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Abstract
Author: Lorena Edith Trevino Garcia
Title: The effect of frontal-midline theta neurofeedback training: experimental evidence from
self-reported participants with executive dysfunctions
Supervisors: Rene J. Huster and Stefanie Enriquez-Geppert
Background: Training frontal-midline theta (fm-theta) oscillations with neurofeedback has
shown to have an effect on fm-theta and behavioral performance during executive
functioning, specifically on memory updating and set-shifting for healthy individuals. Less is
known about the effect of fm-theta neurofeedback training on individuals with executive
dysfunctions. Aim: The objective of this study was to investigate whether an individualized
eight-session fm-theta neurofeedback training leads to transfer effects in task probing
executive functions in fm-theta oscillations and on behavioral performance in participants
with self-reported executive dysfunctions. Method: Thirty-seven participants fitting the
inclusion criteria were pseudo-randomly assigned to either an experimental group or an active
control group. Electroencephalogram (EEG) measures were recorded for four executive
function tasks of memory updating, motor inhibition, conflict monitoring, and set-shifting,
and were assessed before and after the eight-session neurofeedback training. Main findings:
There were no statistically significant differences of fm-theta or on behavioral performance
after the neurofeedback training on any of the four executive function tasks for the
experimental group compared to the active control group who received pseudo-neurofeedback
training. Conclusion: In contrast to positive evidence of fm-theta neurofeedback training in
healthy individuals, the current exploratory study did not find significant transfer effects on
fm-theta nor behavioral performance. Due to the limited number of participants, we were
unable to conclude whether the lack of effect could be explained by underlying
pathophysiology in participants with self-reported executive dysfunctions or insufficient
sample size and lack of statistical power. The lack of effect indicates that special
configurations to the neurofeedback protocol may be needed for this study group. Although
we were unable to replicate the findings of previous studies, this study adds valuable
information. To our knowledge, this is one of the first studies on fm-theta neurofeedback uptraining in self-reported individuals with executive dysfunctions.
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1

Introduction

Behavioral expressions, such as planning, staying focused, making decisions, solving complex
problems, setting goals, managing emotions, organizing, and being able to prioritize, are
collectively referred to as executive functions. Executive functions, which allow individuals to
control and regulate their behavior, can be classified according to four key abilities involving
higher cognition executive processes: cognitive flexibility, response inhibition, conflict
monitoring, and memory updating (Vaughan & Giovanello, 2010). These four abilities are critical
for good mental and physical health and therefore have a direct effect on the quality of life and
job success (Diamond, 2013).
Deficiency or damage of executive functions can severely compromise a person’s behavior.
Typical characteristics of poor executive functions include the lack of ability to be independent
and/or to socialize, problems with self-control and/or self-direction, emotional lability, flattened
affect, irritability as well as difficulty in shifting attention (Kropotov, 2010). Executive
dysfunctions are common among individuals diagnosed with psychiatric and/or neurological
disorders such as attention deficit hyperactivity disorder (ADHD), autism spectrum disorder
(ASD), depression and Asperger syndrome. These disorders are associated with interference in
the neural mechanisms of executive functions, which result in executive dysfunctions (Zorcec &
Pop-Jordanova, 2010; Weiss, et al., 2017; Demetriou, et al., 2018). As a result, the ability to
perform effectively in daily life is reduced.
Current treatments for improving executive functions, including computer-based cognitive
training methods and cognitive behavioral therapy in combination with medication, may only
moderately improve executive functions (van de Ven, Murre, Veltman, & Schmand, 2016;
Stamenova & Levine, 2018). Neurofeedback, a non-invasive neuromodulation technique, is a
complementary or alternative treatment method for neuropsychological disorders, as well as an
enhancement for executive functions, creativity, and relaxation on healthy individuals (Omejc,
Rojc, Battaglini, & Marusic, 2019). It is based on a brain-computer-interface in which a software
system picks up measured brain activity and translates the signals into feedback to inform the
individual about the current activity. Each individual learns to modify and self-regulate his or her
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own brain activity by the active, individual participation “in voluntarily changing the EEG
parameters recorded from a given electrode” (Kropotov, 2010).
Neurofeedback is based on operant conditioning by aiming to increase a positive behavior by
presenting an immediate positive reward and has proven to be a sustainable option for
intervention (Sherlin, et al., 2011). More specifically, neurofeedback aims to modify the neural
activity with EEG-based tools to alter the activation or suppression of cortical networks (Kamiya,
1966) through the modulation of EEG oscillations (Enriquez-Geppert, Huster, & Herrmann,
2013). Alternatively, the received feedback stimulus may enhance the ability of an individual to
attain voluntary stimulus control (Cott, Pavloski, & Black, 1981).
The most common purpose of neurofeedback is to induce cognitive or behavioral changes in an
individual. There is an increasing amount of evidence suggesting that cognitive functions are
related to neural oscillations (Herrmann, Strüber, Helfrich, & Engel, 2016). Neural oscillations
are variations in the activity of groups of neurons that can be measured at different frequencies by
using the EEG and they can be manipulated or modulated with different techniques, including
neurofeedback. It has been suggested that changes in synchronization of neural oscillations lead
to changes in behavior (Schnitzler & Gross, 2005). “Specific oscillatory rhythms and
synchronicity are correlated with changes in specific cognitive processes, and separate frequency
bands have different roles in enhancement of distinctly different cognitive processes” (Reiner,
Rozengurt, & Barnea, 2014). The protocol can differ on the frequency band (alpha-, beta-, theta-,
gamma- training) that it aims to alter and on the purpose of the intervention (Enriquez-Geppert et
al., 2017). For instance, by using high frequency electrical stimulation, abnormal neural
synchronization patterns from symptoms of patients with Parkinson’s disease have been
improved (Schnitzler & Gross, 2005). In fact, the first neurofeedback study goes back to 1966 by
Kamiya (1966), in which participants were taught to control fluctuations in EEG alpha power (812Hz) (Kamiya, 1966).
Theta oscillations have been found to contribute significantly to executive functions. These
oscillations are measured at the frontal-midline regions of the brain at frequencies between 4-8
Hz and are generated at the midcingulate cortex (MCC) (Cavanagh & Frank, 2014). Fm-theta
neurofeedback training technique has been found to enhance performance in healthy adults in two
specific executive functions: task-switching and memory updating (Enriquez-Geppert S., Huster,
12

Figge, & Herrmann, 2014). A study by Wang & Hsieh (2013) found that a twelve-session
training increasing fm-theta lead to changes in behavioral performance, attention and working
memory performance when healthy individuals were compared to a sham-neurofeedback control
group.
While fm-theta neurofeedback has shown to have an effect on executive functioning in healthy
individuals, less is known about fm-theta in individuals with executive dysfunctions. If
neurofeedback also has the ability to modify neural activity through modifications of EEG
oscillations in individuals reporting executive dysfunction, the method may become a treatment
supplement in selected neurological and psychiatric disorders.
The purpose of this study was to investigate whether an individualized eight-session fm-theta
neurofeedback training leads to transfer effects in task probing executive functions in fm-theta
oscillations and on behavioral performance in participants with self-reported executive
dysfunctions. Four main and independent executive functions were assessed: conflict monitoring,
response inhibition, memory updating, and task switching.
Performing neurofeedback training on a new group of individuals provides an opportunity to shed
new light on the generalizability of neurofeedback training. Neurofeedback training may well
become a tool for early intervention in self-reported executive dysfunctions. However, several
aspects need to be assessed, including whether the same EEG effects and behavioral effects can
be detected for individuals with executive dysfunctions as for healthy individuals. A protocol set
up will therefore need to take into account that executive dysfunctions may have other doseresponse patterns to show the same effect as in healthy individuals. Further, the EEG effects may
also show different patterns. The present study is therefore explorative and hypothesis generating,
and will address the following two research questions:
Does an eight session fm-theta training in individuals with self-reported executive dysfunctions
lead to transfer effects on fm-theta amplitude outside of the training in task probing executive
functions?
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Does an eight session fm-theta training in individuals with self-reported executive dysfunctions
lead to transfer effects in behavioral performance outside of the training in task probing executive
functions?
This master thesis outline presents a description of the methods including participant information,
pre- and post-measurement design, neurofeedback training design, and the preprocessing details
in chapter 2. Chapter 3 describes how the data analysis for the fm-theta neurofeedback uptraining and behavioral performance were completed. Chapter 4 presents the results of fm-theta
neurofeedback training, and the behavioral effects of neurofeedback training. In Chapter 5 a
discussion including methodological issues concerning the study is addressed, and finally, a
conclusion is given in Chapter 6.
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2

Material and methods

2.1 Participants
A total of 37 adults (26 females and 11 males; mean age: 32.1, SD: 10.7) with self-reported
executive dysfunctions took part in this study. All participants identified Dutch as their native
language. Advertisements on radio and social media were used to recruit participants with
subjective complaints on executive functions (not for a specific group of patients). The
questionnaire Behavior Rating Inventory Executive Function-Adult version (BRIEF-A), that
assessed adult executive functioning and self-regulation, was completed by all participants. The
BRIEF-A, based on the original Behavior Rating Inventory of Executive Function™ (BRIEF™),
is composed of 75 items within nine non-overlapping theoretically and empirically derived
clinical scales that measure various aspects of executive functioning. Though there are nine
subscales in this test, we used only the three which are related to the executive functions that
were measured: Working Memory, Inhibit, and Shift. The participants indicated if they had
problems with a daily activity that employs executive functions by selecting from a 3-point scale:
never, sometimes, and often.
Diagnosis
Symptoms of attention-deficit/hyperactivity disorder (ADHD)
Autism spectrum disorder
Depression or bipolar disease
Posttraumatic stress disorder (PTSD)
(BRIEF-A) > 90*

Number of Participants
17
6
2
1
11

Table 1 * Behavior Rating Inventory of Executive Function (BRIEF-A). Inclusion criteria for all
participant were BRIEF-A > 90.

Figure 1 presents the flow diagram of the study. The inclusion criteria was a BRIEF-A percentile
of 90 or above. In addition, information on physician-diagnosed psychiatric or neurological
disorders was collected. The distribution of diagnoses is shown in Table 1. Participants with
severe neurological or psychiatric disorders were excluded from the study, however, if only one
light disorder was diagnosed (such as ADHD and ASD); it was possible to participate on the
15

study. All participants were informed about the study and provided written consent prior to the
study, all participation was voluntary. This study was conducted in accordance with the ethical
regulations of the Ethical Committee Psychology of the University of Groningen in the
Netherlands.

Enrollment

Assessed for eligibility (n= 165)
Excluded (n=128)
• Not meeting inclusion criteria (n=14)
• Meeting exclusion criteria (n=8)
• Declined to participate or nonresponsive to invitation (n= 106)

Pseudo-randomized (n= 40)

Experimental group (n=27)
• Received allocated intervention (n=
24)
• Did not finish intervention (n=3)

Active control group (n=13)
• Received allocated intervention
(n= 13)

Analysis
Analysed (n= 24 )
• Excluded from analysis (due to
missing markers in the EEG at T1)
(n=1)
• Excluded from analysis per task:
Nback (n=3), Stop (n=1), Stroop
(n=1), Task Switch (n=2)
(due to low trial counts or

Analysed (n= 13)
• Excluded from analysis per task:
Nback (n= 4), Stop (n=1), Stroop
(n=3), Task Switch (n=0) (due to low
trial counts or excessive artifact)

excessive artifact)
Figure
1 FlowFlow
diagram
showing recruitment, inclusion and exclusion criteria of the study.
CONSORT
Diagram
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2.2 Procedure
All participants followed the same training plan consisting of a pre-measurement session, eight
neurofeedback training sessions, and a post-measurement session. The whole procedure per
participant was completed over the course of two weeks and the study was carried out at the
University of Groningen in the Netherlands. EEG recordings for the pre- and post-cognitive testbattery and the neurofeedback sessions were completed in an electrically sound attenuated room.
EEG activity was continuously recorded with 64 electrodes (Waveguard TM connect cap) using
the Openvibe software and an average reference TMSi amplifier from the company Twente
Medical Systems International B.V. in the Netherlands. The electrodes were placed in accordance
with the extended version of the International 10-20 System (Jasper, 1958), and electrode
impedances were kept below 10kΩ.

2.3 Pre and post measurement
During the pre- and post- measurements, participants had to answer the BRIEF-A form in order
to assess the individuals' everyday executive functions. To measure the effects of up-regulation of
fm-theta on executive functions, a computerized test battery consisting of an N-back task, Stopsignal task, Stroop task, and Number-Letter Switching task was applied to the participants before
and after the neurofeedback training sessions. Responses were recorded with a two-button box.
Two lists with a different order of the presentation of the four tasks were made and were
randomly presented to the participants. A practice trial was applied before each task. The four
tasks were presented on a computer using the software "Presentation" (version 14.8) from the
company PPT Solutions in the Netherlands. Each task had a duration of ten to eighteen minutes,
the whole session had a duration of approximately two hours. Furthermore, the electrooculogram
(EOG) was measured with four supplementary electrodes, two placed next to the eyes near the
temples and two placed below and above the dominant eye. For the executive function tasks,
reference electrodes were placed on the left and right mastoids.
To evaluate the memory updating executive function, the N-back task was applied. During this
task, the participant had to match the current stimulus to the one that occurred N positions back in
the sequence. Participants were presented with two different letter sequences: zero-back or three17

back. In the zero-back condition, participants were instructed to respond by pressing the button
whenever the target letter (which was presented at the beginning of the sequence) matched the
presented letter. On the three-back condition, participants were instructed to respond by pressing
the button whenever they recognized the letter that had been presented three trials before the
current one. On all other cases presented, the participants were asked not to press the button. This
task involves “multiple processes, including encoding of the received stimuli, monitoring,
maintenance, and updating” (Jaeggi, Buschkuehl, Perrig, & Meier, 2010). While the three-back
condition requires the participant to apply memory updating processes, the zero-back condition
requires constant attention but no working memory is necessary (Miller, Price, Okun, Montijo, &
Bowers, 2009). This task consisted of ten three-back and nine zero-back sequences. Every trial
had a length of 2000ms and began with a fixation cross with a duration of 1000ms, followed by a
white letter presented for 1000ms. There was a total of 24 trials per sequence, with 8 target letters
per sequence.
The Stop-signal task was used to assess the response inhibition executive function. In the task,
the participant was presented with left- or rightward pointing arrows. The instruction was to press
as fast and as accurate as possible the left button for a leftward pointing arrow, or the right button
for a rightward pointing arrow (go condition). However, in some trials, when an arrow was
presented with a specific color, the participant had to inhibit the go response (stop condition).
Two versions with different color-response assignments were used. For the go condition trials,
motor execution was required, as for the stop-condition trials, motor inhibition was required.
“Inhibitory control depends on the latency of the response to the go signal (go reaction time) and
the latency of the response to the stop signal (stop-signal reaction time)” (Logan, Schachar, &
Tannock, Impulsivity and inhibitory control, 1997). This task was planned to ensure that the
participants could stop their response in 75% of the stop trials, therefore, the timing of the colorchange was modified via a stimulus onset asynchrony (SOA) (Logan, Schachar, & Tannock,
Impulsivity and inhibitory control, 1997). The length of the trial was 2000ms and began with a
fixation cross which was presented for a random duration of 300-600ms. Right after, an arrow
was presented with a duration of 250ms (this SOA was adjusted by adding 50ms after every
second trial that was correct or by subtracting 50ms after every incorrect stop trial to reach the
intended error rate) before the color changed (Enriquez-Geppert, Huster, Figge, & Herrmann,
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2014). The color change stayed on the screen for an additional 200ms and the trial finished with a
fixation cross. There was a total of 300 trials, including 100 stop trials.
The Stroop task is a recognized test of conflict monitoring. In this task, color-words (e.g. red,
yellow, blue, and green) were presented in two different conditions, either congruently by
showing the color of the word and the written word matching (e.g. the written color-word “red”
in red color), or incongruently showing a non-matching color-word (e.g. the written color-word
“red” in yellow color). With the use of the button box, the participants had to indicate the color of
the word and not the color-word meaning. The conflict monitoring executive function
distinguishes the interference effect between the trials for the congruent and incongruent
conditions. Every trial had a length of 2700ms on average. It consisted of a fixation cross
presented for a random duration of between 1200-1400ms, followed by the color word presented
for 500ms, and a second fixation cross presented for a random duration of 100-500ms. The trials
were separated by an inter-trial interval (ITI) of a random duration of between 400-800ms. There
was a total of 144 trials including 72 incongruent trials. After 16 trials participants received
feedback to trigger the interference effect. During the task, the participant was presented with
four types of feedback: (1) ‘Respond more accurate’, depicted if less than 14 trials were correct,
(2) ‘Respond faster’, depicted if the average response took more than 500 ms, (3) ‘Respond faster
and more accurate, depicted if the conditions at (1) and (2) were both met, and (4) ‘Well done’,
depicted if both conditions at (1) and (2) were not met. Regarding the executive function used on
this task, conflict monitoring checks for the occurrence of conflicts in information processing, in
comparison with the congruent condition (Botvinick, Braver, Barch, Carter, & Cohen, 2001).
The Number-letter switching task involves the concept of cognitive flexibility or the ability to
shift attention (set-shifting) between different tasks. This task involved number-letter pairs on a
colored background. By pressing the left or right button, participants had to categorize the
number by even or odd, they had to categorize the letter by vowel or consonant and, they had to
categorize the number or letter depending on the color of the background (orange, pink, or red vs.
turquoise, green, blue). This task involved two parts: during the first part, two unmix-blocks, only
the letters (unmix-block 1; 59 trials) or the numbers (unmix-block 2; 59 trials) had to be
classified. In the second part, which included a mixing block, participants had to switch between
both classification types. There was a total of 234 trials, including 70 switches. The mixing block
19

involved the switching between two categorization tasks, the participant was required to hold two
sets of instructions in mind and alternate between them, in contrast to the unmix-block. Every
trial had a length of 3000ms and consisted of a fixation cross (random duration of 250-500ms),
the letter-number pair (duration of 2200ms) and filler period (black screen) to complete the total
trial length (duration of 300-550ms).

2.4 Offline Preprocessing
The offline-preprocessing was implemented using the EEGLAB software in MATLAB version
R2017b. The data were low-pass (40 Hz) and high-pass filtered (0.5 Hz), and then down-sampled
to 250 Hz. In order to correct for eye blinks and eye movements, an independent component
analysis (ICA) using the runica algorithm was used to separate the brain-related signals from the
artifact-related signals (Jung, et al., 2000). Next, stimulus-locked epochs (corresponding to the
stimulus presentation) were calculated with an interval of -1250 to +1250ms. Trials were next
semi-automatically (with the threshold set to 60 µV) marked for visual inspection and rejection of
rest artifacts such as muscle movements. Only correct responses were included in further
processing and statistical analysis.
The event-related spectral perturbations (ERSPs) were then calculated for the four executive
function tasks. For the time-frequency decomposition, the mean ERSP values including the fm
ROI electrodes Fz, FC1, FC2, Cz, FCz were calculated. For this time-frequency decomposition, a
sinusoidal wavelet transforms, using an increasing number of cycles with increasing frequency
was used (range: 2–30 Hz; starting with 1 cycle at 1 Hz and increasing by 0.5 Hz per frequency;
using 487 frequency steps). To visualize power changes relative to the pre-stimulus activity, the
average power across the trials was divided by the frequency specific baseline values separately
for each frequency. Finally, we performed the baseline in a single trial instead of the trial
average, which can be used for potentially noisy trials.
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2.5 General aspects of the individualized neurofeedback
sessions
One day after the pre-measurement session, the participants started with the eight continuous
individualized neurofeedback sessions to train fm-theta. In order to begin with the individualized
neurofeedback training, the participants’ dominant individual fm-theta peak was calculated. This
was obtained by calculating the individual average on (should this be “of”) fm-theta frequency
detected by the Event Related Spectral Perturbations (ERSPs) of the four peaks of each of the
four executive function tasks from the pre-measurement. The averaged frequency (peak
frequency +/- 1Hz) was then used for the individualized neurofeedback training sessions. Each
neurofeedback session lasted approximately 75 minutes and it involved an EOG calibration
measurement, a start baseline measurement, six neurofeedback blocks, a transfer block, and an
end baseline measurement. Six neurofeedback training blocks of five minutes each were applied.
During these neurofeedback blocks, the participants had to apply a personal mental technique
(strategies included relaxation, imagining emotions, visualizing a movement, or any personal
strategy) to increase their fm-theta power relative to the power measured at the start baseline of
the session. The participants received real-time visual feedback on the computer screen to
recognize if the strategy used enhanced their brain activity with a colored-square that changed
color according to the effectiveness of their strategy or the ongoing theta activity. The color
change ranged from grey (indicating an eye blink or no power change relative to the start
baseline), blue (indicating a decrease on fm-theta power) and red (indicating that the participant
was at the target power of fm-theta). After completing each of the six neurofeedback blocks, the
participants had to write down and evaluate if they thought that the mental strategy applied
during that block lead to fm-theta enhancement, based on how often they saw the red square.
Subsequently, a five-minute transfer block was implemented. The participant had to apply a
strategy but did not receive any visual feedback from the color-square (the square was grey
during the complete block). This final step resulted in the participants having a five-minute end
baseline measurement.
The EEG signals were recorded using a TMSi amplifier and were read out in real-time and
processed by the NeuroFeedbackSuite 1.0 software (Enriquez-Geppert, Huster, & Herrmann,
2013). The basic set-up protocol for this study was designed according to Huster and colleagues
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(2014) for neurofeedback training. The same number of sessions was recommended in their
protocol, however, a transfer block was included for this study where no feedback was provided
(the colored-square remained grey but they still had to apply a strategy). During the eight
neurofeedback sessions, EEG signals were recorded from five electrodes involving the fm-brain
region: Fz, Cz, FCz, FC1, and FC2.
Participants were pseudo-randomly divided into an experimental group (receiving neurofeedback,
n=24, 9 men; mean age: 34.4, SD: 11.36) and an active control group (pseudo neurofeedback,
n=13, 2 men; mean age: 25). The groups were matched by age, education level, and gender.
During a neurofeedback block, the participants in the pseudo neurofeedback group received a
playback of the same session and block of their matched participant, which did receive
neurofeedback training. In addition, to increase the credibility of the study, the participants
belonging to the pseudo neurofeedback group received real feedback of their eye blinks by
presenting the grey color-square whenever an eye-blink was detected.
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3

Data Analysis

3.1 Analysis of neurofeedback training on fm-theta in
executive function tasks
In order to investigate the transfer effects of the neurofeedback training on fm-theta on four
executive function tasks, ERSP values were extracted from a specific time range from the preand post-measurement for each task. The time range was extracted guided by the ERPs (Event
Related Potentials) that are typically found at those specific slots, and in accordance with
previous neurofeedback studies for healthy participants (Enriquez-Geppert S., Huster, Figge, &
Herrmann, 2014). The frequency was limited to the theta range from 4-8Hz. The time extraction
was different for each task: the Nback task: 100-300ms, Stop task: 300-500ms, Stroop task: 220500ms and Task Switch: 100-300ms. The ERSP values for each condition were then averaged
over the task-specific time and frequency range. The resulting data included the task-specific
time-series average ERSP value within the theta range before and after the neurofeedback
training for both the experimental and the active control groups. Cases with missing values were
excluded from the study (see Figure 1).
The dependent variable was calculated by subtracting the average ERSP value before treatment
from the values after training for each subject for each condition (differences in scores). A benefit
with analyzing pre-post-differences computed for each subject is that it eliminates inter-subject
variability caused by differences in time-invariant characteristics between the participants (which
are differenced out). A potential drawback with restricting the analysis to subjects that were
recorded pre and post-treatment was that we lost a total of 3 individuals that were only recorded
once: for the Nback task: 1 participant, Stop task: 0 participant, Stroop task: 1 participant and
Task Switch: 1 participant. If inter-subject variability were minimal, then using an unbalanced
panel would be preferred as it includes more observations.
To investigate if fm-theta training leads to neuronal and behavioral transfer effects in task
probing executive functions, a MANOVA with differences in scores as dependent variables and
GROUP (Experimental vs. Active Control) as independent variable was performed. The Pillai’s
Trace was selected as the test criterion because it is relatively more robust in small samples with
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unequal group size (Tabachnick & Fidell (2013). Moreover, to investigate potential transfer
effects of the neurofeedback training on fm-theta at the task-condition level, a repeated measure
ANOVA with the factor GROUP (Experimental vs. Active Control) was performed.
ERSP plots were used to gauge aspects of event-related brain dynamics not contained in the
average ERSP values. The ERSP plots presented show the average time course measures of the
changes in the EEG amplitude spectrum and involve multiple frequency bands, ranging from 230Hz (from delta frequency (0.5-4HZ) up to beta frequency (12-38Hz)). Moreover, a rectangle
displaying the activation during the time range that corresponded to the extracted fm-theta
frequency peaks was displayed.

3.2 Analysis of neurofeedback training on behavioral
performance in executive function tasks
Mean response times and the mean accuracies of correct responses were calculated to assess the
transfer effects of the neurofeedback training on the cognitive performance, overall, and at the
task-condition level. Response times and accuracies were computed for all four tasks and for all
conditions. The Stop-Signal Reaction Time (SSRT), used for the Stop-signal task, was estimated
using the protocol by Logan (1994). Extreme values exceeding the mean by more than 2.5
standard deviations were excluded for the statistical analysis. A total of six participants were
excluded for the Nback task, 9 participants for the Stop task, 1 participant for Stroop task, and 4
participants for the task Switching.
To quantify any performance gain caused by the neurofeedback training, differences in response
times and accuracies were calculated by subtracting the response time and accuracy before
treatment from the corresponding values after training for each subject for each condition (in the
same way as for fm-theta described above). The effects of the neurofeedback training on
behavioral performance were tested using the following regression:
∆𝑦𝑦𝑖𝑖 = 𝑎𝑎 + 𝑏𝑏 ∗ 𝐷𝐷𝑖𝑖 + 𝑒𝑒𝑖𝑖 .
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The dependent variable, ∆𝑦𝑦𝑖𝑖 , was calculated as the differences in response times and accuracies
for the two experimental groups, and the independent variables were a constant and a treatment
indicator variable, 𝐷𝐷𝑖𝑖 , that took the value of one if participant 𝑖𝑖 was in the experimental group,

and a value of zero if participant 𝑖𝑖 was in the active control group. Both the estimated intercept 𝑎𝑎,

and the coefficient on the dummy variable, 𝑏𝑏, were reported together with the corresponding tstatistics and p-value.

Two main results were expected. First, we expected that higher performance would be observed
for the group receiving neurofeedback training compared with the active control group, which
received a sham neurofeedback training for the four executive function tasks. Second, we
expected that higher performance gain for the conditions that require executive functions.
Specifically, for the Nback task, we expected a higher performance gain for the update (threeback) condition than for the no update (zero back) condition. The reason is that the update (threeback) condition requires memory updating. Similarly, for the Stop task, we expect a higher effect
of the neurofeedback training for the Stop condition since this requires response inhibition.
Likewise, for the Stroop task, a higher performance was expected for the incongruent condition
since it requires conflict monitoring. Finally, for the task Switch, we expect a higher performance
gain for the switch condition compared with the no switch and unmix conditions, because the
switch condition requires cognitive flexibility.
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4

Results

4.1 Summary of main findings
The present study investigated the effects of an eight-session fm-theta neurofeedback training on
executive functions for a sample of individuals with self-reported complaints in executive
functions. The aim of the study was to test whether there were differences between pre- and postmeasurements of fm-theta between the experimental group and the active control group.
Behavioral performance was also assessed and measured during the following four executive
functions: memory updating, motor inhibition, conflict monitoring and set-shifting. While
stronger performance gains were expected for the experimental group compared to the active
control group after the neurofeedback training, statistical results did not support our expectations
that there was an effect on fm-theta or behavioral performance. No statistically significant
differences between the active control and experimental group were found when the four tasks
were evaluated jointly nor individually at the task-condition level. Similarly, for the behavioral
analysis, we fail to reject that fm-theta training did not lead to transfer effects in behavioral
performance outside of the training in task probing executive functions.

4.2 Neurofeedback training effects on fm-theta on executive
function tasks
4.2.1 Descriptive statistics
Hypothesis 1 predicts that fm-theta neurofeedback training in individuals with self-reported
executive dysfunctions leads to transfer effects on fm-theta power outside of the training in task
probing executive functions. Figures 2-5 present the mean ERSP values and standard error of the
mean at the task-condition level for the experimental group (left bars) and the active control
group (right bars) before and after neurofeedback training. Taken together, visual inspection of
the figures indicates that there was no clear effects of neurofeedback training on the fm-theta
frequency for either group. However, and in line with the prediction of Hypothesis 1, higher
mean fm-theta values were observed for the experimental group on three out of four conditions
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that require executive functions; the no update condition (Nback task), the incongruent condition
(Stroop task) and the switch condition (Switch task). For the incongruent condition and the
switch condition, performance gains were only observed for the experimental group, whereas
both groups obtained higher fm-theta values after neurofeedback training for the no update
condition. A strange trend for the unmix condition can be observed, showing a higher average
fm-theta for the active control group compared to the experimental. In contrast, the Stop task
showed a negative trend in performance of fm-theta for both groups on post-measurements.
Furthermore, to investigate if the mean fm-theta values overall differed significantly between the
experimental and the active control group, a MANOVA with pre-post-difference fm-theta mean
values as dependent variable and GROUP (experimental vs. active control group) as independent
variable was run.

Figure 2 Presents the Difference in means amplitude (uV)of the Nback Task, both conditions: Update and
No Update between the Active Control and Experimental groups during pre- and post- measurements.

Figure 3 Presents the Difference in means amplitude (uV)of the Stop Task, both conditions: Go and Stop
between the Active Control and Experimental groups during pre- and post- measurements.
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Figure 4 Presents the Difference in means amplitude (uV)of the Stroop Task, both conditions: Congruent
and Incongruent between the Active Control and Experimental groups during pre- and postmeasurements.

Figure 5 Presents the Difference in means amplitude (uV)of the Task Switching, three conditions: Switch,
No Switch, and Unmix between the Active Control and Experimental groups during pre- and postmeasurements.
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4.2.2 Analysis of variance and parameter estimates
Table 2 Panel A, presents the results from the MANOVA with the difference in scores as
dependent variables and GROUP (Experimental vs. Active Control) as the independent variable.
The MANOVA revealed no statistically significant difference between the two groups
(F(9,18)=1.097, p=0.354). To investigate potential transfer effects of the neurofeedback training
on fm-theta at the task-condition level, a repeated measure ANOVA with the factor GROUP
(Experimental vs. Active Control) was performed. Except for unmix condition (Switch task),
there were no significant interaction effects, as shown by the high p-values on Table 2. As a
result, we cannot reject the null hypothesis of no transfer effects on fm-theta power outside of the
training in task probing executive functions. The rest of the section describes the results presented
in Table 2 and in light of the ERSP plots.
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TABLE 2: ANOVA analysis
Panel A: MANOVA
Tasks

All
All

Value

Pillai's Trace
Pillai's Trace

Intercept
Group

F-stat

Hyp. df

0.290 0.816
0.354 1.097

9
9

Error df p-value

18
18

Partial η2

0.609
0.412

0.29
0.35

Partial η2

Panel B: Repeated measure one-factor ANOVA
Sum of Sq.
Nback

No Update
Update

Stop

Go
Stop

Stroop

Congruent
Incongruent

Task Switching No Switch
Switch
Unmix

df Mean Sq.

F-stat p-value

0.017
0.856
1.745
0.068
0.324
0.015
1.268
0.187
0.003
0.083
0.196
0.464
0.497
0.111
4.420
6.108
3.019
24.344

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.017
0.856
1.745
0.068
0.324
0.015
1.268
0.187
0.003
0.083
0.196
0.464
0.497
0.111
4.420
6.108
3.019
24.344

0.004
0.230
0.572
0.022
0.741
0.035
0.695
0.103
0.002
0.073
0.103
0.242
0.124
0.028
0.806
1.114
0.772
6.227

B

SE

t-stat

p-value

-0.210
0.369
0.211
0.104
-0.079
-0.044
-0.278
0.154
-0.044
0.106
-0.044
0.250
-0.182
0.117
-0.800
0.865
1.167
-1.726

0.644
0.769
0.582
0.696
0.191
0.235
0.390
0.481
0.321
0.391
0.417
0.507
0.555
0.701
0.649
0.819
0.548
0.692

-0.326
0.479
0.362
0.150
-0.415
-0.188
-0.712
0.320
-0.136
0.271
-0.105
0.492
-0.327
0.166
-1.232
1.055
2.128
-2.495

0.747
0.636
0.720
0.882
0.681
0.852
0.482
0.751
0.893
0.788
0.917
0.626
0.746
0.869
0.227
0.299
0.041
0.018

Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group

0.947
0.636
0.456
0.882
0.395
0.852
0.410
0.751
0.962
0.788
0.751
0.626
0.727
0.869
0.376
0.299
0.386
0.018

0.000
0.008
0.020
0.001
0.022
0.001
0.021
0.003
0.000
0.002
0.003
0.008
0.004
0.001
0.024
0.033
0.023
0.159

95% CI
Low
High

Partial η2

Panel C: Parameter estimates

Nback

No Update
Update

Stop

Go
Stop

Stroop

Congruent
Incongruent

Switch Task

No Switch
Switch
Unmix

Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group
Intercept
Group

-1.528
-1.207
-0.982
-1.322
-0.467
-0.523
-1.071
-0.824
-0.698
-0.690
-0.894
-0.784
-1.312
-1.309
-2.121
-0.802
0.051
-3.133

1.108
1.944
1.404
1.530
0.309
0.435
0.516
1.132
0.611
0.902
0.806
1.283
0.949
1.542
0.521
2.531
2.283
-0.319

0.004
0.008
0.005
0.001
0.005
0.001
0.015
0.003
0.001
0.002
0.000
0.008
0.003
0.001
0.044
0.033
0.121
0.159

Table 2 Analysis of Variance and Parameter Estimates; investigating the effect of neurofeedback training
on fm-theta in four executive functions.
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The ANOVA analysis (Table 2, Panel B) for the Nback task shows no significant effect of
neurofeedback on the fm-theta for the no update condition (F(1)= 0.230, p=0.636) nor the update
condition (F(1)=0.022, p=0.882). Albeit not statistically significant, the parameter estimates
(Table 2, Panel C) suggest an improvement in the no update condition for the experimental group
compared with the active control group (B=0.37, p=0.636). Furthermore, the ERSPs for the
update (3-back) (Fig.6A) and no update (0-back) (Fig. 6B) conditions for both groups pre and
post neurofeedback training, show a higher spectral power around the range of 400-500ms poststimulus onset, specifically for the delta and theta frequencies. For the update condition, an
activation on alpha frequencies can be observed for both groups pre- and post-measurements
during the whole time-span. In addition, for the experimental group, a power activation was
observed post-measurement in the time window of 300-500ms. In contrast, for the active control
group, only a minor decrease in power can be observed post-training. These findings are in
accordance with previous research by Enriquez-Geppert, Huster, Figge, & Herrmann (2014),
which found high power enhancements for the delta and theta frequencies.

A.

No Update Condition (0-Back)
Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group
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B.

Update Condition (3-Back)

Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Figure 6 Provides the mean ERSPs before and after the training for both experimental and control groups
for the Nback task 6A. No Update Condition and 6B. Update Condition.

ANOVA analysis for the Stop-signal task showed no significant effect of neurofeedback training
on fm-theta (go condition (F(1)=0.035, p=0.852) and for the stop condition (F(1)=0.103,
p=0.751)). In addition, the parameter estimates of the interaction term is close to zero. The
ERSPs for the stop-signal task on the stop condition (Figure 7A) reveal a high spectral power for
the delta and theta frequencies during the time window of 200-600ms for both groups pre- and
post-measurements. In addition, a continuous alpha and beta activation can be observed for the
experimental group throughout the whole time span, while for the go condition (Figure 7B),
similar theta activation was found during the same time range as the stop condition. These power
enhancements for the stop task are consistent with those reported by Enriquez-Geppert, Huster, &
Herrmann (2013) and Enriquez-Geppert, Huster, & Herrmann (2017).
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A.

Stop Condition

Pre-Measurement
Experimental Group

B.

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Go Condition

Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Figure 7 Provides the mean ERSPs before and after the training for both experimental and control groups
for the Stop task: A: Go Condition and B:Stop

The ANOVA analysis for the Stroop tasks show no significant effect of neurofeedback training
on either condition (congruent condition (F(1)=0.073, p=0.788) and for the incongruent condition
(F(1)=0.242 p=0.626). Although not significant, the parameter estimate for the interaction term
for incongruent condition points to a small positive effect of neurofeedback on the fm-theta
(B=0.25, p=0.626). The corresponding ERSP plots reveal a high spectral delta, theta and alpha
power enhancement for the incongruent condition (Figure 8A) during 100-200ms for both
experimental groups. For the post-measurement, the delta and theta activations extend up to
1000ms (end of the analyses time window). Furthermore, for the congruent condition (Figure
8B), similar power activation was observed for both groups and time, including a high power for
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delta and theta during 220-500ms, and a continuous activity for alpha during the whole time
range. These findings are in accordance with Zhao, et al., (2014) and Tang, Hu, & Chen (2013),
which reported that both theta and alpha rhythms play an important role in mediating response
inhibition processes and control behavioral conflicts.
A.

Incongruent Condition
Pre-Measurement
Experimental Group

B.

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Congruent Condition

Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Figure 8 Provides the mean ERSPs before and after the training for both experimental and control groups
for the Stroop Task 8A. Incongruent Condition and 8B. Congruent Condition.
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Finally, the ANOVA analysis for the Switching task show no significant effect of neurofeedback
training on fm-theta during the no switch (F(1)=0.028, p=0.869) nor switch (F(1)=1.114, p=0.3)
conditions. For the unmix condition, there was a significant difference between the two groups
(F(1)=6.227, p=0.018). But the estimated effect size was relatively large and negative. Moving to
the ERSPs for the task-switching on the switch condition (Figure 9A), it indicates a high spectral
power for theta and alpha frequencies around 100-200ms. In addition, for the post-measurement
for the experimental group, during the time range of 100-300ms, an unusual decrease in spectral
power of the theta frequency can be observed. For the no switch, (Figure 9B) a maximal theta
power was detected during 100-300ms for both groups pre and post measurement. In addition, for
both pre and post measurements, a continuous activation on delta, theta and alpha was seen over
the full time span. Finally, for both groups the unmix condition (Figure 9C) shows a very similar
spectral power activation as the no switch condition.
A. Switch Condition

Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

B. No Switch Condition
Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group
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C.

Unmix Condition
Pre-Measurement
Experimental Group

Post-Measurement
Experimental Group

Pre-Measurement
Active Control Group

Post-Measurement
Active Control Group

Figure 9 Provides the mean ERSPs before and after the training for both experimental and control groups
for the Task Switching, 9A. Switch Condition, 9B. No Switch Condition, and 9C. Unmix Condition.

4.3 Neurofeedback training effects on behavioral
performance on executive function tasks
Hypothesis 2 predicts that fm-theta training in individuals with self-reported executive
dysfunctions lead to effects in behavioral performance in executive function tasks. Table 3
presents average reaction time, accuracy and standard deviations for the experimental and active
control group before and after receiving neurofeedback training at the task-condition level.
Overall, the reaction times and accuracies follow the same pattern as previous studies done on
healthy participants (Enriquez-Geppert S., Huster, Figge, & Herrmann, 2014). Concerning
hypothesis 2, visual inspection of Table 3 indicates that there were no clear transfer effects in
behavioral performance from neurofeedback training for the experimental group.
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Table 3: Descriptive statistics: Behavioral Performance
Pre-measurement
Mean
Task
Nback task

Stop-signal

Stroop task

Task switch

Condition

Group
Experimental
No Update
Active Control
Experimental
Update
Active Control
Experimental
Go
Active Control
Experimental
Stop
Active Control
Experimental
Congruent
Active Control
Experimental
Incongruent
Active Control
Experimental
No Switch
Active Control
Experimental
Switch
Active Control
Experimental
Unmix
Active Control

SD RT Mean AC

(SS)RT (ms)
ms

ms

%

453
491
604
675
506
445
292
327
560
578
623
651
1332
1376
1526
1549
827
920

56
70
106
112
101
58
78
32
79
87
87
109
208
205
199
193
103
118

95
95
75
84
88
92
48
41
87
91
79
87
73
60
67
67
76
69

Post-measurement
SD AC

Mean

(SS)RT (ms)
%
ms

4.7
3.2
16.1
20.9
9.1
3.1
22.1
23.4
6.8
4.5
12.9
7.4
23.0
35.2
27.3
23.9
26.8
33.2

453
483
578
617
460
434
298
327
521
530
571
595
1222
1158
1349
1340
828
774

SD RT Mean AC

SD AC

ms

%

%

69
76
117
146
62
59
59
53
74
85
84
85
282
164
277
156
149
93

94
91
81
84
91
91
49
42
88
87
80
81
75
66
71
73
71
66

5.9
6.9
12.3
11.1
5.4
4.0
20.5
22.8
8.8
7.7
13.2
9.2
26.2
40.2
34.1
28.7
37.2
37.6

Table 3 Descriptive statistics for behavioral performance. RT: Reaction Time, SSRT: Stop-Signal
Reaction Time, AC: Accuracy, SD RT: Standard Deviation of Reaction Time, SD AC: Standard
Deviation of Accuracy.

To investigate if the average reaction time and accuracy differed significantly between the
experimental and the active control group, a univariate regression was run, with pre-post
differences as dependent variable, and a constant and a dummy variable that took the value of one
if the participant was in the experimental group and zero otherwise as independent variables.
Table 4 presents the results from the estimation. The column denoted “a” reports the pre-post
differences for the active control group, and the column denoted “b” reports the performance gain
of the experimental group relative to the active control group. Except for the unmix condition for
the Switch task (b=147.2, p=0.001), we fail to reject that fm-theta training did not lead to transfer
effects in behavioral performance outside of the training in task probing executive functions. The
statistically significant effect of fm-theta training on the behavioral performance for the unmix
condition was due to the large decline in performance for the active control group. In isolation,
the pre-post difference for the experimental group was minimal with a performance gain of 1.8
(147.2 – 145.4).
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Finally, and partly in line with the results for the fm-theta, some performance gain for the
experimental group relative to the active control group was observed for the Stroop task. For this
task, the interaction term revealed a gain in the experimental group relative to the active control
group of 5% (p=0.055) and 7.2% (p=0.066) for the congruent and the incongruent condition,
respectively. However, given the numerous tests we ran, the statistically significance of the result
was lower than repeated due to multiple testing. Taken together, the results showed that we fail to
reject that fm-theta training did not lead to transfer effects in behavioral performance outside of
the training in task probing executive functions.

Table 4: Univariate Regression: Δy(i) = a + b * D(i) + e(i)
Task
Nback

Stop

Stroop

Switch

Dependent
Variable:
RT No Update
RT Update
AC No Update
AC Update
RT _Go
SSRT
AC _Go
AC Stop
RT Congr
RT Incong
AC Congr
AC Incong
RT NoSwitch
RT Switch
RT Unmix
AC NoSwitch
AC Switch
AC Unmix

a
-8.5
-57.7
-0.044
0.001
-10.6
-0.3
-0.013
0.014
-48.4
-55.6
-0.038
-0.062
-218.0
-208.2
-145.4
0.057
0.061
-0.031

se(a)
13.0
24.5
0.021
0.030
24.5
16.9
0.024
0.060
13.6
18.3
0.020
0.031
51.2
66.3
32.2
0.070
0.046
0.038

p-value
0.521
0.025
0.050
0.976
0.670
0.986
0.603
0.811
0.001
0.005
0.066
0.050
0.000
0.004
0.000
0.423
0.195
0.422

b
8.0
30.7
0.028
0.060
-35.4
6.0
0.046
-0.002
9.6
3.3
0.050
0.072
108.1
30.8
147.2
-0.018
-0.036
-0.021

se(b)
16.1
30.3
0.026
0.037
29.8
21.1
0.029
0.074
17.0
22.9
0.025
0.038
61.3
79.4
38.8
0.084
0.055
0.046

p-value
0.621
0.318
0.290
0.121
0.245
0.777
0.977
0.128
0.577
0.887
0.055
0.066
0.088
0.701
0.001
0.833
0.516
0.654

Table 4 Univariate regression for behavioral performance.
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5

Discussion

Our study findings will be discussed below. Firstly, the results and protocol set-up will be
examined, followed by a discussion of methodological issues. Since this study was exploratory
with a limited number of participants, it cannot be concluded whether the lack of significant
effects may be due to underlying pathophysiology in participants with self-reported executive
dysfunctions or insufficient sample size and lack of statistical power.

5.1 Discussion of experimental findings
The results for the Nback task, which measures memory updating, showed a slight positive effect
on fm-theta enhancement for the update condition for the experimental group after neurofeedback
training in the difference in means table (Figure 2). In contrast, no effect was found for the active
control group. Enriquez-Geppert, and colleagues (2014) found similar results for the memory
updating executive function, and they suggest that a dual mechanism framework (Braver, 2012;
Cooper, Wong, McKewen, Michie, & Karayanidis, 2017). This framework might explain the
enhancement of fm-theta on the memory updating executive function, which may serve as a
justification for the null findings on the other three executive functions measured in this study.
The dual mechanism framework refers to two different modes of executive control, namely
proactive and reactive control. They differ concerning their temporal dynamics and neural
networks.
Proactive control refers to the active maintenance of goal-relevant information with an
anticipatory mechanism, meaning that it supports facilitated processing of anticipated actions
with high cognitive demand before the action happens. It was suggested that both memory
updating and mental set-shift use this approach. For the Nback task update condition, participants
had to process a list of features that were presented serially and had to continuously update the
elements of their working memory to accommodate new information. Furthermore, the mental
set-shifting executive function uses the proactive control as well. On the number-letter task
switching, cognitive flexibility executive function was involved. Here, the participant had to shift
between mental sets by focusing on relevant mental set and ignoring irrelevant information about
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the task. However, the dual mechanism framework does not serve as an explanation for null
findings on the number-letter task switching because of the null findings for the switch condition.
In contrast to proactive controls, reactive control refers to a bottom up mechanism where the
individual uses it when it is required, for example during conflict monitoring or on motor
inhibition executive functions. Assuming that there is a strong link between the neurofeedback
training and the proactive control, the link between reactive control on the Stop-signal and Stroop
tasks could explain the null findings on these tasks. During the stop-signal task, the participants
had to stop on an already initiated response, measuring the inhibition control executive function
and using a reactive control mechanism. The difference in means on pre- and post-measurements
between the experimental group and the active control group show a not statistically significant
negative effect of the neurofeedback training for both conditions. Furthermore, the Stroop task
measures the interference resolution between stimulus dimensions, response inhibition and
response selection (Ergen, et al., 2014). On the incongruent condition, the interference between
word meaning and color of the word occurs, compared to the congruent condition.

5.2 Methodological issues and implications for future
research
This section addresses methodological aspects of the study. Van Boxtel & Gruzelier (2014) have
emphasized the importance of specifically adapting protocols according to the clinical or nonclinical cases and issues, and adapting the number of training sessions for identifying measurable
neurofeedback effects to the outcome of interest. This study was adapted to assess four specific
executive functions and a neural correlate, in contrast to the general ADHD neurofeedback
protocols, which focus on the symptoms. Two strengths of this study design should be
acknowledged: the inclusion of an active control group that received pseudo-neurofeedback
training and the individualized neurofeedback training per participant according to the
individual’s pre-measurement fm-theta score. Based on previous reviews (Enriquez-Geppert et
al., 2017; Alkoby et al., 2018; Jeunet et al., 2018) a summary of the key factors for a successful
neurofeedback fm-theta uptraining for individuals with executive dysfunctions will be further
discussed below. The factors mentioned in the following section can potentially help to
understand our findings, but can also be taken into consideration for future research.
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5.2.1 Study design for future research
Jeunet and colleagues (2018) has proposed a model of two factors that potentially may deepen the
understanding of EEG neurofeedback self-regulation, and possibly improve neurofeedback
clinical effectiveness. These factors are divided in two categories; task specific factors and task
unspecific factors. Task unspecific factors involve cognitive and motivational factors and
technology-acceptance. The aim of our neurofeedback protocol was to increase the fm-theta for
participants with self-reported executive dysfunctions. The up-training fm-theta neurofeedback
protocol helped each participant to target fm-theta frequency and to be able to self-regulate the
brain activity.
The study design in this paper was similar to a study design that aimed to up-regulate fm-theta for
healthy individuals (Enriquez-Geppert S., Huster, Figge, & Herrmann, 2014). Considering the
characteristics of the study group, their ability to learn how to self-regulate their own brain
activity might have been different from healthy individuals. For instance, due to the nature of the
group’s individual qualities, some of the participants had difficulty staying vigilant during the
whole neurofeedback training, and during sessions, a few participants needed breaks while in
between neurofeedback blocks or when answering the executive function tasks. It cannot be
excluded that a priori differences in the ability to learn how to self-regulate a specific oscillation,
may explain, at least in part, the discrepancy between the results in this study and results from the
healthy population (Enriquez-Geppert S., Huster, Figge, & Herrmann, 2014).
According to Gruzelier (2014), the number of sessions suggested for young healthy participants
should be between eight to ten and an increasing number of sessions for older participants.
Concerning the protocol duration, positive results have been found in neurofeedback protocols
with 10 or more sessions, and with resting days between sessions (Lecomte & Juhel, 2011). If the
average participant in this study has reported a below average executive functioning, eight
sessions may not have been sufficient to achieve successful fm-theta enhancement or positive
behavioral outcomes. In addition, the heterogeniety within the patient group in terms of executive
dysfunction was substantial, and may potentially have introduced error into the analysis. In fact,
individuals with ADHD have shown a reduced fm theta event-related synchronization while
answering tasks related to working memory (Missonnier et al., 2013). Therefore we suggest that
diagnostic diversity among the included individuals may have reduced the probability for
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significant effects since the amount of participants with ADHD diagnosis was relatively higher
than participants with other type of diagnosis.
Neurofeedback studies dedicated to participants with self-reported executive dysfunctions are
still sparse, with most of the participants being children with ADHD. A common and validated
protocol focusing on fm-theta neurofeedback up-training for people with executive dysfunctions
could potentially provide the desired results. Reis et al., (2016) used neurofeedback on healthy
elderly individuals and found positive outcomes on working memory for the post-measurements
of cognitive tasks for alpha and theta up-training. Their study-design included eight
neurofeedback sessions, four for alpha up-training and four for theta up-training. The results
indicated that their neurofeedback protocol may be adequate for an appropriate learning of EEG
modulation (Reis, et al., 2016). Establishing a common and validated protocol for measuring
learning ability to self regulate brain activity for a homogeneous population of individuals with
executive dysfunctions could potentially improve results in fm-theta enhancements using
neurofeedback.
Furthermore, task-unspecific factors involve cognitive, motivational and technology acceptance
factors. Due to its direct effect on the learning process, cognitive and motivational factors include
emotional and social feedback (Jeunet, Lotte, Batail, Philip, & Franchi, 2018). Therefore, it is
essential to consider the therapist-patient relationship (Alkoby, Abu-Rmileh, Shriki, & Todder,
2018). The present study was recorded in two different times. The first twenty participants were
trained during the summer of 2018 and the second set of participants initiated their training
during the autumn of 2018. The therapists differed in the two study periods and communication
sometimes took place in English and other times in Dutch. This may have increased both the
within subject variability (if the language was different pre and post) and between subject
variability. This additional uncertainty of having a small sample size and an uneven number of
experimental participants versus active controls, may have resulted in outliers, which in turn may
have had a disproportional impact on the mean. In conclusion, mitigating variability in external
factors such as therapist-patient relationship, number of sessions, language and technology in
future studies may increase the reliability.
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5.3 Data analysis limitations
A well-known statistical challenge with analyzing data from neurofeedback training, involves the
numerous degrees of freedom the researcher has when data are filtered. Specifically, the data
analysis includes many processing steps, including filtering, epoching, artifact rejection and trial
rejection, which contains some subjective evaluations of the researcher. One of the critical
control steps during these types of experiments is deciding which ERP waveform to include or
exclude; which subject’s data should be included in the study. This process is “qualitative,
subjective and lacks any clean standards or well-defined criteria” (Parks, Gannon, Long, &
Young, 2016).
Besides the data collection being performed in two different periods, the inclusion of different
programming methods for EEG data acquisition and preprocessing of the data involved several
subjective assessments. Subject exclusion involves the elimination of those participants whose
waveforms did not classify over the baseline noise levels (Parks, Gannon, Long, & Young, 2016),
for this study only those subjects that had a stable evoked brain response were included, which
for instance, resulted in eliminating on the Nback task seven participants. Moreover, multiple
elements can affect the quality of the waveforms at the participant level. In this study, those
elements included low trial counts and excessive artifacts. Further, the electrode impedance
sometimes shifted during the task and channels were interpolated. Although subject exclusion is
a critical step of quality control to consider in the study analysis of ERP experiments, not many
studies report this because of the lack of quantitative methodology. This is a general concern in
neurofeedback that still needs to be addressed adequately by the neurofeedback community.
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Conclusion

In contrast to evidence of fm-theta training in healthy individuals, the current explorative study
did not find significant transfer effects of neurofeedback on either fm-theta or behavioral
performance. Following the neurofeedback training, stronger performance gains in the
experimental group were not found. Due to the limited number of participants, we were unable to
conclude whether the lack of effect was because of the underlying pathophysiology in
participants with self-reported executive dysfunctions study design limitations such as
insufficient sample size and lack of statistical power.
Neurofeedback training has been found to have a positive effect on executive functions for
patients with a type of disorder, such as attention-deficit/hyperactivity disorders (e.g. Arns, de
Ridder, Strehl, Breteler, & Coenen, 2009), and autism spectrum disorders (Kouijzer, de Moor,
Gerrits, Buitelaar, & van Schie, 2009). However, the most recent research has found similarly
small and insignificant effects of neurofeedback training on executive functions as was found by
this study (for a review, see Alkoby, Abu-Rmileh, Shriki, & Todder, 2018). We were unable to
replicate previous study findings, but we believe this study adds valuable information. To our
knowledge, this is one of the first studies aiming at enhancements of fm-theta with neurofeedback
training in individuals with self-reported executive dysfunctions. Furthermore, the lack of effect
indicates that special configurations to the neurofeedback protocol may be needed for this study
group.
Considering the absence of additional behavioral effects in the current study, in combination with
the limited knowledge of specific treatment effects of neurofeedback, it is yet to be explored how
theta neurofeedback in executive dysfunction and comorbid disorders should be used in clinical
practice. Further research to investigate possible working mechanisms and also long-term
specific treatment effects of neurofeedback should consider a systemic review on design, protocol
set-up and dose-response effects of fm-theta neurofeedback in clinical groups associated with
executive dysfunctions.
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Appendix
A.

Tables

ERPs for all conditions of the four executive function tasks pre- and post- measurements.
ERPs for No Update Condition and Update Condition
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ERPs for Go and Stop conditions

Mean Peak frequency for Stop Task extracted from 300-500ms

ERPs for Stroop Task for Congruent and Incongruent Conditions
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ERPs for Task Switching – Switch, No Switch and Unmix Conditions
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