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Abstract 

Conflict monitoring and adaption processes appear associated with frontal-midline theta (fm-

theta). The support for this association is found in correlational electroencephalography 

(EEG) studies and a few transcranial alternating current stimulation (tACS) studies and EEG 

neurofeedback studies. There is support for a direct association between performance on 

measures of conflict monitoring and fm-theta, as well as between fm-theta and conflict-

related event-related potentials (ERPs) such as the event-related negativity and the N2. 

Anterior cingulate cortex (ACC), the generator of the frontal-midline theta oscillations, is 

both spatially and temporally related to these ERPs. 

Additionally, ACC in itself also shows activation consistent with reactivity to conflict. This 

network of associations to conflict monitoring uncovered using different imaging, analyses, 

and neuromodulation techniques may all be reflected in the fm-theta, according to the 

Conflict Monitoring theory. The theory proposes that theta band processes may communicate 

the need for control to other brain regions. This proposal that fm-theta plays a causal role via 

signaling the need for conflict adaption receives less support in the literature: Most studies 

assessing the role of fm-theta in conflict monitoring and adaption are correlational. The 

literature on the effects of modulating fm-theta on conflict adaption is however growing. Here 

the candidate uses an EEG neurofeedback paradigm to attempt to test the causal effect of fm-

theta band power on conflict monitoring and adaption on the conflict component of the 

Attention Network Test (ANT). Five participants came to the EEG lab for a total of 6 sessions 

of training fm-theta power up-regulation using online feedback on band power from 

electrodes above the frontal-midline area as the stimulus. Participants did the ANT before and 

after the training. The effect of the EEG neurofeedback training was not significant; no 

change in power between sessions nor within blocks of sessions were found. It could thus not 

be tested whether fm-theta had a causal influence on the measures of conflict monitoring and 

adaption. This research was conducted as part of a larger project, a collaboration between 

Sunnås Hospital and the MICC research group, represented by René Huster. Data was 

collected in collaboration with Ph.D. student Mari Messel, affiliated with Sunnås Hospital 
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Introduction  

Our complex environment with a multitude of sensory signals and possible actions 

produce situations where additional cognitive control is needed to achieve successful goal-

directed behavior. For example, a pedestrian waiting for the green light at a pedestrian 

crossing may observe someone else starting to walk while the light is still red. This action 

may produce an action impulse to initialize the behavior of crossing the road oneself. If the 

goal of the pedestrian is to wait for the green light, there is then incongruency between the 

two response stimuli: The behavior of the fellow pedestrian, indicating the correct behavior is 

to cross, and the red light, indicating the correct behavior is to wait. The two different signals 

produce interference because they suggest different behaviors, and additional cognitive 

control may be required to resolve the situation.  

This scenario illustrates how competing responses may be initialized by various cues 

in our environment, requiring the need for cognitive control to accomplish the behavioral 

goal. Cognitive control, the process by which our behavior is adjusted to comply with task 

goals, is key to enabling adaptive responses in our environment with a stream of continually 

changing stimuli. To achieve that task goal in the face of incongruent stimuli indicating 

different actions requires not only enhanced cognitive control, but also a mechanism detecting 

the conflict and signaling its occurrence to brain areas responsible for enacting the control 

process itself. 

Cognitive control is a collection of processes supporting the generation and 

maintenance of appropriate task goals, both proactively via sustained maintenance of 

information relevant to achieve the task goal, and reactively through stimulus-driven 

processes recruiting additional resources to achieve adequate control (Braver, 2012). When 

standing at the pedestrian crossing, proactive control may be enacted to monitor for the green 

light, the stimulus indicating when to start walking. The occurrence of someone else starting 

to walk, producing interference between the action suggested by a stimulus in the 

environment and the goal, may result in reactive control processes activating and signaling the 

need for allocation of more cognitive resources to the proactive processes. Cognitive control 

can be divided into the components of task goal specification, action regulation, and conflict 

monitoring (Shenhav, Botvinick, & Cohen, 2013). Here, we concern ourself with the process 

of conflict monitoring. 

Monitoring for conflict in information processing is a necessary cognitive process for 

efficiently controlling behavior, and is a component of cognitive control (Botvinick, Braver, 

Barch, Carter, & Cohen, 2001). A conflict signal may be produced when there are several 

equally permissible responses when achieving the task goal requires overriding a prepotent 
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response, or following an error commission (Botvinick et al., 2001; Botvinick, Cohen, & 

Carter, 2004). According to the conflict monitoring theory (Botvinick et al., 2001), the latter 

is considered conflict as continued stimuli processing following the initialization of an 

incorrect response may lead to activation of the correct response pathway. A conflict 

monitoring system would thus produce a conflict signal following the realization of an 

incorrect response which is conflicting with the subsequent activation of the correct response 

pathway (Yeung, Botvinick, & Cohen, 2004). Overriding a prepotent response entails a 

conflict between several potential responses, which occurrence result in a conflict signal 

(Shenhav, Cohen, & Botvinick, 2016)  

Numerous neurophysiological studies have measured the neural correlates of conflict-

monitoring. Associations between task performance on measures of conflict-monitoring and 

specific brain processes have been established both in the temporal (Forster, Carter, Cohen, & 

Cho, 2011; Hinault, Larcher, Zazubovits, Gotman, & Dagher, 2019; Larson, Clayson, & 

Clawson, 2014; Nigbur, Ivanova, & Stürmer, 2011; Yeung et al., 2004) and spatial domain 

(Botvinick et al., 2004; Hinault et al., 2019; Reinhart & Woodman, 2014). 

Electrophysiological studies using extracranial (Hinault et al., 2019; Nigbur et al., 2011; 

Yeung et al., 2004) or intracranial (Davis et al., 2005; Sheth et al., 2012) electrodes have also 

provided insight into the electrical potentials evoked by stimuli presentations on tasks 

eliciting various levels of conflict-producing interference. It is, however, few studies that have 

assessed whether the neural activity recorded using various imaging techniques plays a causal 

role on task performance on tasks measuring conflict-monitoring (Fusco et al., 2018), and in 

extension whether the observed relationships are causal or not. A potential candidate 

signaling increased conflict is the frontal-midline theta rhythm (Cavanagh, Zambrano-

Vazquez, & Allen, 2012), referred to as fm-theta. However, as late as in 2014, Cavanagh and 

Frank noted that, despite a large body of research show an association between the power this 

theta oscillation in the medial frontal area and realizing the need for cognitive control, it is 

still an outstanding question whether this activity invokes a shift to goal-directed control over 

action selection (Cavanagh & Frank, 2014). That is, whether the proposed candidate for 

signaling the need for enhanced cognitive control (Cavanagh et al., 2012) is a reactive 

mechanism playing a causal role in the recruitment of additional proactive control. The issue 

of insufficient causal support for a role for fm-theta in conflict monitoring has been lifted 

more recently as well (Fusco et al., 2018). 

Establishing the temporal sequence of events, which do indicate fm-theta influence 

cognitive control mechanisms, is not sufficient to conclude that specific neural activity 
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causally influences behavior. It cannot be excluded that the recorded neural activity is an 

epiphenomenon of another brain process which does influence performance. The association 

between fm-theta and measures of conflict detection and subsequent adaption may just be a 

by-product of this process influencing the fm-theta signal. It is essential to identify the causal 

role of brain processes proposed to be involved in conflict-monitoring, as empirical findings 

could provide insight that may help to implement interventions to improve specific cognitive 

abilities in individuals where those abilities are impaired. 

Conventional measures of cognitive control, in particular, related to adaption 

following interference produced by the conflict between task-relevant and task-irrelevant 

stimuli or discrepancy between the expected and actual outcome, are the conflict adaption 

effect, post-error accuracy, and post-error slowing. The latter, as the name implies, is a 

measure of response time (RT) slowing on trial following an erroneous trial calculated as the 

RT difference to trials after an incorrect or correct trial. Following error commissions, there is 

an increase in fm-theta activity (Cohen & Van Gaal, 2013; Novikov, Bryzgalov, & 

Chernyshev, 2015), which appear to be produce an increased RT on the subsequent trial 

(Cavanagh & Shackman, 2016; Novikov et al., 2015), possibly indicating a more cautious 

response-mode (Wessel, 2017). Similarly, stimulus-response conflict, situations in which 

there is interference produced by incongruency between the indicated response or action of 

different stimuli, have also been associated with fm-theta (Cavanagh et al., 2012). 

Interference may produce a signal for the need for enhanced cognitive control. Thus, one 

should be able to measure how performance changes depending on the level of conflict. A 

neural substrate for conflict monitoring would subsequently have to be involved with and 

modulate the performance changes elicited by situations indicating a need for additional 

cognitive control due to their nature of producing interference. On such a measure of the 

change in performance dependent on the previous conflict is the congruency sequence effect 

(CSE). 

The CSE, also referred to as the Gratton effect (Gratton, Coles, & Donchin, 1992), is a 

measure of the change in performance on a particular trial dependent on the current and 

previous trial level of interference (Egner, 2007). The measure is proposed to index conflict-

driven adaption mechanisms (Egner, 2007; Gratton et al., 1992; Gabriele Gratton, Cooper, 

Fabiani, Carter, & Karayanidis, 2018), and is thus a candidate for evaluating whether a neural 

substrate causally influences cognitive control processes. The discussed candidate neural 

substrate for signaling the need for enhanced cognitive control, fm-theta, has been associated 

with CSE. (van Driel, Sligte, Linders, Elport, & Cohen, 2015). More specifically, the 
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amplitude of fm-theta oscillations have been associated with changes in RT, dependent on the 

level of interference or conflict produced by the previous trial in a sequence: an incongruent 

trial produce a stronger fm-theta amplitude (Jiang, Zhang, & van Gaal, 2015; Nigbur et al., 

2011), which in turn has a negative correlation with the difference in response-time to high- 

and low-conflict trials (Jiang et al., 2015). Thus, the CSE, whereby previous-trial interference 

influences the RT on the current trial, may be explained by fm-theta being a signal for the 

need for enhanced cognitive control produced by interference.  

Neural Correlates of Conflict-Monitoring 

The control mechanisms supporting conflict monitoring seem to be underpinned by 

networks located in the medial frontal cortex, in particular, the anterior cingulate cortex 

(ACC) (Botvinick et al., 2004; Hinault et al., 2019; Reinhart & Woodman, 2014). The medial 

frontal area is the generator of frontal theta oscillations (Ishii et al., 1999). The association 

between fm-theta and the medial frontal cortex also indicate this area is involved in conflict 

monitoring. Functional magnetic resonance imaging (fMRI) studies show an increase in ACC 

activation with higher levels of incongruency between target and distractor stimuli (Hinault et 

al., 2019; Sheth et al., 2012) or following error commissions (Iannaccone et al., 2015), 

suggesting the area is involved in processes specific to responding to cognitive interference. 

Additionally, modulation of neural activity at the FCz electrode site (above the medial 

frontal cortex) using transcranial direct current stimulation (tDCS), indicate that up- or down-

regulation of excitability of neurons in this area causally influence measures of error detection 

ability (Reinhart & Woodman, 2014). Human single-cell recording studies have also observed 

a positive correlation between the level of conflict and ACC activity (Davis et al., 2005; Sheth 

et al., 2012). Sheth et al. (2012) also report patients stopped adjusting behavior based on the 

level of interference of the previous trial following a surgical ACC lesion, suggesting a causal 

role of the area in adjusting behavior based on the level of conflict. It appears likely that ACC 

responds to conflict, produced by the interference caused by incongruency between stimuli, or 

produced by the realization of an error commission. ACC is a likely candidate to play a role in 

adjusting behavior in response to changes in the environment and the outcome of behavior if 

either is unexpected. How this role is realized, however, needs further exploration, as the 

association between fm-theta power, originating in the medial frontal area (Ishii et al., 1999), 

and ACC is only one of several electrophysiological correlates of both the ACC and conflict 

monitoring. 

Studies applying electroencephalography (EEG) and functional magnetic resonance 

imaging (fMRI) simultaneously have associated specific event-related potentials (ERPs) with 
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activation observed in ACC following error commissions and on tasks producing conflict and 

interference via requiring the need to inhibit a prepotent response to achieve the task goal 

(Hinault et al., 2019; Iannaccone et al., 2015). One of these ERPs, the N2 (Hinault et al., 

2019), is a deflection peaking 200 – 300 ms after stimulus onset (Enriquez-Geppert, Konrad, 

Pantev, & Huster, 2010; Iannaccone et al., 2015) The N2 is suggested to index the strength of 

the interference produced by incongruent stimuli causing conflict (Forster et al., 2011; Hinault 

et al., 2019; Nigbur et al., 2011), and has been associated with activity in the ACC (Hinault et 

al., 2019). However, there are studies showing the N2 is not associated with the ACC 

(Iannaccone et al., 2015). A pattern of increasing negativity in the N2 amplitude with 

increases in stimuli incongruency is suggestive of this ERP being associated with monitoring 

of conflict elicited when different stimuli indicate different responses, or when a stimulus 

produces a prepotent response incompatible with the task goal.  

The conflict monitoring theory describes the N2 ERP as a signal of pre-response 

conflict on correct trials (Yeung et al., 2004). Whereas the ERN amplitude is stronger on 

erroneous trials when the distance between distractors and the target is larger, the N2 

amplitude is stronger on correct trials when the distance is smaller (Danielmeier, Wessel, 

Steinhauser, & Ullsperger, 2009). Amplitude of the N2 ERP is associated with the level of 

conflict between stimuli that are task-relevant and task-irrelevant; the negative deflection is 

greater when there is incongruency between the stimuli deemed as task-relevant and task-

irrelevant, compared to when the information communicated by task-irrelevant stimulus is 

congruent with that of the task-relevant stimulus (Forster et al., 2011; Hinault et al., 2019). 

Another ERP which has been associated with ACC is the error-related negativity 

(ERN) (Iannaccone et al., 2015). The ERN is considered a marker of error commission 

beginning around the time of an erroneous response and peaking approximately 100 ms after 

that (Larson et al., 2014; Yeung et al., 2004). Similar to the N2, the amplitude of the ERN has 

been associated with increased activation in ACC (Iannaccone et al., 2015; Reinhart & 

Woodman, 2014).  

Conflict monitoring theory (Botvinick et al., 2001), which is a theory describing the 

mechanism through which the need for control can be gauged, propose the conflict 

monitoring process serves as a basis for the regulation of cognitive control. The theory posits 

the ERN is a marker of response conflict caused by the realization of an error commission 

ascribed to the continued processing of the target stimulus following initialization of the 

erroneous response (Botvinick et al., 2001; Yeung et al., 2004). The ERN is according to the 

theory response to a conflict between the performed and correct action. In a study where 
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participants were asked to emphasize accuracy over speed (Yeung et al., 2004), a larger ERN 

was produced when errors were committed. This suggests that the allocation of attention 

influence the process. This is in line with the conflict monitoring theory, as the emphasis of 

accuracy may result in further processing of stimulus associated with the correct, not 

performed, action on incorrect trials, causing a more considerable inconsistency, and thus the 

conflict between the performed a correct response. 

On the other hand, masking of the target stimulus produces a less pronounced ERN on 

error commissions (Charles, Van Opstal, Marti, & Dehaene, 2013; Hughes & Yeung, 2011), 

suggesting degraded stimuli reduce the correct response activation. A more degraded stimulus 

would suggest less processing of the target. The same account as to why putting more 

emphasis on accuracy would increase the ERN explains why less processing would produce a 

smaller ERN. Attentional allocation and thus the depth of processing of the target have also 

been manipulated by varying the distance between the target and the distractor stimuli. When 

the distance is greater, the ERN on error trials is stronger, which may be a consequence of 

more attentional resources being allocated to the correct target which is not responded to, 

producing stronger conflict (Danielmeier et al., 2009). Increased attention to the correct 

response appears to lead to more conflict and thus a larger ERN amplitude on error trials.  

Further, Maier and Steinhauser (2016) showed that the ERN amplitude was more 

substantial for error commissions where the response was associated with the incorrect 

distractor stimuli than when not associated with any of the stimuli presented on a given trial. 

The authors propose this reflects that such errors produce a stronger ERN because it 

represents not only an error commission but also a violation of the task goal to ignore the 

distractors, making it more significant. Together, these studies indicate that the ERN reflects 

the significance of an error commission, be it due to the magnitude of the violation (Maier & 

Steinhauser, 2016) or the strength of the conflict between the commissioned response and the 

response which further processing deem to be the correct (Charles et al., 2013; Hughes & 

Yeung, 2011; Yeung et al., 2004). 

Neural activity at the FCz electrode site has been causally linked to ERP-amplitude, 

via up- or down-regulation of the neural excitability below the electrode using the tDCS 

(Reinhart & Woodman, 2014). Reinhart and Woodman (2014) both increased and decreased 

neural excitability using tDCS, and showed that the change in excitability had a causal effect 

on the ERP amplitude. Additionally, the authors showed that this neuromodulation also 

influenced behavioral adjustment after an error (Reinhart & Woodman, 2014). The causal 

effect of modulating neural excitability in the medial frontal area on behavioral adjustment 
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following error commission suggests that brain structures in the medial frontal area play a role 

in mechanisms related to cognitive control. Taking the association between the ERN and 

monitoring for conflict between commissioned and correct responses into consideration, the 

effects reported by Reinhart and Woodman (2014) may be taken into account as indicating the 

medial frontal area plays a causal role in conflict monitoring processes signaling the need for 

enhanced cognitive control. At least concerning monitoring for errors. 

Yeung et al. (2004) indicate that both error monitoring and stimulus-response conflict 

monitoring is associated with the medial frontal area, specifically below the FCz electrode 

site. Participants performed a variant of the Flanker task, where the task goal is to respond to 

a target stimulus and ignore distractors that may signal a response either congruent or 

incongruent with the response indicated by the target stimulus. When the distractor stimuli are 

incongruent with the target stimulus, the conflict is greater. Thus, the N2 amplitude is 

expected to be larger. On the same task, the negative deflection of the ERN amplitude is 

expected to be stronger following an error commission. Comparing electrode sites, Yeung et 

al. (2004) found that the most robust amplitude difference of the N2 for congruent versus 

incongruent targets was located at the FCz electrode site. The greatest difference in ERN 

amplitude for incorrect versus correct responses was also found above the FCz. This suggests 

the two ERPs have a similar scalp topography with the strongest amplitude at this electrode 

site, located above the medial-frontal cortex (Reinhart & Woodman, 2014).  

As described, both the ERN and N2 conflict-related ERPs are associated with 

increased activity in the ACC (Hinault et al., 2019; Iannaccone et al., 2015; Reinhart & 

Woodman, 2014), which is located in the medial frontal area of the brain, adjacent to the 

corpus callosum. The association between the amplitude of these ERPs and activity in ACC 

measured using fMRI, and that their amplitude is the strongest above the frontal-medial area 

suggests the ACC may be the generator of these ERPs, as also argued by Yeung et al. (2004)  

Fm-theta, which is a rhythmic oscillation in the theta (4 – 8 Hz) frequency range 

originating from the medial frontal region (Ishii et al., 1999) has also been associated with 

both the N2 and ERN ERPs (Cavanagh et al., 2012). This signal have a stronger amplitude 

when conflict is induced by incongruency between target and distractor stimuli (Cavanagh et 

al., 2012; Cohen & Donner, 2013; Jiang et al., 2015; Nigbur et al., 2011), following error 

commissions (Cavanagh et al., 2012; M. X. Cohen, 2011; Nigbur et al., 2011), and stimulus 

indicating an increased likelihood of needing to recruit additional cognitive resources to enact 

cognitive control (van Noordt, Campopiano, & Segalowitz, 2016). According to Cavanagh et 

al. (2012), fm-theta reflects a common template for the organization of neural populations 
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during conflict-monitoring processes, facilitating functional communication between spatially 

separate neural networks. Fm-theta may be the mechanism through which cognitive control is 

realized, via signaling the need to enhance cognitive control (Cavanagh & Frank, 2014; 

Cavanagh et al., 2012). 

The literature suggests fm-theta may reflect conflict induced both by error-

commissions and incongruency, as theoreticized by Cavanagh et al. (2012). On a Flanker 

task, Nigbur et al. (2011) observed that on trials where the target stimulus and flanker stimuli 

were incongruent, assumed to produce more interference than when congruent, the fm-theta 

power at FCz measured in the 200 – 300 ms time window was stronger than on congruent 

trials. The N2 recorded on the same electrode was also higher on trials with more 

interference. The fm-theta and N2 signal thus appear to be substrates for the same abstraction, 

level of interference, within the same time-window, at approximately the same location. A 

similar association was found between fm-theta, and the N2 was observed between fm-theta 

and the ERN. Fm-theta amplitude was greater in the time-window 20 – 120 ms post-response 

on erroneous versus correct trials. The same inferences may be drawn for the association 

between fm-theta and ERN as for the association with the N2 (Nigbur et al., 2011). Cavanagh 

et al. (2012) showed the N2 and ERN might reflect the same underlying theta activity at the 

FCz electrode, related to conflict-monitoring processes. 

On a primarily correlational level, it appears that the association between fm-theta and 

conflict monitoring processes is well funded. The oscillations in the theta frequency band 

above the medial frontal area appear to respond to conflict independent of whether it is in 

produced by response-conflict or error commissions. Fm-theta might be a signal for overall 

need for cognitive control, as proposed by Cavanagh et al. (2012), as a product and part of the 

process that evaluates the expected value of enacting cognitive control (Botvinick et al., 2001; 

Shenhav et al., 2013, 2016). 

According to Shenhav et al. (2016), the ACC monitors for conflict in different 

domains, such as that produced by error commission and competing responses, signaled from 

other brain areas. The role of the ACC is to determine the expected value of enacting 

cognitive control in response to conflict, and signaling that value so that it influence systems 

influencing behavioral adaption, such as the motor cortex via modulation of the neural 

excitation. 

Modulation of Fm-Theta 

Transcranial alternating current stimulation (tACS) studies also indicate that fm-theta 

is associated with conflict-monitoring processes (Fusco et al., 2018; van Driel et al., 2015).  
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Using the tACS neuromodulation technique, where the direction of current flow alternates 

between two externally placed electrodes, it is possible to entrain oscillatory activity between 

the two electrodes to a specific frequency (van Driel et al., 2015). The technique makes it 

possible to probe the causal effect of a frequency band, such as theta, on a cognitive function, 

such as conflict monitoring. The technique is however limited by the same restrictions to 

spatial resolution as EEG. 

Applying tACS with the target electrode placed in the medial frontal area, between the 

Cz and FCz electrode locations according to the 10-20 system and return electrodes bilaterally 

on each cheek, van Driel et al. (2015) compared the effect of alpha and theta tACS on 

congruent and incongruent trials on the Simon task, preceded by either congruent or 

incongruent trials. Participants showed an fm-theta stimulation-specific effect of increased RT 

on congruent trials preceded by congruent trials, possibly suggesting a more cautious 

response mode induced by the fm-theta stimulation (van Driel et al., 2015). Overall, however, 

the experiment reported by van Driel et al. (2015) does not by itself provide a strong 

argument in favor of the causal role of fm-theta on conflict monitoring: To achieve any 

difference between the alpha (8 – 12 Hz) and theta stimulation condition, a possible training 

effect had to be removed from all individual reaction times, and still, their predicted main 

effect, the previously described CSE was not significantly different between theta and alpha 

stimulation. The lack of a significant difference may be related to the closeness of the 

frequency bands. 

A similar study also applying tACS stimulation to the medial frontal area found a 

significant difference between fm-theta and sham stimulation in the RT to congruent stimuli 

following an error commission, reporting a shorter RT for participants in the fm-theta group  

(Fusco et al., 2018). The shorter RT was not associated with reduced accuracy. Reduced RT 

explained by enhanced fm-theta activity runs counter to a previous meta-analysis (Cavanagh 

& Shackman, 2015), but is in line with a recent EEG study testing the correlation between fm-

theta and PES (Valadez & Simons, 2017). Fusco et al. (2018) interpret the difference as an 

indication that fm-theta stimulation produced more efficient signaling of the request for 

adaptive control. 

Studies assessing the causal role of fm-theta on cognitive control processes using 

tACS indicate fm-theta plays a causal role (Fusco et al., 2018; van Driel et al., 2015) 

However, few of the associations between fm-theta and cognitive control found in 

correlational studies have been successfully causally explained. Another method of 
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neuromodulation that has been used to assess the causal role of fm-theta is EEG 

neurofeedback. 

Wang and Hsieh (2013) manipulated fm-theta by use of an operant conditioning 

paradigm in which participants receive feedback on the value of a specific neural parameter 

and are tasked with up- or down-regulating it, called neurofeedback. Participant in the 

experimental group received a positive auditory and visual feedback when the power of the 

EEG between 4 and 7 Hz (theta) recorded from the Fz electrode in the past one second, 

extracted through a Fast Fourier transformation, was above the individual baseline for that 

frequency range at Fz established in a three minute baseline measurement before each session. 

Another group of participants functioned as active controls and received feedback on the 

power of another, randomly chosen, frequency band. All other aspects were kept equal 

between the groups, and group belonging was not disclosed. Participants received a total of 12 

training sessions, each consisting of five three-minute long feedback blocks after the 

mentioned baseline measurement. The efficacy of using EEG neurofeedback training to up-

regulate fm-theta is established in the literature (Gruzelier, 2014), and, similar to others 

(Enriquez-Geppert, Huster, Scharfenort, et al., 2014), Wang and Hsieh (2013) observed a 

significant increase in baseline fm-theta from pre- to post-training. The baseline increase, not 

observed in the active control group, suggests the modulation of fm-theta carries over from 

the training itself. Successful up-regulation should thus be expected to affect brain 

mechanisms where fm-theta power influence function. Wang and Hsieh (2013) measured the 

level of conflict induced by incongruency between target and distractor stimuli before and 

after training, by subtracting RTs to congruent stimuli from that to incongruent stimuli. This 

measure of conflict indicates how much interference, measured as the increase in RT, is 

produced by the incongruency. The conflict score was reduced from pre- to post-training only 

for the participants receiving actual fm-theta NF, suggesting a causal effect of higher fm-theta 

power on the conflict score. Whether the reduced conflict score was driven by an increase in 

RT on congruent trials or a decrease in incongruent trials is not mentioned. A review of the 

provided descriptives on mean RT indicate mean RTs decreased for both congruent and 

incongruent trials from pre- to post-test, suggesting that the reduction in conflict score is 

explained by a reduction in RT on incongruent trials. This would suggest enhanced fm-theta 

power increase proactive control in a way that makes the response to stimuli inducing conflict 

more efficient. This finding is in line with how Fusco et al. (2018) describe the mechanism 

producing their observed difference in RT following error commissions dependent on tACS 
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fm-theta modulation. It too, however, runs counter to a meta-analysis of studies looking at the 

association between fm-theta and RT (Cavanagh & Shackman, 2015). 

EEG Neurofeedback 

EEG neurofeedback training may be a promising candidate technique to test the causal 

effect of fm-theta on conflict monitoring. The findings above indicate a role for fm-theta 

oscillations in cognitive control, including conflict monitoring. Due to the correlational nature 

of most of the studies, however, it is still not fully established whether fm-theta plays a causal 

role. Fm-theta may reflect a generic alarm signal, just be an epiphenomenon generated by 

other processes within the brain, or be an active mechanism involved in the communication of 

conflict signals modulating top-down cognitive control. 

The neurofeedback provides online feedback to an individual on a parameter of their 

neural activity. The feedback recipient is tasked with trying to modulate the feedback, a 

process through which the parameter that the feedback is based on is altered (Reiner, 

Gruzelier, Bamidis, & Auer, 2018). Via an operant conditioning process, the participant 

learns to perform self-manipulation of the targeted neural substrate. Huster, Mokom, 

Enriquez-Geppert, and Herrmann (2014) note that in their research, participants use a wide 

range of strategies to achieve modulation of fm-theta. In EEG NF, electrodes are placed on 

the scalp of the feedback recipient. The signal recorded from the electrodes is parsed in real 

time using computer software. Feedback is provided to the person whose activity the data is 

recorded from based on the value of the target parameter at that point in time relative to the 

goal. The goal may, for instance, be to increase or decrease the average power at a specific 

frequency band relative to a baseline level recorded before the training (Enriquez-Geppert, 

Huster, Figge, & Herrmann, 2014). 

Modulating fm-theta using EEG neurofeedback may shed light on whether fm-theta 

do play a causal role in the communication of conflict signals, as proposed by among others 

Cavanagh and Frank (2014). If successful up-regulation of fm-theta using NF improve task-

performance on measures of conflict monitoring and cognitive control, it would suggest a 

causal link between fm-theta activity and the measures, in the same vein as Wang and Hsieh 

(2013). 

Studies have demonstrated it is possible to modulate fm-theta activity using EEG 

neurofeedback (Enriquez-Geppert, Huster, Figge, et al., 2014; Enriquez-Geppert et al., 2013; 

Enriquez-Geppert, Huster, Scharfenort, et al., 2014; Shoji, Patti, & Cvetkovic, 2017; Wang & 

Hsieh, 2013). The results are however not unanimous, as not all studies report any change in 

fm-theta power following training using an EEG NF fm-theta up-regulation paradigm 
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(Vernon et al., 2003). Vernon et al. (2003) reported no effect of fm-the neurofeedback. It is, 

however, possible the null-finding is attributable to aspects of the experimental set-up itself, 

rather than suggesting it is not possible to enhance fm-theta amplitude using EEG NF. Factors 

possibly explaining the null-finding include that participants were tasked with simultaneously 

enhancing theta activity and inhibit delta and alpha activity, and that fm-theta was recorded 

from only the Cz electrode site (Vernon et al., 2003). Studies successfully up-regulating fm-

theta have used either the Fz electrode (Wang & Hsieh, 2013), the Fz, FC1, FCz, FC2, Cz, 

Fp1, and Fp2 electrodes (Enriquez-Geppert et al., 2013), the Fz, F3, and F4 electrodes (Shoji 

et al., 2017), or the Fz, FC1, FC2, FCz, and Cz electrodes (Enriquez-Geppert, Huster, Figge, 

et al., 2014; Enriquez-Geppert, Huster, Scharfenort, et al., 2014) for the feedback signal. 

According to Enriquez-Geppert, Huster, Figge, et al. (2014), the latter array of electrodes (Fz, 

FC1, FC2, FCz, and Cz ) is required to cover the medial frontal brain regions. The literature 

thus supports the viability of using EEG NF to study the causal effects of modulating fm-theta 

power on measures of conflict monitoring and adjustments of behavior influenced by the level 

of conflict. 

Improved task performance following up-regulation of fm-theta using NF has been 

reported on several tasks measuring executive functions. Wang & Hsieh (2013) observed 

improved performance on components of the Attention Network Test (ANT) and the 

Sternberg recognition task. Enriquez-Geppert, Huster, Figge, et al. (2014) observed reduced 

response times on the Stroop task and increased accuracy on the three-back task but did not 

find any pre-/post-training difference on the letter-number task-switching task nor the stop-

signal task. 

Unlike other neuromodulation methods such as tDCS, tACS, and transcranial 

magnetic stimulation, NF does not facilitate the opportunity to test the effect of the 

modulation of neural activity at the same time as the recipient is performing a task. In NF, the 

regulation is implemented as a training regime, and instead then performing a task measuring 

executive functions while neural activity is modulated, the task itself is to modulate neural 

activity. Thus, when an individual is tasked to alter neural activity based on live feedback on a 

parameter recorded using fMRI or EEG, the achieved modulation has to transfer from the 

training stage to the post-training executive functions measurement stage. This implies that 

rather than producing transient changes visible only during the neuromodulation stage itself, 

measuring the effects of NF on cognitive functions depends on the training producing neural 

changes lasting beyond the training itself. Enriquez-Geppert, Huster, Figge, et al. (2014) 

speculate that the practice of altering oscillatory activity using EEG NF through the 
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synchronization of neurons in a brain region may affect myelination of the axons of these 

more active neurons. As myelination is a process that occurs over time, this interpretation is 

in line with NF producing changes that may be transferred to outside the training context. 

This process may be a mechanism underlying the neural modulation produced by NF, 

explaining how it transfers from the training itself. 

Current Study 

The current study was done as part of a larger project, and only some of the materials 

collected are used here. Wherever relevant, what unused measures were recorded in relation 

to what is discussed will be described. 

The purpose of the current study is to test whether the power increase in the theta 

frequency band recorded in the medial frontal area following conflict play a causal role in 

behavioral adaption to conflict. To study conflict adaption, the CSE measure is used to assess 

adaption to interference produced by the stimulus-response conflict. Correlational data from 

other studies indicate that enhancement of fm-theta will reduce the CSE. The change in RT on 

the trial after an erroneous trial has also been associated with enhanced fm-theta. Some, 

however, argue that higher fm-theta power results in an RT decrease on next trial (Fusco et 

al., 2018), whereas others suggest enhanced fm-theta will result in a longer RT on the 

subsequent trial (Cavanagh & Frank, 2014; Shenhav et al., 2016). The latter is proposed to be 

a reflection of enhanced cognitive control leading to a higher response threshold (Shenhav et 

al., 2016). It is outside the realm of this thesis to assess the validity of the explanations 

provided by theories such as conflict monitoring theory as to why enhanced fm-theta may 

produce conflict adaption. The goal is instead to test whether fm-theta do play an active role 

in this process, and is not merely an epiphenomenon caused by the processes producing the 

effect of interference on behavioral adaption.  

To assess the CSE, the RT associated with two of the three variations of the conflict 

component of ANT will be used. The ANT consists of three components, which assess 

orienting, alerting, and conflict. The latter is achieved via a flanker-type paradigm (Eriksen & 

Eriksen, 1974). In the Eriksen flanker task, participants exhibited longer RTs when letters 

indicating the opposite response direction than that of the target letter were presented on 

either side of the target. On the conflict component of the ANT, a target stimuli can be 

flankered by either congruent, incongruent, or neutral distractors. Congruent distractors 

should not produce interference as they indicate the same response-mode as the target. 

Similarly, non-informative neutral distractors should neither produce interference. It is 

expected that RT will be higher in response to incongruent distractors compared to congruent 
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(Nigbur et al., 2011), as a discrepancy in response-mode indicated by the target and the 

flankers are expected to produce conflict. This increase in RT is expected to be modulated by 

an increase in fm-theta activity. By manipulating fm-theta, it will be possible first to test 

whether the fm-theta amplitude in response to conflict is increased following fm-theta up-

regulation training using EEG NF. Further, the reported association between previous-trial 

fm-theta power and current-trial RT suggests that fm-theta activity acts as a signal to 

cognitive control processes. By introducing EEG NF as a neuromodulation technique, it is 

possible to test whether fm-theta plays a causal role in this process, by assessing whether the 

NF training interacts with the previous and current-trial level of conflict on current-trial RT. 

Hypotheses and Predictions 

A necessary foundation for the tests of whether fm-theta causally influence conflict 

adaption is that there is a conflict effect as described in the literature review, defined as a 

longer RT to incongruent than to congruent stimuli (Hypothesis 1a), and higher fm-theta 

power on incongruent than congruent trials (Hypothesis 1b). Further, it is expected that the 

fm-theta up-regulation using EEG NF produces an increase in fm-theta power specific to this 

intervention and not to the control group (hypothesis 2), as it is not possible to establish a 

causal relationship between fm-theta and the behavioral measures in the absence of successful 

modulation of fm-theta. An effect of fm-theta up-regulation on fm-theta band power, 

indicating the band at this location plays a causal role in influencing conflict adaption is 

expected to be expressed as improved conflict adaption in the post-training measure of the 

fm-theta up-regulation group compared to the groups pre-training measure and the control 

group (Hypothesis 3a). Up-regulation of fm-theta is expected to produce a stronger fm-theta 

response to conflict (3b). 

Material and Methods 

Participants 

Five right-handed students (3 men; mean age: 20.2, standard deviation: 1.1) with no 

current or history of neurological or psychiatric disorders and normal or corrected to normal 

vision participated in the study. Written consent to the protocol approved by the ethics 

committee at the Department of Psychology, University of Oslo, was collected before 

participation in the experiment. Participation was compensated with NOK 500. Participants 

were randomly assigned to the experimental (NF; n = 5, 3 men; mean age: 25, standard 

deviation: 2.1) or the active control group (pseudo-NF; n = 0). The study was conducted in 

accordance with the Declaration of Helsinki. 
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Procedure and Design 

Participants came to the lab for a total of six NF training session during a 14-day 

period. In addition, they came in to do tasks measuring executive functions before and after 

the training sessions. The NF training and all measurements in the executive functioning test 

battery were conducted in an electrically shielded and sound attenuated room, where stimuli 

were presented on a 27” screen with a refresh interval of 140Hz. During the pre- and post-

training executive functioning measurements, responses were recorded using response boxes. 

All tasks measuring executive functions were implemented using Psychtoolbox in MATLAB, 

and EEG recordings were done using active electrode on a Brainvision system. The software 

used for NF training was unreleased and proprietary software developed in MATLAB by this 

candidates supervisor, René Huster. 

 Executive Functions Test Battery 

Before each of the tasks in the test battery, participants were given a short training 

period to familiarize themselves with the task requirements and the tasks response mode. 

Instructions were provided on-screen before the training period. The implemented tests of 

executive functions were the ANT, the stop-signal task, the Stroop task, the N-back task, a 

letter-number variant of the task-switching task, and a resting state baseline. The pre- and 

post-training sessions lasted for approximately two hours in total, and the tasks were 

presented in the same order to each of the participants to not introduce random variance. This 

thesis only concerns itself with measurements recorded from the ANT. The other tasks will 

thus not be discussed in what follows. 

 Attention Network Test 

A variant of the ANT was implemented using PsychToolbox in MATLAB and used to 

measure orienting, alerting, and conflict responses. While performing the task, participants 

were instructed to keep their eyes on a fixation cross in the center of the screen. The inter-trial 

interval was kept constant at 3000 ms. The stimuli consisted of a row of five arrows appearing 

either above or below a fixation cross in the center of the screen an equal number of times. 

The target stimulus, the central arrow, indicated whether participants should respond by 

pressing down the left or right button on the response box. The flanker stimuli pointed with an 

equal probability in the same direction as the target arrow (congruent), the opposite direction 

(incongruent), or were straight lines not pointing to any direction (neutral). The stimulus was 

visible for the entire response window, with a static duration of 1200 ms. If a response was 

made before the end of the response window, a fixation cross was displayed for the remainder 
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of the trial. The stimulus was preceded by a visual cue, an asterisk, visible for 100 ms. In the 

variable interval of 300 to 600 ms between cue and target presentation, only a fixation cross 

was displayed. The visual cue was with a one-fourth probability either presented spatially 

(above or below the fixation cross; spatial cue condition), both above and below, on the same 

position as the fixation cross or was not present. In all conditions, except when at the center 

position, a fixation cross was present simultaneously. The visual cue, when placed above or 

below the fixation cross (spatial cue condition), had a fifty percent likelihood of correctly 

indicating the location of the target stimulus. All possible target, flanker, and cue 

combinations were presented in a random order but an equal number of times within each 

block. The ANT consisted of 4 blocks with 60 trials each. 

The conditions used to measure the conflict component, the only component reported 

here, is similar to that of the Flanker task (Eriksen & Eriksen, 1974). The performance score 

for the conflict component (conflict score) was calculated by subtracting the RT of conditions 

with flankers congruent with the target from the mean RT of conditions with flankers 

incongruent with the target. According to Fan et al. (2005), a smaller RT difference between 

congruent and incongruent conditions, a smaller conflict score, indicates greater conflict 

resolution. The measure is of relevance here, as it is expected that enhanced fm-theta on the 

preceding trial will reduce the conflict score. A variant of the conflict score, taking previous-

trial congruency into account was also used: The CSE, also referred to as the Gratton effect 

(Gratton et al., 1992; Gabriele Gratton et al., 2018),  is a measure expressing conflict 

adaption. Tasks eliciting conflict, such as the conflict component of the ANT, often show an 

effect of previous trial congruency on the current trial. The CSE likely reflect adaption to 

conflict, though it may also indicate other processes to some extent, such as memory-driven 

associations between stimulus and response being strengthened (Egner, 2007). As the 

measure is well recognized as a measure of conflict adaption and has previously been 

associated with fm-theta (van Driel et al., 2015), it is used in the current study to test the 

causal effect of fm-theta on conflict adaption. 

The CSE is defined as a double subtraction. The first component is the RT of a 

congruent trial preceded by a congruent trial (cC) subtracted from the RT of an incongruent 

trial preceded by a congruent trial (cI). The RT difference expressed by this component (cI - 

cC) reflects the detection of conflict. This component is subtracted from the component 

expressed as the RT of a congruent trial preceded by an incongruent trial (iC) subtracted from 

the RT of an incongruent trial preceded by an incongruent trial (iI): (iI - iC). The CSE, 
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expressed as  ([cI - cC] - [iI - iC]), is a measure of adaption to conflict (Egner, 2007), and its 

score has been associated with variations in fm-theta (van Driel et al., 2015).  

Electrophysiological Recordings 

EEG recordings were done using the Brain Vision Recorder and were sampled at 

500Hz. During both NF training and measurements in the test battery, EEG activity was 

recorded from 38 active scalp electrodes. Active electrodes were also placed above and below 

the right eye and to the side of each eye, and on each earlobe, for electrooculogram (EOG) 

recording and online stimuli omission, and offline reference, respectively. Also, passive 

electrodes on the muscle of the thumb on both hands were used for electromyography (EMG) 

recording, with a passive electrode on the left forearm as ground. The EOG and MEG 

electrodes were used only during the NF training sessions, and not during the pre- and post-

tests. For online theta amplitude feedback, electrodes Fz, FCz, Cz, FC1, and FC2 were used. 

These were the same electrodes as successfully used by Enriquez-Geppert, Huster, Figge, et 

al. (2014) to modulate fm-theta power in a similar EEG NF paradigm. As the hypotheses to be 

tested in this study are all related to fm-theta power, the same electrodes were used 

exclusively in the data analysis of the pre- and post-test data. 

Neurofeedback Protocol 

Participants came into the lab for a total of six NF sessions. Before each session, 

participants filled out a form measuring their level of motivation to perform the task and 

reported alcohol consumption the day before the session, coffee consumption on the day of 

the session, hours of sleep the night before the session and self-perceived alertness level at the 

time when filling out the questionnaire. As none of these measures are of any direct concern 

in this study, they will not be evaluated further. 

Participants received either real feedback on their fm-theta power, or they were 

presented with a recording of the activity of another participant. The experiments were not 

made aware of what condition a participant was in. The experimental setup itself was 

designed to make it difficult for the participant to get any feeling as to whether he or she was 

in the sham-NF group or the group receiving real feedback on his or her fm-theta activity. The 

double-blinding of the experiment contributed to reducing the likelihood of a research bias or 

any effect due to the expectations of the participant. Participants were informed before taking 

part in the study that it did include a control group, on the document describing the nature of 

the study. 
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All six NF training sessions consisted of eight blocks: An artifact calibration block, 

pre- and post-training baseline blocks, five neurofeedback blocks, and a transfer block. First, 

an EOG and EMG calibration block (2 min), where participants were instructed to blink and 

press down both index fingers whenever the stimuli on the screen changed color were 

implemented. An individual threshold for classifying eye-blink activity was subsequently set 

for the participant for that session. Eye-blink activity produces an amplitude increase in 

several frequency bands, including the 4 - 8 Hz theta band. Thus, to avoid reinforcing eye-

blink related theta power in the scalp electrodes producing the feedback signal, the feedback 

was omitted when an eye-blink was detected during the following feedback blocks. The 

threshold was set by manual inspection of the EOG recording after the calibration block using 

a control panel implemented as part of the NF application. A similar procedure was 

performed on the EMG data used to set the muscle activity threshold. The purpose of 

establishing an EMG threshold for participants receiving either sham or fm-theta NF was to 

keep all factors constant between these two groups and a third group receiving feedback on 

motor cortex beta activity, the data of which is not included in this thesis. 

Following the calibration block, there was a baseline block where the same stimuli as 

used during the feedback blocks were displayed; however, at this time varying randomly. An 

identical block was implemented at the end of the training session. In these pre- and post-

training baseline blocks (5 min each) participants were instructed to observe the screen, and 

given specific notice that the feedback signal varied randomly during the baseline 

measurements.  

The following five NF training blocks each lasted five minutes, and participants 

adjusted the interval between the blocks themselves to avoid fatigue. Feedback was provided 

visually on screen in the form of a colored square. The color ranged from highly saturated red 

to highly saturated blue. The color saturation depended on the fm-theta activity change 

relative to the pre-training baseline measurement of that session. No saturation, grey, 

indicated either an eye-blink or no amplitude difference relative to the session-specific 

baseline. The level of saturation of red or blue depended on the relative distance of fm-theta 

amplitude from baseline, with below-baseline amplitudes producing a red box and above-

baseline amplitudes producing a blue box. The fm-theta amplitude the feedback was based on 

was calculated as the average amplitude within +/- 1 Hz of their individual dominant fm-theta 

frequency. Participants individual fm-theta frequency was defined as the frequency within the 

theta frequency range with the highest amplitude during the pre-training executive 

functioning tests. Participants in the sham-NF group received the feedback recorded from a 
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participant in the actual fm-theta NF group. Whenever the threshold for eye-blink or motor 

activity was surpassed, the colored square functioning as the feedback stimuli turned grey. To 

maintain the illusion of receiving feedback on their neural activity, participants in the sham 

group experienced the feedback signal turning grey when their eye-blink or motor thresholds 

were surpassed, rather than that of the individual the feedback stimuli otherwise was based 

on. 

Participants were instructed to color the square as blue as possible and were provided 

with both a list of strategies based on the NF literature and encouraged to come up with and 

try out their strategies. Following each NF training block participants wrote down what 

strategies they had employed and provided their subjective evaluation of their efficacy at 

making the box blue. The self-reported strategies and the subjective evaluation of how 

successful the participant perceived he or she was are not included in the data analysis 

reported here. What strategy a participant chooses to use is unlikely to affect the outcome of 

the study (Huster et al., 2014). 

Following the NF training blocks, the immediate transfer effect of the NF training was 

measured. The visual feedback signal was grey for the entire duration of the transfer block (5 

min). Participants were instructed to do what they felt had worked to produce a blue box 

during the training sessions. After completing the already described post-training block 

following the transfer block, participants filled out a form providing their evaluation of their 

ability to perform the NF training task as instructed. Their subjective evaluation of the ability 

to perform the task is not included in the data analysis reported here. 

Preprocessing 

Data from the pre- and post-test measures were re-referenced to the earlobe electrodes 

and the online reference electrode, FCz, was added back into the EEG recording data. An 

independent component analysis was subsequently ran, and eye-blink components were 

identified and removed via manual visual inspection. The time-frequency representation of 

power was extracted using a Fast Fourier transforms on a 1000 ms wide time-window and a 

sampling rate of 500 Hz. The computed event-related spectral perturbation (ERSP) value, 

representing spectral power relative to baseline, were averaged across electrodes Fz, FCz, Cz, 

FC1, and FC for each epoch. The time-window used was from -200 to 800 ms after stimulus 

onset. Both the conflict-related ERP N2 and the peak fm-theta band power occur within this 

time window (Nigbur et al., 2011). The ERSP values were averaged on condition and subject 

for each of the tasks. 
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To measure the effectiveness of the fm-theta amplitude up-regulation using EEG NF 

on fm-theta amplitude during training (the training effect), the power reported by the software 

used to implement the NF paradigm was used. This represents a composite of the power over 

the electrode sites Fz, FCz, Cz, FC1, and FC2. This data was not processed any further. As 

the software used to implement the NF paradigm was at a development stage, and the 

candidate was given clear notice not to look at the source code, no further description of the 

processing apart from what is found in the Neurofeedback Protocol section above can be 

provided. 

Data Analysis 

All participants included in the subsequent analyses were in the group receiving actual 

fm-theta NF due to factors outside the candidate's realm of control. Consequently, it is not 

possible to discern whether any difference between the pre- and post-test are due to up-

regulation of fm-theta in the NF paradigm; it cannot be ruled out that any observed effect is 

produced by factors not related to the training, such as experience with the tasks themselves 

on the post-test but not on the pre-test.  

 Neurofeedback Training 

NF training effects were defined as the relative difference from an earlier to a later 

point in time in fm-theta power. As there were no active control-group in the dataset, no 

comparisons were planned which would warrant the conclusion that any training effect was 

the product of the paradigm; the conclusion that any difference was the product of other 

processes could not be excluded. 

 Within-Session Training Effect 

If fm-theta up-regulation using NF increase fm-theta band power, a difference 

between the pre-baseline fm-theta power and power during training should be observed. To 

test whether fm-theta increased during training relative to the pre-training baseline within the 

same session, the relative change in fm-theta band power from the pre-training baseline to the 

average of the power on the training blocks were calculated. The relative change was used in 

case higher fm-theta power at the onset of the study would reduce the size of the change in 

fm-theta power. The effect on fm-theta power of attempting to up-regulate fm-theta while 

receiving feedback on current fm-theta power was assessed using a one sample t-test, 

comparing the relative change to zero. 
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 Between-Sessions Training Effect  

To test whether there was an increase in fm-theta power between training sessions, the 

average power on training blocks within a session was first calculated. For each session 

average across feedback blocks for each participant, the relative change to the first session of 

that participant was calculated. This approach, which has been used in other NF studies to 

analyze the effect of fm-theta NF (Enriquez-Geppert, Huster, Figge, et al., 2014) has the 

advantage of reducing the effect of inter-subject variability in baseline fm-theta power. The 

measure of fm-theta power used in this study was based on what frequency between 4 and 8 

Hz the participant showed the highest power during the pre-test. 

The relative fm-theta power change between sessions on the transfer block was also 

calculated. Because the study did not include any control group, it was not possible to test 

whether any increase in fm-theta was explained by the NF protocol. The NF training effect 

was thus assessed using a one-way ANOVA with the factor SESSION as the independent 

variable, both when assessing fm-theta power change on feedback and transfer blocks — 

controlling for inter-subject variability by testing the relative change compared to the first 

session results in the effect of the first session being removed from the analysis.  

 Behavioral Performance 

Because the data material does not include a control group, it is not possible to discern 

whether any change in behavioral performance from the pre- to post-test is due to transfer 

effects of NF training on performance. Learning effects, the tendency of previous experience 

with a task to influence performance on subsequent trials on the same task, may produce 

changes from pre- to post-test on the outcome measures.  

The conditions extracted from the ANT for measures of behavioral performance were 

congruency (congruent or incongruent), as well as specific sequences of congruent and 

incongruent trials. These sequences were a congruent trial preceded by a congruent trial (cC), 

a congruent trial preceded by an incongruent trial (iC), an incongruent trial preceded by a 

congruent trial (cI), and an incongruent trial preceded by an incongruent trial (iI). 

A double subtraction was performed on these four conditions to calculate the CSE, 

which is expressed as ([cI - cC] - [iI - iC]). To measure the conflict effect, the difference 

between congruent and incongruent trials were calculated. The dependent measures used to 

test the effect of fm-theta up-regulation on RT were the conflict effect and the components of 

the CSE. The CSE was used as a measure to express the conflict adaption effect. 
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Because of the strong association between the CSE and conflict adaption, it is here 

considered the primary dependent performance measure of enhanced cognitive control 

induced via up-regulation of fm-theta. 

Prior to the realization that there were no participants in the active control group of 

this study, the planned primary test of the causal role of fm-theta on conflict monitoring and 

adaption were a repeated measures ANOVA with factors SESSION (pre-training, post-

training), GROUP (fm-theta NF, sham NF), congruency of the previous trial (congruent, 

incongruent) and current trial congruency (congruent, incongruent), with the RT as the 

dependent variable.  

To test the efficacy of the ANT implementation on producing the expected conflict 

effect resulting in an increase in RT, a paired-samples t-test was used to compare RT on 

congruent and incongruent trials, irrespective of the session. A paired-sample t-test was ran 

comparing the conflict effect on the pre-test to the conflict effect on post-test. Likewise, the 

difference between the CSE on the pre- and post- test was tested using a paired-sample t-test.  

 Frontal-Midline Theta 

The time-frequency representation of power was extracted using a Fast Fourier 

transforms on a 1000 ms wide time-window and a sampling rate of 500 Hz. The computed 

event-related spectral perturbation (ERSP) value, representing spectral power relative to 

baseline, were first averaged across electrodes Fz, FCz, Cz, FC1, and FC. The time-window 

used was from -200 to 800 ms after stimulus onset. Both the conflict-related and error-related 

fm-theta activity occur within this time window (Nigbur et al., 2011). The ERSP values were 

averaged across the different conditions for each of the participants.  

The conditions extracted from the ANT were congruency (congruent or incongruent), 

as well as specific sequences of congruent and incongruent trials used to calculate the CSE. 

These sequences were a congruent trial preceded by a congruent trial (cC), a congruent trial 

preceded by an incongruent trial (iC), an incongruent trial preceded by a congruent trial (cI), 

and an incongruent trial preceded by an incongruent trial (iI). 

A double subtraction was performed on these four conditions to calculate the CSE, 

which is expressed as ([cI - cC] - [iI - iC]). To measure the conflict effect, the difference 

between congruent and incongruent trials were calculated. The two dependent measures used 

to test the effect of fm-theta up-regulation on fm-theta power were thus the CSE and the 

conflict effect. 

To test the efficacy of the ANT implementation to induce the expected conflict effect 

resulting in increased fm-theta power, a paired-samples t-test was used to compare power on 
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congruent and incongruent trials, irrespective of the session. A paired-sample t-test was ran 

comparing the conflict effect on the pre-test to the conflict effect on post-test. Likewise, the 

difference between the CSE between the pre- and post- test was tested using a paired-sample 

t-test.  

Results 

 Neurofeedback Training 

The effects of the Neurofeedback training were assessed only between-sessions and 

within-session, as there were no active control group facilitating comparisons between those 

receiving and those not receiving nf-training. 

 Within-Session Training Effect  

A difference between the pre-baseline fm-theta power and power during training 

should be observed if theta band power is increased due to the NF training. To test whether 

fm-theta increased during training relative to the pre-training baseline within the same 

session, the relative change in fm-theta band power from the pre-training baseline to the 

average of the power on the training blocks were calculated. 

The relative difference in fm-theta power between the pre-training baseline 

measurement and the average of the feedback blocks within a session was compared to the 

assumption that the difference was not equal to zero. The relative difference in theta band 

power between the pre-training baseline of a session and the average of the sessions training 

blocks was not significantly different from zero (t(29) = -.013, p > .05). The absence of a 

difference between the pre-training baseline and average power during the training sessions 

suggest there was no effect of training on fm-theta amplitude.  

 Between-Sessions Training Effect  

The change in fm-theta band power between training sessions was calculated by first 

averaging the power on training blocks within a session. Then, for each session, the relative 

change on the average of the training blocks was compared to the first session of that 

participant. Using this approach, the relative change in band power is calculated, expressing 

the individuals change in fm-theta power in percent. This effect of SESSION on fm-theta 

power on feedback blocks relative to the baseline defined as the first session was not 

significant (F(4, 20) = .35, p > .05). The null-finding indicates that there was no increase in 

fm-theta power between sessions, indicating no gain due to the training or any spurious 

factors. 
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Relative fm-theta power change between sessions on the transfer block was also 

calculated. The effect of SESSION on fm-theta power on transfer blocks was not significant 

(F(4, 20) = .77, p > .05). Thus it cannot be established that the fm-theta up-regulation training 

using NF produce the expected increase in fm-theta power relative to the first session.  

 Behavioral Performance  

To measure behavioral performance on the ANT, RT on congruent and incongruent 

tasks were extracted as well as the combination of congruent and incongruent trials making up 

the CSE (cC, iC, cI, iI). A total number of correct responses were also recorded. Irrespective 

of stimulus type, participants responded correctly on 98.9% of trials, with a mean RT of 434.6 

ms (SD: 74.1 ms). All further comparisons were done only including the correct trials. 

The difference in RT between the pre- and post-test was significant (F(1, 2398) = 

6.46, p = .011). Taken into consideration that there was no independent effect of the NF 

training, it is likely that this difference can be accounted for as an effect of having exposure to 

the task, thus performing better on subsequent exposures. 

A paired-sample t-test comparing RT on incongruent and congruent trials, irrespective 

of the session, assessed whether there was any difference between congruent and incongruent 

trials which would indicate a conflict effect. A significant difference in RT to congruent and 

incongruent stimuli was found (t(9) = -11.66, p < .00), suggesting the implemented version of 

the ANT was able to produce a conflict effect measured at the behavioral level. 

The difference on the conflict effect from before training to after was not significant 

(t(4) = .946, p = .39). This indicates that the NF intervention is likely to have not have 

influenced the difference in RT to congruent versus incongruent stimuli.  

The CSE was compared for pre- to post-training, and indicate to what extent the 

efficiency of conflict adaption change between the two points in time. Similar to the conflict 

effect, there were no difference on the CSE from pre- to post-test (t(4) = .627, p = .57). 

 Frontal-Midline Theta 

The computed ERSP value, representing spectral power relative to baseline, was used 

as the dependent measure on the tests assessing changes in fm-theta amplitude directly from 

before training to after. The ERSP value used was a composite averaged across electrodes Fz, 

FCz, Cz, FC1, and FC from the time-window from -200 to 800 ms after stimulus onset. The 

ERSP values were averaged for each of the conditions for each participant. 



 
 

 25 

Conditions extracted were the congruency of the trial, whether it was congruent or 

incongruent, and the combinations of congruent and incongruent trials which are part of the 

CSE (cI, cC, iI, iC).  

The conflict effect is here a measure of how fm-theta band power differ between 

congruent and incongruent conditions. If incongruency elicits conflict, this should be 

expressed as higher average fm-theta for each participant on incongruent trials than on 

congruent trials. Fm-theta power on congruent and incongruent trials was compared across 

pre- and post-test. The difference in fm-theta power between congruent and incongruent trials 

across pre- and post-test was not significant (t(9) = .274, p = .79), indicating that there was no 

conflict effect difference elicited by higher interference on trials with incongruent stimulus 

than with congruent.  

Conflict effect was also compared between the pre- and post-training measurements. 

Successful enhancement of fm-theta would be expected to produce a stronger fm-theta signal 

on the post-test. The difference in conflict effect on the pre- and post-test was, however, not 

significant (t(4) = .76, p = .49), suggesting there were no effect of conflict scores on fm-theta 

up-regulation training, nor of any spurious variables that cannot be controlled for due to the 

lack of an active control group. 

Up-regulation of fm-theta should be expected to increase the CSE expressed as fm-

theta band power, as the equation used to calculate the CSE subtracts the power on currently 

congruent trials from that of currently incongruent trials in both sub-equations of the 

expression. The difference between pre- and post-test on the CSE was not significant (t(4) = 

.35, p = .74). 

Discussion 

The EEG NF training paradigm aiming to up-regulate fm-theta did not prove sufficient 

to enhance fm-theta band power. Within the same session, there was no difference between 

the baseline measurement at the start of the session and on the average of the theta band 

power during the training blocks. During the training blocks, participants are expected to 

attempt to up-regulate fm-theta by adjusting to the feedback on screen, which they are not told 

to do during the pre-training baseline block. During the pre-training baseline block, the 

feedback stimuli are changing randomly. There is thus no reason to believe participants would 

be unknowingly up-regulating fm-theta band power during the pre-training baseline 

measurement due to factors with the experimental setup. 

A more likely conclusion was that the EEG NF fm-theta up-regulation paradigm was 

unsuccessful in producing enhanced fm-theta within the training sessions. However, it should 
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also be noted that a similar setup has been successfully used in a previous EEG NF study 

(Enriquez-Geppert, Huster, Figge, et al., 2014). It is not unlikely that the low number of 

subjects, n = 5, contributed to the lack of a significant effect of NF training within the session. 

Also between the training sessions, there was no significant effect of the NF training, 

indicative of there being no transfer effect of the training from one day to another. Other EEG 

NF fm-theta up-regulation studies using a similar setup report an increase in fm-theta power 

between sessions (Enriquez-Geppert, Huster, Figge, et al., 2014; Enriquez-Geppert et al., 

2013), indicating it is possible to achieve an effect. 

The absence of an effect in this particular study may be attributable to the low number 

of participants. One study report an average of approximately 0.03 uV amplitude increase 

between training sessions (Enriquez-Geppert et al., 2013). It appears reasonable to assume 

that with only five participants and small effect size, it would require a larger sample size to 

have sufficient statistical power to achieve any statistically significant effect of the training. 

The number of sessions are on the lower end of what is common among fm-theta NF studies, 

but appear in itself not to be a sufficient explanation for the lack of any difference between 

the sessions in this study (Enriquez-Geppert, Huster, Figge, et al., 2014; Enriquez-Geppert et 

al., 2013; Wang & Hsieh, 2013).  

Due to the absence of an active control group receiving sham-NF, it is not possible to 

draw any conclusion regarding whether there would have been any difference depending on 

whether participants received real fm-theta NF or sham-NF. However, considering the 

absence of an effect of the training between sessions in the data material containing only 

participants receiving actual NF, it would regardless not have been possible to conclude that 

the NF training had any effect. To conclude that there was any effect, the relative fm-theta 

amplitude would have had to be not only differences between the two groups but also 

significantly higher for the fm-theta NF group on later than earlier training sessions. 

On the behavioral measures assessing whether participants showed any improvement 

of performance measured as conflict adaption and interference caused by incongruency 

between the target and flanker stimuli, none of the comparisons from pre-training to post-

training were significant. The conflict adaption effect was defined as the CSE and would be 

expressed as a lower RT if participants exhibited improved adaption to conflict. The conflict 

effect, measuring how much their performance is reduced by stimuli producing interference, 

would have been significant if participants improved in their ability to respond to conflict in 

an adaptive fashion. The conflict effect was, however, significant on a single-trial level, 

indicating that the implemented version of the ANT was able to induce conflict. This test is in 
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itself not descriptive of any effect produced by any other part of the experimental paradigm 

than itself, however. 

None of the tests with the fm-theta band power as the independent variable were 

significant. The effect of conflict did not influence power. Neither when comparing across 

both pre- and post-test, nor when comparing pre- and post-tests. The absence of a conflict 

effect is likely to indicate insufficient statistical power due to a small sample size, as the 

effect of higher fm-theta power on incongruent than on congruent trials is well established in 

the literature. The CSE also showed no difference between the pre- and post-test, likely 

suggesting insufficient power due to small sample size. 

Hypothesis 1a of this study was that there is a conflict effect defined as a longer RT to 

incongruent than to congruent stimuli. This assumption is necessary to be able to measure 

whether this conflict effect is influenced by the EEG NF fm-theta up-regulation training. This 

difference was significant, indicating the ANT was able to induce variations in conflict 

dependent on the type of flanker used. 

Hypothesis 1b were similar, but for fm-theta power rather than for RT. Higher fm-

theta power is expected on incongruent trials compared to congruent trials on the ANT if the 

training is successful. This effect was not significant, indicating the task was unable to 

measure the conflict effect, or that the study had insufficient statistical power due to not 

enough participants to achieve a significant effect. The hypothesis is discarded as there was 

no effect of conflict on fm-theta band power in this sample. Consequently, the prerequisite to 

assess whether fm-theta band power is changed in response to conflict due to fm-theta up-

regulation is null. The part of hypothesis 3 concerning itself with fm-theta as the dependent 

variable, hypothesis 3a, can thus not be tested. 

Hypothesis 2 was the assumption that the EEG NF fm-theta up-regulation training 

would result in enhanced fm-theta band power exclusively for the group receiving fm-theta 

up-regulation training. As the study did not include any control group, it was not possible to 

establish whether this hypothesis was correct or not. It should nevertheless be noted that there 

was no difference between sessions amongst participants receiving EEG NF fm-theta up-

regulation training. Had there been an effect, there would have still been a question of 

whether that effect was caused by the training or by factors not controlled for. In the absence 

of any effect, on the other hand, the conclusion is still the same, but rather because it indicates 

unsuccessful fm-theta training, and not because one cannot conclude what caused the effect. 

The hypothesis is discarded as it was no effect of fm-theta up-regulation training on fm-theta 

power between sessions. The absence of within-session training effects further consolidates 
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this conclusion, as it suggests the training in itself, and not only the transfer thereof was 

unsuccessful. 

Hypothesis 3 was concerned with the causal role of fm-theta on conflict monitoring 

and adaption. As hypothesis 2 was discarded, hypothesis 3a cannot be tested. Hypothesis 3b 

cannot be tested due to both hypothesis 1b and 2 being discarded. 

According to conflict monitoring theory (Botvinick et al., 2001), conflict monitoring 

mechanisms serves as the basis for cognitive control by being the process that evaluates the 

expected value of enacting cognitive control (Botvinick et al., 2001; Shenhav et al., 2013, 

2016). Cavanagh et al. (2012) propose that fm-theta is the substrate relaying the signal of the 

need for control to other brain areas. This interpretation is supported by the signal having a 

stronger amplitude when conflict is induced by incongruency between target and distractor 

stimuli (Cavanagh et al., 2012; Cohen & Donner, 2013; Jiang et al., 2015; Nigbur et al., 

2011), following error commissions (Cavanagh et al., 2012; M. X. Cohen, 2011; Nigbur et al., 

2011), and and when stimulus indicating an increased likelihood of needing to recruit 

additional cognitive resources to enact cognitive control (van Noordt et al., 2016). The 

literature thus seems to support an association between fm-theta and cognitive control 

mechanisms, not found in this study. 

Studies assessing the causal role of fm-theta on conflict monitoring indicate that fm-

theta plays a causal role (Fusco et al., 2018; van Driel et al., 2015), but the research is still 

sparse. The use of EEG NF as the neuromodulation technique to assess the causal role of fm-

theta power is supported in the literature, with several studies having successfully modulated 

fm-theta activity using EEG NF (Enriquez-Geppert, Huster, Figge, et al., 2014; Enriquez-

Geppert et al., 2013; Enriquez-Geppert, Huster, Scharfenort, et al., 2014; Shoji et al., 2017; 

Wang & Hsieh, 2013). The specific manipulation of fm-theta power to assess the conflict 

effect expressed as RT have also been successfully accomplished previously (Wang & Hsieh, 

2013).   

 Limitations 

The absence of an active control group in the sample made it not possible to establish 

whether any change in fm-theta amplitude from pre- to post-test could be explained by fm-

theta training. Not being able to assess whether there was any training effect, further tests of 

the causal influence of fm-theta on cognitive control functions such as conflict monitoring 

and adaption could not be presented convincingly, as it would be possible to dismiss that any 

effect was caused by the fm-theta up-regulation training using EEG NF. 
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Even if there were an active control group present, the study would have been severely 

limited by the absence of any effect of the fm-theta training in the group receiving NF 

training. As the training paradigm employed is similar to that used in previous studies with 

success, it is likely the lack of any effect is explained by the low number of participants. 

The number of sessions was lower than what is typical for EEG NF studies, although 

not so low that the literature would suggest there would not be any effect between sessions. 

Likewise, the low number of sessions can probably not explain the absence of any within-

session training effect.  

Additional measures of conflict would possibly have improved the quality of the 

research, as the only conflict induced by the conflict between different stimuli is used here. 

The stop-signal task was part of the executive functions test battery, and it would with high 

likelihood have improved the quality of the analysis if the error-induced conflict produced by 

false alarms were analyzed as well. 

Additional analyses of the data recorded from the ANT may have also been beneficial. 

It would have been possible to assess the effect of previous-trial fm-theta power on current-

trial RT, though the implications of such a test considering the goal of the study were to 

assess the causal role of fm-theta on conflict monitoring processes would have been limited. 

On that vein, a broader reach for the initial hypotheses, not relying as strongly on the 

presence of a significant effect of successful fm-theta up-regulation would maybe have been 

preferable. A broader reach of the initial hypotheses would have laid the ground for a thesis 

which would have provided more opportunities to test basic effects on a correlational.level in 

a situation where there was no effect of the fm-theta up-regulation using EEG NF. 

 Future Directions 

Although the literature gives a strong indication that fm-theta activity originating in 

the medial frontal area is modulated by conflict and is associated with the recruitment of 

cognitive control processes, the empirical evidence supporting this chain of causal events is 

still weak (Fusco et al., 2018). Further studies employing various means of neuromodulation 

should be performed to test whether the role of theta activity in the medial frontal area in 

cognitive control processes such as conflict monitoring and adaption is causal, and not a by-

product of other activity.  

EEG NF in itself is a promising technique, as it is a relatively cheap form of 

neuromodulation, compared to the options. Further studies on the technique itself, possibly 

focusing on specific frequency bands and specific spatial location should be performed to 
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assess how to achieve larger effect sizes. As mentioned, the effect sizes in the existing 

literature are small. 

Conclusion 

Although the current study proved unsuccessful in providing new insight into the role 

of fm-theta in conflict detection and adaption, there is a strong reason to believe that such an 

effect exists, as becomes apparent in the review of the literature. Whether this role is causal, 

or fm-theta is a byproduct of some other process appear to be unresolved, although the initial 

studies are testing for a causal effect of fm-theta on processes involved in conflict monitoring 

and adaption. 
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