neurofeedback training protocol of frontal midline theta activity was 

set up.  

1.3.1 EEG-NF of frontal-midline theta (FM-theta) activity 

Frontal-midline theta activity represents neural activity oscillating in frequencies between 4 

to 8 Hz, that can be measured from the fronto-central areas of the brain. Thus, FM-theta 

likely originates from the midcingulate cortex (MCC), an important region for conflict 

monitoring and error detection (Cavanagh & Frank, 2014; Enriquez-Geppert et al., 2013), and 

activity in the MCC has been shown to increase during situations of error, conflict, and need 

for behavioural adjustments (Cavanagh & Frank, 2014; Van de Vijver et al., 2011). FM-theta 

has also been linked with the N200 and error-related negativity (ERN) event related 

potentials (ERP’s), which are negative shifts in neural activity as measured through EEG and 

fMRI in response to behavioural errors and negative feedback (Cavanagh et al., 2012). FM-

theta may thus be a prime potential target for the modulation of executive functions by NF 

training. Executive functions are higher-level cognitive processes that aid in specific goal-

directed behaviour, and three main executive functions have been proposed (Friedman & 

Miyake, 2017). These are; inhibition, which refers to the ability to inhibit a dominant or 

prepotent behaviour; updating, which includes the revision of already held items in the 

working memory based on new incoming input; and shifting, which refers to the ability to 

shift between two tasks or mental states.  

Better performance in executive function tasks have been linked to better academic 

achievement in adolescence (Miller & Hinshaw, 2010) and slower cognitive decline in the 

elderly (Lin et al., 2007). Therefore, various methods have been utilised for the enhancement 

of executive functions, for example through cognitive training (Wang et al., 2011), physical 

training (Albinet et al., 2010), through neurostimulation methods such as transcranial 

magnetic stimulation (TMS) (Ohn et al., 2008), and finally, through NF training. For 

example, the upregulation of FM-theta through NF-training in healthy adult participants has 

previously been reported to improve performance in memory updating and mental set-

shifting tasks (Enriquez-Geppert et al., 2014a).  
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1.3.2 Research aim 

Research has found NF to be a possibly promising tool to modulate brain activity and 

associated behaviours. However, to further advance the NF field, it is important to identify 

the underlying mechanisms that contribute to NF training success. Understanding such 

mechanisms may help establish NF as a scientifically sound neuromodulation method and 

thus perhaps eventually be offered as a non-invasive treatment option for certain symptoms 

and disorders.  To investigate this, an EEG-NF training protocol targeted at the upregulation 

of FM-theta activity and its effects on executive functions was utilized. The protocol utilized 

a double-blind and sham-controlled design which consisted of six NF training sessions and a 

pre- and post-assessment of executive functions. Specifically, the aim of the present study 

was to investigate the effect of individual frequency, power and ITC, as well as motivation on 

training success. As there is no clear consensus on outcome measures in the literature, these 

were decided based on the consensus guide from Ros et al. (2019), and include the pre- and 

post-training change in FM-theta activity related to executive functions. Specifically, the 

individual FM-theta frequency for each participant was calculated from the tasks assessing 

executive functions, and its change in power from the pre-test to the post-test was compared. 

Similarly, task-related ITC in the FM-theta frequency band was calculated and compared 

between pre- and post-tests. These two variables were then compared to the individual 

dominant FM-theta frequency and its power, the task-related ITC, as well as motivation 

before training to assess if either of these factors affected performance. Finally, to assess 

whether the change in power and ITC was indeed a result of NF training, the within and 

between-session power change during NF training was assessed and compared between the 

real feedback group and the sham feedback group.  

1.3.3 Hypotheses 

Based on previous research as reviewed above, it was hypothesized that: 

1. Higher FM-theta power before NF training is related to better training success. 

2. Increased ITC before NF training is related to better training success. 

3. Lower FM-theta frequency before NF training is related to better training success 

4. Higher motivation before and during NF training is related to better training success. 
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2. Materials and methods 

2.1 Ethics 

The experiment was approved by the Regional Committees for Medical and Health Research 

Ethics (REC; ref nr. 2018/1295). All participants read and signed an informed consent form 

prior to participation. They were informed that they could withdraw from participation at any 

point of the duration of the study. The experiment followed the Helsinki declaration. 

Participants were compensated with a gift card of value 500 NOK for their participation. 

 

2.2 Participants 

23 healthy participants between the ages of 18 and 60 years old participated in the study. 8 of 

these participants were allocated to a group performing NF training of activity in the beta 

frequency band (13-30 Hz), as a control for frequency-specific effects of NF training. 

However, data from these participants is not included in the analysis for this thesis. 

Additionally, 1 participant was discarded due to dropping out before completing training. The 

remaining 14 participants were allocated to NF training of theta activity. Of these, 6 were 

allocated to the sham-feedback group, and therefore received a replay of another participants 

feedback (2 female, mean age = 27,13, SD = 6.88), and 8 to the real-NF group, and received 

real feedback (2 female, mean age = 25.17, SD = 2.48). All subjects were right-handed and 

reported no neurological or psychological disorders, and were native Norwegian speakers. 

Participants gave their informed consent prior to starting the study.  

 

2.3 Design 

The present study utilized a sham-controlled, double-blind design. Further, the protocol was 

individualized to each subject by calculating the participants dominant theta frequency, which 

was used for the NF training. First, the participants completed a baseline assessment (pre-

test) of executive functions, which consisted of several cognitive tasks while EEG data was 

recorded simultaneously. This pre-test assessment was followed by six neurofeedback 

sessions, in which participants were instructed to upregulate their brain activity, each 

completed on separate days over the course of two to four weeks. After completion of all six 

neurofeedback training sessions, the participants again were assessed on the same cognitive 

tasks as in the pre-test. The participants were allocated to the real feedback group or the 

sham-feedback group by the project leader, and these groups were matched on gender and 
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age. The control group (hereby referred to as the sham group) received sham feedback in the 

form of a replay of the feedback from a previous participant in the real-NF group (hereby 

referred to as the NF group). The group allocation was only known to the project leader, and 

the experimenters and the participants were ignorant as to which group the participant was in. 

However, when the experimenter would no longer have contact with any participants, the 

group allocations were revealed to the experimenter. 

Additionally, a second group of participants were allocated to a beta NF-training 

group. These participants trained their individual dominant beta frequency as measured from 

the electrodes covering the motor cortex. The allocation to either the theta group or the beta 

group was single-blind, thus the group allocation was known to the experimenter but not to 

the participant. The focus of the current thesis is the NF of FM-theta solely, thus the beta 

group will not be addressed further. However, it needs to be noted that the sham group is a 

pooled group of participants receiving sham feedback based on real theta feedback and real 

beta feedback. As the participants in the sham group do not learn to regulate their brain 

activity, whether the participants are receiving a replay of theta or beta training is assumed to 

not make a difference in results. 

 

2.4 EEG setup and data acquisition 

The pre- and post-session executive function tasks were run using the Psychophysics Toolbox 

V-3 (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997) plug-in for MATLAB R2018b (The 

MathWorks, Inc., Massachusetts, USA) on a Dell Precision Tower 3620 computer (Dell Inc., 

Texas, USA). The neurofeedback training was run on an Alienware Aurora R7 computer 

(Alienware, Florida, USA), using NeuroFeedbackSuite 2.0 (developed by R.J. Huster) 

running under MATLAB R2018b. Both the executive function tasks and the neurofeedback 

training stimuli were presented to participants on a ViewSonic XG2401 monitor (ViewSonic 

Corp., California, USA) with a refresh rate of 119 Hz. All participants were seated 

approximately 80 cm away from the computer screen. Responses were given via two Cedrus 

response pads, RB-540 and RB-740 (Cedrus Corporation, USA), depending on the task.  

All EEG recordings were conducted in an electrically shielded room using the 

BrainAmp system and the BrainVision Recorder software (Brain Products GmbH, Gilching, 

Germany). 38 active scalp electrodes were used for recording EEG activity (sampling rate: 

500 Hz) in accordance with the international 10-20 system. Online reference electrode was 

placed at CPz and ground at AFz. In addition to this, one electrode was placed on each 
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earlobe for offline re-referencing and four electrooculograph (EOG) electrodes were placed 

on the outer canthis of each eye and above and below the right eye. During the six 

neurofeedback sessions, additional electromyograph (EMG) activity was recorded using 

bipolar passive electrodes with a sampling rate of 500 Hz. The electrodes were placed on the 

adductor pollicis of the left and right hand, and a ground electrode on the left forearm. EMG 

and EOG data was used for online artefact rejection during neurofeedback sessions to avoid 

artefactual data being included into the ongoing online calculation of the FM-theta. 

 

2.5 Pre-post training sessions 

Before and after the neurofeedback training sessions, the participants conducted a series of 

cognitive tasks to assess their executive functions. The task order was kept constant for all 

participants and for the pre- and post-test assessments. A subset of these tasks in the pre-test 

were then used to calculate the individual FM-theta frequency for each participant. This was 

obtained by detecting the frequency with peak amplitude through Event Related Spectral 

Perturbations (ERSPs) analysis in the 150-450 ms time window post-stimulus (described in 

more detail in section 2.6.2 Estimation of individual frequency bands). This calculation was 

conducted for the trials with the highest cognitive load (the tasks that are believed to utilize 

the executive functions in question; hereby referred to as HCL) for each task; the correct 

responses for the three-back task, incongruent trials of the stroop task, the switch trials of the 

task-switch task, and the correct stop trials of the stop-signal task. The four peak frequencies 

for each task were averaged, and during the following six NF sessions, each participant 

received feedback from this averaged frequency ±1 Hz.  

 

2.5.1 Executive function test battery 

The tasks were presented in the same order as below: 

Nback. The nback task in the present study consisted of the presentation of a 

sequence of letters appearing one after the other. Each sequence started with a text informing 

of the upcoming sequence (oneback or threeback). Each trial started with a fixation cross 

with a jitter between 800 and 1200 ms was presented, after which the letter as presented with 

a duration of 1000 ms each. The participants were instructed to indicate with a button press if 

the letter that appeared on the screen was a target letter (i.e. a letter matching the letter 

presented either 1 or 3 letters before in the oneback condition and the threeback condition, 

respectively). The task consisted of a total of 5 blocks containing 4 sequences each; 2 
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oneback sequences and 2 threeback sequences, with each sequence containing 25 letters and 

8 targets each. The sequences were always presented as: oneback, threeback, oneback and 

threeback. After the completion of a sequence, the participant received feedback on their 

performance. If the accuracy was below 90 %, the participant was instructed to “be more 

accurate”. If the response time were higher than 800 ms, the participant was instructed to “be 

faster”. If none of these criteria were met, the participant were told, “well done”. In total, the 

task consisted of 10 oneback-sequences and 10 threeback-sequences, lasting about 25 

minutes 

Colour-Stroop. The stroop task assessed the cognitive interference effect. The task 

consisted of words (“red”, “green”, “blue”) presented on the screen in different colours (red, 

green, blue). The participants’ task was to indicate with a button press which colour the word 

was presented in. The task consisted of both congruent trials, in which the colour word 

matched the letter colours (i.e. the word “red” presented in red letters) or incongruent trials in 

which the colour word did not match the letter colours (i.e. the word “red” presented in green 

letters). Each trial started with a fixation cross which was jittered between 1800 and 2200 ms. 

Then the colour word appeared for 1000 ms. If the participant pressed the response button, 

the presentation of the word was terminated, and a new trial initiated. If no response was 

made, the word was presented for the full duration. 50 % of the trials were incongruent trials, 

however the first block always started with 3 congruent trials. The task consisted of 5 blocks 

with 48 trials each 

Task-switch. The task-switch task assessed set shifting abilities. The task consisted of pairs 

of a letter and a number, presented in either a blue or yellow colour on a grey background. 

The participants task was to indicate either if the number was an even or odd number, or if 

the letter was a vowel or a consonant. The colour indicated the trial task. If the colour of the 

letter-number pair was blue, the participant indicated with a right or left button press if the 

number presented on the screen was an even or odd number, respectively. If the colour of the 

letter-number pair was yellow, the participant indicated with a button press if the letter was a 

vowel (right button press) or a consonant (left button press). Each block started with 

instructions of the rules. The participant could press any button to start. Each trial started with 

the presentation of a fixation cross which was jittered between 1300 and 1700 ms, and 

followed by the target stimulus (the number and letter combination) which were presented for 

a duration of 1200 ms. If the rule in the current trial was the same as that in the previous trial, 

the trial was a so-called stay/repeat trial. If the ruled changed, the trial was a switch-trial. 
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After each block, participants received a prompt regarding their performance. When the 

average response time was higher than 850 ms, the participants were prompted to respond 

faster, and when accuracy of response rate dropped below 60% participants received a 

prompt urging them to be more accurate. The task consisted of 4 blocks of 60 trials each, 20 

of these were switch trials. 

Stop-Signal Task (SST) The stop-signal task is frequently used task to assess response 

inhibition. The task consisted of 5 blocks, each of which consisted of 90 trials; 68 go trials 

and 22 stop trials, giving an overall stop-signal probability of 24 %. The first block always 

started with 10 go trials to ensure a prepotent tendency for responding. Each go-trial started 

with a fixation cross with a duration jittered randomly between 700 and 1200 ms. The 

fixation cross was followed by a go-signal in the form of an orange leftwards or rightwards 

pointing arrow informing the participant to press either left or right button, respectively. The 

go-signal was presented for 100 ms, and was followed by a fixation cross with a duration of 

1000 ms. Thus the participant was given 1000 ms to respond, and responses outside of this 

time range were logged as non-responses. The stop-trials were identical to the go trials except 

that on stop trials a blue arrow pointing in the same direction as the preceding go arrow was 

presented for an additional 100 ms. The delay between the go-signal and the stop-signal, the 

stop-signal delay (SSD), varied. For each participant the SSD started at 250 milliseconds and 

was dynamically adjusted using a staircase procedure: the SSD increased with 50 

milliseconds if the previous stop-trial resulted in successful inhibition (i.e., no response) and 

decreased with 50 milliseconds if the precious stop-trial resulted in unsuccessful inhibition 

(i.e., a response). The SSD was collapsed for right and left arrows.  

After each completed block, the participant was presented with feedback on their 

performance. “Be more accurate” was presented if the stop-trial accuracy was below 40%. 

“Be faster” was presented if the go-trial reaction time was above 80%. “Well done” was 

presented if none of these criteria were met. The participant was instructed to pay attention to 

the feedback and adjust his or her performance accordingly 

 

2.5.2 Other tests 

In addition to the executive function tasks mentioned above, participants also performed the 

following tasks during the EEG-recordings of the pre-and post-test assessments: Attentional 

network task, finger-tapping task and resting-state. In addition, as part of the pre-test 
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assessment only, the participants performed a neuropsychological test battery consisting of 

the California Verbal Learning Test version II: Standard (Delis et al., 2008), Trail Making 

Test (Spreen & Strauss, 1998), and Matrices, Digit Span and vocabulary tasks from the 

Wechsler Adult Intelligence Scale (WASI) (Wechsler, 2008). These are not relevant to the 

current study and are therefore not elaborated on further. 

 

2.6 Neurofeedback training sessions 

2.6.1 Procedure 

The neurofeedback training procedure consisted of six training sessions completed on 

separate days over the course of two to four weeks. Each session started with a two-minute 

calibration block to set individual thresholds for eye-blinks and finger muscle twitches that 

might distort the NF training data (explained in detail in section 2.6.3 Online processing). 

Then, a five-minute baseline block followed, where the baseline theta power of the frequency 

band being trained was measured and estimated. Here, the participants were instructed to 

relax, and to keep their gaze on the screen, which showed a square which was changing 

colours in a random fashion, to keep the visual stimulus similar to that during the NF training 

blocks. The baseline block was followed by five NF blocks lasting five minutes each, where 

the participants were instructed to up-regulate their brain activity by using the feedback on 

the screen. The NF training blocks were followed by a so-called transfer block, also five-

minute long. Here, the participants did not get feedback (the square remained grey) but were 

instructed to try to up-regulate their brain activity. Finally, the session ended with a five-

minute baseline block, similar to the one in the beginning of the session. Before starting each 

NF session participants filled out the short-form of the QCM adapted for BCI. The 

participants were also given a list of strategies they could use to upregulate their brain 

activity. This list was based on strategies that have been provided to participants in NF-

studies previously, and ranged from arithmetic thought exercises to thinking about mundane 

everyday tasks. Participants were instructed to find the strategies that worked best for the 

upregulation of their brain activity and it was emphasized that they were free to use any 

strategy which they pleased, including strategies that were not on the list. After each NF 

training block the participants were instructed to write down the strategies they had used, and 

to indicate on a seven-point likert scale how well they felt the strategy worked. At the end of 

the session the participants indicated how motivated they were to continue with the training, 

also on a seven-point likert scale. 
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2.6.2 Estimation of individual frequency bands. 

The EEG data used for estimation of individual theta frequencies was pre-processed in 

MATLAB R2018b, using the EEGLAB toolbox (v14.1.1)(Delorme & Makeig, 2004). The 

individual theta frequency used for NF training was estimated based on four of the cognitive 

tasks performed during the pre-training session: the nback task, stroop task, taskswitch task 

and the SST. For each task, the data was high-pass filtered at 0.1 Hz. The data was then re-

referenced to the average of left and right earlobes, and low-pass filtered at 40 Hz. ICA was 

run on continuous data and components corresponding to blink and muscle artefacts was 

removed. The data was then epoched into epochs of 3000 ms, centred around the stimulus of 

interest. Baseline correction was performed with baseline ranging from -1500 to 0 ms locked 

to the target stimulus. For the nback task, this was the threeback targets that were correctly 

identified. In the stroop-task, it was the incongruent targets with correct response. In the task-

switch task, it was the switch-trials with correct response, and in the SST it was the valid 

stop-trials. Noisy epochs were removed based on visual inspection. The remaining epochs 

were subjected to a time-frequency transformation using the newtimef function in EEGLAB. 

ERSPs were calculated for the frequency window between 1 and 30 Hz in 120 frequency 

steps. An increasing amount of cycles in each Morlet wavelet was used, starting on 1 Hz and 

increasing with 0.25 Hz for each frequency ending at 15 Hz. The resulting ERSP was 

normalized to the spectral baseline by dividing by the average power across trials at each 

frequency from the time period -1500 to 100 ms before target onset. The ITC was then 

estimated as the frequency between 4 and 8 Hz with the highest power, within a time window 

of 150 to 450 ms post stimulus onset. This was done separately for five electrodes of interest: 

Fz, FCz, Cz, FC1 and FC2. The individual theta frequency was then averaged across the 

electrodes and across the four tasks. The estimated individual theta frequency was rounded to 

the nearest half and the neurofeedback training was based on the average of the individual 

theta frequency +/- 1 Hz. 

 

2.6.3 Online processing 

Artefact calibration Each NF session started with a two-minute calibration block. Here, 

participants eye-blinks and muscle twitches were recorded. After the calibration, but before 

the first baseline block, the EOG and EMG activity was used to set individual and session-

specific thresholds for blinking and finger-movement. It is important to remove any eye-blink 
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activity from the training data as it may be within the theta frequency range, and may thus 

disturb the feedback signal. Likewise, muscle movement may elicit beta activity over the 

motor cortex, which may infer with the NF training of the beta group. Although not strictly 

necessary to remove from the NF-theta group, it ensured setup consistency between groups, 

as well as reassurance that the participants kept still throughout the sessions. To do this the 

calibration data was first corrected for drifts. The eyeblink threshold was based on the 

activity from the four EOG electrodes. Similarly, the muscle-twitch threshold was based on 

an average of the left- and right-hand EMG activity. These were estimated based on visual 

inspections of the eye-blink and muscle-twitch peaks. Based on these manual thresholds, data 

epochs of 2-second centred around the peaks were extracted, within the 1-second interval that 

followed the first data point that was above the threshold. These non-overlapping epochs 

were gathered and the mean of all the values higher than 0.75 multiplied by the original 

threshold was computed (ArtMean). The standard deviation of the same values was also 

computed (ArtSD) and the final threshold was then ArtMean-ArtSD. Then all incoming data 

were detrended and rectified, and if an epoch had a value which was higher than the 

threshold, it was marked an artefact. This was done separately for the eyeblink artefact and 

the muscle twitches. 

Feedback signal. During the NF training blocks, EEG data was recorded 

continuously in each block.  The feedback signal was based on activity recorded from five 

frontocentral electrodes: Fz, FCz, Cz, FC1, and FC2. The signal was based on 2000 ms 

epochs, which were updated every 200 ms. Specifically, data from each 2000 ms window 

was subjected to a Fast Fourier Transform and a hamming window. The raw power of the 

participants individual theta frequency +/- 1 Hz was then compared to the mean baseline 

power of the same frequency. The feedback signal consisted of a square on the screen which 

changed colour according to the theta activity level. Specifically, it was constructed such that 

the saturation of blue and red colour of the square indicated the degree of enhancement or 

attenuation, respectively. The signal was represented by 21 colour steps, in which the middle 

step was the colour grey (indicating no deviation from baseline), and the 10 steps to each side 

was scaled in saturation so that the maxima corresponded to  +/- 2 SD from the mean of the 

baseline. When no difference from baseline was detected, or when an artefact was detected, 

the square turned grey. To allow for a more realistic feedback, the square also turned grey in 

response to artefacts for the sham group.  
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2.6.4 Questionnaire for Current Motivation 

The Questionnaire for Current Motivation (QCM; Rheinberg et al., 2001) is a questionnaire 

which assesses four subscales of motivation; anxiety (QCM-A), challenge (QCM-C), interest 

(QCM-I) and probability of success (QCM-P). In 2008 Nijboer et al. (2008) adapted the 

questionnaire for use in BCI research. In the present study, participants were presented with a 

short-form version of this questionnaire before each NF training session. Each subscale 

consisted of 3 questions each and were answered on a seven-point Likert scale. The subscale 

QCM-A assessed feelings of anxiety in relation to the task at hand, QCM-C assessed how 

challenging the task was perceived, QCM-I assessed the interest regarding the task and 

QCM-P assesses to what degree the participant felt they may be able to complete the task. 

 

2.7 Analysis 

All statistical analyses were performed using IBM SPSS Statistics Version 26 and RStudio 

version 1.2.5033. 

2.7.1 NF-training sessions 

Before assessing the possible effects of predictors on NF training success, a within- and 

between-session analysis was performed to investigate the success of the current 

neurofeedback protocol for the upregulation of FM-theta. For this analysis, the spectral data 

which was used for the feedback was extracted from NeurofeedbackSuite 2.0. The data which 

was marked as artefactual was discarded before analysis, and the remaining data was then 

averaged for each block in each session, for each subject. Then, a method similar to 

Enriquez-Geppert et al. (2014b) was implemented, as described below. 

Between-session analysis. To analyse the between-session development of FM-theta 

as a result of NF-training, the change in FM-theta amplitude for each block in each session 

was calculated relative to the corresponding block of the first session. Hence, all blocks of the 

first session were therefore set as a zero baseline, and all corresponding blocks in sessions 2-6 

were calculated as the change relative to the first session block. To analyse the session to 

session change in FM-theta during training, the feedback blocks (1-5) of each session was 

averaged together to create one NF training variable of power change for each session 

relative to the first session. Then, to assess the FM-theta power change during training a 5x2 

repeated measures ANOVA with sessions (S2, S3, S4, S5, S6) x group (NF, sham) as 

independent variables. Similarly, to assess the between-session change in FM-theta during 
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rest, the pre-baseline and post-baseline blocks were averaged together for each of the 6 

sessions to create a resting variable of FM-theta power change relative to the first session, 

and a 5x2 repeated measures ANOVA with sessions (S2, S3, S4, S5, S6) x group (NF, sham) 

was performed to assess the session to session change in resting FM-theta amplitude change.  

Within-session analysis. For the analysis of the within-session development of theta 

power, the change in power relative to the power measured during the first baseline block 

was calculated for each session. Thus, the pre-baseline block of each session was set at a zero 

baseline, and all the following blocks in the same session where calculated as relative change 

from the pre-baseline block of their respective session. Then, the data for each corresponding 

block was averaged across all 6 sessions, such that each block used in the following analysis 

consisted of the average FM-theta amplitude change across all sessions relative to the pre-

baseline block. To assess the mean within-session change of FM-theta during the feedback 

blocks, a 5x2 repeated measures ANOVA was performed with feedback blocks (F1, F2, F3, 

F4, F5) x group (NF, sham). Furthermore, an independent samples t-test was performed 

between the NF and sham group of the FM-theta change from pre- to post-baseline to assess 

the within-session change in resting-state FM-theta power. 

Motivation Change in motivation score across training sessions were also investigated 

to assess possible differences between the NF and sham group. A 6x2 repeated measures 

ANOVA was conducted for each subscale (QCM-A, QCM-C, QCM-I, QCM-P) with session 

(S1, S2, S3, S4, S5, S6) x group (NF, sham) as variables. One participant in the NF group 

failed to fill the QCM-BCI during the first training session and is therefore excluded from the 

motivation analysis. 

 

2.7.2 Pre-post session 

For the calculation of ERSP’s and ITC, the data was pre-processed in MATLAB R2018a, 

using the EEGLAB toolbox (v2019.1, open-source and available for free from 

http://www.sccn.ucsd.edu/eeglab/). The pre-processing steps were similar to those used for 

the extraction of ERSP in section 2.6.2. Estimation of individual frequency bands, however 

because this analysis was done by a different lab member, there were some minor exceptions. 

After running ICA, the IClabel toolbox for EEGLAB v2019.1 was used for the identification 

and rejection of ocular and muscular artefacts. Then the data was subjected to a time-

frequency transformation using the newtimef function in EEGLAB. Both ERSP and ITC was 

calculated using the same parameters as described in 2.6.2. Estimation of individual 

http://www.sccn.ucsd.edu/eeglab/
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frequency bands: values were calculated for the frequency window between 1 and 30 Hz in 

120 frequency steps. An increasing amount of cycles in each Morlet wavelet was used, 

starting on 1 Hz and increasing with 0.25 Hz for each frequency ending at 15 Hz. The 

resulting ERSP was normalized to the spectral baseline by dividing the average power across 

trials at each frequency from the time period -1500 to 100 ms before target onset. ITC was 

calculated by comparing frequency phase along each time point and each frequency point, 

with 1 indicating perfect synchronization and 0 indicating no synchronization across trials. 

Neurofeedback training effect on FM-theta and ITC To assess the effect of NF 

training on the pre-post difference in FM-theta activity and ITC during the pre-post executive 

function tasks, ITC and ERSP power values in the time range 150-450 ms post target 

stimulus were extracted from the individual frequencies, and averaged across electrodes (Fz, 

FCz, Cz, FC1, and FC2), frequency band (i.e. individual frequency ±1 Hz; which was the 

range used for training) and time range. This was done for each task, condition and session. 

An increase in FM-theta power and ITC during post-test compared to pre-test for the NF 

group and not the sham group, was expected for the HCL (high cognitive load tasks) 

compared to the low cognitive load tasks (hereby referred to as LCL) as a result of NF 

training.  Then to assess training effects on FM-theta power at the individual task level, a 

2x2x2 ANOVA was performed to investigate training effects for each of the four tasks, with 

the independent variables group (NF,Sham), session (pre, post) and condition (HCL, LCL). 

Similarly, to assess training effects on ITC, a  2*2*2 ANOVA with the independent variables 

group (NF, sham), session (pre, post) and condition (HCL, LCL) was performed with ITC as 

the dependent variable. 

Neurofeedback training effect on behavioural performance: To assess the effect of 

NF training on the behavioural performance in the pre-post cognitive tasks, mean reaction 

times (RT) were extracted from all the behavioural tasks and conditions (nback: oneback and 

threeback, stroop: congruent vs incongruent, task-switch: stay and switch, SST: go and stop). 

RTs were only calculated from trials with a correct response. For the nback task, stroop task, 

task-switch task and the go trials of the SST, RT were calculated from the onset of the target 

stimulus to onset of the response. In the stop-signal task, the stop-signal reaction time (SSRT) 

is a measure of the latency of the motor inhibition process. However, as it is a measure of a 

non-behavioural response, it can only be estimated indirectly. One method of calculating the 

SSRT is by integrating the RT distribution and then finding the point at which the integral 

equals the probability of responding for a specific delay, after which the SSD is subtracted 
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from this finishing time (Verbruggen et al., 2013). This is called the integration method, and 

was implemented in the present study. Extreme RT values exceeding the mean by more than 

2.5 SD from all tasks, and those participants whose mean stop accuracy during the SST was 

lower than 25% or higher than 75% (Verbruggen et al., 2019), were excluded from the 

analysis. 3 participants were thus excluded from all behavioural analysis. 

Then, the pre-post RT for each task were investigated between the NF and sham 

group by performing a 2x2x2 ANOVA, with group (NF, sham), session (pre, post) and 

condition (HCL, LCL). As is the case for the neural measures, an improvement in 

performance during post-test compared to pre-test was expected for the HCL as a result of 

increased FM-theta following NF training.  

Comparison of neural and behavioural data Lastly, Pearson’s correlations were run 

to compare neural and behavioural performance following NF-training for the executive 

function probing conditions of each task. Thus the values of ERSP, ITC and RT from the 

each task of the post-session were extracted from the values in the pre-session. These were 

run through a correlational analysis and Bonferroni corrected for multiple comparisons. An 

increase in ITC and power and a lower RT pre-compared to post-session is expected to result 

in a negative correlation. 

 

2.7.3 Effects of predictors on training success and task performance 

To assess the effects of the four predictors (individual theta frequency, power, ITC and 

motivation) on training success, power and ITC of the HCL conditions of the four executive 

functions (threeback condition of the nback task, incongruent trials of the stroop task, switch 

trials of the task-switch task and stop trials of the stop-signal task) that were used in the 

previous section were averaged across all tasks and difference scores were calculated by 

subtracting the values of the post-session from the values in the pre-session. Then four 

regression analyses, one for each of the predictor, were performed with the pre-post mean 

difference of ERSP and ITC across tasks as the dependent variable and the predictors as the 

independent variable. A multiple regression analysis was performed in the case of the QCM 

with each of the subscales as the independent variables. 

 

2.7.4 Assessment of non-learners 

Finally, an exploratory follow-up analysis was performed to assess the presence of non-

learners, based on the methods used by Weber et al. (2011), who used a criterion based on 
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percentage increase from baseline measure pre-training to feedback blocks in the last session, 

and those whose increase exceeded 8 % were classified as learners. The present study 

adapted a similar method of classification, where percent increase was be calculated from the 

mean of the baseline block before training to the mean of all NF feedback blocks in the last 

session, and those participants whose increase exceeded 8 % were classified as learners. 

Further, following the advice of Gruzelier (2014b) who emphasised the importance of 

baseline change following NF training, percent increase was also calculated from the means 

of the baseline measures before and after NF training. Lastly, pre-post differences were 

assessed. Percent increase was chosen to eliminate differences in results that can occur from 

inter-individual differences in power. 

General remarks 

Mauchly’s test of sphericity were performed for all tests, and in cases of violations of 

sphericity, Greenhouse-Geisser corrections were performed and reported with the adjusted 

degrees of freedom and epsilon (ɛ). 

All data were assessed for normality assumptions using visual inspections of Q-Q 

plots and the Shapiro-Wilk test. None of the data deviated significantly from either and are 

therefore analysed with parametric statistical tests. 

All ANOVAs and MANOVAs are reported with partial eta squared effect sizes (η2
p ). 

Partial eta squared can be interpreted with the following criterias: 0.01 = small, 0.06 = 

medium, 0.14 = large. All t-tests are reported with Cohens d (d) and is calculated based on 

Cumming (2013) guidelines for calculating effect size for within-subjects and between-

subjects effects. Cohen’s d can be interpreted as follows: 0.2 = small, 0.5 = medium and 0.8 = 

large (Cohen (1988) in Cumming, 2013).  
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3 Results 

3.1 NF-training 

Between-session. To assess the between-session change of FM-theta during the NF training 

blocks, a 5x2 repeated measures ANOVA was performed. Although, there was an overall 

increase of FM-theta amplitude for both NF and sham group (figure 1), this effect was not 

significant, as indicated by a non-significant result of both session (F(4,48) = 0.382, p = .821, 

η2
p = 0.031) and group (F(1,12) = 0.528, p = .481, η2

p = 0.042), and also no significant 

interaction effects between session and group (F(1,48) = 0.220, p = .926, η2
p = 0.018). To 

assess the between-session change of FM-theta during the mean of the pre- and post-baseline 

resting blocks, a 5x2 repeated measures ANOVA was performed. There was a non-significant 

effect of session (F(4,48) = 1.032, p = .40, η2
p = 0.079) and group (F(1,12) = 0.043, p = .839, 

η2
p = 0.004) and no significant interaction between session and group (F(4,48) = 1.656, p = 

.176, η2
p = 0.121). A summary of between-session power presented in Table 1. 

 

a) NF training blocks b) Baseline blocks 

 

Figure 1: Between-session mean change of FM-theta power (amplitude^2) during training (a) and resting (b). Error 

bars reflect the standard deviation (SD). 

 

Table 1: Between-session progression of power (amplitude^2) and standard deviation in parenthesis 

 Group S1 S2 S3 S4 S5 S6 

Training NF 

Sham 

18.75 (3.92) 

17.40 (2.17) 

19.35 (3.62) 

17.42 (2.50) 

19.08 (3.83) 

17.59 (2.63) 

19.42 (3.80) 

18.08 (2.84) 

19.38 (4.05) 

17.28 (3.14) 

19.73 (4.27) 

17.74 (1.46) 

Baseline NF 

Sham 

18.38 (3.78) 

17.38 (2.73) 

18.69 (3.91) 

17.52 (3.15) 

18.50 (3.77) 

17.58 (2.87) 

18.08 (3.44) 

18.23 (2.76) 

18.42 (4.03) 

16.26 (3.10) 

18.75 (4.45) 

17.28 (2.01) 

 



27 

 

Within-session. To assess the within-session change during training of FM-theta 

across sessions, a 5x2 repeated measures ANOVA was performed. The omnibus ANOVA on 

within-session FM-theta amplitude development (see figure 2) showed a non-significant 

interaction effect (F(2.1, 24.9) = 0.177, p = .847, η2
p = 0.015, ɛ = 0.52) and non-significant 

main effects of group (F(1,12) = 3.066, p = .105, η2
p = 0.203) and blocks (F(2.1, 24.9) = 

0.695, p = .513, ɛ = 0.52, η2
p = 0.055).  

Lastly, the independent samples t-test investigating the within-session change in 

resting-state FM-theta power reveal that the NF group demonstrated significantly higher FM-

theta power in the post-baseline block compared to the sham group after the NF training 

blocks (t(12) = 2.367, p = .036, d = 1.31).  

 

Figure 2: Within-session mean change of FM-theta power measured in power (amplitude^2). Error bars 

reflect the standard deviation (SD). 

 

Motivation. One repeated measures ANOVA was performed for each of the four 

subscales of the QCM, to assess the effect of session and group on the motivation scores. The 

ANOVA show a significant main effect of session for the subscale “anxiety” (F(5, 55) = 

10.337, p < .001, η2
p = 0.484), but not group (F(1, 11) = 0.415, p = .533, η2

p = 0.036) and no 

interactions between session and group (F(5,55) = 0.718, p = .613, η2
p = 0.061). Bonferroni 

corrected post-hoc tests showed a significant decrease from the first session to the fourth (p = 

.01), fifth (p = .01) and sixth session (p < .01). There was also a significant main effect of 

session for “challenge” (F(1.3, 14,6) = 4.749, p < .038, η2
p = 0.302, ɛ = 0.27), but not for 

group (F(1, 11) = 0.565, p = .468, η2
p = 0.049) and no interactions between session and group 
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(F(1.3, 14.6) = 0.613, p = .491, η2
p = 0.053, ɛ = 0.27). Bonferroni corrected post-hoc tests 

found that none of the sessions reached significant differences (p > .05).  

The subscale “interest” showed a  non-significant main effect for session (F(1.4, 15.2) 

= 3.671, p = .064, η2
p = 0.250, ɛ = 0.27) and group (F(1, 11) = 0.200, p = .664, η2

p = 0.018) 

and no interactions between session and group (F(1.4, 15.2) = 1.298, p = .288, η2
p = 0.106, ɛ = 

0.27). The subscale “probability of success”, also showed a non-significant main effect for 

session (F(2.6, 29.0) = 1.985, p = .144, η2
p = 0.153, ɛ = 0.53), and group (F(1, 11) = 1.909, p 

= .194, η2
p = 0.148) and the interaction between session and group (F(2.6, 29.0) = 0.803, p = 

.488, η2
p = 0.068, ɛ = 0.53) was also not significant. A summary of all QCM scores are 

presented in the appendix (Table A2). 

 

a) NF group b) Sham group 

 

Figures 5: QCM development for NF group (a) and sham group (b). Error bars reflect the standard deviation (SD). 

 

3.2 Pre-post session analysis 

3.2.1 NF training effect on pre-post power and ITC 

A summary of pre-post neural measures is presented in Table 2. 

Nback. To assess the effect of NF training on the nback task power, a 2x2x2 repeated 

measures ANOVA was performed. The ANOVA on the nback task power revealed a 

significant two-way session-by-condition interaction suggest that pre-post change in power 

differed between the conditions (F(1,12) = 6.845, p = .023, η2
p = 0.363. Post hoc tests 

indicate that participants demonstrate a statistically insignificant decrease in power of the 

oneback task after NF training (p = .107) while an increase in power of the threeback task (p 

= .180). Further, there was no significant main effects for session (F(1,12) = 0.168, p = .689, 

η2
p = 0.01), condition (F(1,12) = 0.094, p = .765, η2

p = 0.008), or group (F(1,12) = 0.15, p = 
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.705, η2
p = 0.012), no significant interactions between session and group (F(1,12) = 0.285, p 

= .603, η2
p < 0.023) or condition and group (F(1,12) = 0.357, p = .561, η2

p = 0.029) or 

condition and session and group (F(1,12) = 0.464, p = .509, η2
p = 0.037). 

Another repeated measures ANOVA was performed to assess NF training effects on 

the nback task ITC. The ANOVA on the nback task ITC revealed no significant main effects 

of session (F(1, 12) = 1.871, p = .196, η2
p = 0.135), condition (F(1,12) = 2.033, p = .179, η2

p 

= 0.145), or group (F(1,12) = 3.737, p = .077, η2
p = 0.237), and no significant interactions 

between session and condition (F(1,12) = 0.214, p = .652, η2
p = 0.018), session and group 

(F(1,12) = 0.690, p = .422, η2
p = 0.054), condition and group (F(1,12) = 0.495, p = .495, η2

p 

= 0.040) or condition, session and group (F(1,12) = 0.002, p = .964, η2
p < 0.01). 

a) Mean power b) Mean ITC 

 

Figure 6: Measures of mean power (amplitude^2) (a) and ITC (b) measured during the nback task before and 

after NF training for the NF and sham group. Error bars reflect the standard deviation (SD). 

 

Stroop. To assess the effect of NF training on the stroop task power, a 2x2x2 repeated 

measures ANOVA was performed.  The ANOVA for the stroop task power showed no 

significant main effect for session (F(1,12) = 0.534, p = .479, η2
p = 0.043), condition (F(1,12) 

= 2.172, p = .166, η2
p = 0.153), or group (F(1,12) = 0.009, p = .928, η2

p = 0.001), and no 

significant interaction between session and condition (F(1,12) = 0.116, p = .740, η2
p = 0.010), 
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or session and group (F(1,12) = 0.533, p = .479, η2
p = 0.04) or condition and session and 

group (F(1,12) = 1.287, p = .279, η2
p = 0.097). However, there was a significant two-way 

interaction of condition and group (F(1,12) = 6.797, p = .023, η2
p = 0.362). Post hoc tests 

indicate that the control group demonstrated higher power of the congruent trials, but not the 

incongruent trials, however this did not significant (p > .05) 

To assess the effect of NF training on the stroop task ITC, a 2x2x2 repeated measures 

ANOVA was performed. For task related ITC, ANOVA for the stroop task showed a 

significant main effect for condition (F(1,12) = 14.400, p = .003, η2
p = 0.545). Post-hoc tests 

show that ITC values of the incongruent trials were significantly lower than congruent trials 

(p = .003). The main effect of session (F(1,12) = 0.022, p = .885, η2
p = 0.002), and group 

(F(1,12) = 0.053, p = .822, η2
p = 0.004), was not significant and so were the interactions 

between session and condition (F(1,12) = 1.145, p = .306, η2
p = 0.09) or condition and group 

(F(1,12) = 1.320, p = 0.273, η2
p = 0.099), session and group (F(1,12) = 0.209, p = .655, η2

p = 

0.02), or condition, session and group (F(1,12) = 1.347, p = .268, η2
p = 0.101). 

a) Mean power b) Mean ITC 

 

Figure 7: Measures of mean power (amplitude^2) (a) and ITC (b) measured during the stroop task before 

and after NF training for the NF and sham group. Error bars reflect the standard error of the mean (SEM). 
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Task-switch. To assess the effect of NF training on the task-switch task power, a 

2x2x2 repeated measures ANOVA was performed.  The ANOVA for the task-switch task 

power showed no significant main effect for session (F(1,12) = 4.286, p = .061, η2
p = 0.263), 

condition (F(1,12) = 2.659, p = 0.129, η2
p = 0.18), or group (F(1,12) = 1.141, p = .306, η2

p = 

0.087), and no significant interaction between session and condition (F(1,12) = 3.290, p = 

.095, η2
p = 0.215), condition and group (F(1,12) = 0.198, p = .664, η2

p = 0.016), session and 

group (F(1,12) = 0.031, p = .863, η2
p = 0.003) or condition, session and group (F(1,12) = 

0.007, p = .935, η2
p = 0.001).  

Another 2x2x2 ANOVA was performed to assess NF training effects on the task-

switch task ITC. For task related ITC, ANOVA for the task-switch task showed a significant 

main effect of condition (F(1,12) = 8.547, p = .013, η2
p = 0.416), but not session (F(1,12) = 

0.000, p = .986, η2
p < 0.001), or group (F(1,12) = 2.143, p = .169, η2

p = 0.152). Post-hoc test 

show that ITC values in the switch condition were higher than the stay condition during both 

sessions (p = .01). Further, there was no significant interaction between session and condition 

(F(1,12) = 3.849, p = .073, η2
p = 0.243), condition and group (F(1,12) = 0.334, p = .573, η2

p 

= 0.027) or session and group (F(1,12) = 2.530, p = .138, η2
p = 0.174) or condition, session 

and group (F(1,12) = 0.523, p = .484, η2
p = 0.042). 
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a) Mean power b) Mean ITC 

 

Figure 8: Measures of mean power (amplitude^2) (a) and ITC (b) measured during the task-switch task 

before and after NF training for the NF and sham group. Error bars reflect the standard deviation (SD). 

 

Stop-signal task. To assess the effect of NF training on the SST task power, a 2x2x2 

repeated measures ANOVA was performed. For task related power, the ANOVA for the SST 

task showed a significant main effect for condition (F(1,12) = 107.448, p < 0.001 , η2
p = 

0.90), but not session (F(1,12) = 0.801, p = .388, η2
p = 0.063), or group (F(1,12) = 0.751, p = 

.403, η2
p = 0.059). Post-hoc tests found that power was significantly higher in the stop 

conditions compared to the go conditions during pre- and post-session (p < .001). Further, 

there was a significant interaction between condition, session and group (F(1,12) = 6.295, p = 

.027, η2
p = 0.344). Post-hoc test indicates that there was higher power in the stop trial 

compared to the go trials of both NF (p < .001) and sham group (p < .001) of both pre-session 

measurements (p < .001) and post-session measurements (p < .001). Post-hoc tests indicate 

that there was higher power in the stop trial compared to the go trials of both pre-session 

measurements for the NF (p < .001) and sham group (p < .001), as well as for the post-

session measurements for the NF (p < .001) and sham group (p < .001). This was the case for 

both the NF (p < .001) and sham group (p < .001) 
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However, there was also no significant interaction between session and condition 

(F(1,12) = 0.654, p = .435, η2
p = 0.052) and session and group (F(1,12) = 1.785, p = .206, η2

p 

= 0.129) or condition and group (F(1,12) = 0.072, p = .794, η2
p = 0.006).  

To assess the effect of NF training on the SST task ITC, another 2x2x2 repeated 

measures ANOVA was performed. The ANOVA for the SST task ITC showed a significant 

main effect for condition (F(1,12) = 57.713, p < .001, η2
p = 0.828), but not session (F(1,12) = 

0.898, p = .362, η2
p = 0.070), or group (F(1,12) = 0.035, p = .854, η2

p = 0.003). Post-hoc 

analysis show that ITC values in the stop conditions were higher than the go condition in both 

sessions (p < .001). Further, there were no significant interactions between session and 

condition (F(1,12) = 0.102, p = .755, η2
p = 0.008) or condition and group (F(1,12) = 0.064, p 

= .805, η2
p = 0.005) but there was a significant interaction between session and group 

(F(1,12) = 7.869, p = .016, η2
p = 0.396) and condition, session and group (F(1,12) = 9.893, p 

= 0.008 , η2
p = 0.452). Post-hoc tests show that there was higher ITC in the stop trial 

compared to the go trials for the NF group of both the pre-session (p = .001) and post-session 

(p < .001), and for the sham group of the pre (p = .002) and post-session (p = .008). The sham 

group also had significantly lower ITC of the post-session stop trials compared to pre-session 

(p = .012) 
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a) Mean power b) Mean ITC 

 

Figure 9: Measures of mean power (a) and ITC (b) measured during the stop signal task before and after NF 

training for the NF and sham group. Error bars reflect the standard error of the mean (SEM). 

 

Table 2: Overview of pre-post mean (SD) ERSP and mean ITC 

Task Condition Group Pre-test  Post-test  

   Power ITC Power ITC 

Nback Oneback 

 

Threeback 

NF 

Sham 

NF 

Sham 

2.58 (1.83) 

2.63 (1.10) 

2.43 (1.50) 

1.98 (1.17) 

0.38 (0.14) 

0.30 (0.09) 

0.36 (0.10) 

0.23 (0.08) 

2.37 (1.61) 

2.10 (1.26) 

2.68 (1.80) 

2.22 (1.25) 

0.38 (0.14) 

0.31 (0.11) 

0.37 (0.14) 

0.26 (0.03) 

Stroop Congruent 

 

Incongruent 

NF 

Sham 

NF 

Sham 

2.70 (1.20) 

2.03 (1.45) 

2.58 (1.41) 

2.86 (1.27) 

0.43 (0.13) 

0.45 (0.09) 

0.41 (0.14) 

0.39 (0.12) 

2.95 (1.80) 

3.13 (2.03) 

3.22 (2.09) 

2.75 (2.08) 

0.44 (0.20) 

0.40 (0.15) 

0.42 (0.21) 

0.39 (0.14) 

Task-switch Stay 

 

Switch 

NF 

Sham 

NF 

Sham 

1.50 (1.47) 

1.05 (0.58) 

1.67 (1.11) 

1.05 (0.40) 

0.35 (0.12) 

0.23 (0.05) 

0.44 (0.17) 

0.33 (0.10) 

1.77 (1.10) 

1.38 (0.60) 

2.28 (1.19) 

1.76 (0.83) 

0.35 (0.14) 

0.28 (0.03) 

0.37 (0.13) 

0.34 (0.12) 

SST Go 

 

Stop 

NF 

Sham 

NF 

Sham 

1.30 (0.94) 

1.27 (0.79) 

5.60 (1.17) 

6.70 (1.31) 

0.29 (0.10) 

0.32 (0.13) 

0.64 (0.11) 

0.70 (0.11) 

1.07 (0.94) 

1.48 (0.75) 

5.97 (1.52) 

5.74 (1.65) 

0.28 (0.11) 

0.30 (0.12) 

0.70 (0.10) 

0.62 (0.15) 
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3.2.2 NF training effect on behavioural performance  

A summary of mean pre-post behavioural measures is presented in Table 3. 

Nback. To assess the effect of NF training on the nback task performance, a 2x2x2 

repeated measures ANOVA was performed.  The ANOVA revealed a significant interaction 

between session and condition (F(1,9) = 57.048, p < 0.001, η2
p = 0.864). Further post hoc 

tests indicate lower RT of the oneback task compared to the threeback task of both the pre-

session (p < .001) and post-session (p = .001), as well as a significant pre-post improvement 

of the threeback task RT (p < .001), but not the oneback task (p = .53). Further, there was a 

significant main effect of condition (F(1,9) = 49.789, p < .001, η2
p = 0.847), with post-hoc 

analysis showing significantly faster RT’s in the oneback task compared to the threeback task 

(p < .001). There was a significant main effect of session (F(1,9) = 20.723, p = 0.001, η2
p = 

0.697) with post-hoc tests showing a significant decrease of RT (p = .001). However, there 

was no significant main effect of group (F(1,9) = 0.550, p = .477, η2
p = 0.059) and no main 

interaction between session and group (F(1,9) = 0.183, p = .678, η2
p = 0.020) or condition, 

session and group (F(1,9) = 1.742, p = 0.219, η2
p = 0.162).  

 

 

 

Figure 8: Reaction times measures in milliseconds of the oneback and threeback conditions of the nback task. 

Error bars reflect the standard deviation (SD). 
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Stroop. To assess the effect of NF training on the stroop task behavioural 

performance, a 2x2x2 repeated measures ANOVA was performed. There was a significant 

main effect of session (F(1,9) = 19.041, p = .002, η2
p = 0.679), with post-hoc analysis 

showing a significant pre-post improvement in RT (p = .002). There was a significant main 

effect of condition (F(1,9) = 51.915, p < 0.001, η2
p = 0.852), and further analysis showed that 

RT were significantly faster in the congruent compared to incongruent trials (p = 0.002). 

However, differences between groups did not reach significance (F(1,9) = 0.495, p = 0.50, 

η2
p = 0.052) and no significant main interaction of condition and session (F(1,9) = 0.023, p = 

.882, η2
p = 0.003), condition and group (F(1,9) = 0.083, p = .780, η2

p = 0.009), session and 

group (F(1,9) = 0.012, p = .916, η2
p = 0.001) or condition, session and group (F(1,9) = 0.023, 

p = .882, η2
p = 0.003).  

 

Figure 9: Reaction times measures in milliseconds of the congruent and incongruent conditions of the stroop 

task. Error bars reflect the standard deviation (SD). 

 

Taskswitch. To assess the effect of NF training on the task-switch task performance, 

a 2x2x2 repeated measures ANOVA was performed. There was a significant main effect of 

session (F(1,9) = 21.372, p = .001, η2
p = 0.704), with further post-hoc analysis showing a 

significant pre-post improvement in RT (p = .001). There was a significant main effect of 

condition (F(1,9) = 80.253, p < .001, η2
p = 0.899), with post-hoc tests showing significantly 

slower RT of the switch trials compared to the stay trials (p < .001). However, main effect of 

group did not reach significance (F(1,9) = 0.269, p = .616, η2
p = 0.029) and no significant 

interactions of condition and session (F(1,9) = 0.080, p = .784, η2
p = 0.009), condition and 

group (F(1,9) = 0.54, p = .481, η2
p = 0.057), session and group (F(1,9) = 3.437, p = .097, η2

p 

= 0.276) or condition, session and group (F(1,12) = 0.418, p = .534, η2
p = 0.044).  
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Figure 10: Reaction times measures in milliseconds of the stay and switch conditions of the letter-number 

task-switch task. Error bars reflect the standard deviation (SD). 

 

Stop-signal task. To assess the effect of NF training on the stop-signal task 

behavioural performance, a 2x2x2 repeated measures ANOVA was performed. There was a 

significant main effect of condition (F(1,9) = 246.660, p < .001 η2
p = 0.965), but not session 

(F(1,9) = 0.288, p = .604, η2
p = 0.031) or group (F(1,9) = 0.033, p = 0.860, η2

p = 0.004) and 

no significant interactions of condition and session (F(1,9) = 1.559, p = .243, η2
p = 0.148), 

condition and group (F(1,9) = 0.074, p = 0.792, η2
p = 0.008), session and group (F(1,9) = 

3.285, p = 0.103, η2
p = 0.267) or condition, session and group (F(1,9) = 1.552, p = 0.244, η2

p 

= 0.147). Post-hoc analysis found that participants were significantly faster during the stop 

trials than the go trials (p < .001). 

 

 

Figure 11: Reaction times measures in milliseconds of the go and stop conditions of the SST task. Error bars 

reflect the standard error of the mean (SEM). 
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Table 3: Performance on behavioural tasks measured in ms  

 Pre-test Post-test 

Task Condition Group RT (SD) Mean 

accuracy % 

(SD) 

RT (SD) Mean 

accuracy % 

(SD) 

Nback One-back 

 

Three-back 

NF 

Sham 

NF 

Sham 

393.0 (62.7) 

419.6 (15.8) 

579.4 (57.9) 

579.2 (87.9) 

98.57 (2.1) 

97.5 (3.4) 

81.57 (14.3) 

87.81 (5.4) 

387.9 (45.8) 

408.7 (34.1) 

466.3 (42.0) 

492.3 (50.5) 

97.86 (3.5) 

99.38 (1.3) 

94.12 (5.1) 

94.38 (4.1) 

Stroop Congruent 

 

Incongruent 

NF 

Sham 

NF  

Sham 

478.3 (54.6) 

500.7 (55.9) 

524.0 (47.2) 

545.1 (62.5) 

96.67 (1.1) 

96.88 (1.8) 

96.19 (2.4) 

93.13 (2.3) 

449.4 (38.2) 

471.9 (45.2) 

485.7 (48.5) 

503.2 (60.9) 

96.79 (2.3) 

95.00 (1.8) 

96.19 (1.4) 

94.17 (5.0) 

Task-

switch 

Stay 

 

Switch 

NF 

Sham 

NF 

Sham 

663.6 (81.9) 

677.3 (21.8) 

894.3 (67.4) 

881.1 (39.0) 

86.64 (5.4) 

82.28 (3.5) 

64.27 (17.7) 

52.84 (10.8) 

607.3 (77.3) 

660.3 (26.9) 

842.8 (60.8) 

852.0 (67.1) 

87.76 (12.1) 

90.44 (5.5) 

78.89 (5.6) 

66.32 (7.4) 

SST Go 

 

Stop 

NF 

Sham 

NF 

Sham 

562.7 (97.6) 

603.6 (66.5) 

161.0 (28.8) 

163.1 (15.3) 

83.21 (36.3) 

93.16 (6.9) 

53.51 (5.8) 

56.14 (5.6) 

580.1 (79.7) 

519.0 (73.8) 

178.5 (44.5) 

183.4 (31.1) 

83.84 (36.6) 

96.77 (4.1) 

53.77 (4.7) 

50.68 (2.3) 
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3.2.3 Comparison of neural and behavioural performance 

None of the Bonferroni-corrected Pearson’s correlations between average neural 

(power and ITC) difference scores and RT difference scores between pre- and post-tests of 

the HCL tasks (Table 3) were significant (p > .002) (Table 4). 

 

Table 4: Pearson’s correlations of the difference scores of neural data (power and ITC) and behavioural performance 

(RT) 

Task - condition NF Sham  

  Power ITC RT  Power ITC RT 

Nback- threeback Power -    -   

ITC -0.10 -   -0.01 -  

RT 0.37 -0.04 -  -0.95 0.20 - 

         

Stroop- incongruent Power -    -   

ITC 0.86 -   0.93 -  

RT -0.57 - 0.70 -  -0.69 - 0.72 - 

         

Task-switch - switch Power -    -   

ITC -0.11 -   0.52 -  

RT -0.48 0.02 -  -0.80 -0.61 - 

         

SST - stop Power -    -   

ITC 0.05 -   0.58 -  

RT -0.25 0.28 -  0.16 -0.29 - 

 Bonferroni corrected p-value to 0.002. Significant correlations are marked with *. 

 

3.3 Effects of predictors on training success 

An overview of the regression analysis investigating the effect of the four predictors 

(frequency, power, ITC and motivation) on pre to post mean power and ITC values across 

tasks of the HCL trials are presented in Table 5, as well as the appendix (Figures A2-A8). 

Regression analyses suggest that neither frequency, power nor ITC was significant 

predictors for either pre-post difference in power and ITC, and multiple regression analysis 

suggest that neither subscale of QCM is a significant predictor for either power or ITC (Table 

5).  
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Table 5: Overview of regression analysis 

   NF   Sham   

Model Predictor(s) Criterion p-value R2 β-values p-value R2 β-values 

1 FM-theta Power diff 

ITC diff 

.73 

.20 

0.02 

0.26 

0.15 

0.51 

.42 

.38 

0.17 

0.20 

-0.41 

-0.45 

2 Power Power diff 

ITC diff 

.80 

.25 

0.01 

0.21 

0.11 

0.46 

.48 

.71 

0.13 

0.04 

0.37 

0.20 

3 ITC Power diff 

ITC diff 

.83 

.71 

0.01 

0.03 

0.09 

-0.16 

.76 

.44 

0.03 

0.15 

-0.16 

-0.39 

4 QCM-A 

QCM-I 

QCM-C 

QCM-P 

QCM-A 

QCM-I 

QCM-C 

QCM-P 

Power diff 

 

 

 

ITC diff 

.29 

.98 

.46 

.21 

.24 

.22 

.19 

.52 

0.74 

- 

- 

- 

0.68 

- 

- 

- 

-0.82 

0.02 

0.87 

-0.84 

-1.05 

-1.55 

2.05 

-0.39 

.81 

.80 

.87 

.85 

.40 

.42 

.49 

.41 

0.67 

- 

- 

- 

0.44 

- 

- 

- 

-1.44 

-0.96 

0.60 

-1.38 

-3.91 

-2.34 

1.79 

-4.45 

 

3.4 Assessment of non-learners 

To investigate the presence of non-learners among the NF group, an exploratory 

analysis was performed. Percent increase from baseline measures before training to the last 

feedback block of the last session was calculated. When using the criteria suggested by 

Weber et al. (2011), those participants whose change increase exceeded 8% were classified as 

learners. Thus, only two participants out of eight in the NF group could be classified as 

learners. Further, when calculating percent increase from pre-training to post-training 

baseline measures, two participants could be classified as learners when threshold was set at 

8%. However, these were not the same two participants from the previous calculation. Lastly, 

pre-post percent differences meant that four participants could be classified at learners at 8% 

threshold. None of the participants were classified as learners under all three criteria 

combined. 
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4 Discussion 

The aim of the present study was to investigate possible predictors for training 

success of neurofeedback training. For this, an EEG-neurofeedback protocol for the 

upregulation of FM-theta activity with a pre-post design was set up. Participants who 

received real feedback trained their individual dominant FM-theta frequency over the course 

of 6 sessions, while participants in a control group received a sham feedback. Training 

success was assessed through behavioural assessment of executive functions before and after 

training, as well as investigations of FM-theta change, both within and between NF training 

sessions. The individual FM-theta frequency, its power and ITC, as well as motivation before 

training, was compared with the pre-and post-training difference in power and ITC. This is 

the first study to assess dominant frequency and ITC as possible predictors for training 

success. Contrary to the predictions of the four hypotheses and to the reviewed studies, the 

present study found that none of the four factors significantly predicted training success. 

Although a small sample size and thus low power limits the interpretation of especially the 

non-significant results, the data indicate that the NF group showed larger FM-theta change 

from baseline both within-and between session. However, interestingly the training effect on 

power and ITC was similar for both the NF and sham group in the pre-to post assessments of 

executive functions. 

 

4.1 Sham group experienced increase in FM-theta during training 

Although non-significant, the general trend of change in FM-theta during training (as 

seen in Figures 1 and 2) were similar to those reported by Enrique-Geppert et al. (2014). This 

is especially apparent in the within-session change in FM-theta (Figure 2). However, contrary 

to the results of Enriquez-Geppert et al. (2014a), the present study demonstrated a decrease in 

overall power within-session from the mean of all the pre baseline blocks to the mean of all 

post baseline blocks for both the NF and the sham groups, with the latter demonstrating a 

significantly lower power in the post baseline blocks compared to the former. On the other 

hand, both groups demonstrated an increase in FM-theta activity from session 1 to session 6, 

as can be seen in Figure 1, though this was not a significant increase.  

It has been noted that the effect of NF training is not always specific to the training 

group who is receiving real feedback, and may also sometimes be evident in the sham group 

(Thibault et al., 2016). Again, although not significant, there appears to be an increase in FM-
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theta for both the sham group and the NF group from pre- to post-session. As all participants 

were instructed to upregulate their brain activity using whichever strategy they experienced 

as the most effective, and in an intervention like neurofeedback where thinking is the driving 

force, one cannot exclude placebo as a possible contributor to this effect. In fact, placebo is 

such a powerful tool that it is used for treatment in a range of clinical interventions 

(Thornton, 2018). Some also believe that the main driving force behind EEG-NF is placebo, 

stressing that the relationship between brain frequencies and associated behaviours are too 

complicated and multi-faceted for the up- or down-regulation to demonstrate any 

considerable effect. According to such sceptics, the future of EEG-NF as a feasible 

intervention lies on the further research on the psychological effects of training success that 

can make such placebo effects stronger (Thibault & Raz, 2017). Granted, placebo is a 

powerful tool and considering how some individuals do not respond to placebo this may also 

explain why some people are not able to regulate their brain activity (Quitkin et al., 1991). 

On the other hand, scepticism to NF is more often than not directed at EEG-NF, and non-

learners have been reported in fMRI-NF studies as well. Much of the doubt cast by 

researchers who are sceptical of EEG-NF, such as Thibault and Raz (2017), are based on the 

lack of EEG-NF studies with proper control groups and blinding. However, as demonstrated 

by the present study, new NF studies are constantly being conducted that implement these 

designs, and many newer published EEG-NF studies provide promising results (Arnold et al., 

2013; Schabus et al., 2017). All in all, the evidence is still somewhat lacking, and more 

research in the field of NF is required to provide a definite answer regarding the effectiveness 

of this intervention. 

Further, depending on the strategies chosen by the sham-group members, considerable 

mental effort may raise FM-theta activity with or without feedback, and therefore the level of 

upregulation of the FM-theta in the sham group may also be related to the amount of mental 

effort exerted by the participant. This may especially be true if the participants chose 

strategies pertaining to arithmetic tasks or memory recall, which were also among the 

suggested strategies provided, as previous research has found an increase in FM-theta during 

such tasks (Jensen & Tesche, 2002).  
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4.2 Increase in neural activity and task performance from pre- to post training 

4.2.1 FM-theta and ITC  

The NF group demonstrated higher mean pre-post FM-theta power increase across the 

HCL trials of each session than the LCL tasks. This is especially apparent in the nback task 

and SST where power actually decreased in the LCL (oneback and go) trials and increased in 

the HCL (threeback and stop) trials. The sham group, on the other hand, experienced an 

overall lowering of power for both HCL and LCL trials across all tasks. This is in line with 

the expected output, in which an increase in FM-theta following NF training would be 

evident from a stronger increase in power in the HCL trials of each task, as these trials are 

believed to utilise executive functions more. Of course, caution must be taken when 

interpreting results with such few participants. Further, Enriquez-Geppert et al. (2014a), who 

conducted a similar study found increases of power following NF training for all tasks, 

except the SST. Similarly, in the current study, the pre-post power increase in the stop trials 

of the SST were considerably smaller among the NF group than the HCL trials of the other 

three tasks, suggesting that power during the SST is less affected by NF than the other four 

tasks. An explanation for this may be provided by the dual mechanism theory, which is 

discussed further in the next section (Braver, 2012). 

The same pattern was not apparent in ITC, where results were more variable and ITC 

for all participants remained roughly the same in post-session compared to pre-session, with 

the exception of the switch trials of the tasks-switch task, in which there was a relatively 

large decrease in ITC for the NF group. There was also a significant three-way interaction of 

ITC during the SST, in which the sham group exhibited higher ITC than the NF group but 

lower ITC after NF training of both HCL and LCL trials. On the other hand, the NF group 

experienced an increase in ITC of the HCL trials after NF training suggesting an NF training 

effect. Altogether the NF group experienced a small increase of ITC during the HCL tasks, 

while the sham group experienced an overall decrease. The somewhat different patterns of  

ITC and power are somewhat interesting, as they are often synchronized, as demonstrated by 

for example van Diepen and Mazaheri (2018), who report that higher power is often related 

to higher ITC (van Diepen & Mazaheri, 2018). Thus, one can speculate that even though ITC 

can be somewhat dependant on the power, they measure two different aspects of brain 

activity and therefore can exhibit different patterns. In this case it appears that increase in 

power in response to NF does not affect intertrial synchronization to a large degree. This can 
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perhaps be explained by the fact that the current study consisted of neurologically and 

psychologically healthy participants, where the youngest participant was 20 and the oldest 

was 41, thus ITC was perhaps already at a peak among the participant group overall. Studies 

have found that ITC is lower in children and in older age, as well as for certain mental 

disorders (Papenberg et al., 2013; van Noordt et al., 2017). Considering that, unlike power, 

the level of maximum ITC is finite, it could not be considerably increased through NF 

training. However, the increase during SST HCL tasks suggest that it is possible and although 

a definite conclusion is difficult here because of the small sample size, it emphasizes the 

importance of reporting such different neural estimates as measures of training success. 

 

4.2.2 Behavioural performance  

There was a significant improvement in RT from pre- to post-tests for all tasks except 

the stop-signal task, in which both groups performed worse in the stop trials after NF 

training, as evident by the longer SSRT’s. This improvement can, to some degree, be 

attributed to a repetition effect, from which the SSRT cannot benefit from due to the nature of 

the calculation of the SSRT. Additionally for the nback task, a significant interaction between 

session and condition suggest a greater improvement in RT during the threeback trials 

compared to the oneback trials, for both the NF and sham group. This may be related to the 

non-significant increase of FM-theta power after NF training during the threeback, thus 

leading to better performance in the threeback task but not the oneback, for which there was a 

decrease of FM-theta power after NF training. However, the correlational analysis show that 

the relationship between behavioural and neural performance for the threeback trials were 

positive, thus higher pre-post power difference was shown to be related to longer RT after NF 

training, suggesting an opposite trend. This may perhaps suggest that updating does not 

benefit from NF training, which is contradictory from previous studies (Enriquez-Geppert et 

al., 2014a). Further, this relationship was not present for any of the other tasks, in which there 

was a negative but also non-significant trend, suggesting that increases in power was related 

to decreases in RT for the stroop, taskswitch and SST.  

Correlational analyses between pre-post ITC change and pre-post RT change show a 

weak trend for all tasks except in the case of the stroop task in which higher ITC post-session 

was related to better behavioural performance after NF training. This may suggest that only 

conflict monitoring is related to ITC, however due to the non-significant results in both 
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power and ITC pre-post change, and the non-significant correlational analysis, no definite 

conclusions can be made at this point. 

The worsening of performance in the SST may be due to the order of the tasks during 

the pre- and post-session. The SST was the last of the four executive function tasks to be 

completed, hence the worsening of the performance can be interpreted to be due to fatigue. 

The participants were kept updated regarding the number of tasks they had left, and thus 

when they were informed that they only had one long task left to complete, participants may 

respond with relaxation and hence slower RT. On the other hand, the order of tasks was kept 

the same in both pre- and post-session, hence fatigue during the SST should remain the same 

in both cases, however fatigue may also be greater in the post-session due to the 2-4 weeks of 

NF training prior. It may also be related to the less prominent increase in power following NF 

training, although this was non-significant. Another explanation could be that of the dual 

mechanism theory (Braver, 2012), in which SST is a reactive task, unlike the nback and the 

task-switch task which can be classified as proactive tasks. Unlike reactive tasks, 

performance in proactive tasks is dependent on the matching of the stimulus target to stored 

information in memory, and thus is considered an anticipatory mechanism. Reactive control 

on the other hand, is a bottom-up mechanism that is only utilised when required. Therefore, 

training effects are perhaps less pronounced as training and learning is not possible. In fact, 

Enriquez-Geppert et al. (2014a) found that NF training of FM-theta activity led to a 

significant improvement of proactive tasks, such as the nback and the taskswitch, but not 

reactive tasks, such as the SST and the stroop task. Hence, the stroop task is also considered a 

reactive task and the current study found a larger improvement in the stroop task than the 

SST. Therefore, this explanation is merely speculation without further investigation. 

 

4.3 No effects of neural predictors on training success 

Previous studies have found that the power of the target frequency before NF training can 

predict training success (Wan et al., 2014), however this was not the case in the present study, 

thus hypothesis 1 could not be confirmed. In fact, the regression analysis found that none of 

the factors significantly predicted training success. However, there appears to be a positive 

trend between pre-session power and difference scores in both power and ITC, which may 

suggest that the power of the individual FM-theta frequency predicts performance. If so, this 

is in line with the reviewed studies (Reichert et al., 2015; Wan et al., 2014). However, 
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Reichert et al. (2015) and Wan et al. (2014) used resting state data to predict training success, 

while the present study utilised the individualised FM-theta task related power for prediction. 

Task-related power was specifically chosen because of the relationship between FM-theta 

and executive functions, thus making it possible to make a direct comparison with 

behavioural performance. However, resting FM-theta may also possibly be a predictor and 

future research should address this. 

Hypothesis 3 stated that participants with lower individual FM-theta frequency would 

have better NF training success. The present study suggests an opposite trend in which 

participant with higher dominant FM-theta frequencies performed slightly better than the 

ones with lower dominant frequencies. This suggests that higher dominant FM-theta 

frequencies are perhaps more susceptible to modulation than lower frequencies, and is not in 

fact related to cross-frequency coherence with gamma as was hypothesised (Jensen & Colgin, 

2007). However, this remains speculative, and further research is required to determine the 

exact relationship between dominant frequency and cognition. Lastly, there was a weak 

positive trend between pre-session ITC and power difference but not pre-session ITC and 

ITC difference; in the latter, the trend was weakly negative. This may be a reflection of the 

already high and a fairly similar between-subject ITC that the current participant group 

exhibited, hence the regression shows a near-zero trend. It may be beneficial to assess ITC in 

relation to specific patient groups, however.  

 

4.4 Motivation stays high throughout NF training 

QCM subscales of anxiety and challenge both significantly decreased with each 

session, and there were no significant group differences in either of the 4 subscales. 

Nevertheless, the sham group demonstrated a clearly steeper decline in interest, challenge and 

probability of success throughout the study compared to the NF group, while anxiety showed 

a similar trend between groups and stayed fairly low throughout the course of the study. 

Further, none of the subscales of the QCM could significantly predict training success, 

contradicting hypothesis 4. Much like previous research, the relationship between motivation 

before training and training success was variable. There was a weak negative trend between 

anxiety and power and ITC difference, which is in line with the study by Nijboer et al. 

(2008), and contradictory to the study by Kleih et al. (2011). Thus, one can speculate that 

lower anxiety regarding the NF training causes relaxation and therefore better concentration 

at the task at hand, hence they perform better. There was also a negative trend between 
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probability of success and power difference but a positive trend in relation to ITC. Lastly, 

there was a moderate positive trend between challenge and power which is in line with the 

study by Nijboer et al. (2010).  

As for interest, with the exception of one participant, interest was high for all who 

participated. In fact, many NF studies have noted the relatively high interest among 

participants upon initial participation. For example, Kleih et al. (2011) also reported high 

scores of interest and probability of success before training. Similar to the present study, 

Baykara et al. (2016) additionally reported a significant decrease of interest as the study 

progressed, and Hammer et al. (2012) found little to no variance in performance due to 

motivation, which they attribute to the relatively homogenous group of participants in their 

study, thus making it difficult to find a trend. This was also the case in the present study, 

where participation was mostly from young and healthy interested students. Thus with 

interest being quite high, it can be challenging to determine how much interest may influence 

NF performance in the present study. 

 

4.5 No consensus regarding the assessment of non-learners 

There is no clear consensus regarding how non-learners are classified. In BCI studies, 

participants must be able to regulate their activity above chance level to be classified as 

learners, and thresholds have ranged from 60% to 80% accuracies during for example, BCI-

led spelling tasks (Thompson, 2019). This is more complicated in an NF study, where it can 

be harder to determine chance levels of regulation of the power of a frequency, and the 

CRED-nf checklist provides no guidelines pertaining to the calculation or reporting of non-

learners (Ros et al., 2019). Therefore, NF studies have used various methods to assess 

training success. For example, studies have classified participants as learners when regulation 

from the first to the last session is significant (Zoefel et al., 2011), or merely above zero from 

pre-post (Wang et al., 2016). As is evident from the follow-up exploratory analysis in the 

present study, number of learners and non-learners varies depending on the criteria. The use 

of an 8% threshold, as suggested by Weber et al. (2014), rendered 6 out of 8 of the NF group 

non-learners when assessing pre-baseline to the last training session, as well as when 

assessing pre-post differences. This is a much higher number than, for example studies that 

found that half of their participants fail to regulate their activity (such as: Doehnert et al., 

2008 and Lubar et al., 1995). Furthermore, 8% was merely an arbitrary number chosen by 

Weber et al. (2011) based on evidence that less than half were able to gain a 10% increase 
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and 5% was too easy for the participants. Lowering the threshold down to 5% in the present 

study meant that one more person could be classified as a learner, but increasing the threshold 

to 10% meant that only one of the participants could be classified as learners. Thus, it is 

important to implement pre-defined and properly justified criteria for classification of non-

learners and if possible, further research should be conducted that specifically evaluates this 

to ensure scientifically sounds classification methods. 

 

4.6 Limitations and future research 

The most important limitation in the present study was the limited sample size. This 

caused low power during the statistical analysis, and thus a possible inflation of effect sizes. 

Based on the NF studies reviewed here, a rough estimate of 15-20 participants are required in 

each group (NF and sham). Due to the frequency- and sham-controlled design, participants 

were allocated to one of four different groups, thus resulting in less participants included in 

the analysis of the present study and therefore lowering power. Therefore, any conclusions in 

the present study must be made with caution. However, the present design demonstrates that 

an NF protocol which is sham- and frequency-controlled is possible, and the results show 

clear trends that are worth further research. 

The ERSP and ITC were calculated by a different lab member than the one who 

calculated individual theta frequency, using a different version of MATLAB and EEGLAB. 

There is therefore a chance of small differences in output of EEG data, which may have 

affected the results to a small degree. Further, previous studies have used different time 

windows for the calculation of individual theta frequency. For example, Enriquez-Geppert et 

al. (2014a) used the windows: 100–300 ms for the nback task, 100–300ms for the task-switch 

task, 220–500 ms for the stroop task and 300–500ms for the stop-signal task for their 

calculations. While in the present study, the window was kept at 150-450 ms for all tasks, 

which may cause slight variations in calculations. As can be seen from the ERSP time-

frequency plots (appendix: Figures A9-A12) FM-theta power appears to peak at varying 

timepoints for each task. Adapting the time windows for each task may somewhat alter the 

individual FM-theta frequency for each individual and thus alter the results of this study. 

However, these differences would most likely be small, as the individual frequency peaks are 

averaged across tasks and then rounded to the closest whole number, and the participants then 

train this number +/- 1 Hz. Further, the present study chose to use a longer time window 
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rather than shorter windows for each task, and looking at the time-frequency plots, it appears 

that the peaks would still be the same. Moreover, the present study implemented a pooled 

sham-group design for theta and beta in which the sham participants received a feedback 

recording of either a real theta or a real beta NF group. The effects of this is unclear, and 

whether the feedback loop may perhaps “line up” with the actual FM-theta activity of the 

sham group, and whether the chances of this is greater if they receive a recording from a theta 

feedback or beta feedback. 

Lastly, some limitations appeared from the CRED-NF checklist (Ros et al., 2019). 

First, the strategies used by the participants was reported during the study, however these 

were not included in the current thesis, as it was not deemed relevant for the scope of the 

present research question and due to limited page count (Ros et al., 2019, p. 4, Item 3c. See 

appendix: Figure A1). Second, the condition and group effects for artefacts was not 

investigated and reported (Item 3e). As detailed by the authors of the checklist, reporting 

artefacts between groups or condition may be important to detect whether specific artefacts 

are more prevalent among certain participants or conditions. This is perhaps more relevant in 

the case of specific participant groups, such as patient groups, and because the current study 

was conducted on healthy individuals and conditions were seemingly identical for all 

participants it was assumed that such differences among participants would be minimal. For 

more thorough assessment of the current NF protocol by the reader, the CRED-NF has been 

provided in the appendix (Figure A1).  

In the future, it may be beneficial to also assess the effect of experimenter behaviour 

on participants. Studies have found that the gender and behaviour of the experimenter, as well 

as the instructions given to the participants, may in fact affect training success (Enriquez-

Geppert et al., 2017; Wood & Kober, 2018). Thus, future research should assess how the 

experimenter’s behaviour towards the participant, such as their mood and demeanour, may 

affect performance. The type of specific instructions given to the participants, such as using 

ambiguous or vague instructions may also be beneficial to research for the development of 

effective NF protocols, and may help to develop scripts and guidelines for future 

experimenters. Further, in the current study participants were asked to report on their own 

beliefs regarding the possible success rate of the NF intervention. This was not further 

assessed in the current thesis due to space and time constraint, but future research should 

assess how this affects both experimental and sham groups and will perhaps better explain 

any possible placebo effects.  
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Lastly, the present study consisted of six NF training sessions. This is less than for 

example Enrique-Geppert et al. (for example in Enrique-Geppert et al., 2013, and Enrique-

Geppert et al., 2014a). However, it has been reported that the effect of training of EEG-NF 

reaches a plateau after approximately four session (Enriquez-Geppert et al., 2014a; Gruzelier, 

2014b). This can also be seen in Figure 1, where FM-theta reaches a peak in session four. In 

fact, as the learning effect appear to stabilise after roughly four sessions, training sessions 

beyond this is perhaps redundant.  Thus, future research should investigate the effects of FM-

theta NF training after only four sessions. 

 

4.7 Concluding remarks 

The current study sought to investigate both neural and behavioural predictors for the 

upregulation of FM-theta through NF. The results indicate that neither power, ITC, individual 

theta frequency or motivation can significantly predict NF learning. FM-theta power 

increased for all tasks among the participants who received training, although this was a non-

significant increase. This was not the case for ITC, in which results varied. Although on 

average, ITC increased for the NF participants but not the sham participants. There was a 

behavioural improvement in the executive function tasks except for the SST, in which 

performance worsened. This study was the first to investigate individual frequency and ITC 

as possible predictors for training success, and the first to assess ITC as a training outcome. 

Although a limited sample size, trends in the data indicate that individual FM-theta frequency 

and its power, as well as motivation, may be related to better training success. ITC may prove 

to be a predictor among patient groups; however, this needs further research. 

Despite its shortcomings, NF is still extensively researched, and attempts are being 

made to raise its credibility as a method for both treatment of patients and enhancement of 

cognition and behaviour. Many suggestions have been made on how to make future NF 

studies more standardised, replicable and comparable such as the CRED-NF (Ros et al., 

2019), which was used as a guideline in the present study. The continued use of this checklist 

may raise the status of NF as a viable option for cognitive and behavioural enhancement and 

treatment. But all in all, there is still a long way to go before NF can be used as a sure-fire 

method in clinical and non-clinical settings.  
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Appendix 

 

Figure A1: A copy of the CRED-nf checklist (Ros et al., 2018), including page numbers for the evaluation of the 

present study. 
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Table A1: Within-session progression of mean power (amplitude^2)  and standard deviation in parenthesis 

Group Pre-

baseline 

Feedback 

block 1 

Feedback 

block 2 

Feedback 

block 3 

Feedback 

block 4 

Feedback 

block 5 

Transfer Post-

baseline 

NF 

 

Sham 

18.51 

(3.85) 

17.84 

(2.48) 

19.50 

(3.71) 

17.63 

(2.31) 

19.31 

(1.32) 

17.66 

(0.98) 

19.21 

(3.93) 

17.56 

(2.29) 

19.06 

(3.64) 

17.48 

(2.31) 

19.35 

(3.78) 

17.60 

(2.34) 

18.96 

(4.18) 

17.10 

(2.56) 

18.43 

(3.81) 

16.91 

(2.53) 

 

 

 

 

Figure A2: Correlation between individual FM-theta frequency and pre-post difference in power (left) and 

pre-post difference in ITC (right)  

 

Table A2: Questionnaire for Current motivation scores means (SD) 

Subscale Group S1 S2 S3 S4 S5 S6 

QCM-A NF 

Sham 

8.71 (4.86) 

10.67 (4.84) 

7.25 (4.33) 

10.33 (4.84) 

7.38 (4.07) 

8.5 (6.03) 

6.25 (3.65) 

8.00 (6.16) 

5.63 (3.29) 

7.83 (5.56) 

5.63 (3.78) 

7.67 (5.05) 

QCM-C NF 

Sham 

18.29 (2.98) 

18.17 (2.48) 

18.25 (3.73) 

16.33 (2.16) 

17.63 (4.72) 

15.17 (4.02) 

17.25 (4.27) 

15.00 (4.43) 

16.88 (5.05) 

14.17 (5.46) 

16.5 (4.63) 

14.67 (5.01) 

QCM-I NF 

Sham 

15.86 (3.98) 

17.00 (1.26) 

16.00 (4.66) 

15.50 (2.43) 

16.25 (5.01) 

14.33 (4.89) 

15.63 (4.90) 

13.67 (5.32) 

15.5 (4.96) 

12.83 (6.11) 

15.13 (4.85) 

13.0 (6.30) 

QCM-P NF 

Sham 

16.14 (2.91) 

15.33 (3.39) 

15.5 (2.67) 

12.17 (3.54) 

16.38 (3.20) 

14.33 (3.67) 

15.88 (3.87) 

13.50 (3.27) 

15.88 (4.36) 

12.17 (4.49) 

16.5 (2.98) 

12.17 (4.96) 
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Figure A3: Correlation between pre-session FM-theta power and pre-post difference in power (left) and pre-

post difference in ITC (right)  

 

 

Figures A4: correlation between pre-session ITC and pre-post difference in power (left) and pre-post 

difference in ITC (right) 

 

 

 

Figure A5: QCM-Probability of success vs power difference (left) and ITC (right) 
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Figure A6: QCM-Challenge vs power difference (left) and ITC (right) 

 

 

Figure A7: QCM-Interest vs power difference (left) and ITC (right) 

 

 

Figure A8: QCM-Anxiety vs power difference (left) and ITC (right) 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

Figure A9: Time-frequency plots providing the mean ERSP and ITC measured during the nback task before 

and after NF training for the NF (top) and sham group (bottom). Larger versions of these figures are 

provided in the appendix. 

 

 

 

Figure A10: Time-frequency plots providing the mean ERSP and ITC measured during the stroop task before 

and after NF training for the NF (top) and sham group (bottom). Larger versions of these figures are 

provided in the appendix. 
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Figure A11: Time-frequency plots providing the mean ERSP and ITC measured during the taskswitch task 

before and after NF training for the NF (top) and sham group (bottom). Larger versions of these figures are 

provided in the appendix. 
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Figure A12: Time-frequency plots providing the mean ERSP and ITC measured during the SST task before 

and after NF training for the NF (top) and sham group (bottom). Larger versions of these figures are 

provided in the appendix. 

 


