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Abstract 

Live feedback from the brain can empower individuals to change their own brain activity. 

The premise behind neurofeedback (NF) is that an organism learns to control brain 

activation and function via contingent feedback. We outline here why this approach can 

aid emotion regulation research and treatment, and how this is achieved with feedback 

from the neural circuitry of emotion. The focus is in particular on functional magnetic 

resonance imaging (fMRI) and fMRI-inspired mapping techniques that permit the 

probing of deep brain activation with scalp electroencephalography (EEG). The NF 

approach for self-neuromodulation is discussed with respect to the process-model of 

emotion regulation. We argue that real-time feedback from brain areas or from circuits 

can augment neuroscience-based emotion regulation practices and thus provides a 

promising tool for more precise clinical intervention and the alleviation of emotion 

dysregulation. 
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In standard practice of emotion regulation (ER), investigators and 

psychotherapists instruct their participants and clients to use certain strategies. The 

subsequent monitoring of the individual’s adherence then relies on self-report as well as 

his or her meta-cognitive abilities. However, self-reports tend to be biased and ones meta-

cognitive ability may be limited, particularly among psychiatric patients. In recent years, 

the training of one's brain to self-regulate has emerged as a promising tool of neuroscience 

(Lubianiker et al., 2019; Shibata, Watanabe, Sasaki, & Kawato, 2011). Real-time 

feedback of brain activation, termed “neurofeedback” (NF), empowers the brain’s ability 

for self-regulation, particularly within the neural circuitry of emotion (Linhartová et al., 

2019) (Figure 1a). To date, different imaging modalities are used for NF, such as 

electroencephalography (EEG) and, more recently, functional magnetic resonance 

imaging (fMRI). Offering superior anatomical resolution and the potential to provide 

feedback from deep brain activity, fMRI enables precise feedback from key brain regions 

of emotion – a feature lacking in scalp EEG. Whether or not an idividual successfully 

regulated his or her brain in response to feedback may be assessed objectively by 

evaluating changes in brain activation. Intriguingly, NF thus circumvents the ‘monitoring 

problem’ of ER while further providing an objective guide for the succesful targeting of 

the neuropsychological mechanisms that underlie ER. We argue that NF can be used to 

harness our brains' activity for the investigation and training of ER. We elucidate this idea 

by focusing on the neuromodulation of the amygdala from a theoretical, neurobiological 

and neuromodulation perspective. We will show that a similar chain of processes 

mediates ER and NF, that the neural networks mediating regulation via NF have also been 

indicated in ER, and that learning to regulate emotion-related neurocircuitry through NF 

is consistent with corresponding changes in emotional experiences and/or related 

behavior. 

1. Self-regulation of the Brain and ER are based on similar psychological processes 

In order to understand success and failure of ER in everyday life, we evaluate the 

consequences of actions we undertake to change emotion. Imagine you want to decrease 

anxiety while waiting for a job interview. Imagination of a positive outcome and the 

money earned with the new job may make you feel proud and enthusiastic. Once you 

perceive the level of excitement to be greater than the level of anxiety, the entire event 

may be appraised as positive. Mental states such as excitement are accessible to human 

awareness. In contrast, neural correlates of mental states are not directly accessible to 
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awareness, because brain activation is not part of the sensible world1. Brain self-

regulation with NF can be conceptualized as a variant of mental state regulation following 

a “PVA” (Perception-Valuation-Action) process schema, just as it is proposed by a 

leading ER model (ref to introduction chapter). Feedback from the brain ‘at work’ is 

perceived (“P”) by the person who valuates (“V”) the feedback (e.g. to answer the 

question: “Did brain activation change in the desired direction?”) and performs a mental 

action (“AM”) to achieve the desired brain state. In other words, brain activation becomes 

part of the sensible world (coded with letter W [ref to introduction chapter]) and 

individuals can select their regulation employments accordingly (Figure 1b). Feedback 

can be provided continuously (i.e. immediately2) or intermittently (i.e. as aggregated 

feedback from a defined period such as the last trial). Importantly, feedback allows 

valuation of AM to change W (see Figure 1b). An example of this process is provided by 

Lawrence and colleagues (2014) who show how feedback derived from the anterior insula 

(aIns) aids learning of regulation skills. In this study, participants chose one out of two 

cognitive strategies, either recall positive memories or mindful body awareness, in order 

to up-regulate brain activation (input to P). Subjects learned to identify the most effective 

strategy (AM) for regulation within a single training session. Mathematical modeling of 

strategy selection showed that subjects based decisions on the feedback reward signal 

(V).  

2. NF Regulation and ER Are Mediated by Similar Neural Networks 

Complementing theoretical considerations, we would expect overlap of the 

functional neuroanatomy underlying the regulation of emotions and NF. As we show 

below with regard to the amygdala, the literature corroborates this assumption. The 

amygdala is  a major player in emotional processing [(Janak & Tye, 2015) or ref. to this 

issue?], known to be effectively altered by cognitive control processes, thus involved in 

                                                 
1
 For critical discussion see (Kotchoubey, Kübler, Strehl, Flor, & Birbaumer, 2002). 

2
 Immediacy of fMRI-derived feedback is limited due to technical delays for brain image recording (range 

of 1-3 s) and data processing (~300 ms). In addition, neurovascular coupling introduces a characteristic 

sluggishness to the fMRI signal, so that the signal reaches its activation peak at about six seconds after 

neural firing. In this respect, the word “immediate” refers to the presentation of feedback as soon as it has 

been computed from fMRI data, rather than to neural activation itself. 
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ER [(Buhle et al., 2014)or ref to this issue?]. Psychiatric patients show altered amygdala 

activity, in particular enhanced activation among Borderline Personality Disorder (BPD) 

and Post-Traumatic Stress Disorder (PTSD), as well as reduced  activation among mood 

disorders (Schulze, Schulze, Renneberg, Schmahl, & Niedtfeld, 2019). Therefore, the 

amygdala is a promising target for neuromodulation and has been found accessible for 

NF (e.g. (Keynan et al., 2016; Zotev et al., 2011)). Furthermore, the amygdala is not alone 

in the self-regulation process. Amygdala-NF induced modifying effects that propagated 

to the ventromedial prefrontal cortex (vmPFC) (Keynan et al., 2019; Paret, Kluetsch, et 

al., 2016; Paret, Ruf, et al., 2016; Paret et al., 2018; Zotev et al., 2011). Further analysis 

revealed dominant information flow from amygdala to the vmPFC/BA10, and 

connectivity strength correlated with emotional arousal, which is in line with involvement 

of vmPFC/BA10 in valuation (Paret, Kluetsch, et al., 2016; Paret, Ruf, et al., 2016). 

Similarly, vmPFC/BA10 is assumed to support valuation in ER (Etkin, Büchel, & Gross, 

2015; Viviani, 2014). Although we focus on the amygdala, it is not the only emotion-

related neural target for NF. To give another example, the aIns is a major node in the 

salience network, playing a prominent role in the cognitive representation of emotional 

states and also activated during ER (Craig, 2011; Morawetz, Bode, Derntl, & Heekeren, 

2017). Phobic patients can benefit from down-regulating aIns activation with NF 

(Zilverstand, Sorger, Sarkheil, & Goebel, 2015). These examples thus illustrate that NF 

and ER can converge at the same neural targets. 

So far, we showed that targeting emotion-related circuitry with NF changes activation 

and connectivity in brain regions central for effective ER. Next, we show that the regions 

involved in the general processes of NF such as voluntary control, overlap with the ER 

network. Emmert et al. (2016) pooled data from twelve fMRI-NF studies to identify 

common neural networks. This included studies using NF from the amygdala, aIns and 

other regions, both for up- and down-regulation. Regions activated across studies 

encompassed the anterior cingulate cortex (ACC), the inferior frontal gyrus (IFG) and the 

lateral prefrontal cortices, and could stand for the general processes of NF. The network 

shows extensive overlap with the general ER network, suggesting that the voluntary 

control of the brain and of emotions are mediated by similar neural mechanisms (Figure 

2). In NF training for amygdala up-regulation, rostral ACC is modulated and increased 

its connectivity with the amygdala (Zotev et al., 2011; Zotev, Phillips, Young, Drevets, 

& Bodurka, 2013).This is in line with amygdala-modulation via rostral ACC, revealed in 

neuroimaging of ER (Delgado, Nearing, LeDoux, & Phelps, 2008; Etkin, Egner, Peraza, 
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Kandel, & Hirsch, 2006). Furthermore, fMRI-NF training to down-regulate amygdala 

activation resulted in enhanced IFG activation (Nicholson et al., 2017) and increased IFG-

amygdala connectivity (Herwig et al., 2018). In another NF study, up-regulation of the 

amygdala increased IFG-amygdala connectivity (Young et al., 2018). This aligns well 

with the IFG’s function in cognitive reappraisal to influence emotion via connectivity 

with the amygdala (Jacob, Shany, Goldin, Gross, & Hendler, 2018). 

3. Changing Emotion Indices with NF 

In this section, we will discuss changes in the psychological constructs related to 

ER as a result of amygdala neuromodulation. Keynan and colleagues (2016) administered 

repeated sessions of amygdala down-regulation training using NF from an EEG surrogate 

of amygdala BOLD activation, termed the amygdala-ElectricalFingerPrint (EFP). 

Following training, healthy individuals improved performance on the emotional Stroop 

task3, known to reflect implicit control mechanisms of negative affective cues (Etkin et 

al., 2006). They then performed a double-blind active control NF study on 180 soldiers, 

during a stressful military-period, and found that learning to down-regulate the amygdala-

EFP resulted in improved emotional Stroop performance among the test group only 

(Keynan et al., 2019).  

Other research shows that NF can modify fear processing (Taschereau-

Dumouchel et al., 2018). Phobic individuals were trained with “Decoded fMRI-

Neurofeedback” (DecNef) to produce neural activations associated with the experience 

of viewing feared animals, and were rewarded for producing corresponding neural states. 

Although patients were able to produce characteristic brain activation with DecNef, they 

were not aware that the activation corresponded to the decoded brain pattern of viewing 

phobic animals4. After DecNef, fear-related amygdala activity and skin conductance 

response was reduced. DecNef was found to change affective value associated with 

                                                 
3 The emotional Stroop task requires subjects to identify affect in faces while they should 

ignore affective words, superimposed on faces. Improvement in processing conflicting 

combinations (e.g. the word “happy” on a fearful face) reflects improved control of affective 

response. 

4 Awareness was assessed by asking participants after the experiment to what category of 

objects (30 different animals, inanimate objects) they thought the feedback was related to. 

Furthermore, the reported strategies participants had used to regulate feedback were unrelated to 

the phobic animal category and the study purpose. 
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mental states such as fear, without any need for cognitive manipulation of the mental 

content. 

Furthermore, NF-induced changes in states, traits and symptoms of emotion (dys-

)regulation were reported. Alexithymia, for example, refers to deficient cognitive 

processing of emotions and is associated with stress and PTSD (Frewen, Pain, Dozois, & 

Lanius, 2006). Down-regulation of the amygdala-EFP reduced alexithymia in soldiers at 

risk for developing stress-related psychopathology, and EFP regulation levels correlated 

with reduced alexithymia following treatment among the test group but not the controls 

(Keynan et al., 2019). Similarly, patients with major depressive disorder (MDD) 

overcame deficient amygdala recruitment in response to happy stimuli, when they 

practiced happy memory retrieval with the help of fMRI-NF. In the latter study, amygdala 

up-regulation training changed the brain’s tendency to prioritize negative over positive 

information, and eventually ameliorated anhedonia symptoms (Young et al., 2017). 

Successful self-regulation was correlated with amygdala reactivity to masked happy faces 

and with faster recognition of happy faces on a decision task, furthermore changes in the 

latter tasks predicted improvement of MDD symptomatology (Young et al., 2017). Taken 

together, these findings show that amygdala-NF training induces changes in emotion-

related neural circuitry as well as ER indices. 

Hot Topics and Future Directions 

fMRI-NF enables neuromodulation via endogenous self-driven regulation 

mechanisms. Several approaches have passed the proof-of-concept stage, while rigorous 

testing in randomized blinded, controlled and well-powered trials is a task for the future. 

The rapid manner in which self-regulation of the brain is achieved along with the clinical 

benefits seen after only a brief treatment supports the case for its potential use in patient 

treatment, despite the need for costly fMRI scanning. Fortunately new developments such 

as EFP can guide regulation of deep brain activity with EEG only and increase scalability 

for clinical treatment.  

Feasibility to change emotion via NF is well documented, although the 

mechanisms are not yet fully understood. Young and colleagues (2017) showed that NF 

effects were still visible several days after treatment. Interestingly, the neural changes 

were not only observed while patients practiced NF. In fact, neural responses to emotion 

were maintained following NF, even when patients did not apply any cognitive strategy. 

Similar effects have also been reported elsewhere for both healthy and at-risk populations 
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(Keynan et al., 2019, 2016). Together these findings support the idea that NF can repair 

neurophysiological deficits (e.g. a deficient amygdala response to happy emotions and 

exaggerated responses to sad emotions in MDD) by operant conditioning of a healthy 

neural pattern (e.g. a pronounced amygdala response to happy emotion and a moderate 

response to sad emotion). In this case, the skill practiced during NF is only needed to 

induce neural plasticity. Once the brain has changed, the effect is maintained without any 

further practice. The brain may even change without noticeable changes in the 

psychological processes available to introspection. An alternative to the “conditioning-

and-repairing model” (Gevensleben, Moll, Rothenberger, & Heinrich, 2014) described 

above suggests that the learned skill itself is clinically meaningful (Birbaumer, Ruiz, & 

Sitaram, 2013; Gevensleben et al., 2014). Training to down-regulate amygdala activation 

to negative stimuli, for example, is thought to improve neural regulation skills (Paret et 

al., 2014), was shown effective to improve cognitive reappraisal (Herwig et al., 2018) and 

may thus help patients with BPD and PTSD to better deal with stimuli triggering emotions 

(Nicholson et al., 2017; Paret, Kluetsch, et al., 2016). The latter target of treatment is thus 

the improvement of regulation skills rather than reverting the homeostasis of brain circuits 

back to a healthy state. In other words, NF could change the brain in a way that augments 

or facilitates behavioral skills that help patients cope with stressful events (skill-

acquisition model). Clearly, it is also possible that both "conditioning and repairing" and 

"skill acquisition" are happening, though contributing differently to the effect, depending 

on type of training. 

The development of theory and testing of new approaches is needed in order to 

fathom the full potential of NF. Several issues are still a matter of debate, such as control 

conditions, interface design and instructions given to participants. New concepts such as 

the process-based framework (Lubianiker et al., 2019) may help to guide and streamline 

future research. Process-based NF corresponds with a targeted psychological process. For 

example, a target process for patients with phobia is avoidance, and the neural circuitry 

associated with defensive behavior would be chosen for feedback. The interface would 

then assist in successfully changing brain activation by portraying a visualized analogy 

of the target process. For instance, the patient would observe a metamorphosis of the 

phobic stimulus such as a snake transforming into a safe stimulus such as a wooden stick, 

thus reflecting a decrease in brain activation. Therefore, voluntary control of the defensive 

brain system is rewarded with elimination of the phobic stimulus. Hopefully, a process-

based interface design will enhance one's immersive experience and motivation to 
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practice, while facilitating its transferance to everyday life. An initial comparison of an 

immersive game like visuo-auditory interface to a classical thermometer showed an 

improved user experience, enhanced learning and broader generalizability (Cohen et al., 

2016). 

Finally, NF could be used to better understand the functional neuroanatomy of 

ER. For instance, current models of psychopathology assume a causal pathway via the 

amygdala (and other regions) resulting in symptoms of affective dysregulation (Herpertz, 

Schneider, Schmahl, & Bertsch, 2018). With fMRI-NF, placebo-controlled trials can 

make use of a unique tool for non-invasive deep-brain stimulation to test the suggested 

mechanism. 

Conclusion  

A brain-computer interface links brain states with cognition. With NF, research 

and psychotherapy can harness the brain to uncover – and change – brain states of emotion 

and emotion dysregulation. 

Recommendations for additional reading 

1. Keynan, J. N., Cohen, A., Jackont, G., Green, N., Goldway, N., Davidov, A., … 

Hendler, T. (2019). Electrical fingerprint of the amygdala guides neurofeedback 

training for stress resilience. Nature Human Behaviour, 3(1), 63–73. 

https://doi.org/10.1038/s41562-018-0484-3.Advancing from clinical application, 

Keynan and colleagues addressed resilience in soldiers and show how fMRI-inspired 

EEG can be used for training of deep-brain regulation, instead of the BOLD signal. 

2. Linhartová, P., Látalová, A., Kóša, B., Kašpárek, T., Schmahl, C., & Paret, C. (2019). 

fMRI neurofeedback in emotion regulation: A literature review. NeuroImage, 193, 

75–92. https://doi.org/10.1016/j.neuroimage.2019.03.011.Comprehensive review on 

current research into neurofeedback-guided emotion regulation. 

3. Lubianiker, N., Goldway, N., Fruchtman-Steinbok, T., Paret, C., Keynan, J. N., 

Singer, N., … Hendler, T. (2019). Process-based framework for precise 

neuromodulation. Nature Human Behaviour, 3(5), 436–445. 

https://doi.org/10.1038/s41562-019-0573-y. Perspective on the psychobiological 

basis of neurofeedback and how it needs to be taken into account when designing an 

experiment. 
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4. Sitaram, R., Ros, T., Stoeckel, L., Haller, S., Scharnowski, F., Lewis-Peacock, J., … 

Sulzer, J. (2017). Closed-loop brain training: The science of neurofeedback. Nature 

Reviews. Neuroscience, 18(2), 86–100. 

https://doi.org/10.1038/nrn.2016.164.Concise and informative introduction to 

neurofeedback. 

5. Thibault, R. T., MacPherson, A., Lifshitz, M., Roth, R. R., & Raz, A. (2018). 

Neurofeedback with fMRI: A critical systematic review. NeuroImage, 172, 786–807. 

https://doi.org/10.1016/j.neuroimage.2017.12.071. Thibault and colleagues authored 

several educated reviews on neurofeedback. In their latest paper, they give an 

informative overview of the science of real-time fMRI and they cover the most critical 

issues of the field. 

6. Young, K. D., Misaki, M., Harmer, C. J., Victor, T., Zotev, V., Phillips, R., … 

Bodurka, J. (2017). Real-time functional magnetic resonance imaging amygdala 

neurofeedback changes positive information processing in major depressive disorder. 

Biological Psychiatry. https://doi.org/10.1016/j.biopsych.2017.03.013. Young and 

colleagues describe clinical benefits and behavioral improvements that can be 

achieved by amygdala fMRI neurofeedback. This clinical trial exemplifies how neural 

training can change the functional structure of the brain and transfer to changes in 

emotion processing. 
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Figures 

 

Figure 1. A) Application of neurofeedback (NF) to emotion regulation (ER). A stimulus 

(e.g. a snake) elicits an emotional response such as fear. An emotion (see bottom-right 

side) is a process comprising multiple response components, including the cognitive 

appraisal of the stimulus (e.g. “The snake is dangerous!”), a physiological reaction (e.g. 

increased heartrate) and defensive behavioral tendency (e.g. to avoid the stimulus). The 

emotion-correlated brain state is derived from a brain-computer interface (see top-left 

side). Neural activations such as the Blood Oxygenation Level Dependent (BOLD) signal 

or electrocortical rhythms are recorded. Online data processing results in an activation 

index, which is further transformed into a real-time display of brain activation (e.g. a 

thermometer with the temperature relating to current activation); NF. Visibility of brain 

activations informs us about the control of emotion and supports the evaluation of ER 

success. B) NF regulation as a valuation process and extension to the ER model from 
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Gross (2015) (Ref to introduction chapter instead). Perceptions (P) of the world (W) 

are either positively or negatively valued (V). Valuation gives rise to mental actions (AM) 

that alter activation of the brain. NF from real-time neuroimaging again gives rise to 

perceptions. Thus, NF links cognition with the brain. Subjects can base their regulation 

decisions on feedback from brain regions involved in emotion processing and observe the 

effect of neuromodulation. 
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Figure 2. Overlapping neural networks mediate voluntary control of the brain with 

neurofeedback (NF) and with cognitive emotion regulation (ER) (yellow). For visual 

comparison, regions that were reported to mediate regulation are marked at approximate 

anatomical locations, based on two recent meta-analyses: One summarizing results from 

NF (Emmert et al., 2016) and the other from ER (Morawetz et al., 2017). The dorsal 

striatum and ventral striatum/nucleus accumbens (blue) are involved in processing of NF 

reward and learning (Sitaram et al., 2017). Different subdivisions of the thalamus (blue) 

may serve the monitoring and control of feedback (Paret et al., 2018). Occipital cortex 

(blue) activity is likely due to the visual presentation of feedback. Only results from 

positive BOLD responses are shown. aIns = anterior Insula, vlPFC = ventrolateral 

prefrontal cortex, dlPFC = dorsolateral prefrontal cortex, dmPFC = dorsomedial 

prefrontal cortex, ACC = anterior cingulate cortex, TPJ = temporo-parietal junction. 


