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Abstract 

The effectiveness of bi-directional neurofeedback training was investigated in order to explore 

the causal effect of frontal midline theta brain activity on working memory performance and the 

learning processes involved: eight participants performed neurofeedback training aiming both to 

enhance and to suppress frontal midline theta.  When able to control theta on demand, the 

participants performed a working memory task, the Sternberg Task, while manipulating frontal 

midline theta levels.  It was found that during the last neurofeedback training sessions the theta 

levels during the enhance training were indeed significantly higher compared to the theta levels 

during the suppress training for all participants.  This difference was persistent for most 

participants throughout the Sternberg Task, which did not include any brain activity related 

feedback.  For four out of eight participants, the instruction to manipulate theta was a significant 

predictor for reaction times during the Sternberg Task.  The absence of this effect for the other 

three participants is in line with a weaker effect on their theta levels during the neurofeedback 

training.  It can be concluded that the success of bi-directional neurofeedback suggests that 

operant conditioning cannot be the sole underlying principle, and another mechanism might be 

present as well.  The effect on reaction times in the Sternberg Task implies that frontal midline 

theta causally influences working memory performance through an effect on attention. 
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Using bi-directional neurofeedback training  

to explore the causality between  

frontal midline theta and  

working memory performance 

 

What if you could read this paper faster by manipulating your own brain activity on 

demand?  Neurofeedback training targeting frontal midline theta brain activity might be able to 

fulfill this desire.  Neurofeedback is a type of biofeedback, using brain activity to provide 

feedback in any medium (visual, audio, haptic).  By means of this feedback, people can try to 

influence their own brain activity.  Neurofeedback training enables people to enhance frontal 

midline theta and improve performance in cognitive control tasks (Enriquez-Geppert et al., 

2014).  Suppressing frontal midline theta using neurofeedback training is possible as well (Leins 

et al., 2007) and could help to reduce mental fatigue.  Neurofeedback studies usually involve a 

structural increase or decrease in specific brain activity (Hanslmayr, Sauseng, Doppelmayr, 

Schabus, & Klimesch, 2005; Hoedlmoser et al., 2008; Keizer, Verment, & Hommel, 2010; 

Zoefel, Huster, & Herrmann, 2011), but are people able to manipulate brain activity bi-

directionally on demand as well?   

In the current study, participants were trained in manipulating frontal midline theta bi-

directionally by performing both the enhancing and suppressing neurofeedback training 

alternatingly.  This was expected to enable people to control their theta levels in the desired 

direction on demand, instead of a structural increase or decrease in theta over time.  In line with 

an unconscious increase or decrease in brain activity over time, the current belief is that 

neurofeedback relies on operant conditioning, a learning process  in which behaviour is 

influenced by reinforcement and punishment, (Gunkelman & Johnstone, 2005; Hammond, 2011; 

Masterpasqua & Healey, 2003).  However, if bi-directional neurofeedback training is successful, 

operant conditioning cannot be the sole underlying mechanism as it only supports an unconscious 

structural learning process whilst bi-directional neurofeedback could enable people to conciously 

control their brain acitivity on demand.  Therefore if bi-directional neurofeedback training is 

successful, another mechanism must play a role as well in the effectiveness of neurofeedback 

training. 

Bi-directional neurofeedback training can be used in investigating the causality between 

brain waves and cognitive functions or task performance.  Therefore the current study used the 

effects of bi-directional neurofeedback training to explore the causality of frontal midline theta 

in cognitive control.  The relation between frontal midline theta and working memory 
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performance is well established (Gevins, Smith, McEvoy, & Yu, 1997; Hsieh & Ranganath, 

2014; Jensen & Tesche, 2002; Meltzer, Negishi, Mayes, & Constable, 2007), yet whether frontal 

midline theta is a causal factor in working memory or just an epiphenomenon is still unclear.  

Moreover, there are multiple contradictory hypotheses on how frontal midline theta relates to 

working memory (Mitchell, McNaughton, Flanagan, & Kirk, 2008; Moran et al., 2010).  Does 

frontal midline theta relate with working memory performance due to an effect on attention, or  

does frontal midline theta influence working memory capacity?  To gain insight in this 

mechanism, the current study investigated the causality of frontal midline theta in cognitive 

control, specifically working memory. 

 

Theta neurofeedback training 

Enriquez-Geppert et al. (2014) studied the effect of enhancing frontal midline theta by 

means of neurofeedback training on behavioural performance in tasks requiring executive 

functions such as task switching, memory updating, conflict monitoring and motor inhibition.  

The study by Enriquez-Geppert involved a neurofeedback group and a pseudo-neurofeedback 

group, the latter receiving feedback based on someone else’s, and therefore unrelated, recorded 

electroencephalography (EEG) signals.  The neurofeedback group outperformed the pseudo-

neurofeedback group on two out of four tasks, on the other two tasks no significant difference 

was present.  Aside from enhancing theta, neurofeedback training is also successful in enabling 

people to suppress theta.  Leins et al. (2007) conducted a neurofeedback training study targeting 

to down-regulate theta activity in children diagnosed with ADHD.  After 30 training sessions, 

the subjects were able to regulate their theta activity downwards, which led to behavioural and 

cognitive improvements.  In healthy individuals, suppressing theta activity might be beneficial 

as well.  As mental fatigue is associated with increased frontal theta activity (Wascher et al., 

2014), suppressing this activity might be beneficial for relaxing and stress relief.  Suppressing 

theta could be extra helpful in between important cognitively demanding performance tasks, to 

reduce mental fatigue. 

In short, neurofeedback training can successfully increase or decrease a person’s theta 

activity.  As 80% of users of Brain Computer Interface systems, which require regulating brain 

activity in multiple directions (Inoue, Akiyama, Izumi, & Nishijima, 2008), are effective and as 

the subjects receive enhancing and suppressing neurofeedback training alternatingly, it is 

expected that bi-directional neurofeedback training enables subjects to voluntarily enhance and 

suppress frontal midline theta on demand.  A lot of studies imply that neurofeedback relies on 

operant conditioning (Gunkelman & Johnstone, 2005; Hammond, 2011; Masterpasqua & 
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Healey, 2003), a learning process  in which behaviour is influenced by reinforcement and 

punishment.  An unconscious structural increase or decrease in specific brain activity 

accomplished by neurofeedback training in previous studies (Hanslmayr et al., 2005; 

Hoedlmoser et al., 2008; Keizer et al., 2010; Zoefel et al., 2011) is in line with operant 

conditioning being the underlying mechanism for neurofeedback.  Nonetheless, bi-directional 

neurofeedback training could enable people to consciously up- and down-regulate their brain 

activity on demand.  Operant conditioning cannot explain this bi-directional control, as it only 

supports an unconscious structural learning process.  Therefore, if bi-directional neurofeedback 

training enables people to consciously control brain activity on demand, operant conditioning 

cannot be the sole underlying process.   

Sitaram et al. (2017) present several alternative theories to explain the effectiveness of 

neurofeedback training, e.g. the dual process theory.  The dual process theory attempts to explain 

neurofeedback learning by integrating feedforward and feedback learning processes.  The trainee 

tests mental strategies to control the feedback signal, until an effective strategy is discovered 

which then becomes automatic due to successive reinforcement.  Another model to explain the 

effectiveness of neurofeedback training lies within the framework of cognitive skill learning 

(VanLehn, 1996).  Learning a new skill starts with an initial phase of rapid improvement 

followed by a phase of more gradual improvements in performance when the skill is consolidated 

and performance asymptotes (Yin et al., 2007).  In the study of Hinterberger et al. (2005) this 

learning pattern is observed in neurofeedback learning.  Finally, the creation of an internal model 

as underlying mechanism for neurofeedback training is suggested (Kouijzer, van Schie, Gerrits, 

& de Moor, 2011).  This theory is based on the principles of the Ideomotor Theory (Greenwald, 

1970), which states that actions are mainly controlled by their sensory effects.  The brain uses 

internal models to learn how to perform a movement, as it creates an association between motor 

commands and sensory feedback (Wolpert, Ghahramani, & Jordan, 1995).  The same principles 

might hold for the effectiveness of neurofeedback training, whereby the brain is building an 

association between the neural signal that is used in the training and the sensory feedback to 

control the feedback in a similar way as when controlling limb movements. 

Moreover, bi-directional neurofeedback could become a useful method to investigate 

causality between brain waves and performance in e.g. cognitive control tasks.  Nowadays, 

several methods are used in studies researching the brain.  Studies using EEG are able to show 

relations between brain oscillations and cognitive processes, yet not about the functional 

relevance of these oscillations (Hsieh & Ranganath, 2014).  Transcranial studies using 

transcranial direct current stimulation (tDCS), transcranial alternating current stimulation (tACS) 
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or transcranial magnetic stimulation (TMS) to stimulate or inhibit certain brain areas can show 

relationships between cognitive functions or task performance and activity in specific brain areas, 

yet do not allow to investigate the functional contribution of specific brain waves in cognition, 

emotion and behaviour.  As bi-directional neurofeedback using EEG targets specific brain 

oscillations at specific locations, the causality of these oscillations can be investigated.  Even 

though neurofeedback studies using functional magnetic resonance imaging (fMRI) are 

successfull as well (Hohenfeld et al., 2017; Scharnowski & Weiskopf, 2015), it targets brain 

areas and not oscillations of specific frequencies.  Therefore in contrast with other methods, bi-

directional EEG neurofeedback is suitable for investigating the causality of specific oscillations 

in cognitive functions. 

 

Causality of theta in working memory 

The relation between frontal midline theta and cognitive control or working memory 

performance is well known (Gevins et al., 1997; Hsieh & Ranganath, 2014; Jensen & Tesche, 

2002; Meltzer et al., 2007).  Nonetheless, whether frontal midline theta is an epiphenomenon or 

a causal factor in working memory is still unclear.  When the subjects, by means of bi-directional 

neurofeedback training, are able to manipulate their own frontal midline theta level, the causal 

effect of frontal midline theta on working memory performance can be investigated within-

subjects.  With respect to the effect of frontal midline theta on working memory performance, 

two hypotheses are distinguished. 

The first hypothesis proposes that frontal midline theta influences working memory 

performance due to an effect on attention.  Theta oscillations measured at electrodes attached to 

the frontal midline originate from sources in the anterior cingulate cortex (ACC) and the 

prefrontal cortex (Luerding, Weigand, Bogdahn, & Schmidt-Wilcke, 2008; Meltzer et al., 2007; 

Tsujimoto, Shimazu, & Isomura, 2006), and most studies localize frontal theta activity to the 

ACC (Asada, Fukuda, Tsunoda, Yamaguchi, & Tonoike, 1999; Gevins et al., 1997; Iramina, 

Ueno, & Matsuoka, 1996; Ishii et al., 1999).  The ACC is involved in cognition (Bush, Luu, & 

Posner, 2000), working memory (Luerding et al., 2008; Onton, Delorme, & Makeig, 2005) and 

executive processes with respect to attention (Lane et al., 1998; Pardo, Pardo, Janer, & Raichle, 

1990; Weissman, Gopalakrishnan, Hazlett, & Woldorff, 2005).  Naturally, attention is required 

in working memory tasks to keep the target in mind and to stay focused at the task and the target.  

Mitchell, McNaughton, Flanagan, & Kirk (2008) propose two ways in which frontal midline 

theta reflects attention in working memory performance tasks.  First, frontal midline theta could 

be causally related to sustained attention.  Frontal midline theta is present during several different 
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types of memory tasks (Deiber et al., 2007; Jensen & Tesche, 2002; Sauseng, Hoppe, Klimesch, 

Gerloff, & Hummel, 2007), in several modalities.  Moreover, frontal midline theta occurs during 

several phases of a memory task, such as during encoding and retrieval (Hsieh, & Ranganath, 

2014), and the retention period and memory scanning (Jensen & Tesche, 2002).  This suggests 

that frontal midline theta does not have a specific function for a specific process of working 

memory, and might be associated with sustained attention (Mitchell et al., 2008) which is 

necessary to keep focused at the task and present throughout all phases of a working memory 

task.  Secondly, frontal midline theta could be causally related to the allocation of attentional 

resources.  Missonier et al. (2006) investigated theta activity during two verbal N-back tasks (1-

back and 2-back), a visual oddball detection task and a visual passive fixation task.  The oddball 

detection task, which is considered an attention task, elicited the greatest amplitude in theta after 

stimulus presentation at central and frontal electrodes compared to the other tasks.  Furthermore, 

both N-back tasks, assessing working memory performance, elicited a greater theta amplitude 

compared to the passive fixation task.  Therefore, Mitchell et al. (2008) suggest that theta reflects 

the allocation of attentional resources related to working memory.  In 2007, Deiber et al. studied 

frontal midline theta in the same four tasks and showed a similar result.  Additionally, Deiber et 

al. (2007) suggest that an early transient component of theta reflects attention-related functions 

as the allocation of attentional resources, whereas a later sustained component could be important 

for working memory.  Either way, these findings are in line with frontal midline theta reflecting 

attention in working memory performance.  Therefore, increasing frontal midline theta could 

lead to increased attention and accordingly increased working memory performance.  Oppositely, 

decreasing frontal midline theta could lead to decreasing attention and accordingly decreased 

working memory performance. 

The second hypothesis proposes that frontal midline theta influences working memory 

capacity.  Research has shown that theta activity is associated with working memory capacity 

(Moran et al., 2010), and specifically that when memory load increases frontal theta activity 

increases as well (Jensen & Tesche, 2002).  This is in line with the finding that increased theta 

power positively correlates to task difficulty (Gevins et al., 1997), as task difficulty increases 

when memory load increases.  Perhaps frontal theta activity increases when a high memory load 

is presented because then working memory capacity needs to be increased.  Therefore, increasing 

frontal midline theta could lead to an increase in working memory capacity and would lead to an 

increase in working memory performance during tasks with a high memory load which require 

working memory capacity.  For tasks involving a low memory load, a low working memory 

capacity is sufficient and increasing working memory capacity would therefore not influence 
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working memory performance.  Decreasing frontal midline theta could lead to a decrease in 

working memory capacity and decrease working memory performance in tasks involving a high 

memory load. 

 

Research aims 

Bi-directional neurofeedback could enable people to enhance and suppress frontal 

midline theta voluntarily as they desire.  Frontal midline theta could be enhanced when in need 

of improved performance in cognitive control tasks, or suppressed to reduce mental fatigue.  

Previous studies assume that the effectiveness of neurofeedback relies on operant conditioning 

(Gunkelman & Johnstone, 2005; Hammond, 2011; Masterpasqua & Healey, 2003).  However, if 

bi-directional neurofeedback training enables people to control their theta levels on demand, 

operant conditioning is not able to support this finding and another mechanism must be present 

as well.  Therefore, the first research question is as follows: 

 

Can neurofeedback training on frontal midline theta activity enable people to voluntarily 

enhance and suppress their theta level on demand?   

 

In order to investigate the first research question, eight participants performed an 

extensive amount of neurofeedback training sessions during two weeks.  Each neurofeedback 

training session contained multiple blocks of enhancing and suppressing training.  The mean of 

the frontal midline theta activity of each training block was determined for each subject to 

analyse the improvement over time and to verify whether the subjects were able to voluntarily 

control their theta levels.  As previous neurofeedback training studies show subjects are able to 

voluntarily enhance theta (Enriquez-Geppert et al., 2014) and suppres theta (Leins et al., 2007), 

and BCI studies show people are able to manipulate brain activity bi-directional (Inoue et al., 

2008), the hypothesis is that bi-directional neurofeedback training enables people to voluntarily 

enhance and suppress frontal midline theta on demand. 

 When the participants were able to voluntarily control frontal midline theta levels, the 

causality between frontal midline theta and working memory performance was investigated.  

Therefore, the second research question is as follows: 

 

What is the effect of frontal midline theta on working memory performance? 
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The second research question was investigated by means of the Sternberg Task 

(Sternberg, 1966), which is a working memory task specifically associated with frontal theta 

activity (Jensen & Tesche, 2002; Raghavachari et al., 2001).  As mentioned before, in the study 

of Enriquez-Geppert et al. (2014) the neurofeedback group outperformed the pseudo-

neurofeedback group on two out of four tasks.  According to the “Dual Mechanisms of Cognitive 

Control” model (Braver, 2012), tasks can either require a proactive or a reactive mode of control, 

and the two tasks in which the neurofeedback group outperformed the pseudo-neurofeedback 

group align with the proactive mode whilst the other two tasks align with the reactive mode.  As 

the Sternberg Task requires attention and maintenance of information, this task aligns with the 

proactive mode of control and is therefore used in the current study. 

Subjects performed the Sternberg Task in 15 blocks, alternatingly receiving the 

instruction to enhance theta activity, to suppress theta activity or to not influence theta activity.  

EEG data collected during the Sternberg Task was used to investigate whether or not the increase 

and decrease in theta levels as measured during the neurofeedback training blocks was persistent 

through the Sternberg Task.  The reaction times of the subjects during the Sternberg Task were 

taken as a measure for working memory performance. 

Two hypotheses are proposed to answer the second research question.  According to the 

first hypothesis, frontal midline theta influences working memory performance by either 

enhancing or attenuating attention.  Therefore, increasing frontal midline theta could lead to 

increased attention and accordingly increased working memory performance, which would result 

in a decrease in reaction times.  Oppositely, a decrease in frontal midline theta would lead to an 

increase in reaction times.  Following this hypothesis, a main effect of the instruction to 

manipulate theta on reaction times would be expected.  According to the second hypothesis, theta 

activity is associated with working memory capacity (Moran et al., 2010).  Hence, increasing 

frontal midline theta could lead to an increase in working memory capacity and thus decrease 

reaction times during high memory load.  Oppositely, a decrease in frontal midline theta would 

lead to an increase in reaction times during high memory load.  For tasks involving a low memory 

load, a low working memory capacity is sufficient and increasing working memory capacity 

would therefore not influence reaction times.  In line with this hypothesis, an interaction effect 

between the instruction to manipulate theta and memory workload on reaction times would be 

expected. 

Finally, an exploratory analysis was conducted.  The Event Related Potential (ERP) 

induced by the presentation of a probe in the Sternberg Task was investigated to see what the 

effect of manipulating frontal midline theta is on the components of this ERP.  This might 
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contribute to the understanding of what happens in the brain during the processing of stimuli, 

whilst frontal midline theta levels are voluntarily influenced. 

 

Method 

 

Design 

This study was conducted using a within-subjects design.  At first, subjects received 50 

to 60 neurofeedback training blocks of 500-720 minutes in total alternatingly targeting to 

enhance or suppress their frontal midline theta activity.  This was expected to be a sufficient 

amount of training, as in previous studies self-regulation of brain waves was achieved by 240-

280 minutes of training (Auer, Schweizer, & Frahm, 2015; Enriquez-Geppert et al., 2013; Sulzer 

et al., 2013).  With respect to the first research question, the independent variable was the type 

of training, which was either enhancing or suppressing theta.  The dependent variable was the 

average level of theta power during each neurofeedback training block.  During the training 

blocks, electromyography (EMG) activity, supposedly from facial muscles, was derived from 

the EEG recordings and used as a control variable in the analysis. 

Secondly, the subjects performed the Sternberg Task, which was conducted using a 

within-subjects design as well.  With respect to the second research question, the independent 

variable refered to the instruction the subjects received during the Sternberg Task with respect 

to influencing theta.  This instruction was either enhancing, suppressing or not influencing theta, 

in a total of 15 blocks performed by each participant.  The order of these instructions was 

balanced equally over all participants.  The theta levels, measured using the EEG data collected 

during the Sternberg Task, were derived to investigate if the increase and decrease in theta levels 

as measured during the neurofeedback training was persistent through the Sternberg Task.  The 

dependent variable with respect to the second research question was the reaction times as a 

measure for working memory performance.  

As an exploratory analysis, the ERP induced by the presentation of a probe in the 

Sternberg Task was investigated to analyse the effect of manipulating frontal midline theta on 

the components of this ERP. 

 

Participants 

 Eight participants took part in this study, of which one was male and seven were female.  

All participants were students at the Radboud University in Nijmegen.  One participant was 42 

years of age, the others were 19 or 20 years old.  All participants had normal or corrected to 
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normal vision and no reported history of neurological of psychiatric diseases.  The participants 

all signed the informed consent and received course credits for participation. 

 

Apparatus 

 For the neurofeedback training sessions, this study utilized a portable NeXus-4 amplifier 

and recording system (Mindmedia, 2017) with silver/silver chloride (Ag/AgCl) disposable snap-

on sensors for the EEG measurements.  Electrodes were attached to measure frontal midline theta 

(FCz) and ground, and reference electrodes were attached to the mastoids (A1, A2).  During the 

neurofeedback training, BioTrace+ software (Mindmedia, 2015) was used to provide feedback 

and produce a recording for later analysis.  The feedback was provided through a computer screen 

in the lab in front of the participant and through headphones. 

 The Sternberg Task was programmed in Presentation software (Neurobehavioural 

Systems, 2011) and presented on a computer screen in the lab.  A buttonbox was connected to 

the computer to enable the subjects to respond to the probes.  

During the Sternberg Task the subjects wore an electrode cap containing 27 channels, 

four EOG channels, two reference channels and a ground.  The 27 channels were attached to the 

following international 10-20 system (Jasper, 1958) locations on the scalp: FP1, FP2, F7, F3, Fz, 

F4, F8, FC5, FC1, FC2, FC6, C3, Cz, C4, FCz, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, O1, Oz, 

O2.  By means of BrainAmp hardware (Brain Products GmbH, 2015) and BrainVision Recorder 

software (Brain Products GmbH, 2018) an EEG recording was produced.  The sample frequency 

was set at 500 Hz.  Markers were set at the beginning of each block, the presentation of the theta 

instruction at the start of each trial, the presentation of the items in the memory set, the retention 

period and the presentation of the probe. 

 

Procedure 

Upon arrival, participants were welcomed at the lab.  Each participant received a general 

explanation of the entire experiment, signed an informed consent form, and was given an 

opportunity to ask questions.  The participant was then seated on a chair in front of the computer 

and connected to the electrodes of the NeXus-4 amplifier.  A pre-measurement was conducted 

to determine the optimal location of the electrodes to measure frontal midline theta activity.  The 

theta levels on the scalp locations Fz, FCz and Cz, visible in Figure 1, were compared during 

three minutes, whilst the participant was instructed to do nothing except keeping eyes open.  The 

location where theta amplitude was strongest was chosen as electrode location for the 
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neurofeedback training, which was FCz for all participants.  The pre-measurement determining 

the location of the electrode was only conducted in the beginning of the study.   

 

Figure 1 

The locations of the electrodes Fz, FCz and Cz on the scalp 

 

Note.  Image retrieved from: “I Know How You Feel: The Effect of Similarity and 

Empathy on Neural Mirroring (Doctoral dissertation)”, by Quandt, L., 2007. 

 

The objective was to complete 60 neurofeedback training sessions within two weeks, six 

sessions each weekday.  The minimum amount of training sessions each participant had to 

conduct was set to 50.  For each participant, some sessions were cancelled for personal reasons.  

In total, each participant completed 50 to 59 sessions during two weeks.  The training sessions 

were at least half an hour apart from each other.  In the breaks between the training sessions, the 

participants were free to perform daily activities.  They generally attended lectures, performed 

self-study or had lunch.  At the end of each weekday, the participants completed a questionnaire 

consisting of questions about progress, experience, strategies and effects on daily life; the results 

of these questionnaires were not analysed due to practical limitations.  Subsequently, the theta 

levels during the last 25 sessions of the enhance training were compared to the theta levels during 

the last 25 sessions of the suppress training.  When this difference was statistically significant, 

which was the case for all participants, the neurofeedback training was considered successful and 

the participants were allowed to move on to the second part of the experiment.  The first working 

day after the last day of neurofeedback training, the participants returned to the lab to complete 
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the Sternberg Task.  When the Sternberg Task was finished, the participants were debriefed.  

They were informed in detail about the study aims and had the opportunity to ask questions.  

 

Neurofeedback training protocol 

During the neurofeedback training, participants were watching a short audiovisual movie 

in which music instruments were shown playing music autonomously without artists.  On the 

bottom of the computer screen a symbol was presented to instruct whether the subject was 

expected to enhance or suppress their theta level.  A triangle pointing up was used to indicate 

enhancing, a triangle pointing down was used to indicate suppressing.  During rest intervals this 

symbol became a circle, meaning the participants did not have to influence their theta activity.  

To provide feedback, a bar graph including a small white threshold line was presented on the left 

side of the computer screen.  Participants were trying to either move the theta activity above or 

below the threshold line, depending on the instruction.  When the participant failed to maintain 

the theta activity as instructed, the audiovisual movie stopped.  The audiovisual movie was 

continued when the participant showed the desired activity.  The threshold line was manually 

adapted between sessions, so each participant was rewarded 60-70% of the time during each 

session.  Besides the instruction to enhance or suppress theta, participants were instructed to relax 

facial muscles like eye and jaw muscles as much as possible.  A small bar graph on the right of 

the computer screen showing the muscle activity (EMG), supposedly from facial muscles, turned 

red when the muscle tension exceeded the threshold, and in this case the audiovisual movie would 

stop as well.  Due to this extension, confounds due to muscle-related signals were reduced.  An 

example of the computer screen during the training is visible in Figure 2. 

 

Figure 2 

A snapshot of the computer screen during the neurofeedback training 
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Note.  The bar on the left displays theta activity, the bar on the right represents muscle tension.  

The image in the middle represents the audio-visual movie and the symbol at the bottom 

indicates the type of training, in this case enhancing theta.  Image retrieved from: 

“Neurofeedback as an experimental technique: controlled theta oscillations modulate reaction 

times in a Sternberg working memory task”, by Wouters, J., Van Schie H. T., Jensen, O., & 

Whitmarsh, S., 2011. 

 

Each neurofeedback training session consisted of four blocks of three minutes, the 

symbol, and thus the type of training, alternated over the blocks.  The order of the types of 

training was balanced over all participants.  Thus, for each session half of the participants started 

with the enhance training, whilst the other half of the participants started with the suppress 

training.  The blocks were seperated by one minute in which a relaxing movie and music was 

presented.  An overview of the neurofeedback training protocol is visible in Figure 3. 

 

Figure 3 

An overview of the neurofeedback training protocol 
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Note.  The order of the instruction was alternated - a neurofeedback training session could also 

start with theta down training followed by theta up training and so forth. 

 

Sternberg Task 

An overview of the Sternberg Task is visible in Figure 4.  It consists of a series of blocks 

having multiple trials.  At the start of each block, the prepearation text “Bereid je voor en druk 

op een knop om te beginnen” was shown, which is Dutch for “Prepare yourself and press a button 

to start”.  Subsequently, the first trial started.  At the start of each trial of the Sternberg Task, the 

symbol representing the instruction to enhance (triangle pointing up), suppress (triangle pointing 

down) or not influence (circle) theta appeared for three seconds in the center of the computer 

screen.  The instruction to not influence theta will be referred to as the baseline instruction.   

After the symbol was shown, a series of one, three or five consonants was presented in 

the middle of the computer screen successively to the participant to memorize at a pace of one 

per one and a half seconds.  During the six seconds retention period that followed, the instruction 

symbol was shown again.  After the retention period, a random consonant was shown after which 

the participants indicated whether or not this consonant was part of the series by pressing the 

“yes” or “no” button.  The response window for pressing the button was 3.5 seconds, and the 

next trial started one second after the button press.  When no button was pressed, the next trial 

started one second after the response window expired.  The task was conducted in 15 blocks of 

20 trials, with breaks in between groups of three blocks.  Every group of three blocks contained 

one block of enhancing theta, one block of suppressing theta and one baseline block in random 

order.  The length of the series of consonants was balanced over all blocks and their order 

randomized.  The total duration of the task was approximately 1 hour and 45 minutes. 

 

Figure 4 

An overview of the Sternberg Task 
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Note.  Image adapted from: “Neurofeedback as an experimental technique: controlled theta 

oscillations modulate reaction times in a Sternberg working memory task”, by Wouters, J., Van 

Schie H. T., Jensen, O., & Whitmarsh, S., 2011. 

  

Data analysis 

 The data analysis is divided in four subsections: (1) the analysis of the EEG data obtained 

during the neurofeedback training sessions to answer the first research question, (2) the analysis 

of the EEG data obtained during the Sternberg Task to see if the neurofeedback training results 

are persistent through the Sternberg Task, (3) the analysis of the behavioural data obtained during 

the Sternberg Task to answer the second research question, and (4) an explorative analysis using 

the EEG data obtained during the Sternberg Task.  The alpha-level of the statistical tests is set at 

p = 0.05, except indicated otherwise. 

 Neurofeedback training.  At first, the raw EEG data of all neurofeedback training 

sessions collected at the FCz channel was analysed and all artefacts, such as eye blink artefacts, 

muscle artefacts, drifts and saccades were manually removed.  Subsequently, the mean amplitude 

of the theta band (4-8 Hz) was extracted for each enhance and suppress training block.  The mean 

amplitude of the EMG measurement was extracted for each block as well. 

To test the effects of the neurofeedback training, analyses were performed using Stata 14 

(StataCorp).  For each participant, the assumptions for a linear mixed model were tested.  The 

normality of the residuals assumption was checked by means of the Saphiro-Wilk test, skewness 

and kurtosis test, and visually inspecting the histogram of the residuals over time.  When the 
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normality assumption was not met, the data was transformed if beneficial.  The heteroskedasticity 

assumption was tested using three versions of the Breusch-Pagan (1979) and Cook-Weisberg 

(1983) tests for heteroskedasticity, and the multicollinearity assumption was verified by means 

of calculating the variance inflation factors.  For each participant, a linear mixed model using 

sessions over time, the theta instruction and the EMG values (as a control variable) as predictors 

for theta amplitude was conducted.  When the assumptions were not met, a similar robust linear 

mixed model was conducted.   

To investigate the effect of the different training types seperately, a paired samples t test 

for both the enhance and suppress sessions was conducted comparing the theta levels during the 

last 25 training sessions to the theta levels during the first 5 sessions.  To determine if participants 

were allowed to move on to the second part of the experiment, another paired samples t test was 

conducted, comparing the theta levels during the last 25 enhance training sessions to the theta 

levels during the last 25 suppress training sessions.  The participants were only allowed to move 

on to the second part when this paired samples t test was statistically significant.  For each type 

of training the regression coefficient of sessions over time on theta amplitude was calculated as 

well.  

Sternberg Task - EEG.  The EEG data obtained during the Sternberg Task was for each 

participant analysed using the FieldTrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011) 

in Matlab (MathWorks, 2016).  At first, the raw EEG data was preprocessed using a bandpass 

filter between 0.1 and 30 Hz.  During the Sternberg Task, the signal from the right mastoid was 

used as a reference channel, and a linked-ears reference was made offline afterwards.  This 

linked-ears reference was then used to rereference the data.  The two horizontal and the two 

vertical electrooculogram (EOG) channels were combined in one vertical and one horizontal 

EOG channel and used for EOG artefact removal.  The data was visually inspected and all typical 

artefacts, like muscle artefacts, drifts and saccades, except eye blink artefacts were removed 

manually and replaced by NaN values.  Next, independent component analysis was conducted 

using an implementation of EEGlab (Delorme, & Makeig, 2004) and the components associated 

with eye blink artefacts were removed from the data.  The removal of typical and eye blink 

artefacts was conducted over all channels.  This clean data was segmented in fifteen blocks and 

categorized in the three instructions of manipulating theta.  For each instruction, the data was 

divided in segments of two seconds.  The segments containing NaNs due to the removal of typical 

artefacts were not included in the analysis.  The powerspectrum for the frequency band of interest 

(4-8 Hz) was calculated using a 1s Hanning window.  Cluster analyses were conducted 

comparing the theta levels during the theta enhancing block to those of the baseline theta block, 
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the theta levels during the theta enhancing block to those of the theta suppressing block and the 

theta levels during the baseline block to those of the theta suppressing block.  The cluster analyses 

were one-sided (enhancing > baseline > suppressing).   

 Sternberg Task - behavioural.  For analysing the behavioural data gathered during the 

Sternberg Task, Stata 14 (StataCorp) was used.  At first, chi-square tests were used to test for an 

effect of memory load and/or theta instruction on the amount of correct responses over all 

participants.  Subsequently, the assumptions for a linear mixed model using theta instruction, 

workload and the interaction between theta instruction and workload as predictors for reaction 

time were tested for each participant.  The normality of the residuals assumption was checked by 

means of the Saphiro-Wilk test, skewness and kurtosis test, and visually inspecting the scatter 

plot of the residuals over time.  When the normality assumption was not met, the data was 

transformed if beneficial.  The heteroskedasticity assumption was tested using three versions of 

the Breusch-Pagan (1979) and Cook-Weisberg (1983) tests for heteroskedasticity, and the 

multicollinearity assumption was verified by means of calculating the variance inflation factors.  

A linear mixed model was conducted using theta instruction, workload and the interaction 

between theta instruction and workload as predictors for reaction time for each participant 

individually, and a similar robust linear mixed model was conducted as well if the assumptions 

were violated.   

Exploratory analysis.  The EEG data obtained during the Sternberg Task was used for 

the exploratory analysis.  The clean data was segmented in blocks of 0.2s before until 1.0s after 

a probe was presented to investigate the ERP induced by the probe.  Segments containing NaN 

values were excluded from the analysis and the probes were categorized by the theta instruction.  

For each participant, the timelocked average of the ERP, using a baseline window of 0.2s before 

the probe, was computed for the probes.  Two-sided cluster analyses were conducted on the ERP 

of the probe, comparing the instructions of theta to each other in pairs.  On group level these 

exploratory analyses were conducted as well using the data of all the participants.  

 

Results 

 

Neurofeedback training.  At first, scatter plots of the data of each participant were 

investigated and a few outliers were removed.  For Participant 6, the data of the first seven 

sessions of the enhance training were removed as the scatter plot showed these data points were 

aberrant from the other data points.  The removed data points were at least two times the standard 
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deviation exceeding the mean.  It seemed like Participant 6 during the first seven sessions used 

an artificial strategy like frowning or muscle tension, which is not conform the instructions. 

For all participants, the residuals of the data followed a normal distribution and no severe 

multicollinearity was present in the data.  Heteroskedasticity in the residuals was found in the 

data of Participant 3, 4, 5 and 8.  To test whether neurofeedback training enables people to 

voluntarily enhance or suppress their theta levels, a Linear Mixed Model using sessions over 

time, the theta instruction and the EMG values (as a control variable) as predictors for theta 

amplitude was run for each participant.  For Participant 3, 4, 5 and 8 a robust Linear Mixed 

Model was conducted as the assumptions of a regular Linear Mixed Model were violated.  The 

results of the (robust) Linear Mixed Models are visible in Table 1.   

 

Table 1 

The results of the (robust) Linear Mixed Models on the neurofeedback training data. 

 Predictor β 95% CI z 

Participant 1 theta instruction 21.89 [18.26, 25.52] 11.82*** 

session .24 [.13, .35] 4.23*** 

 EMG 4.83 [2.87, 6.78] 4.84*** 

Participant 2 theta instruction .51 [.22, .80] 3.41** 

session .01 [.004, .02] 2.80** 

 EMG .13 [.01, .24] 2.17* 

Participant 3 theta instruction 2.48 [1.80, 3.17] 7.16*** 

session .09 [.07, .11] 8.99*** 

 EMG .40 [-.06, .86] 1.70 

Participant 4 theta instruction 3.15 [2.68, 3.62] 13.12*** 

session .02 [.006, .04] 2.68** 

 EMG -.10 [-.43, .24] -.55 

Participant 5 theta instruction 1.02 [.79, 1.25] 8.63*** 
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session -.008 [-.02, -.0008] -2.17** 

 EMG .33 [.26, .41] 8.50*** 

Participant 6 theta instruction .38 [.11, .66] 2.74** 

session .02 [.008, .03] 3.31** 

 EMG .12 [.009, .24] 2.12* 

Participant 7 theta instruction .03 [-.22, .29] .27 

session -.004 [-.01, .005] -.92 

 EMG .03 [-.09, .14] .43 

Participant 8 theta instruction .19 [-.005, .38] 1.901 

session -.02 [-.02, -.009] -4.91*** 

 EMG .19 [.06, .31] 3.00** 

Results of Linear Mixed Models using theta instruction, sessions over time and EMG values (as 

a control variable) as predictors for theta amplitude during the neurofeedback training sessions 

for each participant individually.  For Participant 3, 4, 5 and 8 the results of robust Linear Mixed 

Models are shown.  The coefficient, 95% Confidence Interval and z-value is shown for each 

predictor of each participant. 

*** p < .001, ** p < .01, * p < .05, 1 marginally significant with p = .057 

 

For each participant, the theta levels during the last 25 training sessions of the enhance 

and the suppress training followed a normal distribution.  A one sided paired samples t test 

comparing the theta levels during the last 25 training sessions to the mean of the theta levels 

during the first 5 training sessions for both the enhance and suppress training was conducted.  

Furthermore, a one sided paired samples t test comparing the theta levels of the last 25 sessions 

of the enhance training to the theta levels of the last 25 sessions of the suppress training was 

conducted for each participant.  Results of the three t test for each participant are shown in Table 

2. 

 

Table 2 

Results of the one sided paired samples t tests on the neurofeedback training data 
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 t (enhance) t (suppress) t (difference) 

Participant 1 23.13*** 10.411 20.34*** 

Participant 2 7.18*** -.47 7.32*** 

Participant 3 12.52*** 10.961 8.85*** 

Participant 4 10.06*** 2.691 12.16*** 

Participant 5 -5.411 -4.55** 10.99*** 

Participant 6 -1.01 -.12 3.27* 

Participant 7 -1.68 -11.45*** 3.09* 

Participant 8 -11.671 -18.72*** 3.78** 

Results of the one sided paired samples t tests comparing the theta levels during the last 25 

training sessions to the mean of the theta levels during the first 5 training sessions for both the 

enhance (left) and suppress (middle) training and comparing the theta levels of the last 25 

sessions of the enhance training to the theta levels of the last 25 sessions of the suppress training 

(right).  For all tests the t-values are shown. 

*** p < .0001, ** p < .001, * p < .01, 1 p < .05 in wrong direction 

 

To conclude the analysis of the neurofeedback training, the regression coefficients of 

sessions over time on theta amplitude were calculated for both types of training.  The graphical 

and numerical results are visible in Figure 5. 

 

Figure 5 

Graphical illustration of the progress during the neurofeedback training 
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 Note.  Amplitude scales are adjusted for each participant.  The blue dashed line and diamonds 

represent enhance training, the orange line and dots represent suppress training.  

*** p < .001, ** p < .01, * p < .05, 1 marginally significant with p < .086. 

 

Sternberg Task - EEG.  To verify if the neurofeedback training results are persistent in 

the Sternberg Task, the EEG data obtained during the Sternberg Task was analysed for each 

participant individually.  Unfortunately, the marker file attached to the EEG recording of 

Participant 1 was inaccurate; and the EEG recordings of Participant 6 and 8 solely contained 

noise.  Therefore, the analysis including EEG data was conducted only using the data from 

Participant 2, 3, 4, 5 and 7.   

After cleaning the data, the data was segmented in segments of two seconds categorized 

by the theta up, theta down and baseline instruction.  Segments containing NaN values were 

excluded from the analysis.  The powerspectrum was calculated using a 1-second Hanning 

window for the frequency band of interest (4-8 Hz).  For each participant, the average theta power 

for each condition of theta instruction was determined for the average of all channels and for the 

FCz channel.  The results are shown in Table 3. 

 

Table 3 

The theta amplitudes during the Sternberg Task 

 Theta up Baseline Theta down 

 All FCz All FCz All FCz 

Participant 2 2.53 5.16 2.75 5.76 2.43 5.29 

Participant 3 4.50 7.71 4.83 8.19 5.23 8.89 

Participant 4 3.29 6.60 3.01 5.85 2.84 5.86 

Participant 5 1.87 3.08 1.81 3.09 1.59 2.98 

Participant 7 2.97 5.95 2.79 5.71 2.82 5.77 

The theta amplitude in μV during the Sternberg Task for each theta instruction measured over all 

channels and measured over the FCz electrode solely. 

 

Subsequently, one-sided cluster analyses testing clusters in the expected direction (theta 

up > baseline > theta down) were conducted on the theta levels between the different theta 
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instructions.  The results of the analyses are visible in Table 4.  The tests that did not show a 

(marginally) significant cluster are excluded from the table. 

 

Table 4 

Results of the one-sided cluster based permutation tests on the theta amplitudes during the 

Sternberg Task 

 Test Sum of 

t-values 

SD Electrodes 

Participant 2 up>down 35.70** .003 C4, CP1, CP2, CP6, P3, Pz, P4, P8, O1, O2 

base>down 83.63*** .0009 F3, Fz, F4, F8, FC1, FCz, FC2, FC6, C3, Cz, 

C4, CP5, CP1, CP2, CP6, P3, Pz, P4, P8, O1, 

O2 

Participant 4 up>down 41.81** .002 FC1, FCz, FC2, FC6, Cz, C4, CP5, CP1, 

CP2, P7, P3, Pz, P4, O1, O2 

 base>down 7.531 .009 P3, Pz, O1 

Participant 5 up>base 12.46* .007 CP6, P4, P8, O2 

 up>down 74.77*** .0009 F7, F3, FC5, C3, CP5, CP1, CP2, CP6, P7, 

P3, Pz, P4, P8, O1, O2 

 base>down 44.19** .002 FC5, C3, CP5, CP1, CP2, P7, P3, Pz, P4, P8, 

O1, O2 

Participant 7 up>base 8.291 .007 CP1, CP2, Pz, P4 

 up>down 9.681 .008 F4, F8, FC6, C4 

The sum of all t-values within one cluster, the Standard Deviation and the significant electrodes 

are shown for each significant test of each participant. 

*** p < .001, ** p < .01, * p < .05, 1 marginally significant with p < .078.  

 

 As visible in Table 4, the FCz electrode is not involved in all significant clusters.  For 

Participant 2, only the cluster indicating theta levels were higher during the baseline instruction 

compared to during the theta down instruction includes the FCz electrode.  For Participant 4, 
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only the cluster indicating theta levels were higher during the theta up instruction compared to 

during the theta down instruction includes the FCz electrode.  For Participant 5, none of the 

clusters involves the FCz electrode, however two cluster involve various fronto-central 

electrodes.  These two clusters indicate theta levels were higher during both the theta up and 

baseline instruction compared to during the theta down instruction.  For Participant 7, a few 

fronto-central electrodes are involved in the cluster indicating theta levels are higher during the 

theta up instruction compared to the theta down instruction. 

 

Sternberg Task - behavioural.  First, the data was investigated and reaction times larger 

than the mean plus four times the Standard Deviation were regarded as outliers and removed for 

each participant individually.  Subsequently, the error rates were investigated.  The overall error 

rate was 3.69%.  Chi-square tests showed that no effect of theta instruction on the error rate was 

present with X 2(2) = 1.23, p = .540, yet an effect of workload on the error rate was present with 

X 2(2) = 9.47, p = .009.  Remembering 5 letters induced a higher error rate compared to 

remembering 3 letters or 1 letter.  The error rates per workload and per theta instruction are 

visible in Table 5. 

 

Table 5 

The error rates for each workload and theta instruction during the Sternberg Task 

  Workload 

  Load 1 Load 3 Load 5 

 Theta down 2.74% 1.50% 7.87% 

Theta instruction Baseline 3.66% 3.95% 4.55% 

 Theta up 2.94% 2.47% 3.79% 

 

For each participant, mean reaction times and standard deviations for the Sternberg Task 

can be found in Table 6.  Graphical illustrations of the data are visible in Figure 6. 

 

Table 6 

The individual mean reaction times (and Standard Deviations) in milliseconds during the 

Sternberg Task for each workload and theta instruction 

 Workload Theta Instruction 
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 Load 1 Load 3 Load 5 Theta down Baseline Theta up 

Participant 1 716 867 929 952 830 637 

 (347) (292) (395) (351) (383) (227) 

Participant 2 613 723 796 740 681 723 

 (202) (209) (215) (252) (185) (221) 

Participant 3 720 887 1028 954 882 779 

 (317) (299) (308) (332) (362) (284) 

Participant 4 745 981 1117 927 924 988 

 (266) (266) (355) (343) (326) (343) 

Participant 5 716 769 896 1058 697 604 

 (306) (311) (284) (266) (205) (234) 

Participant 6 829 986 1087 925 973 988 

 (221) (254) (341) (232) (348) (294) 

Participant 7 672 901 1024 875 848 827 

 (260) (398) (427) (378) (409) (384) 

Participant 8 407 508 592 515 554 443 

 (149) (107) (176) (180) (167) (128) 

 

Figure 6 

Graphical illustrations of the reaction times during the Sternberg Task for each participant 
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Note.  The orange line refers to the theta down instruction, the green dashed line refers to the 

baseline instruction, the blue wider dashed line refers to the theta up instruction. 

 

The effect of theta instruction and workload on reaction time was investigated for each 

participant individually.  For almost all participants the residuals did not follow a normal 

distribution.  After transforming the reaction time to the logarithm of reaction time, the residuals 

of the data of all participants did follow a normal distribution.  Thus, the logarithm of reaction 



28 
 

time was used in the analysis.  There was heteroskedasticity present in the residuals of the data 

of Participant 3, 5 and 6.  For all participants, no severe multicollinearity was present in the data.  

A Linear Mixed Model using theta instruction, workload and the interaction between theta 

instruction and workload as predictors for reaction time was run for each participant.  For 

Participant 3, 5 and 6 a robust Linear Mixed Model was conducted as the assumptions of a regular 

Linear Mixed Model were violated.  The results of the (robust) Linear Mixed Models are visible 

in Table 7.   

 

Table 7 

Results of the (robust) Linear Mixed Models on the behavioural data of the Sternberg Task 

 Predictor β 95% CI z 

Participant 1 theta instruction -196.64 [-285.54, -107.75] -5.50*** 

workload 28.72 [-27.54, 84.98] .63 

 theta instruction#workload 14.08 [-13.13, 41.28] 1.951 

Participant 2 theta instruction 33.81 [-28.07, 95.69] 1.10 

workload 75.32 [37.40, 113.24] 4.19*** 

 theta instruction#workload -14.93 [-32.62, 2.76] -1.63 

Participant 3 theta instruction -75.79 [-161.69, 10.11] -2.12* 

workload 72.87 [13.44, 132.30] 2.57* 

 theta instruction#workload .61 [-24.37, 25.58] .54 

Participant 4 theta instruction 50.64 [-36.30, 137.58] 1.71 

workload 104.37 [49.51, 159.24] 4.56*** 

 theta instruction#workload -5.48 [-30.95, 19.99] -.90 

Participant 5 theta instruction -205.02 [-287.58, -122.47] -6.45*** 

workload 46.81 [1.11, 92.50] 1.751 

 theta instruction#workload -6.36 [-28.30, 15.58] .31 



29 
 

Participant 6 theta instruction 5.93 [-59.42, 71.28] .18 

workload 50.02 [2.49, 97.56] 2.32* 

 theta instruction#workload 6.86 [-15.29, 29.01] .53 

Participant 7 theta instruction 3.76 [-99.73, 107.26] -.27 

workload 132.28 [64.17, 200.39] 3.97*** 

 theta instruction#workload -19.54 [-51.00, 11.92] -1.04 

Participant 8 theta instruction -46.33 [-87.13, -5.52] -2.82** 

workload 40.81 [14.77, 66.85] 3.20** 

 theta instruction#workload 2.86 [-9.03, 14.76] 1.01 

Results of (robust) Linear Mixed Models using theta instruction, workload and the interaction 

effect between theta instruction and workload as predictors for reaction times during the 

Sternberg Task for each participant individually.  For Participant 3, 5 and 6 the results of robust 

Linear Mixed Models are shown.  The coefficient, 95% Confidence Interval and z-value is shown 

for each predictor of each participant. 

*** p < .001, ** p < .01, * p < .05 

 

As for Linear Mixed Models no standard post-hoc tests are available, a two-way ANOVA 

(using theta instruction, workload and the interaction between theta instruction and workload as 

independent variables) and post-hoc t tests were conducted.  The post-hoc t tests were conducted 

to facilitate comparison of the theta levels measured during the Sternberg Task and the 

behavioural results of the Sternberg Task.  The results of the two-way ANOVA were similar to 

the results of the Linear Mixed Model, which confirms the reliability of the Linear Mixed Model 

results. The results of the two-way ANOVA and post-hoc t tests are visible in the supplemental. 

 

Exploratory analysis.  To analyse the ERPs induced by the presentation of the probe, 

the clean data was segmented in blocks from 0.2s before until 1.0s after a probe was presented.  

Segments containing NaN values were again excluded from the analysis and the probes were 

categorized by the instruction the subjects received.  The timelocked average of the ERP, using 

a baseline window of 0.2s before the probe, was computed for the ERP segments.  Two-sided 

cluster analyses were conducted on the ERP of the probe, comparing the ERPs belonging to the 
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different theta instruction conditions to each other in pairs.  This analysis was conducted for each 

participant individually, and on group level.  The results are shown in Table 8.  The tests that did 

not show a significant cluster are excluded from the table.  

  

Table 8 

Results of the two-sided cluster based permutation tests on the ERP induced by the presentation 

of the probe 

 Test Sum of t-

values 

SD Time (s) Location 

Pp 2 base>up 3019.5** .0040 0.2-0.35 C4, CP1, CP2, CP6, P3, Pz, P4, P8, O2 

 1090.8* .0088 0.8-0.85 C4, CP2, CP6, Pz, P4 

 1303.5* .0079 0.95-1 CP1, CP2, Pz 

 up>down 9231.4** .0028 0.35-0.8 F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, 

FC6, C3, Cz, C4 

 base>down -2612.5* .0063 0.2-0.25 FC2, FC6, C4, CP2, CP6, P4, P8 

  -4373.9** .0035 0.3-0.4 F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, 

C3, Cz, C4, CP5, CP1, CP2, CP6, Pz, P4 

  -8839.5** .0020 0.5-0.8 F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, 

FC6, C3, Cz, C4, CP5, CP1, CP2, CP6, 

P3, Pz, P4 

Pp 3 base>up 2128.5* .0068 0.1-0.2 F3, Fz, FC1, FCz, FC2, FC6, C3, Cz, C4, 

CP1, CP2, Pz 

Pp 5 up>base -3401.6* .0044 0.75-0.9, 

0.95-0.1 

F3, Fz, FC1, FCz, P4, P8, O2 

up>down -4196.6** .0040 0.35-0.5 F3, Fz, F4, FC5, FC1, FCz, FC2, FC6, 

C3, Cz, C4, CP5, CP1, P3 
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  -9109.6** .0020 0.7-1 F3, Fz, F4, F8, FC5, FC1, FCz, FC2, 

FC6, C3, Cz, C4, CP5, CP1, CP2, CP6, 

P3, Pz, P4 

Pp 7 base>down -1169.3* .0094 0.15-0.2 FC1, FCz, FC2, Cz 

  -1215.6* .0092 0.3-0.35 F3, Fz, FC1, FCz, C3, Cz, CP1 

Group base>down -6810.1* .0088 0.35-0.5 F3, Fz, F4, FC5, FC1, FCz, FC2, FC6, 

C3, Cz, C4, CP5, CP1, P3 

The sum of all t-values within one cluster, the Standard Deviation, time in seconds and significant 

location is shown for each significant test of each participant.  Pp stands for Participant. 

*** p < .001, ** p < .01, * p < .05 

 

As visible in Table 8, only one cluster is statistically significant on group level.  This 

cluster is significant from 0.35-0.50 seconds across a cluster of centro-frontal electrodes.  In 

Figure 7 the grand average ERP to the probe for all participants is shown for the FCz channel.  

The P3 component, a positive-going peak around 0.3s, during the theta down instruction is 

statistically significantly smaller compared to the P3 during the baseline instruction and visibly 

smaller than during the theta up instruction.  The significant clusters are visible in Figure 8. 

For Participant 2, the P3 component is statistically significantly higher during the theta 

up and baseline condition compared to the theta down condition.  For Participant 3 and 7 these 

differences are present as well, yet not statistically significant.  For Participant 4 the P3 

component is visibly yet not statistically higher during the baseline condition compared to during 

the theta down condition.  Finally, for Participant 5 the P3 component is statistically significantly 

higher in the theta up condition as compared to in the theta down condition.  All significant 

clusters involving the P3 component include the FCz electrode or various fronto-central 

electrodes.  Visualization of the ERP for each individual participant is present in the 

supplemental materials. 

 

Figure 7 

The grand average Event Related Potential induced by the presentation of the probe for each 

instruction on the FCz channel 
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Note.  The orange line refers to the theta down instruction, the green dashed line refers to the 

baseline instruction, the blue wider dashed line refers to the theta up instruction. 

 

Figure 8 

The significant clusters during the ERP induced by the probe on group level 

 

 

Note.  The stars represent the significant clusters. 

 

Overview of the results.  The significance of all statistical tests of all participants are 

shown in Table 9.  For the cluster-analyses on the EEG data of the Sternberg Task, only the 

significant clusters including fronto-central electrodes are included in the table.  As visible in 

Table 9, theta was significantly higher during the last sessions of the enhance training compared 

to during the suppress training for all participants.  For the other tests, results differed between 

the participants. 

Participant 1, 5 and 8 show a strong consistency.  Participant 1 had a strong effect in the 

neurofeedback training, which led to a strong effect on reaction times in the Sternberg Task.  The 
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theta levels of Participant 5 significantly differed in the neurofeedback training, which was 

mostly persistent through the Sternberg Task, and led to a significant result in the reaction times 

data of the Sternberg Task.  For both participants the post hoc t tests show that the reaction times 

effect was significant between all conditions of theta instruction.  Participant 8 shows an effect 

in the neurofeedback training and a significant effect in the reaction times of the Sternberg Task. 

Participant 6 and 7 show consistent results in a different way.  For both participants an 

effect on reaction times during the Sternberg Task was absent, which is in line with a less strong 

effect during the neurofeedback training.  Even though the Linear Mixed Model of Participant 6 

shows a small effect during the neurofeedback training, both the t tests for the enhance and 

suppress neurofeedback training were not significant.  For Participant 7 the t test comparing the 

last 25 training sessions to the mean of the first 5 training sessions for the suppress training was 

significant, yet the Linear Mixed Model on the neurofeedback training data was not significant.  

The theta levels during the Sternberg Task show a marginally significant difference between the 

theta up and theta down instruction, yet in the reaction times no effect is present. 

The results of Participant 2 and 4 are partly consistent.  Participant 2 and 4 show an effect 

in the neurofeedback training and partly in the theta levels during the Sternberg Task.  However, 

the Linear Mixed Model testing the effect of theta instruction on reaction times was for both 

participants not significant. 

The results of Participant 3 do not show consistency.  The theta levels during the 

Sternberg Task did not show any significant differences, yet there is a significant effect on 

reaction times. 

 

Table 9 

All individual results of the analyses next to each other 

Pp LMM  

training 

t test 

up 

t test 

down 

t test 

diff 

Theta levels 

Sternberg 

LMM RT 

Sternberg 

ANOVA/t tests 

RT Sternberg 

P3 component 

ERP probe 

1 + + - + NA + up < down 

base < down 

up < base 

NA 

2 + +  + base > down  base < down2 up>down 

base>down 

3 + + - +  + up < down 

up < base 

up<down3 

base>down3 
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4 + + - + up > down  +1  base>down3 

5 + - + + up > down 

base > down 

+ up < down 

base < down 

up < base 

up>down 

6 +   + NA   NA 

7   + + up > down1   up<down3 

base>down3 

8 +1 - + + NA + up < down 

up < base 

NA 

From left to right; Pp: the participant; LMM training: the Linear Mixed Model results of the 

neurofeedback training; t test up: the one sided paired samples t tests comparing the last 25 

training sessions to the mean of the first 5 training sessions for the enhance training; t test 

down: the one sided paired samples t tests comparing the last 25 training sessions to the mean 

of the first 5 training sessions for the suppress training; t test diff: the one sided paired samples 

t tests comparing the theta levels of the last 25 sessions of the enhance training to the theta 

levels of the last 25 sessions of the suppress training; Theta levels Sternberg: the one-sided 

cluster based permutation tests to compare theta levels during the different theta instructions 

during the Sternberg Task, only clusters including fronto-central electrodes are shown; LMM 

RT Sternberg: the Linear Mixed Model using theta instruction as a predictor for reaction times 

during the Sternberg Task; ANOVA/t tests RT Sternberg: the two-way ANOVA’s testing the 

differences in reaction times between the different theta instructions and post-hoc t tests results 

are shown; P3 component ERP probe: the two-sided cluster based permutation tests to 

compare the P3 component after presentation of a prove during the different theta instructions, 

only clusters including fronto-central electrodes are shown.  The + indicates the test was 

significant in the expected direction, the – indicates the test was significant in the opposite 

direction.  The NA represents Not Available, blanks represent insignificant tests. 

1 marginally significant; 2 ANOVA not significant, yet the t test is; 3 difference is visible in the 

visualization of the ERP yet not statistically significant.  NA stands for Not Available. 

 

 In the last column of Table 9, the exploratory findings with respect to the P3 component 

of the ERP after presentation of the probe are shown.  Participant 2, 5 and 7 are the only 

participants for whom the results of the P3 component are partly similar to the results of the 

theta levels during the Sternberg Task.  For Participant 2 the P3 component during both the 

theta up and baseline condition is significantly higher compared to during the theta down 
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instruction.  The difference between the baseline and theta down condition is significant in the 

theta levels during the Sternberg Task in general as well, yet the difference between the theta 

up and theta down condition is not.  Participant 5 showed strong results in theta levels and 

reaction times, yet the P3 component is only significantly higher during the theta up condition 

compared to the theta down condition.  The difference for the P3 component between the 

baseline and theta down condition is absent for Participant 5.  For Participant 7 the P3 

component during both the theta up and baseline condition is visibly yet not statistically 

significantly higher compared to during the theta down instruction.  The difference between the 

theta up and theta down condition is marginally significant in the theta levels during the 

Sternberg Task in general. 

 The other two participants do not show this similarity between the P3 component and 

the other findings during the Sternberg Task.  The P3 component of Participant 4 is visibly yet 

not statistically significantly higher during the baseline condition compared to during the theta 

down condition. For the P3 component no difference is present between the theta up and theta 

down condition.  During the Sternberg Task theta levels were significantly higher during the 

theta up condition compared to the theta down condition, yet no effect was present between the 

baseline and theta down condition.  Participant 3 did not show a difference in theta levels 

during the Sternberg Task, yet an effect on reaction times was present.  With respect to the P3 

component, Participant 3 has a visibly higher P3 during the theta up and baseline condition 

compared to during the theta down condition.  Nevertheless, these differences are not 

statistically significant. 

 

Discussion 

This study utilized bi-directional neurofeedback training to investigate the causal effect 

of frontal midline theta on working memory performance.  At first, the effectiveness of bi-

directional neurofeedback training was investigated.  At the end of the neurofeedback training 

sessions, the theta levels during the enhance training were significantly higher compared to the 

theta levels during the suppress training for all participants.  Subsequently, it was verified 

whether the difference in theta levels was persistent throughout the Sternberg Task.  As this was 

partly the case for most participants of which the EEG recording did not fail, it seems that the 

participants were partly able to manipulate their theta levels without feedback as well.   

For four out of eight participants theta instruction was a significant predictor for reaction 

times during the Sternberg Task.  For the other four participants this effect was absent, which is 

in line with a weaker effect during the neurofeedback training in these participants.  This finding 
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supports the first hypothesis, stating that frontal midline theta influences working memory 

performance through an effect on attention.  The interaction effect between theta instruction and 

workload on reaction times was absent for all participants, rejecting the second hypothesis stating 

that frontal midline theta influences working memory capacity.   

Finally, the ERP induced by the presentation of the probe was investigated for the 

different theta instructions as an exploratory analysis to give insights in the mechanism 

responsible for the effects of theta manipulation on reaction times.  The theta down instruction 

seems to induce a smaller P3 component as compared with the baseline and the theta up 

instruction. Nevertheless, there is no clear consistency between the P3 component and the other 

findings with respect to the Sternberg Task. 

 

The effects of bi-directional neurofeedback training 

 At first, the EEG data of the neurofeedback training was analysed.  For seven out of eight 

participants, the Linear Mixed Model showed that the theta instruction during the training was a 

(marginally) significant predictor for the theta levels.  According to the t tests of the enhance and 

suppress training comparing the theta levels during the last 25 training sessions to the mean of 

the theta levels of the first 5 training sessions, participants were only successful in modulating 

frontal midline theta in one direction.  As visible in Table 2, Participant 1, 2, 3 and 4 showed a 

significant improvement only in the enhancing training, whilst Participant 5, 7 and 8 showed a 

significant improvement only in the suppressing training.  Even though this suggests the 

participants were only able to train theta in one direction during the sessions, theta levels within 

a person can vary for other reasons as well.  For example, frontal midline theta is associated with 

mental fatigue (Wascher et al., 2014) and anxiety (Cavanagh & Shackman, 2015).  This means 

that studying for an important exam, which may be accompanied by stress and mental fatigue, 

could infuence frontal midline theta levels to vary over time.  Gradual changes in time that are 

unrelated to the experiment could mask the relative increase or decrease of frontal midline theta 

as a result of the neurofeedback training.  The inclusion of a baseline measurement over time 

could have captured these variations in theta that are unrelated to the experiment, and might have 

revealed increases or decreases in theta over time.  The absence of a baseline condition in the 

neurofeedback training phase prevents us from drawing strong conclusions regarding the success 

of separate theta enhancement and theta reduction, and in principle leaves open the possibility 

that participants might have been successful in modulating theta in both directions.   

Nevertheless, the finding that none of the participants showed a significant effect over 

time for both types of training is a potentially interesting finding as it suggests that individuals 
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may either be profient in enhancement or suppression but not both.  The increase or decrease in 

theta over time and the finding that the neurofeedback training is only effective in one direction, 

is in line with the theory that considers operant conditioning to be responsible for the 

effectiveness of neurofeedback training over time.  In other neurofeedback studies, a structural 

increase or decrease in specific brain activity is reported as well (Hanslmayr et al., 2005; 

Hoedlmoser et al., 2008; Keizer et al., 2010; Zoefel et al., 2011).  An unconscious increase or 

decrease in specific brain waves has beneficial applications.  For example, an increase in 

sensorimotor rhythm (SMR) activity improves sleep quality (Hoedlmoser et al., 2008) and an 

enhancement of relative right frontal alpha activity alleviates depressive symptoms (Choi et al., 

2011). 

 It remains unclear whether participants were able to both successfully enhance and 

suppress frontal midline theta.  It is clear that all participants managed to induce a difference in 

theta power between enhance and suppress conditions.  Figure 5 shows that the regression 

coefficient for all participants was higher for the enhancement training compared to the 

suppression training.  Moreover, the difference in theta levels between the enhancement and 

suppression theta training during the last 25 sessions was significant for all participants.  Even 

though Linear Mixed Models on group level were not conducted due to the small amount of 

participants (Scherbaum & Ferreter, 2009), eight out of eight participants were successful in the 

differentiation between enhancing and suppressing theta after bi-directional neurofeedback 

training.   

 As the difference between the enhancement and suppression of theta is significant for all 

participants and as it seems that participants are able to (partly) control theta on demand, operant 

conditioning seems not to be the sole underlying principle for neurofeedback training.  Operant 

conditioning predicts a structural increase or decrease in theta, and does not explain that the 

participants could, at least partly, control their theta levels voluntarily.  Operant conditioning 

could still be partly responsible for the effectiveness of neurofeedback training, yet another 

mechanism seems to be present as well to explain the voluntary control of theta.  Sitaram et al. 

(2017) present several alternative mechanisms to explain the effectiveness of neurofeedback 

training, such as the dual process theory and the cognitive framework of skill learning.  The dual 

process theory, explaining the effectiveness neurofeedback training by integrating feedforward 

and feedback learning processes, is supported by the data.  According to the dual process theory 

the trainee tests mental strategies to control the feedback signal, until an effective strategy is 

discovered which then becomes automatic due to successive reinforcement.  It is possible that 

some participants found an effective mental strategy to control the theta feedback signal, whilst 
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others found a strategy that is less effective leading to weaker control.  In Figure 5 it is visible 

that Participant 1 might have tried several ineffective strategies during the first sessions, and later 

found an effective strategy which was used and improved over time.  The dual process theory 

also states that some trainees may never find an effective strategy, which could explain why 

Participant 6 and 7 show less significant effects during the neurofeedback training compared to 

the other participants.   

According to the skill learning theory an initial phase of rapid improvement should be 

followed by a phase of more gradual improvements in performance.  In Figure 5 it is visible that 

none of the participants shows this pattern; hence the skill learning theory as underlying 

mechanism of neurofeedback is not supported.   

The successful differentiation between enhancing and suppressing theta supports creation 

of an internal model as underlying mechanism (Kouijzer et al., 2011).  This theory, which is 

based on the principles of the Ideomotor Theory (Greenwald, 1970), states that an association is 

built between the intention and the sensory feedback.  This internal model allows the trainee to 

control the theta feedback in a similar way as when controlling limb movements, and thus the 

trainee is able to voluntarily increase and decrease brain activity when desired.   

 As all participants successfully differentiated between enhancing and suppressing theta, 

the participants continued to the second part of the study.  The EEG recordings recorded during 

the Sternberg Task were analysed to investigate the theta levels during the different theta 

instructions.  In contrast with the neurofeedback training, the Sternberg Task did not include any 

feedback with respect to theta manipulation.  As the recordings of some participants failed, only 

the EEG data of Participant 2, 3, 4, 5 and 7 could be analysed.  As visible in Table 4, the frontal 

midline theta levels of Participant 5 were significantly higher during the theta up and baseline 

instruction compared to the theta down instruction.  For Participant 2, 4 and 7 frontal midline 

theta levels were (marginally) significantly different in the expected direction for only one pair 

of theta instructions.  The theta levels of Participant 3 were not different from each other in the 

expected direction.  The results of the Sternberg Task of Participant 2, 4, 5 and 7 are somewhat 

similar to the results of the neurofeedback training sessions.  However, Participant 3 was 

successful during the neurofeedback training but the theta levels during the Sternberg Task were 

not in the expected direction.  These findings show that neurofeedback training enabled four out 

of five participants to partly manipulate their brain activity during a new task in which no 

feedback was provided.  This suggests that after self-regulation of brain waves is achieved by 

means of bi-directional neurofeedback training in a lab, this ability might be maintained at home 

without need for mobile EEG devices to provide feedback. 
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Causality of frontal midline theta in working memory performance 

 To answer the second research question, the behavioural data of the Sternberg Task was 

analysed.  It was expected that either an effect of theta instruction on reaction times, or an 

interaction effect between theta instruction and memory workload on reaction times would be 

discovered.  As for the time-accuracy trade-off (Reed, 1973), the error rates of the button 

responses were investigated as well.  There was no effect of theta instruction on error rates, and 

the effect of workload on error rates was in the expected direction and small.  According to the 

Linear Mixed Models, the effect of workload on reaction times was in the expected direction for 

all participants and statistically significant for Participant 2, 3, 4, 6, 7 and 8.  The effect of theta 

instruction on reaction times was in the expected direction and statistically significant for 

Participant 1, 3, 5 and 8.  For the other participants the effect was in the opposite direction and 

not significant.  The interaction effect between theta instruction and workload was found not to 

be significant in all participants.   

As four out of eight participants show a significant direct effect of the instruction to 

manipulate theta on reaction times, the first hypothesis is supported: It stated that frontal midline 

theta influences working memory performance due to an effect on attention.  Frontal midline 

theta activity is usually localized to the ACC (Asada et al., 1999; Gevins et al., 1997; Iramina et 

al., 1996; Ishii et al., 1999), which is involved in executive processes with respect to attention 

(Lane et al., 1998; Pardo et al., 1990; Weissman et al., 2005).  Attention is required in working 

memory tasks to stay focused at the task and to keep the target in mind.  Increasing frontal midline 

theta leads to increased attention and accordingly faster reaction times, whilst decreasing frontal 

midline theta leads to decreased attention and accordingly slower reaction times.   

As the first hypothesis is supported, frontal midline theta is not an epiphenomenon but a 

causal factor in working memory performance.  Mitchell et al. (2008) propose two ways in which 

frontal midline theta reflects attention in working memory performance tasks.  Frontal midline 

theta could be causally related to sustained attention, or to the allocation of attentional resources.  

Because of the difference in theta levels during the Sternberg Task, it seems more plausable that 

influencing theta had an effect on sustained attention:  Participants showed a general difference 

in theta levels between the different theta instructions during the Sternberg Task, which implies 

that theta was enhanced or suppressed throughout the whole Sternberg Task instead of at specific 

moments requiring specific processes, like the allocation of attentional resources.  It seems that 

frontal midline theta does not have a specific function for a specific working memory process, 

and might thus be associated with sustained attention (Mitchell et al., 2008). 
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The absence of the interaction effect rejects the second hypothesis, which stated that theta 

levels influence working memory capacity.  Research showed that theta activity is associated 

with working memory capacity (Moran et al., 2010) and that frontal theta activity increases when 

memory load (Jensen & Tesche, 2002) or task difficulty (Gevins et al., 1997) increases.  It was 

suggested that frontal theta activity increases when a high memory load is presented because 

working memory capacity needs to be increased.  Therefore, it was expected that increasing 

frontal midline theta would lead to an increase in working memory capacity and thus decrease 

reaction times during high memory load.  Oppositely, a decrease in frontal midline theta would 

lead to an increase in reaction times during high memory load.  For tasks involving a low memory 

load, a low working memory capacity is sufficient and influencing working memory capacity 

would therefore not influence reaction times.  Nonetheless, the expected interaction effect was 

not present.   

The interaction effect might not have been present because the memory load of five items 

was not high enough to show the expected effect.  Even though working memory capacity is 

generally limited to three to five items (Cowan, Morey, AuBuchon, Zwilling, & Gilchrist, 2010), 

working memory capacity differs between individuals (Cowan et al., 2010; Gold et al., 2006), 

and university students, the participants of this study, might have an above average working 

memory capacity.  Nevertheless, the interaction effect was absent in all participants and it seems 

improbable that the working memory capacity was above average for all participants. 

Even though the second hypothesis is rejected, the result of the current study does not 

contradict the results of these previous studies.  The finding that frontal midline theta increased 

during higher memory load or task difficulty could be explained by enhanced attention (Bruneau, 

Roux, Guérin, Garreau, & Lelord, 1993; Mizuki, Tanaka, Isozaki, Nishijima, & Inanaga, 1980).  

When the task becomes more difficult, more attention is needed to complete the task and thus 

frontal midline theta is increased.  When frontal midline theta levels are increased during all 

memory loads, attention and thus working memory performance increases for all memory loads.  

This substantiation is in line with the support of the first hypothesis. 

The absence of the interaction effect, and the conclusion that theta levels do not influence 

working memory capacity, is in line with recent neurophysiological models of working memory 

(Lisman, 2010).  According to Lisman (2010), working memory capacity is limited by the 

number of gamma cycles within a theta cycle.  Increasing or decreasing the theta amplitude will 

not affect the number of gamma cycles that will fit in one theta cycle and thus will not affect 

working memory capacity.  If neurofeedback would be used to change the peak frequency of 

theta oscillations, this could potentially enhance or suppress working memory capacity. 
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As frontal midline theta seems to induce an effect on attention, frontal midline theta might 

have a causal effect on a number of cognitive control tasks.  Sustained attention is a process that 

involves maintaining attentional focus, which is necessary in almost every active mental task.  

Therefore besides a causal effect on working memory performance, frontal midline theta might 

have a causal effect on cognitive control in general. 

 

Exploratory analysis  

As an exploratory analysis, the ERP induced by the probe in the Sternberg Task for the 

different theta instructions was investigated.  Besides working memory tasks, theta enhancement 

is found in a lot of cognitive tasks, such as mental arithmetic (Mizuhara, Wang, Kobayashi, & 

Yamaguchi, 2004), sentence comprehension (Bastiaansen, Van Berkum, & Hagoort, 2002) and 

error monitoring (Luu, Tucker, & Makeig, 2004).  Frontal midline theta could therefore be related 

to many different (cognitive) processes.  Cluster analysis of the ERP on group level showed a 

significant effect of theta instruction on the P3 component.  The P3 component is significantly 

higher during the baseline condition compared to during the theta down condition, and visibly 

yet not significantly higher during the theta up condition compared to during the theta down 

condition.  In general, the P3 component is found to be associated with cognitive processes like 

attention and working memory (Linden, 2005).  Portin et al. (2000), however, suggested that P3 

is not related to effortful working memory updating or retrieval from memory stores, but to 

attentional performance with low working memory demands.  As manipulating theta had an 

effect on working memory performance due to attention, the suppression of the P3 component 

during the theta down instruction might be related to the larger reaction times.  

In general it seems that during the theta down condition the P3 component is suppressed. 

This suggests that manipulating theta causally influences the P3 component.  Even though the 

effect is not statistically significant, this does not explain why the P3 component during the 

baseline instruction is visibly slightly higher than during the theta up instruction.  A possible 

explanation for the enhanced P3 component during the baseline instruction is that during the 

baseline instruction participants were not engaged in influencing theta and could thus fully focus 

their attention on the working memory task.   

 

Overview of the results 

An overview of the significance of all statistical tests of all participants is shown in Table 

9.  As  Linear Mixed Models do not have standard post-hoc tests, a two-way ANOVA testing the 
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difference in reaction times between the different theta instructions and post-hoc t tests were 

conducted for each participant and included in the table. 

As visible in Table 9, some participants show consistent findings:  Participant 1, 5 and 8 

showed a (marginally) significant effect in the Linear Mixed Model testing the effect of theta 

instruction on theta levels during the neurofeedback training, which led to a significant effect in 

the Linear Mixed Model testing the effect of theta instruction on reaction times in the Sternberg 

Task.  The post hoc t tests show that the reaction times were significantly different between 

(almost) all conditions of theta instruction. 

For two participants an effect on reaction times during the Sternberg Task is absent, which 

is in line with the results of the neurofeedback training.  For Participant 6, the results during the 

neurofeedback training suggest that the participant was not fully enabled to voluntarily control 

the theta levels, which is in line with the absence of an effect on reaction times in the Sternberg 

Task.  Participant 7 is the only participant for which the Linear Mixed Model of the 

neurofeedback training data did not show a significant effect.  Nevertheless, the t tests of the 

neurofeedback training suggest that Participant 7 did suppress theta during the suppress training.  

The theta levels between the theta up and theta down instruction during the Sternberg Task are 

marginally significant, yet a reaction times effect is absent.  As the reaction times per theta 

instruction were in the expected direction, the participant probably could not control the theta 

levels well enough to induce a significant difference in working memory performance or the 

effect of theta instruction on reaction times was not strong enough to stand out as significant in 

the variation that was present in the reaction times.  Thus also for Participant 6 and 7 the results 

of the neurofeedback training are in line with those of the Sternberg Task. 

A few participants show somewhat consistent findings.  For Participant 2 and 4 a 

significant effect in the Linear Mixed Model testing the effect of theta instruction on theta levels 

during the neurofeedback training was present.  For Participant 2 and 4, both the Linear Mixed 

Model of theta instruction on reaction times and the ANOVA did not show significant effects.  

The theta levels during the Sternberg Task were for both participants statistically significantly 

different in the expected direction for only one pair of theta instructions.  This suggests that these 

participants were able to control their theta levels during the neurofeedback training and partly 

during the Sternberg Task, but the control of their theta levels was not well enough induce a 

difference in reaction times. 

Participant 3 does not show consistent findings.  Participant 3 showed a significant effect 

in the neurofeedback training and a significant reaction times effect, yet the differences in theta 

levels during the different theta instructions in the Sternberg Task were not significant.  As there 
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is an effect on the behavioural data of the Sternberg Task but not on the theta levels during the 

Sternberg Task, the theta levels might have been influenced by aspects of the test itself.  Not only 

were the subjects instructed to influence their theta, they also had to conduct the working memory 

task.  During this task, a lot of other aspects can influence frontal midline theta like decision 

making (Swart, Määttä, Cools, & den Ouden, 2016) and attentional control (Davelaar, 2017).  

Perhaps frontal midline theta was affected by other (cognitive) processes, and therefore the actual 

manipulation of frontal midline theta was present but not found. 

Concludingly, it seems that the results of the neurofeedback training and the results of 

the Sternberg Task are consistent with each other.  Three participants show very strong consistent 

findings and two participants show partly consistent findings which actually strengthens the 

belief in the effectiveness of the bi-directional neurofeedback training. Two participants were 

consistent in not showing the expected effect during the Sternberg Task, and performing worse 

during the neurofeedback training.  At last, one participant did not show consistent results, 

supposedly due to extra processes during the Sternberg Task, yet did show the expected effect 

on reaction times during the Sternberg Task.  Even though individual differences were present, 

the consistency between the results confirms that neurofeedback training enabled participants to 

control their theta levels without feedback during the Sternberg Task, and that enhancing and 

suppressing theta influenced the reaction times in the Sternberg Task 

Finally, the results of the exploratory analysis were investigated and compared to the 

other findings during the Sternberg Task.  If the P3 component of the ERP would be related to 

working memory performance, a consistency between the reaction times results and the ERP 

results should be present.  The difference in the P3 component between the theta up and theta 

down condition is statistically significantly present for Participant 2 and 5.  For Participant 3 and 

7 this difference is visibly yet not significantly present.  In the P3 component of Participant 4 

this difference is not present, which is in line with the absence of a reaction times effect.  For 

Participant 3 and 5 the Linear Mixed Model shows an effect of theta instruction on reaction times, 

and therefore a relation between the P3 component and working memory performance is 

suggested.  The reaction times per theta instruction for Participant 7 were in the expected 

direction, which is consistent with a visible yet not significant difference in the P3 component. 

Nevertheless, Participant 2 did not show an effect of theta instruction on reaction times yet does 

show the difference in the P3 component. 

The difference in the P3 component is compared to the theta levels during the Sternberg 

Task as well, to investigate whether a causal effect of manipulating theta on the P3 component 

is present.  Frontal midline theta levels were significantly higher in the Sternberg Task during 
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the theta up instruction compared to during the theta down instruction for Participant 5, which is 

in line with a higher P3 component during the theta up instruction compared to during the theta 

down instruction.  For Participant 7 the frontal midline theta levels were marginally significantly 

higher in the Sternberg Task during the theta up instruction compared to during the theta down 

instruction, which is in line with a visibly yet not statistically significantly higher P3 component 

during the theta up instruction compared to during the theta down instruction.  For Participant 2, 

the frontal midline theta levels were significantly higher in the Sternberg Task during the baseline 

instruction compared to the theta down instruction, which is in line with a higher P3 component 

during the baseline instruction compared to during the theta down instruction.  However, the P3 

component is higher during the theta up instruction compared to during the theta down 

instruction, and this difference is for Participant 2 not present in the frontal midline theta levels 

in the Sternberg Task in general.  For Participant 3 the difference between the theta up and theta 

down instruction is visible yet not significant in the P3 component, however this difference is 

not present in the theta levels during the Sternberg Task.  Oppositely, Participant 4 shows a 

statistically significant effect in frontal midline theta levels between the theta up and theta down 

instruction during the Sternberg Task yet no effect in the P3 component for theta up compared 

to theta down. 

With respect to the exploratory analysis, four out of five participants show a consistency 

between the reaction times effect and a higher P3 component during the theta up condition 

compared to during the theta down condition.  This suggests that the P3 component is associated 

with attention in working memory performance, which is in line with previous studies (Linden, 

2005).  Three out of five participants show a consistency between the frontal midline theta levels 

during the Sternberg Task and the P3 component during different theta instructions.  As for the 

other two participants there is no clear reason for the absence of this effect, no causal effect of 

manipulating theta on the P3 component seems to be present.  Nevertheless, as this is an 

exploratory analysis no strong conclusions can be made. 

  

Limitations and future studies 

 The current study has several limitations.  At first, the study involved only eight 

participants thus no reliable group analysis could be conducted.  Furthermore, as the EEG 

recordings during the Sternberg Task failed for three participants, the analysis of this data was 

conducted for only five participants.  However, all participants showed effects that point in the 

same direction.  It would be beneficial to conduct a similar study with considerably more 

participants, to see if the effect holds and to draw conclusions on a group level.   
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 Additionally, all participants in the current study were university students, mostly of the 

same age group and gender.  For future studies it would be beneficial to use a more heterogeneous 

group of participants. 

Another limitation is the absence of baseline measurements during the neurofeedback 

training sessions.  Due to the absence of baseline measurements, no strong conclusions can be 

drawn with respect to bi-directional neurofeedback training.  For future research it would be 

interesting to include baseline measurements in bi-directional neurofeedback training, like was 

done in the Sternberg Task.  A baseline could verify if bi-directional neurofeedback training 

enables people to manipulate brain waves in multiple directions on demand.  This would not only 

be interesting for frontal midline theta, but for brain waves of other frequencies and induced on 

other locations as well.   

Moreover, it would be interesting to test if the effect during the neurofeedback training 

would still be present during a training session without any feedback and in which no other 

cognitive processes interfere with measures of frontal midline theta such as during the Sternberg 

Task.  The findings of the current study suggest that the effect still holds when feedback is no 

longer provided.  Nevertheless, in the current study the measurements of the theta levels during 

the Sternberg Task, in which no feedback was provided, were influenced by other cognitive 

processes, thus for future studies a training session without any feedback is beneficial to confirm 

this suggestion. 

As four participants were able to partly manipulate brain activity without feedback, it 

seems that bi-directional neurofeedback training could be applied without need for mobile EEG 

devices to provide feedback at a later, post-training, stage.  Bi-directional neurofeedback sessions 

can be conducted in the lab, and this ability might be maintained at home without need for 

feedback.  The long term effects of bi-directional neurofeedback would be an interesting topic 

for future studies. 

During the Sternberg Task, participants had to remember a list of one, three or five items.  

As mentioned before, one could argue that a memory load of five items may not be high enough 

to test the second hypothesis of the second research question, which stated that theta levels 

influence working memory capacity.  Usually working memory capacity is limited to three to 

five items (Cowan et al., 2010) and the interaction effect was absent in all participants.  Therefore 

it seems improbable that the working memory capacity was above average for all participants.  

Nevertheless, working memory capacity differs between individuals (Cowan et al., 2010; Gold 

et al., 2006), and university students, the participants of this study, might have an above average 
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working memory capacity.  Thus, adding a list of seven and nine items to remember might be 

beneficial for future studies. 

Furthermore, the current study only investigates the effect of the amplitude of theta 

waves.  For future studies it would also be interesting to manipulate the speed and phase of theta 

and check this causality in cognitive performance. 

Moreover, the results supported the hypothesis that frontal midline theta influences 

working memory performance through an effect on attention.  This suggests that frontal midline 

theta could be causally related to cognitive performance in general and could be beneficial for 

all tasks involving attention.  Therefore, it would be interesting to test the effects of manipulating 

frontal midline theta on different cognitive tasks which do more or less require attention. 

 

Potential societal impact 

The conscious bi-directional self-regulation of brain waves could be beneficial for the 

trainee in many different aspects.  For example, frontal midline theta could be enhanced 

specifically during important tasks requiring cognitive performance, e.g. an important exam at 

school or a driver’s exam.  Subsequently, theta could be suppressed after this exam to decrease 

mental fatigueness and to relax.  Using bi-directional neurofeedback training, individuals could 

be enabled to self-regulate various different brain oscillations and therefore optimize their brain 

for certain tasks.    

Moreover, bi-directional neurofeedback training could become a useful research method 

in the field of neuroscience.  Studies just using EEG measurements show relationships between 

brain waves and cognitive functions or task performance, however not about the functional 

relevance of these oscillations (Hsieh & Ranganath, 2014).  Transcranial studies using tDCS, 

tACS or TMS to stimulate or inhibit certain brain areas can show relationships between cognitive 

functions or task performance and activity in specific brain areas, yet do not allow to investigate 

the functional contribution of specific brain waves in cognition, emotion and behaviour.  When 

by means of bi-directional neurofeedback training using EEG self-regulation of brain waves is 

accomplished, the causality between various brain oscillations at various locations and cognitive 

processes or tasks can be investigated.  This would improve the general understanding of the 

brain, which in turn is beneficial in e.g. developing treatments for disorders. 

 

Conclusion 

 The current study contributes to the growing domain of neurofeedback.  Bi-directional 

neurofeedback training seems to enable people to enhance and suppress frontal midline theta 
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voluntarily on demand, instead of a structural increase and decrease over time as is frequently 

reported in neurofeedback studies.  Usually operant conditioning is suggested as underlying 

principle of neurofeedback, yet it does not explain the effectiveness of bi-directional 

neurofeedback training.  Therefore, another underlying mechanism is likely present, such as the 

dual process theory or the creation of internal models like in the Ideomotor Theory.  In the current 

study, the bi-directional neurofeedback training was used to explore the causality of frontal 

midline theta on working memory performance.  The behavioural data of the Sternberg Task 

showed a direct effect of frontal midline theta on reaction times.  This finding was interpreted as 

an indication that frontal midline theta causally influences reaction times through an effect on 

attention.  As frontal midline theta affects attention, frontal midline theta could be causally 

related to cognitive performance in general and could be beneficial for a whole scala of tasks 

involving attention.  Furthermore, the current study showed bi-directional neurofeedback 

enabled participants to partly control their theta levels during the Sternberg Task, in which no 

feedback was presented.  Therefore, it seems that after self-regulation of brain waves is 

accomplished by means of bi-directional neurofeedback in a lab, no feedback by e.g. mobile 

EEG devices is necessary to maintain this ability.  Concludingly, bi-directional neurofeedback 

training seems to enable participants to self-regulate frontal midline theta brain waves without 

feedback, which influences working memory performance through an effect on attention. 
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Supplemental 

The two-way ANOVA on reaction times 

For each participant, a two-way ANOVA was conducted to compare the reaction times 

in the different conditions of theta instruction, workload and the interaction between theta 

instruction and workload.  The results of the two-way ANOVA’s are shown in Table 10. 

 

Table 10 

Results of the two-way ANOVA’s on the reaction times during the Sternberg Task 

 Theta 

F (df) 

Workload 

F (df) 

Theta#workload 

F (df) 

Participant 1 21.60 (2, 289)*** 12.24 (2, 289)*** .33 (4, 289) 

Participant 2 2.37 (2, 289) 18.66 (2, 289)*** 1.08 (4, 289) 

Participant 3 6.23 (2, 290)* 23.36 (2, 290)*** 1.84 (4, 290) 

Participant 4 1.55 (2, 288) 42.36 (2, 288)*** 1.76 (4, 288) 

Participant 5 105.30 (2, 288)*** 8.51 (2, 288)** 2.13 (4, 288) 

Participant 6 .75 (2, 288) 22.56 (2, 288)*** 1.45 (4, 288) 

Participant 7 2.05 (2, 288) 25.08 (2, 288)*** .61 (4, 288) 

Participant 8 14.08 (2, 289)*** 41.70 (2, 289)*** .62 (4, 289) 

Results of the two-way ANOVA’s comparing the reaction times in the different conditions of 

theta instruction (theta up, baseline, theta down), workload (1, 3, 5) and the interaction between 

theta instruction and workload.  For all tests the F-values are shown. 

*** p < .0001, ** p < .001, * p < .01. 

 

Subsequently, post-hoc t tests were conducted to facilitate comparison of the reaction 

times effect to the effect of the theta levels during the Sternberg Task.  The results of the post-

hoc one sided t tests are visible in Table 11.  Participants without any significant post-hoc t test 

are excluded from the Table.  The results of the ANOVA and the post-hoc t tests are very similar 

to the results of the Linear Mixed Models. 
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Table 11 

Results of the post-hoc one sided t tests on the reaction times during the Sternberg Task 

 t ( RT theta up <         

RT theta down) 

t (RT theta up <         

RT baseline) 

t ( RT baseline <      

RT theta down) 

Participant 1 -7.09**** 3.98*** -2.44** 

Participant 2 -.50 -1.45 -1.872 

Participant 3 -3.99**** 2.23* -1.451 

Participant 5 -12.73**** 2.98** -10.66**** 

Participant 8 -3.27*** 5.24**** 1.56 

Results of the post-hoc one sided t tests comparing the reaction times between the theta up and 

theta down instruction (left), between the theta up and the baseline instruction (middle) and 

between the baseline and theta down instruction (right).  For all tests the t-values are shown. 

**** p < .0001, *** p < .001, ** p < .01, p < .05,1 marginally significant with p < .075, 2 ANOVA 

not significant, yet the t test is. 

 

Visualisation of ERP’s 

 In the exploratory analysis, the ERPs induced by the presentation of the probe were 

analysed.  Two-sided cluster analyses were conducted on the ERP of the probe, comparing the 

ERPs belonging to the different theta instruction conditions to each other in pairs.  The results 

of these analyses are visible in Table 8, and the grand average ERP to the probe on group level 

(of all participants) is visible in Figure 7.  The grand average ERP for each individual 

participant is visible in Figure 9.  Because segments containing NaN values, which were mostly 

introduced by artefact removal, were excluded, for some subjects relatively few segments 

remained.  The most segments remained for Participant 3 (295), followed by Participant 2 

(271), Participant 5 (265), Participant 4 (242) and at last Participant 7 (172).  The relatively low 

number of segments decreases the chance of finding statistically significant results. 

 

 

 



57 
 

Figure 9 

The grand average Event Related Potential induced by the presentation of the probe for each 

instruction on the FCz channel for each participant 
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Note.  The orange line refers to the theta down instruction, the green dashed line refers to the 

baseline instruction, the blue wider dashed line refers to the theta up instruction. 

 

For Participant 2, the P3 component is visibly and statistically significantly higher during 

the theta up and baseline condition compared to the theta down condition.  For Participant 3 the 

P3 component is visibly higher during the theta up and baseline condition compared to the theta 

down condition, yet not statistically significant. For Participant 4 the P3 component is visibly yet 

not statistically significantly higher during the baseline condition compared to the theta down 

condition.  Between the theta up condition and the theta down condition no clear difference in 

amplitude is visible for the P3 component. For Participant 5, the P3 component is visibly and 

statiscially significantly higher in the theta up condition compared to in the theta down condition.  

No clear difference in amplitude is present for the P3 component between the baseline condition 

and the theta down condition.  For Participant 7 the P3 component in the baseline condition is 

visibly higher compared to in the theta down condition.  The P3 component during the theta up 

condition is slightly higher compared to the theta down condition.  Nevertheless, both differences 

are not statistically significant. 

 


